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Plaster reconstruction prepared from sagittal sections of an embryo at stage 21 
greatest length 24 mm, 7 postfertilizational weeks. 
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“It is to be remembered that at all stages the embryo is a 

living organism, that is, it is a going concern with adequate 

mechanisms for its maintenance as of that time. ” 

C.H. Heuser and G.L. Streeter, 1941 





Contents 

Preface ix 

General List of Abbreviations xi 

GENERAL HUMAN EMBRYOLOGY AND TERATOLOGY 

1. The History of Human Embryology and Teratology 3 

2. Introduction and General Concepts 7 

3. Gametogenesis, Ovulation, and Fertilization 19 

4. Week 1 (Stages 2-4): Morula; Blastocyst 37 

5. Weeks 1-2V2 (Stages 5 and 6): Implantation; Primitive Streak; Twinning 43 

6. Weeks 272-4 (Stages 7-10): Somites; Neural Folds; Organogenesis 57 

7. The Placenta and Development Adnexa 69 

8. Stages, Age, Measurements, Growth, and External Form including the Face 87 

9. Teratology and Prenatal Diagnosis 115 

10. The Primary Tissues 135 

SYSTEMIC HUMAN EMBRYOLOGY AND TERATOLOGY 

11. The Integumentary System 165 

12. The Cardiovascular and Lymphatic Systems 175 

13. The Digestive System 229 

14. The Respiratory System 285 

15. The Urinary System 299 

16. The Reproductive System 317 

17. The Endocrine System 345 

18. The Skeletal System and the Limbs 357 

19. The Nervous System 395 

20. The Eye 455 

21. The Ear 471 

...j tsmsmmmmmumaam 

VII 



Appendix 1: Glossary of Eponymous Terms 

Appendix 2: Tables of Measurements 

Index 

Superscript numbers throughout this book 

refer to embryonic stages. 

See inside front cover of book. 



Preface to the 
Third Edition 

<7 
t has been well said that “the familiar becomes 

all too easily the commonplace, and for that reason 

alone we are apt to forget just how remarkable a pro¬ 

cess development is” (E.S. Russell, 1945). 

The major aim of the present authors is to provide 

an up-to-date, reliable text based specifically on the 

human embryo and fetus. When the two-volume Man¬ 
ual of Human Embryology was being prepared by Kei- 

bel and Mall in 1910, Keibel emphasized the lack of 

information concerning the earlier stages of human 

development. In the intervening years, much of this 

gap has been filled, thanks in no small measure to the 

establishment of, and investigations on, the Carnegie 

Embryological Collection. In preparing this book, the 

authors have made full use of the Collection and of 

the various published studies, whether by themselves 

or by others, based on what George W. Corner felici¬ 

tously termed that “Bureau of Standards.” 

The most important practical advantages that ac¬ 

crue from a study of human embryology are a sounder 

understanding of adult human anatomy and a better 

comprehension of congenital anomalies. This twofold 

benefit has been kept in mind throughout. 

Additions to knowledge of human prenatal devel¬ 

opment continue to be made both by such standard 

methods as the examination of serial sections and 

the production of either solid or graphic three- 

dimensional reconstructions, and by the various in 
vivo techniques used in prenatal diagnosis. Neverthe¬ 

less, many lacunae remain: electron microscopy, his¬ 

tochemistry, and immunohistochemistry are only at 

their beginning as applied to the human embryo, and 

scarcely any organ, least of all the brain, has been ad¬ 

equately studied during the fetal period. 

The reader’s attention is drawn to the following 

points. 

• Human development. This book is limited to hu¬ 

man embryology, and comments on other species 

are inserted only for clarification and to provide 

information that is not available for the human. 

Because most books and articles on human devel¬ 

opment include many comparative data, frequently 

without so indicating, a need exists to give “an ac¬ 

count of the development of the human body, 

based throughout on human material” (Keibel and 

Mall). 

• Scope. The needs of the novice as well as the in¬ 

terests of the advanced worker have been kept in 

view. No attempt is made, however, to provide here 

the wealth of detail that could be included in the 

more than 1500 pages by Keibel and Mall. Simi¬ 

larly, although appropriate information relating to 

human teratology is included, it is clearly not pos¬ 

sible to encompass all the valuable material in a 

book such as Warkany’s 1300 pages of Notes and 
Comments on congenital malformations. 

• Developmental stages. As Franklin R Mall re¬ 

marked in 1914, “the norm should be established; 

embryos should be arranged in stages.” Serious 

work in human embryology now depends on stag¬ 

ing and the internationally accepted system of Car¬ 

negie embryonic stages (a term introduced by the 

senior author) has been adopted throughout. These 

developmental stages are indicated by superscripts 

throughout this book, thereby avoiding interrup¬ 

tions in the flow of the text. The tables showing 

the timing and sequence of developmental events 

have been expanded and revised, and several new 

examples have been added. 

• Ages. An estimate of embryonic age (i.e., the du¬ 

ration since fertilization) can be obtained by con¬ 

sulting an appropriate table of stages, such as A 

and B inside the front cover, or the more detailed 

information in Appendix 2. The ages provided here 

conform better with recent ultrasonic studies of 

the living embryo. As information concerning ages 

becomes more precise, no better example can be 

IX 
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found of the value, indeed necessity, of the mor¬ 

phologically based staging system, which retains 

its validity throughout. When the embryonic 

length is within the range of 3-30 mm, a very 

useful estimate of age in days can be obtained by 

adding 27 to the length. 

Although it would seem to be advantageous to 

provide specific times also in the realm of congen¬ 

ital anomalies, the temptation to attempt it has 

frequently been resisted here because variations in 

age do occur and also because, as Warkany has em¬ 

phasized, retrospective use of embryological time¬ 

tables “for ascertainment of origin and causes of 

congenital malformations is hazardous.” 

• Terminology. The nomenclature is generally in 

conformity with that approved for use in human 

anatomy. The terms specific to embryology are 
those followed by the present authors in their var¬ 

ious research publications. Terms that are inappro¬ 

priate to the human (or even the mammalian) em¬ 

bryo (such as branchial) have been replaced. 

• Illustrations. Representative photographs and pho¬ 

tomicrographs, based mostly on the Carnegie Col¬ 
lection, have been included. In many instances, 

however, drawings are more helpful. It should be 

stressed that, apart from some schemes and obvi¬ 

ously didactic figures, the vast majority of the 

drawings are based on accurate three-dimensional 

reconstructions, whether made by the authors or 
by others. Such a procedure had been used to great 

effect by Streeter. More than 30 new drawings have 

been inserted in this edition, and some figures 

have been improved or replaced. In addition, nearly 

30 new photomicrographs have been reproduced in 
color. 

• Smaller type. In this edition, to facilitate a first 
reading, a considerable number of paragraphs that 

could await subsequent study have been set in 
smaller type. 

• References. The references given have been chosen 

carefully to provide examples of newer studies as 

well as some classical works on human embryol¬ 

ogy. The selection reflects those sources that the 

authors have found to be of greatest value and in¬ 

terest. More than 200 additional items have been 

incorporated in this edition. Specialized mono¬ 

graphs and articles that do not emphasize the hu¬ 

man, however, are not listed. References to other 

species, especially to the chick and mouse, as well 

as to experimental embryology, are readily avail¬ 

able in more comparatively oriented works. 

The writers would be glad to receive note of any 

errors, as well as of relevant information that may have 

been missed (the complete address is given below). 

The authors wish to acknowledge the great help 

provided in their embryological research over many 

years by the Institute of Child Health and Human De¬ 

velopment, National Institutes of Health. Except where 

otherwise indicated, the photomicrographs and pho¬ 

tographs of embryos are reproduced by courtesy of the 

Carnegie Institution of Washington. Most of the pho¬ 

tographs showing anomalies were obtained through 

the kindness of Ronald J. Lemire, M.D., University of 

Washington School of Medicine, Seattle, Washington. 

It is a particular pleasure to thank James R. Augustine, 

Ph.D., University of South Carolina, for assistance in 

providing photocopied articles. The authors also thank 

all at John Wiley & Sons, Inc. for their cheerful 

assistance. 

Ronan O’Rahilly 

Fabiola Muller 

Rue du Coteau 57 
CH-1752 Villars-sur-Glane 

Switzerland 



General list 
of Abbreviations 

A Atrium DP Dorsal pancreas 
a., aa Artery, arteries DV Ductus venosus 
AC Amniotic cavity DZ Dizygotic (twins) 
ACTH Adrenocorticotropic hormone EAM External acoustic meatus 
AFP a-Fetoprotein EC External carotid artery 
AER Apical ectodermal ridge ECM Extracellular matrix 
AH Adenohypophysis Ect. Ectoderm(al) 
All. Allantoic diverticulum e.g. For example (Latin, exempli gratia) 
ANS Autonomic nervous system End. Endoderm(al) 
Ant. Anterior Ep. Epiphysis cerebri (pineal) 
Ao. Aorta Ext. External 
App. Appendix FI Foramen primum of heart 
Aud. Auditory (ossicles, etc.) F2 Foramen secundum of heart 
Aur. Auricle FISH Fluorescence in situ hybridization 
AV Atrioventricular (canal, etc.) FL Foot length 
BBT Basal body temperature FO Foramen ovale of heart 
BD Bile duct FSH Follicle-stimulating hormone 

Cbl Cerebellum g Gram(s) 
CC Conus cordis GB Gallbladder 

cf. Compare (Latin, confer) GL Greatest length 
CH Crown-heel length GSA General somatic afferent 

Ch. Chorion; also optic chiasma GSE General somatic efferent 

CM Cloacal membrane GVA General visceral afferent 

CN Cervical nerve(s) GVE General visceral efferent 

CNS Central nervous system Hb Hemoglobin 

Comm. Commissure hCG Human chorionic gonadotropin 

CoN Coccygeal nerve(s) Hep. Hepatic (diverticulum, etc.) 

Cor. Coronal Hor. Horizontal 

CoV Coccygeal vertebra(e) Hyp. Hypophysis cerebri (pituitary) 

CR Crown-rump length IC Internal carotid artery 

CSF Cerebrospinal fluid ICM Inner cell mass 

CV Cervical vertebra(e) i.e. That is (Latin, id est) 

CVS Chorionic vill(o)us sampling Ig Immunoglobulin 

Cyst. Cystic (primordium, etc.) Inf. Inferior 

D2 Duodenum, part 2 Int. Internal 

DA Ductus arteriosus IVC Inferior vena cava 

Di. 
Dist. 

Diencephalon of forebrain 
Distal 

IVF In vitro fertilization; also interventricular 
foramen of heart or of brain 

DNA Deoxyribonucleic acid IVS Interventricular septum 

XI 



XII General List of Abbreviations 

L. Left PUBS Percutaneous umbilical blood sampling 

LA Left atrium R. Right; also respiratory primordium 

Lat. Lateral RA Right atrium 

lb Pound (Latin, libra) RBC Red blood corpuscle 

LH Luteinizing hormone RES Reticulo-endothelial system 

LL Lower limb Rh. Rhombencephalon (hindbrain); also rhom 

LMP Last menstrual period bomere (neuromere) 

LT Lamina terminalis RV Right ventricle 

LV Left ventricle S Somite(s) 

Lig. Ligament(s) SI Septum primum of heart 

LN Lumbar nerve(s) S2 Septum secundum of heart 

LV Lumbar vertebra(e) SA Sinu-atrial (node, etc.) 

M Mesencephalon Sag. Sagittal 

m., mm Muscle(s) SEM Scanning electron microscopy 

/nm Micrometer(s) SN Sacral nerve(s) 

Med. Medial SRY Sex-determining region of the Y chromo¬ 

Mes. Mesenchyme; mesoderm(al) some 

Met. Metencephalon SSA Special somatic afferent 

MRI Magnetic resonance imaging St. Stomach 

MZ Monozygotic (twins) Sup. Superior 

n., nn Nerve(s) SV Sinus venosus; also sacral vertebra(e) 

Nas. Nasal (disc, sac, etc.) SVA Special visceral afferent 

N.Cr. Neural crest SVC Superior vena cava 

NGF Nerve growth factor SVE Special visceral efferent 

NH Neurohypophysis TA Truncus arteriosus 

Not. Notochord(al) TDF Testis-determining factor 

NTD Neural tube defect(s) Tel. Telencephalon of forebrain 

Olf. Olfactory (bulb, etc.) Thai. Thalamus 

ONM Oronasal membrane Thyr. Thyroid (primordium, gland, etc.) 

OPh. Oropharyngeal membrane TN Thoracic nerve(s) 

Opt. Optic (sulcus, vesicle, etc.) TV Thoracic vertebra(e) 

ot. Otic (disc, vesicle, etc.) UC Umbilical cord 

Ov. Ovulation UG Urogenital 

PCR Polymerase chain reaction UGS Urogenital sinus 

PGC Primordial germ cell(s) UL Upper limb 

Ph. Pharynx, pharyngeal UV Umbilical vesicle (yolk sac) 

PKU Phenylketonuria V Ventricle; also vertebra 

PNS Peripheral nervous system v., w Vein(s) 

Post. Posterior VP Ventral pancreas 
Pr.St. Primitive streak X,Y Sex chromosomes 

Pros. Prosencephalon (forebrain) ZFY Zinc-finger-containing protein of the Y 
Prox. Proximal chromosome 
PT Pulmonary trunk ZPA Zone of polarizing activity 
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The History 
of Human 
Embryology and 
Teratology 

brief survey of some of the highlights of 

the roots of human embryology and tera¬ 

tology makes clear the long and arduous efforts re¬ 

quired to establish what is now taken for granted. 

M HUMAN EMBRYOLOGY 

Aristotle is regarded as the founder of comparative em¬ 

bryology but, apart from isolated references to the hu¬ 

man fetus by Leonardo da Vinci, Coiter, and others, 

human embryology is scarcely more than one hundred 

years old. The first to study the human embryo sys¬ 

tematically was Wilhelm His, Senior (Fig. 1-1), who 

established the basis of reconstruction, i.e., the assem¬ 

bling of three-dimensional form from microscopic sec¬ 

tions. His, who has been called the “Vesalius of human 

embryology” (R. O’Rahilly), published his three- 

volume masterpiece Anatomie menschlicher Embry- 
onen in 1880-85. In it the human embryo was studied 

as a whole for the first time. Detailed studies of indi¬ 

vidual early embryos began in 1899, by which time 

Normentafeln (standard plates showing illustrations of 

embryos) were coming into use. That for the human 

was published in 1908 (Fig. 1-2). 

A detailed Manual of Human Embryology by Kei- 

bel and Mall appeared in 1910-12. Franklin P. Mall, 

who studied under His, established the Carnegie Em- 

bryological Collection in Baltimore and was the first 

person to stage human embryos (in 1914). Mall’s col¬ 

lection soon became the most important repository of 

human embryos in the world and has ever since served 

as a “Bureau of Standards.” Mall’s successor, George 

L. Streeter, laid down the basis of the currently used 

staging system for human embryos (1942-48), which 

was completed by O’Rahilly (1973) and revised by 

O’Rahilly and Muller (1987). Extremely early em¬ 

bryos2'5 were added to the Carnegie Collection in the 

1940s by Hertig and Rock. [Note that throughout this 

book, superscript numbers in the text and figures re¬ 
fer to embryonic stages.] Moreover, much additional 

work in the field was undertaken in many different 

countries. 

Histochemistry, immunochemistry, transmission 

electron microscopy, and particularly scanning elec¬ 

tron microscopy are being used increasingly in human 

embryology. Very early developmental stages1'3 have 

been given particular attention since the advent of in 
vitro fertilization in the 1970s. The living embryo and 

fetus are being studied extensively in prenatal diag¬ 

nosis by such methods as fetoscopy, ultrasound, am¬ 

niocentesis, and chorionic villous sampling. In addi¬ 

tion, “the fetus as a patient” is receiving therapeutic 

consideration and the era of fetal surgery has begun. 

MTERATOLOGY 

Much of mythology probably arose from observations 

of developmental anomalies, e.g., cyclopia (Polyphe¬ 

mus), symmelia (the Sirens), and janiceps (Janus). De¬ 

velopmental defects are depicted in various forms of 

art dating back several thousand years, and anomalies 

such as polydactyly are mentioned in the Bible. 

Aristotle was well acquainted with a wide variety 

of malformations, which he regarded correctly as 

3 



4 Chapter 1 THE HISTORY OF HUMAN EMBRYOLOGY AND TERATOLOGY 

Figure 1-1. Wilhelm His, Senior (1831-1904), the founder of 

human embryology. 

“contrary indeed to the established order but still al¬ 

ways in a certain way and not at random.” Pliny the 

Elder recounted in his Historia naturalis (first century 

a.d.) unusual peoples and tribes with malformations, 

including many exaggerations and distortions of actual 

observations. He is said to have introduced the term 

lusus naturae, a sport of nature, which was for long 

the interpretation of malformations. Monsters, i.e., 

grossly malformed beings, were regarded as portents 

of the future (Latin, monstrum, omen, from monere, 
to warn). The corresponding Greek word for monster, 

namely teras, teratos, has given rise to such terms as 

teratology. 

An interesting example of a work on malforma¬ 

tions is that by Pare published in 1573. Pare believed 

in the multiplicity and interaction of causal factors. 

Among causes he included maternal impressions, the 

supposed influence of which has had a very long his¬ 

tory. The basic ideas of the theories of causation of 

anomalies can be traced back several centuries. These 

include hereditary origins, amniotic bands and other 

mechanical theories, developmental arrest (mentioned 

by Harvey), and fetal disease. Prominent among those 

who discussed malformations and their causes in the 

eighteenth century was von Haller, who wrote De 
Monstris. 

Teratology was firmly established in the 1820s by 

Etienne Geoffroy Saint-Hilaire, whose son, Isidore, in¬ 

troduced the term teratology into biology and wrote a 

Traite de teratologie (1836). Meckel the younger was 

also important in the foundation of the subject, having 

undertaken a systematic analysis of the then-known 

malformations in 1812. Subsequent compendia and at¬ 

lases were published in the latter half of the nineteenth 

century by Vrolik, Forster, Ahlfeld, Taruffi, and Gould 

and Pyle. Although Dareste is frequently regarded as 

the founder of experimental teratology, he himself 

gave the credit to Etienne Geoffroy Saint-Hilaire, who 

produced and studied malformations in the chick 

embryo. 

Early in the twentieth century, two important vol¬ 

umes by Ballantyne appeared under the title Manual 
of Antenatal Pathology and Hygiene. These were fol¬ 

lowed by a multivolume work begun by Schwalbe and 

taken over by Gruber: Die Morphologie der Missbil- 
dungen des Menschen und der Tiere. An important 

study of abnormal embryos in the Carnegie Collection 

was published by Mall and Meyer in 1921. 

After the rediscovery of Mendel’s (1866) principles 

of inheritance around 1900, it was frequently main¬ 

tained that most aspects of both normal and abnormal 

development are genetically determined. 

Interference with embryonic development in am¬ 

phibia, reptiles, and birds led to the belief, published 

by Stockard, that induced malformations depended 

chiefly on the stage of development during exposure 

rather than on the nature or dose of the teratogen. 

Experimental teratology in mammals was pursued in 

the 1930s. In the 1940s Warkany and his associates 

stressed the importance of environmental factors in 

mammalian development, such as maternal dietary in¬ 

sufficiency or X-irradiation. In the 1950s Clarke Fraser 

and his students found striking differences in the fre¬ 

quency of cleft palate induced by cortisone in different 

strains of mice, depending on many embryonic and 

maternal genes. 

The importance of environmental factors in hu¬ 

man teratology became clear to the public as a result 

of two spectacular events. First, a rubella epidemic in 

Australia was seen to be related to numerous cases of 

congenital cataract, as reported by Gregg in 1941. 

Later, extensive use during pregnancy of a sedative 

termed thalidomide was followed by numerous in¬ 

stances of limb defects. The causal connection became 

established by McBride and Lenz independently. 
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Figure 1-2 Some significant names and publications in human embryology (student textbooks not included). In such a condensed 

scheme, the names of many other prominent embryologists from various countries have had to be omitted. 
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Introduction 
and General 
Concepts 

scheme of embryonic stages can be found 

on the inside front cover of this book. A 

list of stages is given in Chapter 8 (Table 8-1) and in 

Appendix 2 (Table A-l). Graphs showing prenatal 

length and other linear measurements, as well as body 

weight, are on the inside back cover, and relevant ta¬ 

bles are provided in Appendix 2. In this chapter tech¬ 

niques, terminology, and general concepts are dis¬ 

cussed. 

HUMAN EMBRYOLOGY 

Human embryology (as the term is used in English) 

is the study of the human embryo and fetus (cf. his¬ 

tology, the study of tissues and organs). The progress 

of embryology, as of other natural sciences, depends 

on a delicate balance of three things: “speculative 

thought, accurate observation, and controlled experi¬ 

ment” (J. Needham). Human embryology is based on 

the first two, namely Beobachtung und Reflexion. 
The descriptive science of human embryology is 

basically developmental anatomy, although, as in adult 

anatomy, functional considerations, when known, are 

of great importance. Development includes growth (an 

increase in the mass of tissue) and differentiation, by 

which is meant increasing complexity. Although early 

development, particularly that of the embryo, is the 

main focus of embryology, development continues af¬ 

ter birth as well as before. 

Development is under the control of the genome, 

which operates at several levels of organization. A re¬ 

ductionist approach, however, needs to be comple¬ 

mented by descriptive embryology so that the end 

products of genetic and environmental interaction, 

namely organs and systems, can be clearly discerned. 

Experimental results obtained from animal em¬ 

bryos such as those of the chick and the mouse provide 

valuable insight into developmental processes. Great 

caution, however, needs to be exercised in applying the 

data of comparative and experimental embryology to 

the interpretation of human development. Cellular and 

subcellular elements are being studied intensively in 

various species by the methods of molecular biology, 

whereby cell biology, biochemistry, and genetics are 

being integrated. 

Teratology is discussed in detail in Chapter 9. 

Importance of 

Human Embryology 

Apart from the inherent interest in knowing how a 

single cell develops into an adult being, the main prac¬ 

tical value of the study of human embryology is two¬ 

fold: (1) it contributes to an understanding of human 

anatomy (gross, microscopic, and neural); and (2) it 

aids in the interpretation of congenital anomalies. 

Status of the Human Embryo 

The status of the early human embryo is an evaluation 

rather than a scientific question, and assessment is 

influenced considerably by philosophical outlook. 

Complicated ethical and legal problems arise in regard 

to early development, although it is agreed that cer- 

7 
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tainly “human embryos should be respected” (R.G. 
Edwards). 

It needs to be emphasized that life is continuous, 
as is also human life, so that the question “When does 
(human) life begin?” is meaningless in terms of on¬ 
togeny. Although life is a continuous process, fertili¬ 
zation (which, incidentally, is not a “moment”) is a 
critical landmark because, under ordinary circum¬ 
stances, a new, genetically distinct human organism is 
formed when the chromosomes of the male and female 
pronuclei blend in the oocyte. This remains true even 
though the embryonic genome is not actually acti¬ 
vated until 2-8 cells are present, at about 2-3 days2. 

Debate has occurred over the philosophical con¬ 
clusion whether the human organism is (1) ab initio, 
i.e., from fertilization, an actual human person in a 
philosophical sense, or (2) a potential person becom¬ 
ing actual at a later time. In order to justify the latter 
assumption, it is claimed that a certain degree of bod¬ 
ily complexity is necessary for the attainment of hu¬ 
man personhood (e.g., Maritain, 1967), the presence 
of a human individual with a human nature. 

Particular significance is commonly assigned to 
the first 2-2% postfertilizational weeks1-6 because 
monozygotic twinning can still occur during that 
time; i.e., the production of a single individual versus 
multiple individuals is not yet irrevocable. Monozy¬ 
gotic twins are genetically but not ontologically iden¬ 
tical, and so it has been maintained that the non- 
individuated embryo of 2-2% weeks has yet to acquire 
determinate individuality, a stable (ontological)'human 
identity. It is quite possible, however, that twinning 
may be determined extremely early. 

The presence of the brain, including the initial de¬ 
velopment of the cerebral cortex, the presence of syn¬ 
apses17, and the formation of the cortical plate21, is 
frequently considered to be of crucial import. Even 
when the brain develops, however, rational activities 
take place only quite some time after birth. The de¬ 
veloping human undergoes a gradual evolution of ra¬ 
tional powers and their exercise. Nevertheless, it is to 
be remembered that the capacity for specifically hu¬ 
man activities can exist even when they are not being 
exercised, in sleep, for example. It should also be kept 
in mind that “neurological facts will not automatically 
yield ethical conclusions,” and that there is a “danger 
of identifying or locating the self within the brain” 
(Moussa and Shannon, 1992). 

During the embryonic period proper, milestones 
include fertilization, activation of the embryonic ge¬ 
nome2, segregation of embryonic from extra-embryonic 
cells2-4, implantation4-6, and the appearance of the 
primitive streak and bilateral symmetry6. 

Despite the various embryological milestones, 
however, development is a continuous rather than a 

saltatory process, and hence the selection of prenatal 
events would seem to be largely arbitrary. The contin¬ 
uous changes in the nervous system, for example, are 
such that it is only at about puberty that a level com¬ 
parable to that of the adult is attained. For a detailed, 
interdisciplinary discussion that emphasizes the unity 
of ontogenetic development and includes philosophical 
and ethical aspects, the book edited by Rager (1998) is 
highly recommended. 

i TECHNIQUES 

Photography is indispensable for the general appear¬ 
ance (Figs. 8-11 and 8-13) and scanning electron mi¬ 
croscopy (Figs. 8-19 and 18-7) provides instructive 
views. Magnetic resonance microscopy is also being 
used. Ultrasonography serves to study undisturbed 
prenatal life (Figs. 8-5, 8-6, and 12-26), as does also 
magnetic resonance imaging. (Figure 19-31 shows an 
example in an infant.) The chief techniques employed 
in prenatal diagnosis are described in Chapter 9. 

Histological and 

Related Techniques 

The small size of embryos and embryonic organs ne¬ 
cessitates extensive use of histological methods, in¬ 
cluding photomicrography and particularly the study 
of serial histological sections made in various planes 
(chiefly horizontal, coronal, and sagittal). Transmis¬ 
sion electron microscopy elucidates many details (Fig. 
7-2), and confocal microscopy (using the light re¬ 
flected from a specimen) is being used increasingly. 
Histochemistry and immunocytochemistry are also 
important. Immunostaining by cell surface markers 
such as monoclonal or polyclonal antibodies allows ob¬ 
servation of spatial and temporal sequences. In situ 
hybridization to map spatial and temporal patterns of 
gene expression has already been used for the human 
brain and pharyngeal arches. 

Reconstruction 

To gain a three-dimensional (3-D) appreciation of em¬ 
bryos and their organs, various methods of reconstruc¬ 
tion are used. These are necessary for the study of 
morphology, and they are needed more and more 
as the foundation for spatial maps of gene expression. 
Reconstructions are of two chief kinds, solid and 
graphic. 

The technique of making solid reconstructions 
from the stacking of wax plates was introduced by Gus¬ 
tav Born in 1876. The principle involved in recon- 
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structing an embryo or, more usually, a part such as 
the brain or the heart, is illustrated in Figure 2-1 and 
is described as follows. If each serial section of thin¬ 
ness t is projected at a magnification n, then each plate 
of the reconstruction should have a thickness T equal 
to t X n. For example, sections at 15 /xm (0.015 mm) 
projected at a magnification of 20 would require a 
plate thickness of 0.015 X 20 = 0.3 mm. Examples of 
solid reconstructions are shown in the frontispiece and 
in Figure 2-2. 

In any method of reconstruction, selection of the 
components to be reconstructed and interpretation of 
the sections are paramount. In addition, the sections, 
drawings, and images need to be aligned correctly. Var¬ 
ious aids have been proposed, e.g., photographs (or 
bromide prints) of all the sections fitted into a tem¬ 
plate of the outlines of the embryo, or external refer¬ 
ence makers embedded in the paraffin block. To avoid 
distortion caused by the knife in sectioning, photo¬ 
graphs of the face of the block before each section is 
cut can be used. 

In graphic (point-plotting) reconstruction, serial 
sections are projected onto millimeter paper. A plane 
(e.g., the median) is selected, and the points (at least 
two) where the plane intersects a given organ are 
marked on the paper. This is repeated for all the sec¬ 
tions through the selected organ. The distance be¬ 
tween the points of one section and those of the next 
is based on the thinness of the sections and the mag¬ 
nification. The plotted points are joined to produce the 

final outline. Examples of graphic reconstructions are 
shown in Figures 2-3 and 19-11. 

Computer-generated 3-D reconstruction is being 
used increasingly at organ, tissue, and (by serial elec¬ 
tron microscopy) cellular levels. Registration of the 
2-D images must be assured, e.g., by computer over¬ 
lays used either interactively (selecting the “best fit”) 
or automatically (image thresholding and binary com¬ 
parison). The components to be reconstructed are then 
selected, e.g., by preparing drawings or by selection on 
the computer monitor. Next the data, either contours 
or coordinate points, are digitized in the computer. 
Finally, with appropriate software the computer gen¬ 
erates the reconstruction. 

Although highly specialized equipment is fre¬ 
quently used, satisfactory results are also being ob¬ 
tained with commercially available graphics software 
and personal computers. 

The advantages of a computer for reconstruction 
include saving of time and greater flexibility. Moreover, 
the images can be rotated and sectioned in any plane; 
individual components can be defined and color-coded, 
and hidden lines can be removed; and linear measure¬ 
ments, surface areas, and volumes can be calculated. 
It remains to be seen, however, whether or how well 
such sinuous and complicated structures as the tracts 
of the brain can be handled by methods that are de¬ 
pendent on computers. Reconstructions based on ul¬ 
trasound in vivo (e.g., of the ventricles of the brain) 
are now beginning to be used. 

Figure 2-1 A. The principle involved in 
solid three-dimensional reconstruction 
from serial sections. If each section, of 
thickness t, be projected at a 
magnification n, then each plate of the 
reconstruction should have a thickness 
T equal to t X n. The plates were 
originally, and frequently still are, made 
of wax and were stacked as shown in B, 
an embryo of 8 weeks23. Individual 
organs and structures can be 
reconstructed by this wax-plate 
technique (of Born). 
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Figure 2-2, Example of a plaster reconstruction (made by Mr. 
Osborne Heard using the Born technique), showing a right lat¬ 
eral view of the brain at 6 weeks17. The rounded part in the 
lower right-hand corner is the right cerebral hemisphere. The 
large “V” in the upper middle portion is the fourth ventricle. 
The numerous horizontal lines show the plane of the histolog¬ 
ical sections and the way in which the plates were stacked. 
Compare Figure 19-16A. 

Animal Studies 

Many techniques used in other species are not appli¬ 

cable to the human embryo, for technical and/or eth¬ 

ical reasons. Nevertheless, although human embryol¬ 

ogy is a descriptive and not an experimental science, 

FIGURE 2-3. Example of a graphic reconstruction (made by F. 
Muller with Perspektomat), showing a left lateral view of the 
brain at 8 weeks23. The left cerebral hemisphere has been sec¬ 
tioned to reveal the lateral ventricle. The numerous horizontal 
lines indicate the plane of the histological sections. The bar 
represents 1 mm. Compare Figure 19-14B. 

animal studies are needed to elucidate many aspects 

of development. 

Much information is being obtained from the 

chick embryo and from chick chimeras. Extrapolation 

from the chick to the human, however, has frequently 

caused errors. For example, the human notochord is 

far more delicate than that of the chick, the human 

forebrain has no neural crest other than the optic, and 

the number of occipital somites is not necessarily the 

same in the two species. Although investigation of the 

chick embryo continues to provide much useful infor¬ 

mation, nevertheless “mammalian embryos are ... the 

best model for studies aimed at shedding light on hu¬ 

man development” (G. Morriss-Kay). 

Technical advances are now aiding the study of the 

mouse embryo, and transgenic mammals are impor¬ 

tant in the elucidation of developmental genetics, im¬ 

munology, and genetic disease. “Knockout” mice, in 

which one or more genes are inactivated and the re¬ 

sulting effects examined, are also significant. Again, 

extrapolation to the human needs to be made with 

considerable caution. For example, the site of closure 

of the caudal neuropore is at a higher level in the 

human (of relevance in the interpretation of spina bi¬ 

fida), and the brain in the mouse is further developed 

relative to the early development of the body. It has 

recently been pointed out that a growing list of differ¬ 

ences between mice and humans has to be considered 
when extrapolating experimental data. 

Three-dimensional reconstructions of embryos of 

numerous species are now used in genetic studies for 

the localization of gene expression, including patterns 

of expression that do not correspond to known mor¬ 
phological features. 

TERMINOLOGY 

The terms of position and direction commonly used in 

the anatomy of the adult human are frequently not 

suitable for the first few weeks of development. For 

this time period the following terms are not only free 

of ambiguity but are applicable to all vertebrate em¬ 

bryos (see Fig. 2-4). Rostral (literally, toward the beak) 

means nearer the “front” end, which is taken to be the 

optic and hypophysial (pituitary) area in the embryo. 

Cephalic and cranial mean toward the head-end and 

toward the skull, respectively. Caudal (literally, toward 

the tail) means nearer the nether or “lower” end of 

the body. Dorsal means nearer the back, and ventral 

means nearer the front of the body. The anatomical 

terms anterior and posterior are unsatisfactory when 

applied to the early embryo and unnecessary. The bet¬ 

ter terms—rostral, cephalic, and cranial versus caudal 

—are applicable to both bipeds and quadrupeds. In 
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A 
Figure 2-4 Terms of position and direction. 
A. Sagittal planes, including the median 
plane, are used as in adult anatomy. B. 
Transverse and coronal planes generally refer 
to the trunk and would be unclear if applied 
to the flexed head. C. By following the 
longitudinal axis of the neural tube and its 
covering vertebral column/skull, one 
proceeds in either a rostral or a caudal 
direction. Cephalic is used with reference to 
the head end. “Front” and “back” surfaces 
are ventral and dorsal, respectively. Preaxial 
and postaxial are used in relation to a 
longitudinal axis through a limb, as seen at 7 
weeks19. The thumb and the great toe are on 
the preaxial border of the limbs. D. The most 
useful prenatal measurement is the greatest 
length (GL), exclusive of the flexed lower 
limbs. It usually differs only slightly if at all, 
from the crown-rump (CR) length. 
Additional segments to the heel (H) would 
have to be incorporated to include the lower 
limbs, i.e., to obtain the “standing height.” 

human embryology, this renders unnecessary a change 

in the definition of anterior and posterior to ventral 

and dorsal at some unspecified phase of embryonic life. 

It is to be regretted that one can still find such terms 

as anterior and posterior neuropores in discussions of 

the mouse. 
Sagittal and coronal* are used for vertical planes, 

as they are for the adult. One of the sagittal planes is 

median. Transverse is used prenatally for planes or 

sections more or less at a right angle to the trunk. 

Because of the forward flexion of the head prenatally, 

however, coronal and transverse planes pass obliquely 

through the head in comparison with their usage in 

the adult, and this is important in prenatal imaging. 

As in adult anatomy, the unofficial and unnecessary 

terms midsagittal for median and parasagittal for 

*Frontal is best used in opposition to occipital and hence is not 
sensu stricto a synonym of coronal. 

merely sagittal should be avoided. Some other unde¬ 

sirable terms are listed in Table 2-1. 

The embryological terms employed here are those 

that are appropriate to the human embryo (Table 2-1) 

and that have been adopted by the authors in their 

previous publications. For the most part the terms 

used conform to those long recognized in human 

anatomy. 

In accordance with current practice in anatomical 

nomenclature, eponyms are avoided wherever possible. 

A list of those related to embryology is provided in 

Appendix 1 at the end of the book. 

It is worth noting that concepts and terminology 

appropriate to the adult tend to be adopted as early as 

possible for embryonic life, although components at a 

given anatomical locus during development do not 

necessarily have the significance of their adult coun¬ 

terparts. Moreover, the tendency to consider prenatal 

anatomy as largely a kind of fate map of a generalized 
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TABLE 2-1 Examples of Discarded and Replaced Terms 

Undesirable Terms 
in Human Embryology Comment Preferable Terms 

Anterior and posterior Best avoided for the early embryo Rostral and caudal 
Blastocoel Avian term for space between epiblast and Blastocystic cavity 

Blastopore 
primary endoderm 

An opening in early amphibian embryos Not used 
Blastula, blastulation Not applicable to mammals Blastocyst 
Branchial A fishy term not applicable to species without gills Pharyngeal or visceral 
Cerebral vesicles Based on interpretation of avian species Forebrain, midbrain, and hindbrain 
Chorda dorsalis Acceptable but clumsy term Notochord 
Egg Best confined to the hen and to cuisine Oocyte 
Gastrulation A gastrula is not formed Not used 
Gestational age Ambiguous and not age Menstrual weeks 
Head process Obsolescent Notochordal process 
Horizon No longer in use Stage 
Medullary folds and groove Medulla has other implications Neural folds and groove 
Menstrual age Not age Menstrual weeks 
Midline, midsagittal Unofficial and unnecessary terms Median 
Morula An early amphibian embryo that gives rise to Morula accepted as useful 

Ovum 
embryonic tissue only 

Does not exist in human Oocyte; ootid; embryo 
Parasagittal Misinterpretation of term sagittal Sagittal 
Perivitelline space Vitelline best avoided Subzonal space 
Pre-embryo Ill-defined and inaccurate Embryo 
Proctodeum Does not exist in human Anal pit 
Pronephros Does not exist in mammals Rostralmost part of mesonephros 
Tail Incorrect interpretation Caudal eminence 
Ultimobranchial Branchial best avoided Telopharyngeal 
Vitelline vein Vitelline best avoided Omphalomesenteric 
Vitello-intestinal duct Vitelline best avoided Omphalo-enteric duct 
Vitellus No yolk is involved Ooplasm; cytoplasm 
Yolk sac No yolk is involved Umbilical vesicle 

adult vertebrate entails the danger of entrapping the 

homology of developmental components within an il¬ 
lusory homunculus (R. Presley). 

Etymology, the study of the formation of words 

and the development of their meaning, aids in under¬ 

standing technical terms, frequently helps in their 

memorization, and generally adds considerable inter¬ 

est. Most biological and medical terms are derived 

from Greek and Latin, as in the following examples: 

blastocyst (germ + bladder), chorion (skin or outer 

membrane), coelom (a cavity), ectoderm (outer + skin 

or membrane), notochord (back + string), placenta (a 
flat cake). 

GENERAL CONCEPTS 

Some concepts and processes of great importance to 

embryology in general are summarized alphabetically 
in the following paragraphs. 

Anticipation in Development. It needs to be em¬ 

phasized that embryos “not only develop but they 

must also live”; i.e., they must remain “open for busi¬ 

ness during construction” (Streeter). Moreover, the 

morphological and functional character of early struc¬ 

tures contributes simultaneously to the immediate 

support of the embryo and to conditions that affect 

the future welfare and development of the fetus; i.e., 

developmental changes anticipate future requirements 

(S.R.M. Reynolds). “‘Preparation for birth’ is a phrase 

that refers here to the appearance in the fetus of struc¬ 

tural or biochemical elements that serve no recog¬ 

nized essential function for fetal existence yet will be 

of critical importance to the newly born” (L. Frank). 

In other words “developmental processes, objec¬ 

tively considered, are aimed at the future ... The char¬ 

acteristic and remarkable feature of developmental 

processes is precisely their proleptic or anticipatory 

nature, their prospective reference, their building for 

the future” (E.S. Russell). Obvious examples are the 
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prenatal development of the lungs for air-breathing af¬ 
ter birth, and the complicated integration required for 
the formation of the eyes long before they can be put 
to use. Similarly, as C.S. Sherrington pointed out, the 
growth of the nervous system illustrates phases of 
non-functioning preparation in order to meet a future 
function. 

Cell Death, Apoptosis, Necrosis. Cell death may be 
either physiological or pathological, and these forms 
of death are generally, although not satisfactorily, 
named apoptosis and necrosis, respectively. Apoptosis 
and necrosis may be seen as extremes of a continuum 
of possible kinds of cell death. Besides apoptosis, sev¬ 
eral other kinds of developmental cell death have been 
characterized by structural and molecular approaches 
(Leist and Nicotera, 1997). 

Apoptosis, which involves cellular shrinkage and 
various morphological and biochemical changes, is the 
most frequent mechanism of programmed cell death. 
It is the death of individual cells among apparently 
healthy neighbors, often occurring during normal de¬ 
velopment of cellular turnover, and devoid of an in¬ 
flammatory reaction. Apoptosis involves enzymes (cas- 
pases, formerly called ICE) and refers to times of 
cellular death that depend on a genetic clock. Cell 
death under genetic control is a normal feature of em¬ 
bryonic development and plays an important role in 
the origin of form (morphogenesis) and in the pre¬ 
vention of disease. For example, interdigital cell death 
contributes to the shaping of the limb and the sepa¬ 
ration of the digits from the hand and foot plates. Fur¬ 
thermore, programmed cells death is a widespread and 
well-organized method in the establishment of the de¬ 
finitive number of neurons in the motor columns of 
the spinal cord and in the sensory ganglia. In many 
instances, the volume of the cell becomes reduced, 
chromatin becomes condensed, the cell dies, and frag¬ 
ments are phagocytosed by adjacent cells (apoptosis). 
Some cells, however, are destroyed within their own 
lysosomes (autophagy) and others, seemingly without 
lysosomal participation. 

It has been found that the protein p53 can, under 
certain conditions, lead to apoptosis, as well as being 
able to block the passage of cells from the growth (Gi) 
to the synthetic (S) phase of the cycle. This is a safe¬ 
guard to prevent cellular proliferation induced by ac¬ 
tivation of oncogenes. Alterations in cellular survival 
may be a contributory cause of a number of human 
diseases (carcinoma, viral infections, autoimmune dis¬ 
eases, neurodegenerative disorders, AIDS). A change in 
the apoptotic threshold may reduce the natural pro¬ 
gression of such conditions. 

Necrosis is massive cellular degeneration caused 
by pathological stimuli and usually accompanied by an 

inflammatory reaction. The changes are secondary to 
(i.e., follow) cell death by any mechanism: ischemia, 
heat, toxins, trauma, and even apoptosis sensu stricto. 

Cloning. This is discussed in Chapter 5. 

Developmental Fields. Multiple causes, such as 
aneuploidy, single-gene mutations, and teratogens, can 
give rise to similar abnormal phenotypes. The concept 
of developmental fields posits the existence of devel- 
opmentally coordinated units that react in a similar 
way to such different noxious events. This idea has 
been applied to a very large number of malformations 
and syndromes. For example, certain complex limb de¬ 
fects can be analyzed by considering the four limb 
buds as one developmental field. Similarly, the median 
plane is a special feature characterized by generalized 
weakness resulting in anomalies of many different 
types (Opitz, 1986). 

Epigenetics. The oocyte encompasses the series of 
successive developmental events that allow subsequent 
cellular differentiation. The interactions of genes with 
their environment that bring the phenotype into being 
are known as epigenetics (C.H. Waddington). In an¬ 
other and more recent definition, the processes of he¬ 
reditary modifications of gene expression that do not 
involve changes in DNA sequence are referred to as 
epigenetics. Information other than that encoded in 
the nucleotide sequence has a profound (epigenetic) 
effect on how genes are expressed, so that, although 
every cell carries the entire genome, only a minute 
fraction of that genome is used by any given cell. 
Methylation is important in epigenetic inactivation of 
genes. 

Epithelio-Mesenchymal Interaction. Branching of 
the epithelial component of glandular organs requires 
an interaction with the stromal mesenchyme. The 
mesenchyme induces and specifies epithelial morpho¬ 
genesis and cytodifferentiation. Such interactions are 
much wider in scope than originally thought. This 
topic is discussed further in Chapter 10, where ex¬ 
amples of interactions are cited (Table 10-1). Cell-cell 
interactions depend on adhesion of one cell to another, 
thereby allowing chemical signals to be transmitted 
across the region of contact. 

It is believed that epithelio-mesenchymal interac¬ 
tions are mediated by growth factors. They occur in 
both directions. Both epithelium and mesenchyme can 
arise from any of the three germ layers. 

Epithelio-Mesenchymal Transformation. Epithe¬ 
lio-mesenchymal transformation (EMT), i.e., the 
change of the epithelial status of differentiation into a 
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mesenchymal phenotype, is important. Many neural 
crest cells, for example, migrate and become mesen¬ 
chymal. Growth factors and extracellular matrix are 
involved in the initiation of such transformations. The 
reverse process, mesenchymo-epithelial transforma¬ 
tion (MET), also occurs. The mesenchymal cells of the 
caudal eminence, for example, give rise to various tis¬ 
sues, including neural epithelium. This subject is dis¬ 
cussed further in Chapter 10. 

Extracellular Matrix. The extracellular matrix 
(ECM) consists of various proteins that differ accord¬ 
ing to tissue structure, function, and phase of devel¬ 
opment. These proteins include collagens and glyco¬ 
proteins that provide structural support and aid in 
defining cellular shape, modulating differentiation, 
and controlling morphogenesis. For example, collagen 
types 1 and 3 surround undifferentiated mesenchyme 
but lose their expression before cellular adhesion and 
aggregation. Once aggregation has begun, basement 
membrane-specific proteins, such as type 4 collagen, 
laminin, and proteoglycans, appear peripherally and 
interact to form the basement membrane, as well as 
to establish epithelial cellular polarity. 

Germ Layers. Cells become rearranged during de¬ 
velopment by such morphogenetic processes as cavi¬ 
tation, invagination, migration, and proliferation. Be¬ 
fore 3 weeks, three main laminae known as the germ 
(or germinal) layers are distinguishable: epiblast, em¬ 
bryonic mesoderm (or mesoblast), and embryonic 
endoderm7. Although each germ layer normally con¬ 
tributes to specific features, it is capable of form¬ 
ing additional structures under various natural or ex¬ 
perimental influences, e.g., transplantation. Hence 
the germ layers are no longer regarded as rigidly 
specific. 

When a structure such as the intestine is said to 
develop from one germ layer (endoderm), what is be¬ 
ing referred to is the main functional component (the 
epithelial lining, in this example). The connective tis¬ 
sue and muscular coats, however, are derived from an¬ 
other germ layer (mesoderm), and, when nerves invade 
the gut, the third germ layer (ectoderm) makes a con¬ 
tribution. Thus the germ layers should not be consid¬ 
ered in rigid isolation one from another, and many 
interdependences, particularly epithlio-mesenchymal 
interactions, are important in development. 

The earliest discernible indication of an organ or 
of a part is termed its primordium or Anlage (German, 
an outline, in this context). Thus the limb bud, which 
is first formed from two layers, is the primordium of 
a limb. 

Homology. Although a consensus is lacking, 
Owen’s definition of homology in 1843 was “the same 

organ in different animals under every variety of form 
and function.” Central features for “sameness” or sim¬ 
ilarity include relative position and connections (re¬ 
lations), in the embryo as in the adult. 

Homology needs to be considered with respect to 
a particular level of organization. For example, the 
wings of birds and bats are homologous as tetrapod 
forelimbs, but, because of their skeletal differences, 
they are not homologous as wings. It needs to be kept 
in mind that seemingly similar features can arise by 
different genetic and developmental routes (conver¬ 
gence). Moreover, in spite of the conservation of pat¬ 
terning genes (e.g., Hox), considerable morphological 
divergence is found in different species. Even though 
genes (e.g., Sonic hedgehog) and patterns of gene ex¬ 
pression may be homologous as such, the structures 
produced are not necessarily so (e.g., limbs and neural 
tube). Although developmental genetics adds signifi¬ 
cantly to the understanding of the developmental basis 
of homology, no redefinition of homology in such 
terms is justified (Bolker and Raff, 1996). 

Induction. The stimulation of a competent tissue 
or area in the embryo to differentiate in a specific di¬ 
rection is termed induction. An example of induction 
is that the optic vesicle induces the overlying ectoderm 
to form the lens. A tissue or agent that brings about 
an induction is an inductor (e.g., the optic vesicle in 
the preceding example). For induction to occur, the 
competence of an embryonic tissue is of great impor¬ 
tance. Induction is under genetic control, but induc¬ 
tive relations are more complicated than previously 
suspected. In mammals the process of neural induc¬ 
tion is ill understood. 

In primary neural induction, multipotent target 
cells of “competent” ectoderm are “instructed” to de¬ 
velop into neural tissue. Secondarily, the type of neural 
structure to be formed is determined. The signal sub¬ 
stances (diffusible molecules) that transmit the induc¬ 
tive message from the inductor to the target tissue are 
under investigation. Experimentally, they can be mim¬ 
icked by various, even devitalized, tissues and by 
chemicals, and it seems likely that the natural induc¬ 
tors are non-specific (L. Saxen). 

Another example of induction is that of the me¬ 
soderm, which, particularly in its later differentiation, 
depends on inductive interactions. In general, al¬ 
though alternative pathways of differentiation are 
frequently available, depending on the signals of the 
inducing tissue, some tissues, influenced by a non¬ 
specific signal, are committed to a single pathway (e.g., 
in neural induction). See also Organizer. 

Mechanical Factors in Development. It was 
stressed by Bradley M. Patten that “one must be very 
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cautious about accepting too literally ... oversimple 
mechanical explanations of developmental processes. 
This is not meant to belittle the importance of me¬ 
chanical factors in development, but to urge that they 
be kept in proper perspective. They appear so allur¬ 
ingly simple that they tempt one to overlook the more 
subtle, and often more important, factors of inherent 
developmental potentialities.” 

Morphogenetic Fields. Cells and groups of cells in 
the early animal embryo have been shown experimen¬ 
tally to have potentialities for morphological differen¬ 
tiation that are far greater than their normal prospec¬ 
tive fates. Morphogenetic fields are the organizing 
factors in a region of the embryo, arranging that a 
particular, restricted set of developmental capacities 
(from among a large repertory) is put into effect by 
particular cells (J.W. Saunders). This restriction of po¬ 
tential developmental pathways in a pluripotential em¬ 
bryonic system is known as determination. Thus de¬ 
termination of ectoderm to neural tissue suppresses 
the epidermal and other pathways of the ectoderm. 

Morphogenetic Processes. The term morphology, 
invented by Goethe in 1817, means the study of bio¬ 
logical form. Morphogenesis refers to the origin and 
development of form. The attainment of form by a part 
of, and by the entire, embryo involves the rearrange¬ 
ment of cells by a number of morphogenetic processes, 
such as relative cell movement, cell adhesiveness, in¬ 
vagination, condensation, fusion, cell death, prolifer¬ 
ation, and differential rates of growth. The complex 
question of pattern formation has given rise to several 
hypotheses (e.g., involving positional information), but 
such matters are outside the scope of this book. Mo¬ 
lecular mechanisms are believed to divide morphoge¬ 
netic domains into territories of prospective fate. 

Important factors in the specification of cell fates 
(e.g., whether muscle or neuron) include the inheri¬ 
tance of localized information in the cytoplasm of the 
oocyte, interactions between cells, and substances 
termed morphogens which are reacting and diffus¬ 
ing chemicals (e.g., retinoids) that determine form or 
shape and can also promote asymmetry in de¬ 

velopment. 

Neural Crest. This is discussed in Chapters 10 and 

19. 

Oncogenes. Many functional genes in normal cells 
can undergo mutation and result in carcinomatous al¬ 
terations: these (e.g., ras) are termed oncogenes and 
are important regulators of normal cellular growth. 
They are derived from normal proto-oncogenes by mu¬ 
tation. Most oncogenes encode oncoproteins (e.g., ki¬ 

nases and Ras) that are involved in the regulation of 
the cell cycle. More than 100 oncogenes have been 
identified. 

Organizer. The primary inductor of the vertebrate 
axis is called the organizer, a term used by Hans Spe- 
mann in the 1920s in his experiments on amphibian 
embryos. When the organizer is grafted to the ventral 
side of another embryo, it can induce a secondary lon¬ 
gitudinal axis containing CNS and PNS. The induction 
of CNS by the organizer is traditionally termed “pri¬ 
mary induction,” whereas later inductive events such 
as that of the lens by the optic cup or the otic vesicle 
by the hindbrain are called “secondary induction.” In 
chick and mouse (mammals), the primary organizer is 
considered to be the primitive node, which gives rise 
to similar tissues. However, several differences exist: 
(1) Virtually normal development can occur in the 
chick and mouse after experimental elimination of the 
organizing region, suggesting that a reconstituted or¬ 
ganizer can form. (2) Although a grafted node in the 
mouse can induce the formation of a second neural 
axis, that axis is incomplete. (3) Rostral patterning in 
the mouse and rabbit seems to occur in the extra- 
embryonic endoderm before the primitive streak 
appears. 

The term organizer has been extended to include 
cellular groups situated in specific sites, which express 
genes encoding signals that affect the specification of 
adjacent cells. Much work continues in an effort to 
elucidate induction, and it is thought that genes con¬ 
taining homeoboxes (DNA sequences that encode 
amino acids) may participate in the regulation of the 
developmental potential of the organizer. See also 
Induction. 

Preformation and Epigenesis. In the eighteenth 
century it was generally maintained that the features 
of an organism were present, although invisible, in the 
spermatozoon or (according to others) in the oocyte. 
In other words, the organism was preformed. Hence 
this theory, that development is merely the growth of 
an already present diminutive being, is known as pre¬ 
formation, or preformationism. In 1759, however, Cas¬ 
par Friedrich Wolff proposed that organisms develop 
in stages by a gradual increase in the visible complex¬ 
ity of their organization. In other words, differentia¬ 
tion is needed as well as growth, in order that hetero¬ 
geneity can be produced out of homogeneity. The now 
accepted theory that the development of an organism 
involves the successive formation of parts that are not 
preformed is known as epigenesis. The unfolding of 
the hereditary constitution from the genes, however, 
is sometimes thought of as a present-day kind of pre- 
formationist concept. 
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Recapitulation, the So-Called Biogenetic Law. 
The theory that successive stages of individual devel¬ 
opment (ontogeny) correspond with (“recapitulate”) 
successive adult ancestors in the line of evolutionary 
descent (phylogeny) became popular in the nineteenth 
century as the so-called biogenetic law. This theory of 
recapitulation, however, has had a “regrettable influ¬ 
ence on the progress of embryology” (G. de Beer). The 
work of Carl Ernst von Baer in 1828 was much closer 
to the mark. According to the “laws” of von Baer, gen¬ 
eral characters (e.g., brain, notochord) appear in de¬ 
velopment earlier than special characters (e.g., limbs, 
hair). Furthermore, during its development an animal 
departs more and more from the form of other ani¬ 
mals. Indeed, the early stages in the development of 
an animal are not like the adult stages of other forms 
but resemble only the early stages of those animals. 
The pharyngeal clefts of vertebrate embryos, for ex¬ 
ample, are neither gills nor slits. Although a fish elab¬ 
orates this region into gill slits, in reptiles, birds, and 
mammals it is converted into such structures as the 
tonsils and the thymus. 

According to the hourglass model of evolutionary 
development, a conserved pattern of developmental 
gene expression is linked with considerable resem¬ 
blance among embryos of different species at a con¬ 
stricted phase, whereas divergence is found earlier and 
later. Morphological evidence for such a phase, how¬ 
ever, is unconvincing (Richardson et ah, 1997). 

Stem Cells. These are discussed in Chapter 10. 

Tumor-Suppressor Gerzes.Tumor-suppressor genes, 
e.g., p53, normally restrain a cell from excessive pro¬ 
liferation. This occurs through their protein products, 
e.g., p53, which is found in many tissues prenatally 
and is probably important for human growth and 
differentiation (Miosge et ah, 1997). Inactivation of 
tumor-suppressor genes may result in neoplasia. 

ADDITIONAL READING 

Sourcebooks 

Keibel, F., and Mall, F.P. (eds.). 1910-12. Manual of Human Em¬ 

bryology, 2 vols. Philadelphia: Lippincott. This is the classic on 
human embryology. 

O’Rahilly, R., and Muller, F. 1987. Developmental Stages in Human 

Embryos. Washington, DC: Carnegie Institution of Washington. 

Detailed Reference Works 

Hinrichsen, K.V. (ed.). 1990. Humanembryologie. Berlin: Springer. 
Staging is well emphasized throughout this nicely illustrated 
book. Despite the title, however, certain sections are based on 
comparative (especially chick) material. 

Skandalakis, J.E., and Gray, S.W. (eds.). 1994. Anatomy for Sur¬ 

geons, 2nd ed. Baltimore: Williams & Wilkins. This valuable 
treatise on congenital malformations of general surgical impor¬ 
tance contains many historical details as well as extensive bib¬ 
liographies. The embryological sections, however, are less sat¬ 
isfactory and employ a haphazard and obsolescent terminology. 

Atlases* 

Blechschmidt, E. 1963. Der menschliche Embryo. Stuttgart: 
Schattauer. 

Blechschmidt, E. 1973. Die pranatalen Organsysteme des 

Menschen. Stuttgart: Hippokrates. 
Gasser, R.F. 1975.Atlas of Human Embryos. Hagerstown, Maryland: 

Harper & Row. Selected serial sections up to stage 23. 
Jirasek, J.E. 1983. Atlas of Human Prenatal Morphogenesis. Boston: 

Nijhoff. The staging used in this valuable collection of scanning 
electron micrographs is unfortunately not the internationally 
accepted Carnegie system. 

Kollmann, J. 1907. Handatlas der Entwicklungsgeschichte des 

Menschen, 2 vols. Jena: Fischer. 
Richter, E., and Lierse, W. 1991. Imaging Anatomy of the Newborn. 

Baltimore: Urban & Schwarzenberg. 

Status of the Human Embryo 

Berg, D. Hepp, H., Pfeiffer, R., et al. 1992. Wilrde, Recht und An- 

spruch des Ungeborenen. Munich: Urban & Vogel. 
Blechschmidt, E. 1982. Zur Personalitat des Menschen. Int. Kath. 

Zeitschr., 11:171-181. 
Ford, N.M. 1988. When Did I Begin? Cambridge: Cambridge Uni¬ 

versity Press. 
Goldenring, J.M. 1985. The brain-life theory. /. Med. Ethics, 11: 

198-204. 
Maritain, J. 1967. Vers une idee thomiste de revolution. Nova Ve¬ 

tera, 42:87-136. 
Moussa, M., and Shannon, T. A. 1992. The search for the new pineal 

gland. Brain life and personhood. Hastings Center Rep., 22:30- 
37. 

Rager, G. 1994. Menschsein zwischen Lebensanfang und Leben- 
sende. In: L. Honnefelder and G. Rager (eds.). Arztliches Urtei- 

len und Handeln. Frankfurt am Main: Insel, pp. 53-103. 
Rager, G. (ed.). 1998. Beginn, Personalitat und Wiirde des 

Menschen, 2nd ed. Freiburg in Breisgau: Alber. 
Richardson, M.K., and Reiss, M.J. 1999. What does the human em¬ 

bryo look like? Lancet, 354:246-248. 
Thevoz, J.-M. 1990. Entre nos mains I’embryon. Geneva: Labor 

Fides. 

Techniques of Reconstruction 

Blaas, H.-G. 1998. In vivo three-dimensional ultrasound reconstruc¬ 
tions of embryos and early fetuses. Lancet, 352:1182-1186. 

Blaas, H.-G. 1999. The Embryonic Examination. Ultrasound Stud¬ 

ies on the Development of the Human Embryo. Trondheim: 
Tapir. 

Gaunt, W.A., and Gaunt, P.N. 1978. Three-Dimensional Reconstruc¬ 

tion in Biology. Tunbridge Wells, Kent: Pitman. 

* Although several other atlases are available, they are not recom¬ 
mended here because of various inaccuracies (e.g., incorrect ages, 
unacceptable staging). Several atlases of prenatal ultrasonographic 
anatomy have appeared, but they are rarely able to keep pace with 
the technical advances in image clarity. 



ADDITIONAL READING 1 7 

Haas, A., and Fischer, M.S. 1997. Three-dimensional reconstruction 
of histological sections using modern product-design software. 
Anat. Rec., 249:510-516. 

O’Rahilly, R. 1988. One hundred years of human embryology. Issues 

Rev. Teratol., 4:81-128. References to various procedures are 
given, including those at the Carnegie Institution (ignored by 
Gaunt). 

Salisbury, J.R. 1994. Three-dimensional reconstruction in micro¬ 
scopical morphology. Histol. Histopathol., 9:773-780. 

Salisbury, J.R., and Whimster, W.F. 1993. Progress in computer¬ 
generated three-dimensional reconstruction. J. Pathol., 170- 
223-227. 

Weninger, W.J., Meng, S„ Streicher, J„ et al. 1998. A new episcopic 
method for rapid 3-D reconstruction. Anat. Embryol., 197:341- 
348. 

Terminology 

Bossy. J. 1999. La grande aventure du terme medical. Montpellier: 
Sauramps. A mine of terminological information. 

Skinner, H.A. 1970. The Origin of Medical Terms, 2nd ed. New York: 
Hafner. A very valuable book on etymology. 

General Concepts 

de Beer, G. 1958. Embryos and Ancestors, 3rd ed. London: Oxford 
University Press. 

Blechschmidt, E., and Gasser, R.F. 1978. Biokinetics and Biody¬ 

namics of Human Differentiation. Springfield, Illinois: Thomas. 
Bolker, J.A., and Raff, R.A. 1996. Developmental genetics and tra¬ 

ditional homology. BioEssays, 18:489-494. 
Bowler, P.J. 1971. Preformation and pre-existence in the seven¬ 

teenth century. J. Hist. Biol., 4:221-244. 

Butler, A.B., and Saidel, W.M. 2000. Defining sameness: historical, 
biological, and generative homology. BioEssays, 22:846-853. 

Churchill, F.B. 1970. The history of embryology as intellectual his¬ 
tory [re epigenesis and preformationism], J. Hist. Biol., 3:155- 
181. 

Clarke, P.G.H. 1990. Developmental cell death. Anat. Embryol., 181: 
195-213. 

Davis, H., and Collenot, A. 1995a. La theorie des feuillets. Med. Sci. 

(m/s), 11:1581-1593. 
Davis, H., and Collenot, A. 1995b. Taxonomie et embryologie. Med. 

Sci. (m/s), 11:1695-1706. 
Haake, A.R., and Polakowska, R.R. 1993. Cell death by apoptosis in 

epidermal biology. J. Invest. Dermatol., 101:107-112. 
Hamburger, V. 1969. Hans Spemann and the organizer concept. 

Experientia, 25:1121-1125. 
Hupperth, B., Frank, H.-G., and Kaufmann, P. 1999. The apoptosis 

cascade—Morphological and immunohistochemical methods 
for its visualization. Anat. Embryol., 200:1-18. 

Metcalfe, A., and Streuli, C. 1997. Epithelial apoptosis. BioEssays, 

19:711-720. 
Meyer, A.W. 1935. Some historical aspects of the recapitulation idea. 

Q. Rev. Biol., 10:379-396. 
Miosge, N., Schneider, W., Gotz, W., et al. 1997. The oncoproteins 

c-erb-B2, c-Fos and the tumour suppressor protein p53 in hu¬ 
man embryos and fetuses. Anat. Embryol., 195:345-352. 

Opitz, J.M. (ed.). 1986. The Developmental Field Concept. New 
York: Liss. 

Renneberg, H., Wennemuth, G., Konrad, L., et al. 1997. Immuno- 
histochemistry of a prostate membrane specific protein during 
development. J. Anat., 190:343-349. 

Richardson, M.K., Hanken, J., Gooneratne, M.L., et al. 1997. There 
is no highly conserved embryonic stage in the vertebrates. Anat. 

Embryol., 196:91-106. 
Russell, E.S. 1916. Form and Function. London: Murrray. 
Russell, E.S. 1945. The Directiveness of Organic Activities. Cam¬ 

bridge: Cambridge University Press. 



X- 



Gametogenesis, 
Ovulation, and 
Fertilization 

n this chapter, the production of gametes 
(spermatozoa and oocytes), the release of an 

oocyte (ovulation) and fertilization will be reviewed 
very briefly. An extensive literature concerning these 
topics is available. 

GAMETOGENESIS 

Gametogenesis is the production of germ cells (gam¬ 
etes), i.e., spermatozoa and oocytes. These cells are 
produced in the male and female gonads, i.e., the tes¬ 
tes and ovaries, respectively. The gametes are believed 
to arise by successive divisions from a distinct line of 
cells (the germ plasm), and the cells that are not di¬ 
rectly concerned with gametogenesis are termed 
somatic. 

Chromosomes and Cell Division 

Chromosomes 

A chromosome is a thread of DNA best seen during 
metaphase of cell division. The narrow region where 
the two constituent chromatids are joined is termed 
the centromere. From there to the end are the chro¬ 
mosomal arms, short (p) and long (q). Arms are sub¬ 
divided into regions that are numbered sequentially 
from the centromere. Genes are units of genetic in¬ 
formation that are encoded in the DNA of the chro¬ 
mosomes. Gene replication is the production of new 
DNA encoding the same information. The term ge¬ 
nome refers to the full DNA content of the chromo¬ 
somes in an organism. 

The 46 human chromosomes consist of 44 auto- 
somes and two sex chromosomes: X and Y. In the male 
the sex chromosomes are XY; in the female they are 
XX. Phenotypic sex is normally determined by the 
presence or absence of a Y chromosome. 

During the differentiation of gametes, diploid cells 
are termed primary, and haploid cells are called sec¬ 
ondary, e.g., secondary oocyte. 

Diploid refers to the presence of two sets of homol¬ 
ogous chromosomes: 23 pairs, making a total of 46. 
This is characteristic of somatic and primordial 
germ cells alike. Haploid is used for a single set of 
23 chromosomes, as in gametes. 

Telomeres 

These repeated nucleotide sequences are specialized 
structures at both ends of a chromosome, and they 
control cellular senescence. Telomeres are important 
in the cell cycle, and defects in them can impair the 
segregation of chromosomes during mitosis. Each 
time a cell divides, the telomeres of the daughter cells 
become shorter. Normal diploid cells divide only a lim¬ 
ited number of times and then enter “replicative se¬ 
nescence.” Telomeres are produced and preserved by 
telomerase, the activity of which normally ceases after 
birth. Reactivation occurs in cancer. A telomerase in¬ 
hibitor seems to be located on human chromosome 3. 
Chromosomes without telomeres are unstable and can 
build abnormal ring chromosomes. 

The Mitochondrial Genome 

Mitochondrial genes have an origin independent of 
that of the chromosomal genes. They are maternally 
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inherited via the cytoplasm of the oocyte. The paternal 
mitochondria (in the tail of the spermatozoon), enter 
the oocyte but are destroyed shortly after fertilization. 
Because mitochondria are inherited only from the 
mother and do not undergo genetic recombination, 
their sequence stays the same from one generation to 
the next, except when mutations change it, and these 
are often restricted to definitive tissues and organs. 
The mitochondrial genome is important in pathology, 
especially in regard to neurodegenerative diseases. Mi¬ 
tochondrial DNA (mtDNA) is endowed with an evolu¬ 
tionary mutation rate that is higher than that of most 
regions in the nuclear genome. 

Mitosis 

Two kinds of cell division are described: mitosis and 
meiosis. The cell cycle consists of an interphase, dur¬ 
ing which DNA replication occurs, followed by cell di¬ 
vision. Mitosis is somatic cell division and it results in 
two daughter cells that possess genetically identical 
copies (sets of chromosomes) of the genome of the 
parent cell. DNA is replicated before division begins, 
so that the (diploid) parent cell (with 46 chromo¬ 
somes) comes to have twice the usual DNA content 
(Table 3-1). Mitosis takes about V2-I hour in mam¬ 
mals. The main phases of mitosis are prophase, meta¬ 
phase (when the chromosomes are most clearly visi¬ 
ble), anaphase, and telophase. The result is two 
daughter (diploid) cells. 

Meiosis 

Meiosis is a special type of cell division in which the 
chromosomes are reduced from the diploid (46) to the 

haploid (23) number (Fig. 3-1). It is the process by 
which gametes are formed (Fig. 3-2). One replication 
cycle of DNA is followed by two cell divisions, resulting 
in four haploid cells containing half the amount of 
DNA: four spermatozoa or one oocyte and three polar 
bodies. The pairing of homologous chromosomes and 
the two divisions of nuclear material allow exchange 
of genetic material and the formation of new chro¬ 
mosomal combinations. Pairing and exchange are lim¬ 
ited to small regions of the X and Y chromosomes. 
Meiosis is a long process that can take 3 weeks in the 
male and as much as several years in the female. The 
two cell divisions are termed meiosis 1 and meiosis 2, 
and each is subdivided into several phases. 

Meiosis 1. In preparation for meiosis, DNA rep¬ 
lication (in a diploid 46, XX or 46, XY cell) results 
in chromosomes, each of which is composed of two 
strands termed chromatids, held together at a 
centromere. 

Prophase 1. This phase is considered in several 
subdivisions. (The protracted prophase in which pri¬ 
mary oocytes are suspended until puberty is termed 
dictyotene.) 

1. Leptotene. The chromosomes become ap¬ 
parent and beaded, the thickenings being the chro- 
momeres. The chromosomes, which may appear 
single because the chromatids are so tightly paired, 
begin to become attached to the nuclear membrane. 

2. Zygotene. The separated homologous (i.e., 
maternal and paternal) chromosomes become 
paired (synapsis) as bivalents. Each group of four 
chromatids is termed a tetrad. 

3. Pachytene. Exchange of chromosomal parts 
(segments of DNA) occurs between homologous 

TABLE 3-1 Spermatogenesis and Oogenesis 

6 9 
Sets of 

Chromosomes 

Chromatids 

(DNA) 

00 

CO 
Spermatogonium (44, XY) Oogonium (44, XX) Diploid (2n) 2c 

O 1— Replication of DNA Replication of DNA 4c 

1 Spermatogonium (44, XY) Oogonium (44, XX) Diploid (2n) 2c 

" Spermatocyte 1 (44, XY) Oocyte 1 (44, XX) Diploid (2n) 2c 

u Replication of DNA Replication of DNA 4c 

(arrested in diplotene) 

CO _ Spermatocyte 2 (22, X or 22, Y) Oocyte 2 and polar body 1 (22, X) Haploid (n) 2c 
0 No replication 

s Spermatid Oocyte 2 and polar body 2 (22, X) Haploid (n) c 

\ (arrested at metaphase 2) 

Spermatozoon (22, X or 22, Y) Mature oocyte (22, X) Haploid (n) c 

c. number of chromatids; n. number of sets of chromosomes 
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Figure 3-1 A. Scheme to show reduction and restoration of 
diploid chromosomal number. In the human, the diploid num¬ 
ber is 46 and haploid number is 23. The primordial germ cells 
(PGCs) are segregated early, probably by 2 weeks6 and perhaps 
earlier3. They migrate (a) from the umbilical vesicle to the hind- 
gut and then (b) to the gonads. B. Scheme illustrating defini¬ 
tions of important terms used in the text. The conceptus in¬ 
cludes the cyema (embryo and fetus) and the developmental 
adnexa (so-called extra-embryonic membranes). 

(but not between sister) chromatids. This process is 

called crossing over and results in a chromosomal 

recombination of parts from both parents. Genes 

closely linked on the same chromosome do not as¬ 

sort independently but remain together from gen¬ 

eration to generation. A zipper-like structure known 

as a synaptonemal complex is seen on electron mi¬ 

croscopy between paired homologous chromatids. 

During spermatogenesis, at the pachytene phase, an 

XY body (or so-called sex vesicle) appears and is at¬ 

tached to the nuclear membrane. It contains the 

paired XY chromosomes, which, when incorporated 

in the vesicle, are believed to be transcriptionally 

inactive. During oogenesis, in contrast, both X 

chromosomes are functional. 

4. Diplotene. Partial separation of each pair of 

sister chromatids from their homologous counter¬ 

parts occurs, but the chromatids are still held to¬ 

gether at the centromeres and at the sites of 

crossing over. The attachment points of crossing 

over, together with the adjacent parts of the chro¬ 

mosomal arms, produce an X-shaped formation 

termed a chiasma. The nucleolus disappears, and 

the nuclear membrane begins to disintegrate 

(diakinesis). 

Metaphase 1. The tetrads move to an equatorial 

position within the spindle. The chromomeres do 

not divide. 

Anaphase 1. Pairs (dyads) of sister chromatids 

move to opposite poles (disjunction). The number 

of chromosomes is reduced to the haploid number 

(i.e., 23 at each pole). Each pole contains a mixture 

of maternal and paternal chromosomes. 

Telophase 1. New nuclear membranes form in 

the two haploid cells, each of which contains 23 

double-stranded chromosomes (23, X or 23, Y). 

Meiosis 2. Meiotic division 2 now follows and 

resembles mitosis. No DNA replication occurs dur¬ 

ing meiosis 2. 

Prophase 2. The nuclear membrane disinte¬ 

grates into small membranous vesicles. The 23 

double-stranded chromosomes become condensed. 

Metaphase 2. The centromeres divide, and each 

chromatid becomes a chromosome. The dyads move 

to an equatorial position within the spindle. The 

final segregation of chromosomes at metaphase 2 in 

the oocyte occurs only after fertilization. 

Anaphase 2. The pairs of sister chromatids 

move to opposite poles. 

Telophase 2. New nuclear membranes form. 

Each of the four haploid cells that result from mei¬ 

osis 1 and 2 contains 23 single-stranded chromo¬ 

somes (Table 3-1). 

The X Chromosome and X-lnactivation 

In Somatic Cells. X-chromosome inactivation (the 
Lyon hypothesis) refers to the proposal that during 
interphase, one X chromosome in somatic cells of fe¬ 
male mammals becomes genetically inert, transcrip¬ 
tionally inactive, and cytologically heterochromatic, 
i.e., condensed, to form the sex chromatin body. As a 
result, XY males and XX females have each a single 
dose of X-linked gene products, thereby providing dos¬ 
age compensation. A single X chromosome remains 
active in diploid, including male somatic, cells. The 
maximal number of sex chromatin bodies per cell is 
usually one less than the number of X chromosomes. 
It is believed that an X-inactivation center lies on the 
X chromosome, and that inactivation spreads from 
that center, which is named xist, (x inactive specific 
transcript). The female genome of somatic cells 
thereby possesses one active X chromosome. The cen- 
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Nuclear MEIOSIS 1 

membrane 

Nuclear 

membrane 
MEIOSIS 2 

Metaphase 1 Anaphase 1 

FIGURE 3-2, The main changes during meiosis. Only four chromosomes are shown, two maternal and two paternal. The upper 
row represents prophase of meiosis 1. Homologous chromosomes are paired in zygotene. A crossing over is indicated in pachytene, 
and chiasmata can be seen in diplotene. The lower row shows the completion of meiosis 1 and termination of meiosis 2. For the 
single crossing over indicated, only four of the eight .possible combinations for the two pairs of chromosomes shown are drawn. 
Modified mostly after M.W. Thompson, R.R. Mclnnes, and H.F. Willard, 1991. Genetics in Medicine, 5th ed. Philadelphia: Saunders. 

ter xist is inactivated in the male genome with only 
one X chromosome; hence, the male genome retains 
one X. The silencing of xist can occur with or without 
methylation. 

In Germ Cells. In female germ cells, however, 
both X chromosomes are active in oogonia (although 
not in oocytes), whereas in the male the X chromosome 
is inactive. During spermatogenesis, X-inactivation 
occurs at the onset of meiosis. Once incorporated into 
the so-called sex vesicle, both X and Y chromosomes 
are believed to be transcriptionally inactive. It has been 
suggested that duplication of a (“dosage-sensitive sex 
reversal”) region in the short arm of the active X chro¬ 
mosome may be involved in the production of an XY 
female with gonadal dysgenesis. X-inactivation occurs 
probably in the morula or early blastocyst. DNA meth¬ 
ylation may be responsible. 

The V Chromosome 

The Y chromosome has two main functions: (1) at 
meiosis the Y chromosome (at the tip of the short 

arm) pairs with the X chromosome, and (2) the Y chro¬ 
mosome encodes the testis-determining factor. Only a 
few genes have been found so far in the Y-specific re¬ 
gion. The short arm of Y includes some genes that are 
homologous with those of X, and hence is called the 
pseudo-autosomal area. Exchange of genes between X 
and Y is very limited. H-Y antigen is believed to be 
located on the long arm of Y and may be necessary for 
spermatogenesis, although not for testicular differen¬ 
tiation. The testis-determining factor (TDF) is now 
known to be the SRY gene (sex-determining region of 
the Y chromosome). It switches development from an 
inherent female tendency to a male direction by trig¬ 
gering the genital ridges to form testes rather than 
ovaries. The sex-determining region likely regulates 
the transcription of a cascade of genes necessary for 
testicular determination and differentiation. The pre¬ 
cursors of the sustentacular cells of the testis probably 
express SRY, and this expression is responsible for 
their differentiation. 

In the non-recombining part of Y, which is 95% 
of the chromosome, a number of genes or family of 
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- Spermatogenesis consists of (a) proliferation of spermatogonia (spermatocytogenesis), (b) transformation of primary 
into secondary spermatocytes (meiosis), and (c) conversion of spermatids into spermatozoa (spermiogenesis). The spermatids, which 
are embedded in the tips of sustentacular cells (yellow), are at first round, then become elongated, and finally become free as 
spermatozoa. Round spermatids contain acrosomic vesicles; for the elongated spermatids residual bodies are typical. Either a round 
or an elongated spermatid, when injected into an oocyte, can result in a normal embryo after intra-uterine transfer in IVF. The 
asterisk between the sustentacular cells indicates a cell contact. 

genes have been detected. Among these are “house¬ 
keeping” genes (present also on the X chromosome) 
and genes expressed specifically in the testis (Lahn and 
Page, 1997). The Y also contains a gene termed ZFY 
(zinc-finger-containing protein of the Y chromosome). 
It is possible that the SRY and ZFY genes are expressed 
extremely early, long before differentiation of the 
gonads. 

Primordial Germ Cells 

Primordial germ cells (PGC), or gonocytes, are gen¬ 
erally believed to be both extragonadal and extra- 
embryonic in origin. They are difficult to recognize in 
very young human embryos. Claims for them have 
been made as early as in the blastocyst3, and they are 
believed to be segregated at latest by 2¥2 weeks6 and 
possibly much earlier. At 4 weeks11 they can be iden¬ 
tified in the umbilical vesicle (yolk sac) and hindgut 
(Fig. 3-1). A week or so later14-16, they have migrated 
to the gonads. When the primordial germ cells have 
settled in the gonad, they become more spherical, 
stain less intensely with alkaline phosphatase, undergo 
mitosis, and are then referred to as oogonia or sper¬ 
matogonia, depending on whether they are situated in 
an ovary or a testis. 

It is estimated that, in spermatogenesis, some 30 
mitotic divisions occur up to puberty and about 20- 
25 mitotic divisions per annum thereafter. Depending 
on age after puberty, each haploid spermatocyte is the 
product of many hundreds of mitotic divisions. The 

unifying feature in the formation of primordial germ 
cells would seem to be the exemption of those cells 
from the processes of regional, somatic differentiation. 

It is possible that most mutations arise in diploid 
cells during the proliferation (about 30 mitotic divi¬ 
sions) of the primordial germ cells rather than during 
meiosis. It is thought that at least one in ten people 
may have received a newly mutated gene from one or 
the other parent. 

Spermatogenesis 

Spermatogenesis (Fig. 3-3), the production of sper¬ 
matozoa, continues from immediately after puberty 
until old age. It takes place in the testis, which is also 
an endocrine gland, the interstitial cells of which se¬ 
crete testosterone. The differentiation of the susten¬ 
tacular cells, which secrete antiparamesonephric hor¬ 
mone (AMH), is controlled by the SRY gene. The 
sustentacular cells are essential for testis determina¬ 
tion and for maintaining and coordinating spermato¬ 
genesis. (See also Chapter 16.) Previous to puberty, 
spermatogonia in the seminiferous tubules of the testis 
remain relatively inactive. After puberty, under stim¬ 
ulation from the interstitial cells, spermatogonia pro¬ 
liferate (spermatocytogenesis) and some become pri¬ 

mary spermatocytes. When these undergo their first 
maturation division (meiosis 1), they become second¬ 

ary spermatocytes. The second maturation division 
(meiosis 2) results in spermatids, which become con¬ 
verted into spermatozoa (spermiogenesis). From sper- 
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matogonium to spermatozoon takes about 9 weeks. 
The sustentacular cells of the testis, each of which is 
in contact with many germinal cells, are necessary for 
spermatogenesis. Increased age of spermatozoa, before 
or after maturation, is potentially harmful to the 
embryo. 

A spermatozoon comprises a head (with acrosomal 
cap) and a flagellum or tail, which includes a neck, a 
mid-piece, and an end-piece. Its detailed structure has 
been greatly clarified by electron microscopy (Fig. 
3-4). The acrosome, an enzyme-filled structure, resem¬ 
bles a giant lysosome perched on top of the nucleus. 
After the acrosomal reaction, the acrosome remains as 
a membranous pouch at the equatorial segment (see 
below: Fig. 3-7D). To ensure that the paternal genome 
is transmitted efficiently to an oocyte at fertilization, 
spermatids undergo (1) changes in composition and 
compaction of chromatin, resulting in a species- 
specific shape of the head of the spermatozoon, (2) 
development of the acrosome, and (3) the formation 
of the flagellum. 

Spermatozoa can reach the exterior through a com¬ 

plicated pathway (Fig. 16-14C): convoluted seminif¬ 

erous tubules, straight seminiferous tubules, rete 

testis, efferent ductules of testis, lobules (or cones) 

of epididymis, duct of epididymis, ductus deferens, 

ejaculatory duct, prostatic urethra, membranous 

urethra, and spongy urethra. Apart from spermat¬ 

ozoa, constituents are added to the semen by the 

epididymis, seminal vesicles, prostate, bulbo¬ 

urethral glands, and urethral glands. 

Capacitation 

Capacitation is the acquisition by spermatozoa of the 
capacity to fertilize. Spermatozoa mature in the epi¬ 
didymis. Capacitation takes place in the uterine tube 
and is thought to last normally no more than 72 
hours. It appears to depend on an interaction between 
intrinsic and environmental (uterine, tubal, and 
around the oocyte) factors. It involves the elimination 
from the surface of the sperm of certain macromole¬ 
cules (chiefly proteins and glycoproteins of the semi¬ 
nal fluid). Capacitation furthers the motility of the 
spermatozoa and is a necessary preparation for the ac¬ 
rosomal reaction. It is initiated by a glycoprotein (ZP3) 
in the zona pellucida and by progesterone. Follicular 
liquid, cells of the corona radiata, and cells of the cu¬ 
mulus oophorus are believed to be responsible for 
capacitation. 

Cell 

membrane 

Figure 3-4. Human spermatozoon showing (A) main subdivisions, (B) surface view with cell membrane removed, (C) longitudinal 
section. Modified from various sources. Eq., equatorial segment, Postacr., postacrosomal region. 
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Oogenesis 

Oogenesis (Fig. 3-5) is the production and maturation 
of oocytes, i.e., the female gametes derived from oo- 
gonia. Oogonia (derived from primordial germ cells) 
multiply by mitosis and become primary oocytes. More 
than half a million are present at the end of the em¬ 
bryonic period. The number of oogonia increases to 
nearly 7 million by the middle of prenatal life, after 
which it diminishes to about 2 million at birth. (At 
this time oogonial stem cells have disappeared.) From 
these, several thousand oocytes are derived, several 
hundred of which mature and are liberated (ovulated) 
during a reproductive period of some 30 years. Pro¬ 
phase of meiosis 1 begins during fetal life but ceases 
at the diplotene (dictyate) phase, which persists during 
childhood. Follicular cells (the stratum granulosum) 
play an essential role in blocking the completion of 
meiosis. After puberty, meiosis 1 is resumed and a sec¬ 

ondary oocyte (approximately 120 ^m in diameter) is 
formed, together with polar body 1, which can be re¬ 
garded as an oocyte having a reduced share of cyto¬ 
plasm. The secondary oocyte is a female gamete in 
which the first meiotic division is completed and the 
second has begun. From oogonium to secondary oo¬ 
cyte takes from about 12 to 50 years to be completed. 
Meiosis 2 is terminated after rupture of the follicle 
(ovulation) but only if a spermatozoon penetrates. 

The term “ovum” implies that polar body 2 has 
been given off, which event is usually delayed until the 
oocyte has been penetrated by a spermatozoon (i.e., 
has been fertilized). Hence a human ovum does not 
exist. Moreover the term has been used for such dis¬ 
parate structures as an oocyte and a 3-week embryo 
and hence has no scientific value. The term “egg” 
should be discarded from human embryology. It con¬ 
veys a negative image that considers women unflatter- 
ingly, and hence is best reserved for a nutritive object 
sometimes seen on the breakfast table. 

The Ovarian Follicle 

An oocyte is enclosed in a vesicle termed an ovarian 
follicle (Fig. 3-5). Formation of follicles begins at 
about 18 weeks, near the middle of prenatal life. Fol¬ 
licular cells are probably derived from either the rete 
ovarii and/or the surface epithelium. They produce 
growth factors and hormones, and provide support and 
nutrition. A primary oocyte is at first enveloped by a 
single layer of flat epithelial follicular cells (primordial 

follicle), then by a layer of cuboidal or columnar cells 
(primary follicle), next by a stratified epithelium (sec¬ 

ondary follicle), and finally by cells that bound a fluid- 
filled cavity, or antrum (tertiary or vesicular follicle). 

The oocyte actively promotes the growth and differ¬ 
entiation of its follicle by producing soluble factors 

that affect the granulosa cells and zona pellucida. Met- 
abolically, granulosa cells and oocyte present a coupled 
unit. 

The oocyte acquires a translucent covering termed 
the zona pellucida, which is probably secreted by both 
the oocyte and the follicular cells. The zona consists 
of glycoproteins and probably mediates species-specific 
fertilization. Immediately prior to ovulation the folli¬ 
cle, which now contains a secondary oocyte, is consid¬ 
ered to be a mature follicle.* Cytoplasmic processes 
from the innermost follicular cells penetrate the zona 
but retract prior to ovulation. Steroid hormones in the 
follicular fluid influence a maturing oocyte by modi¬ 
fying genomic activity and also directly by action on 
the surface of the oocyte (e.g., by opening ionic chan¬ 
nels). The oocyte is regarded as mature once it has 
reached the second meiotic metaphase. Usually only 
one follicle attains maturity in each ovarian cycle. It 
is thought that the largest healthy ovarian follicle, 
which is the dominant, is usually present on the ovary 
contralateral to that of the previous ovulation. It pro¬ 
duces considerable quantities of estrogen during the 
second half of the follicular phase, when the level of 
FSH falls and the remaining follicles (of the cohort) 
fail to thrive. It is believed to determine the length of 
the follicular phase. The progressive enlargement of 
the dominant follicle to about 20 mm can be detected 
by ultrasound. Most secondary and tertiary follicles re¬ 
gress and form atretic follicles. Apoptosis is the main 
means accounting for perinatal attrition of oogonia 
and oocytes, and postnatal loss of follicles through 
atresia, and the regression of the corpus luteum. Hor¬ 
monal factors and intracellular signals control the 
apoptosis. 

As the antrum is forming, the follicular cells are 
crowded peripherally and form the stratum granu¬ 
losum (granulosa cells),1 outside which the ovarian 
stroma becomes condensed as a glandular layer, the 
theca (interna). Survival of the granulosum is depen¬ 
dent on the expression of LH receptors. Where the 
oocyte lies among follicular cells, these form a hillock, 
the cumulus oophorus, which projects into the an¬ 
trum. Full follicular development and ovulation depend 
on stimulation of the ovary by follicle-stimulating hor¬ 
mone (FSH) and luteinizing hormone (LH) from the 
pituitary gland. FSH and LH are liberated by the go¬ 
nadotropin-releasing hormone (GnRH), a hypotha¬ 
lamic peptide (Fig. 3-6). The ovarian follicle is a major 
source of hormones, particularly estrogen. The gran- 

*Mature ovarian follicles were described by Regner de Graaf in 
1672. The mammalian oocyte was discovered (in the dog) by von 
Baer in 1827. 
The cells of the stratum granulosum are commonly called gran¬ 

ulosa cells, after the older term “membrana” granulosa. 
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Figure 3-5. Follicular development. Primordial, primary, secondary, tertiary (or vesicular), and mature ovarian follicles are shown 
from above down. At ovulation, the secondary oocyte, surrounded by the corona radiata, is released. The drawings at the right 
show primary and secondary oocytes, an ootid formed at fertilization, and the first mitotic division of the zygote. 
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Figure 3-6 Hypophysial control and the ovarian and uterine cycles. The endometrial changes are shown for an “idealized” 28- 
day cycle. During the follicular phase (days 1-14) the oocyte matures. During the luteal phase (days 14-28) the corpus luteum 
develops, estradiol and progesterone are secreted, and the endometrium proliferates. Fertilization and implantation have occurred 
during the second cycle shown. Co, Sp, Ba, compact, spongy, and basal layers of endometrium, respectively. 

ulosa and the thecal cells cooperate in the formation 
of estrogen. The ultimate precursor of steroid hor¬ 
mones is cholesterol, particularly low-density lipopro¬ 
tein (LDL). 

A “pool of selectionable” follicles (receptive to go¬ 
nadotropins) serves as reserve follicles. Per ovary, 3- 
11 follicles of 2-5 mm are present. Recruitment refers 
to the entry of a follicle in the growth phase, thereby 
departing from the resting pool. Selection refers to a 
decrease in the size of the follicular cohort to those 
follicles that have ovulatory potential. Dominance re¬ 
fers to the status of the follicle that is to ovulate. 

The zona pellucida. This is a transparent, acellu¬ 
lar, glycoprotein envelope that surrounds the oocyte 
(Fig. 3-5) and acts as a species-specific barrier to sper¬ 
matozoa. After fertilization, it blocks polyspermia, pro¬ 
tects the embryo, and aids in transportation along the 
uterine tube. The zona becomes harder and thinner in 
preparation for hatching, and disintegrates when the 
blastocyst has developed. 

Ovarian and Uterine Cycles 

The activity of the pituitary gland is controlled by the 
hypothalamus, and a hypothalamo-pituitary-gonadal 
axis is responsible for cyclic changes. The gonado¬ 

tropic hormones (FSH and LH) of the adenohypoph¬ 
ysis initiate the cyclic changes in the ovary at puberty 
and continue to regulate the ovarian cycle. These hor¬ 
mones cause the ovary to secrete estrogen and pro¬ 
gesterone, and these two hormones are responsible for 
the uterine cycle, which includes menstruation. The 
ovarian and uterine cycles (Fig. 3-6) prepare the re¬ 
productive system for pregnancy, in the absence of 
which the sequence is repeated. 

The ovarian cycle comprises follicular and luteal 
phases. 

1. The follicular phase, initiated by FSH, is ac¬ 

companied by a rise in estrogen and inhibin B (from 

the follicle) that reaches a maximum and triggers a 

pre-ovulatory LH surge, which evokes ovulation by 

stimulating the synthesis of prostaglandin and the 

completion of meiosis 1 of the oocyte. The time of 

the midcycle LH surge that precedes ovulation can 

be predicted by measuring the rise in serum pro¬ 

gesterone or urinary pregnandiol. Ovulation occurs 

about IV2-2 days after the onset of the LH surge. 

The cells of the cumulus oophorus become disso¬ 

ciated, thereby freeing the oocyte from follicular 

control. Meiosis is resumed (probably because it is 

no longer inhibited by cyclic AMP from the follicle). 

Polar body 1 is eliminated, leaving a secondary oo¬ 

cyte (22, X), which is released by rupture of the 
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TABLE 3-2 Meiotic Non-disjunction During Spermatogenesis 

Non-disjunction 

Normal at Meiosis 1 Non-disjunction at Meiosis 2 

XY XY 

X Y X Y 

A A A A 
1 

>
-- 

>
- 

o
-

 

X
 

X
 

1 

_ X X YY 0 

Spermatocyte 1 
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X X X X 
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The asterisks indicate the sites of non-disjunction. 

follicle (ovulation). The follicular phase lasts 12-16 

days. 

2. The luteal phase, 10-16 days, is character¬ 

ized by a shift in dominance from estrogen to pro¬ 

gesterone and by the formation of a corpus luteum 

(luteinization of the thecal and granulosa cells). 

This phase is initiated by LH, and a rise in proges¬ 

terone. The peak concentrations of progesterone 

and estradiol during the midluteal phase provide a 

3-day “window” when the secretory endometrium is 

receptive to implantation. The functional life span 

of the corpus luteum depends on LH support. 

The uterine cycle comprises menstrual, prolifera¬ 
tive, and secretory phases. 

1. Menstruation encompasses the 4 or 5 days 

during which the mucous membrane (progesta¬ 

tional endometrium) desquamates and bleeding oc¬ 

curs. The basal layer remains intact. The first day 

of menstruation is taken as day 1 of the cycle. Men¬ 

struation appears to be initiated by pulsatile secre¬ 

tion of gonadotropins from episodic release from 

the hypothalamic region of gonadotropin-releasing 

hormone (GnRH). Progesterone is withdrawn, and 

then estrogen. Ovarian feedback signals are es¬ 

sential. 

2. The proliferative phase, under estrogen 

stimulation, is characterized by regeneration of the 

endometrium from the remains of uterine glands in 

the basal layer. 

3. The secretory phase, caused by progesterone 

(and estrogen) secretion by the corpus luteum, is 

characterized by glands that become elongated and 

coiled and secrete glycogen. They are accompanied 

by spiral arterioles. The uterine stroma becomes 

edematous and the stromal cells become hypertro¬ 

phic (decidual reaction) in preparation for a possible 

pregnancy. The lining is then a progestational en¬ 

dometrium. The endometrium has regenerated, and 

functional zones (basal, spongiosum, and compac- 

tum) can be more readily distinguished. 

Genomic Modifications 

Non-disjunction 

Non-disjunction is the failure of paired chromosomes 
or sister chromatids to separate (disjoin) at anaphase in 
meiosis 1 or meiosis 2, or in mitosis. Non-disjunction 
of homologous chromosomes in meiosis can result in 
an extra copy of, or in the absence of, a chromosome 
in the daughter cells. These are examples of aneuplo- 

idy (i.e., a chromosomal number that is not an exact 
multiple of 23, as in trisomy 21, Down syndrome, with 
47 chromosomes). Non-disjunction of sex chromo¬ 
somes may also occur, resulting, for example, in XXY 

males (Klinefelter syndrome) or in XO females (Turner 
syndrome) (Table 3-2). The chromosomal aberration in 
meiotic non-disjunction is present in all cells of the 
conceptus. 

In non-disjunction at meiosis 1, XY can give rise to 

XY and 0; at fertilization the result could be XXY 

(Klinefelter syndrome) and XO (Turner syndrome). 

In non-disjunction at meiosis 2, XX can give rise to 

XX and 0, or to X and X; at fertilization the result 

could be XXX (triple X female) and XO (Turner syn- 
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TABLE 3-3 Mechanisms of Genomic Imprinting in Prader-Willi 
and Angelman Syndromes 

Imprinting Missing Syndrome 

• Uniparental disomy 
2 maternal chromosomes 15 

(no paternal chromosome 15) Paternal 15ql 1-13 P-W 

2 paternal chromosomes 15 

(no maternal chromosome 15) Maternal 15ql 1-13 A 

• Deletion of 15qll-13 
In paternal chromosome 15 

In maternal chromosome 15 
Paternal 15ql 1-13 

Maternal 15ql 1-13 

P-W 

A 

• Methylation of 15q 11-13 
Of paternal genes 

Of maternal genes 
Paternal 15ql 1-13 

Maternal 15ql 1-13 

P-W 

A 

drome), or XX (normal female). Alternatively (again 

in non-disjunction at meiosis 2), YY can give rise to 

YY and 0, or to Y and Y; at fertilization the result 

could be XYY (hypogonadal male) and XO (Turner 

syndrome), or XY (normal male). 

Mosaicism and Chimeras 

A mosaic (e.g., a tortoiseshell cat) is derived from a 
single embryo but shows the effects of different alleles 
or genes in different parts of the body. 

Chromosomal mosaicism is the presence of two 
or more cell lines with different karyotypes in a single 
conceptus. It arises from mitotic errors early during 
cleavage and may be embryonic or placental or both 
(generalized). These somatic mutations are a major 
cause, if not the only one, of many types of carcinoma. 
An elevated mutation rate seems to be compatible with 
normal development. Mutation during embryogenesis 
would generate altered DNA sequences in stem cells, 
which would then give rise to genetic chimerism. The 
accepted idea that all cells of an individual are genet¬ 
ically identical may require some revision. 

Mosaicism can follow either non-disjunction (XX to 

XO and XXX; XY to XO and XYY) or “anaphase lag” 

(XX to XO and XX; XY to XO and XY) during early 

cleavage of the embryo. Moreover, mosaicism is not 

limited to the X and Y chromosomes but may occur 

in various kinds of trisomy. 

Confined placental mosaicism, which involves 
chromosome 2, 7, 9, 15, or 16, arises from a trisomy 
in which the trisomic chromosome becomes lost from 
the diploid embryo or fetus but is retained in the pla¬ 
centa. In one-third of such instances, loss of the extra 
chromosome results in the retention of both homol¬ 

ogous chromosomes that arose from one parent: uni¬ 

parental disomy, with the homologous chromosome 
(or parts of it) missing in the other parent. The re¬ 
sulting modifications of the genetic information de¬ 
pend on which parent supplies the genetic material. 
This is one form of genome imprinting. 

An example of uniparental disomy is that of chro¬ 
mosome 15 (containing 15qll-13), which may be ma¬ 
ternal or paternal. In the maternal form (in which the 
paternal chromosome 15 with 15ql 1-13 is missing), 
hypotonia, obesity, small hands and feet, and mental 
deficiency are found. This is the Prader-Willi syn¬ 

drome. In the paternal form, with two chromosomes 
15 and in which the maternal chromosome 15 with 
15ql 1-13 is missing, a puppet-like gait, severe mental 
deficiency with paroxysms of laughter, and character¬ 
istic facies are seen. This is the Angelman syndrome. 

Several autosomal loci with uniparental disomy have 
been identified, one of which causes the Beckwith- 
Wiedemann syndrome. Uniparental disomy and dele¬ 
tion of alleles are forms of imprinting. 

However, in 60% of instances of Prader-Willi and 
Angelman syndrome the cause is not uniparental di¬ 
somy but the deletion of the responsible genes 15qll- 

13. If the deletion is paternal, the result is Prader- 
Willi, whereas maternal deletion results in Angelman 
syndrome. A third form that causes these syndromes 
involves methylation of 15ql 1-13. Methylation of the 
paternal genes renders the maternal genes active and 
vice versa (Table 3-3). 

The imprinting information inherited in the gam¬ 

etes is recognizable already in the preimplantation 

embryo for the Angelman but not for the Prader- 

Willi syndrome. In general, the parental imprint is 
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stable during somatic cell division, is erased in pri¬ 

mordial germ cells, and reestablished during ga- 

metogenesis (Latham et al., 1995). Genomic im¬ 

printing is not complete at fertilization. 

Human oocytes and early embryos (2-cell to 

blastocysts) can be analyzed molecularly by use of 

the polymerase chain reaction, and cDNA “libraries” 

constructed as a resource for the study of early gene 

expression. The time of onset of specific genes can 

thereby be determined and so aid in investigating 

congenital anomalies and inherited diseases result¬ 

ing from mutation of those genes. 

Genomic Imprinting 

The term genomic imprinting refers to the marking 
(“imprinting”) of certain genes in such a way that 
those inherited maternally will be expressed differently 
from those inherited paternally. One copy of a gene is 
inactivated (“turned off”), while the other remains 
functional. Hence X and Y chromosomes do not pro¬ 
vide the only genetic sexual difference. A considerable 
portion of the genome is subject to imprinting. 

Genomic imprinting is an essential form of gene 
regulation in which the two alleles of a gene are dis¬ 
tinguished by their parental origin. However, the two 
parental alleles of most genes in somatic cells are 
indistinguishable (not imprinted), and only alleles of 
certain genes are imprinted by epigenetic marks. Nor¬ 
mally, maternal imprinting is responsible for embry¬ 
onic structures but turns off some genes involved in 
the development of extra-embryonic structures, 
whereas paternal imprinting turns off certain genes 
involved in the development of the embryo. 

Paternal genetic information is believed to be par¬ 
ticularly important in the development and mainte¬ 
nance of the placenta and developmental adnexa. The 
paternal genome refers also to the hypothalamic struc¬ 
tures. The suggested basis of genomic imprinting is 
DNA methylation. The number of imprinted genes in 
the human is estimated to be more than 500, but rel¬ 
atively few have so far been identified. 

A chimera is a combination of two or more fused 
embryos showing different genotypes. Dizygotic twin 
embryos may fuse to form a single individual. It is also 
possible that two spermatozoa fertilize an oocyte and 
a polar body, and that fusion then results in a single 
embryo. 

I OVULATION 

Ovulation (Fig. 3-5) is the discharge of a secondary 
oocyte from a mature ovarian follicle. It is initiated by 
a release of luteinizing hormone (LH) from the hy¬ 
pophysis. The LH surge marks the end of the follicular 
phase. It acts on a mature pre-ovulatory follicle, and 

ovulation results. Prostaglandins are also involved. 
Follicular rupture results more from necrobiosis than 
from intrafollicular pressure; i.e., ovulation is gentle 
rather than an explosive expulsion of an oocyte. Intra¬ 
follicular pressure is low. By means of ovulation, an 
oocyte is transferred to a new environment (the uter¬ 
ine tube), where fertilization can occur. Ovulation be¬ 
gins at puberty, involves several hundred oocytes, and 
ceases at the menopause. It is the result of a cyclical 
process that is repeated approximately every 28 days, 
but a considerable range (21-35) is found.* Ovulation 
can be confirmed by ultrasound, which reveals disap¬ 
pearance of the follicle and shows the presence of a 
corpus luteum. The ooplasm of a secondary oocyte is 
surrounded by a glycoprotein envelope, the zona pel- 
lucida, outside which are some follicular cells of the 
cumulus oophorus. These cells, which continue to 
cling to the secondary oocyte after ovulation, consti¬ 
tute the corona radiata. After ovulation (and particu¬ 
larly after histological fixation), contraction of the oo¬ 
plasm produces a subzonal space, in which the polar 
body is situated. A nucleus is no longer visible in the 
oocyte, and the condensed chromosomes are situated 
at one pole, adjacent to the polar body. The liberated 
oocyte, although technically lying in the peritoneal 
cavity, is in close proximity to the abdominal opening 
of the uterine tube, and it is normally captured by the 
tube, along which it passes. The main factors in the 
transport of an oocyte through the uterine tube are 
ciliary action and peristalsis. The fertilizing capacity of 
the oocyte in the female reproductive organs is 
thought to last normally no more than 24 hours. 

In an “idealized” 28-day cycle, the time of ovula¬ 
tion is generally taken to be 14 ± 1 days before the 
expected onset of the next menstruation, but varia¬ 
tions are found. Fertility lasts during at most 6 days 
(at or before ovulation), and the oocyte can be fertil¬ 
ized during 24 hours. The spermatozoa survive several 
days but less than a week. 

Recovery of oocytes from the uterine tube or the 

occurrence of pregnancy is evidence that ovulation 

has occurred. Indirect tests for the detection of ovu¬ 

lation include endometrial biopsy (the presence of 

a secretory endometrium), vaginal smear (an in¬ 

crease in epithelial cornification), vaginal electric 

impedance, ultrasound (increasing follicular size), 

cervical mucus (thin and profuse before ovulation: 

Spinnbarkeit), intermenstrual pain (Mittelschmerz), 

and basal body temperature (BBT, a slight fall in 

“waking” temperature followed by a rise of about 

0.3-0.5°C near the midpoint of the cycle, attributed 

to increased progesterone). The most reliable 

*28 days in 13% of women, 25-29 days in 55%, 22-32 days in 
82%, and 21-35 days in 89% (Vollman, 1977). 
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method for predicting ovulation, however, is hor¬ 

monal assay, particularly a urinary LH peak, which 

precedes ovulation by 24-36 hours. 

The Corpus Luteum 

After ovulation the ruptured ovarian follicle becomes 
rapidly converted into a yellowish body known as the 
corpus luteum (Fig. 3-6), which is a temporary endo¬ 
crine gland. It is a mixture of granulosa cells, thecal 
and interstitial cells, and blood vessels, and is the ma¬ 
jor source of sex steroid hormones (e.g., progesterone) 
during the postovulatory phase of the cycle. It under¬ 
goes proliferation, vascularization, maturation, and re¬ 
gression. The wall collapses and becomes folded, and 
blood is found in the interior. The stratum granulosum 
proliferates, and its conspicuous cells accumulate yel¬ 
lowish pigment and are termed luteal cells. Under the 
influence of LH, the luteinized thecal and granulosa 
cells produce sufficient progesterone to ensure im¬ 
plantation and maintenance of the embryo. The theca 
brings blood vessels and small cells into the corpus, 
and the thecal cells may enlarge (paraluteal cells). 

They produce estrogen. In the absence of fertilization, 
the corpus luteum degenerates within 2 weeks. The 
corpus luteum of menstruation can easily be recog¬ 
nized on the surface of the ovary. 

If fertilization occurs, human chorionic gondotro- 
pin (hCG) produced by the trophoblast maintains the 
production of progesterone by the corpus lutuem, 
thereby aiding the pregnancy to continue until the “lu- 
teoplacental shift,” a rising level of circulating hCG, 
becomes detectable 8 days after the midcycle LH peak. 
The level of hCG peaks at the beginning of the fetal 
period. The corpus luteum of pregnancy enlarges and 
remains functional for a number of weeks, after which 
it tends to regress slowly (usually late in trimester 2) 
but is still recognizable at term. It depends on ade¬ 
quate gonadotropic (luteotropic) support from the hy¬ 
pophysis and from the embryo (hCG). For several 
weeks after fertilization, the corpus luteum provides 
the progesterone required for endometrial mainte¬ 
nance, which function is then taken over by the pla¬ 
centa. In a degenerating corpus luteum (whether after 
ovulation or during pregnancy), the cells become re¬ 
placed by fibrous tissue and the organ becomes a whit¬ 
ish scar known as a corpus albicans. 

Prolongation of the life span of a functional corpus 
luteum is necessary for the establishment and main¬ 
tenance of successful pregnancy. This is believed to be 
achieved by maternal recognition of pre-implantation 
signals of embryonic origin. 

The signs of pregnancy are (1) cardiac activity in¬ 
dependent of that of the mother, (2) active embryonic 
or fetal movements, and (3) the presence of an embryo 

or fetus as detected by ultrasonography or, later, by 
radiography. 

Pregnancy tests depend on the detection in urine 
or blood of hCG or of its (5 subunit by an antibody to 
the hCG molecule or to the subunit. Sensitive tests for 
hCG in either blood or urine can indicate pregnancy 
several days after fertilization. The chief methods are 
agglutination inhibition, radioimmunoassay, enzyme- 
linked immunoadsorbent assay (ELISA), and immuno- 
chromatography. 

■ FERTILIZATION 

Fertilization (Fig. 3-7) is the procession of events that 
begins when a spermatozoon makes contact with a 
secondary oocyte or its investments, and ends with the 
intermingling of maternal and paternal chromosomes 
at metaphase of the first mitotic division of the zygote. 
All this takes many hours, so that it is unjustified to 
speak of “the moment of fertilization.” It is believed 
that, at ovulation, the oocyte releases into the follic¬ 
ular fluid a chemical signal that attracts spermatozoa 
(chemotaxis). A soluble sperm factor enables an oocyte 
to develop periodic intracellular calcium spikes (oscil¬ 
lations), which result in activation of the oocyte. Ca2+ 
is present in the unfertilized oocyte in small vesicles 
beneath the plasma membrane. Delayed fertilization, 
and increased age of spermatozoa and oocytes, are po¬ 
tentially harmful to the embryo. 

It is likely that no more than one day intervenes 
between ovulation and fertilization, so that postovu¬ 
latory age and postfertilizational age are practically co¬ 
terminous. Fertilization takes place normally in the 
ampulla (lateral end) of the uterine tube (Fig. 4-3). 

Fertilization comprises the following cascade of 
events (illustrated and numbered in Fig. 3-7). 

1. Passage of a spermatozoon between the follic¬ 
ular cells of the corona radiata is followed by contact 
and binding with human-specific glycoprotein sper- 
matozoal receptors of the zona pellucida. 

2. Acrosomal reaction. A strong binding occurs 
between the spermatozoon that has penetrated the co¬ 
rona radiata and the zona pellucida. This connection 
between the intact acrosome and particular molecules 
on the zona is species-specific. The acrosomal reaction 
(Fig. 3-7) is necessary for penetration of the zona. It 
is initiated by a glycoprotein known as ZP3 (studied 
in the mouse), and it is stimulated by a massive entry 
of extracellular calcium into the spermatozoon. Pro¬ 
gesterone is probably also important. The reaction en¬ 
tails the liberation of enzymes (e.g., acrosine and hy- 
aluronidase) that allow penetration of the zona. A 
series of point fusions take place between the cell 
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FIGURE 3- Fertilization. A. A secondary oocyte showing the main events in fertilization (see text for numbering). The spermatozoa 
are shown enlarged in comparison to the oocyte. The acrosomal reaction is shown below. In B, the enzymatic granules are enclosed 
between the external and internal layers of the acrosomal membrane. In C, pores form and allow the granules to leave. In D, the 
external acrosomal membrane has disintegrated and most of it is shed before the spermatozoon penetrates the zona pellucida. 
Modified from various sources. 

membrane and the underlying external acrosomal 
membrane, thereby causing gaps through which the 
acrosomal contents can diffuse. The external acroso¬ 
mal membrane disintegrates and is shed. Exposure of 
the internal acrosomal membrane is necessary for 
spermatozoal penetration of the zona pellucida. The 
internal acrosomal membrane then fuses with the cell 
membrane of the oocyte. 

3. Passage of the spermatozoon through the zona, 
which triggers meiosis 2. 

4. Fusion of cell membranes of spermatozoon and 
oocyte. 

5. Entry of the spermatozoon into the ooplasm. 

6. Cortical reaction. Before fertilization, cortical 
granules, which accumulated at the diplotene phase, 
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are situated peripherally in the oocyte, near the cell 
membrane. During fertilization, the contents of the 
cortical granules are deposited in the subzonal space, 
which alters spermatozoal receptor molecules in the 
zona and induces the zonal reaction. 

7. Extrusion of polar body 2. Moreover, polar body 
1 may divide into two, and it is thought that, under 
rare circumstances, each of the three polar bodies is 
capable of being fertilized. Dizygotic twinning is be¬ 
lieved to arise from (a) two oocytes, (b) a binucleate 
oocyte, or (c) an oocyte and a polar body. (See Figure 
5-12.) 

8. Zonal reaction. A structural change in the re¬ 
ceptors of the zona pellucida prevents binding of more 
spermatozoa and their penetration. 

Reactions in the zona and in the cortex of the 
oocyte are thought normally to block fertilization by 
more than one spermatozoon (polyspermy). 

9. Formation of female pronucleus, the nuclear 
membrane of which develops from fusion of vesicles. 

10. Dissolution of nuclear membrane and decon¬ 
densation of chromatin of spermatozoon. 

11. Reformation of nuclear membrane and reor¬ 
ganization of chromatin to form the male pronucleus. 

12. Two pronuclei, which migrate to a central po¬ 
sition in the ootid (Fig. 3-8). 

13. Coalescence of homologous chromosomes, re¬ 
sulting in a one-cell embryo. The two pronuclei do not 
fuse, but their nuclear envelopes break down and form 
vesicles (Fig. 3-5). The two groups of homologous 
chromosomes then move together and become ar¬ 
ranged on the first cleavage spindle. 

14. Beginning of first mitotic division of zygote. 
The zygote is characteristic of the last phase of fertil¬ 
ization and is identified by the first cleavage spindle. 
It is a unicellular embryo and is a highly specialized 

cell. The combination of 23 chromosomes present in 
each pronucleus results in 46 chromosomes in the zy¬ 
gote. Thus the diploid number is restored and the em¬ 
bryonic genome is formed. The embryo now exists as 
a genetic unity. RNA synthesis occurs early during pro- 
nuclear formation and is followed by DNA synthesis 
after fertilization. 

Items 12-14 in the list above have traditionally 
been regarded as constituting developmental stage 1. 

Fertilization (1) restores the diploid (46) number 
of chromosomes (Fig. 3-1) and establishes the embry¬ 
onic genome, (2) determines chromosomal sex (44, XX 
or 44, XY), (3) restores the full complement of cyto¬ 
plasmic components, and (4) activates the zygote. At 
least in the mouse, signals to the maternal organism 
are given even by the zygote. 

The criteria generally adopted for the occurrence 
of fertilization are as follows: (1) the presence of two 
or more polar bodies in the subzonal space, (2) the 
presence of two pronuclei within the ooplasm, (3) the 
presence of remnants of the flagellum of the fertilizing 
spermatozoon within the ooplasm, and (4) release of 
cortical granules from the ooplasm into the subzonal 
space. 

The term superfecundation is used when two or 
more oocytes from the same ovulatory cycle are fer¬ 
tilized by separate coital acts. Superfetation is the fer¬ 
tilization of an oocyte when an embryo formed during 
a previous ovulatory cycle is already present in the 
uterus. 

Assisted Reproduction 

Assisted reproduction is either by fertilization in vitro 
or by fertilization in vivo. The various types of assisted 
reproduction have important ethical, social, and legal 
implications that are under continuing discussion. 

FIGURE 3-8 A. Phase-contrast view of a human ootid1, i.e., a cell characterized by the presence of male and female pronuclei. The 
zona pellucida has been dissolved during preparation. B. Oil-immersion view of the pronuclei. Characteristic precursor nucleolar 
bodies are evident within the pronuclei. Courtesy of Dr. Z. Dickmann and Alan R. Liss. 1965. Anat. Rec. 152:293-302. 
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In vitro fertlization (IVF, Fig. 3-9A) involves the re¬ 
moval of an oocyte from an ovary, its culture and 
fertilization, and transfer of the embryo to the 
uterus or to a uterine tube. In the well-known in¬ 
stance by Steptoe and Edwards, transfer of an 8-cell 
embryo resulted in the birth of a girl in 1978. First, 
ovarian hyperstimulation is achieved by hormonal 
administration, usually hMG to induce follicular 
growth and hCG to encourage ovulation, so that a 
number of ovarian follicles develop for retrieval of 
pre-ovulatory oocytes. Follicular development is 
monitored by biochemical procedures (serum estra¬ 
diol level) and ultrasound (to determine follicular 
size and position). Pre-ovulatory follicles are aspi¬ 
rated through the abdominal wall (laparoscopy) by 
direct visualization of the ovaries, or through the 
vagina (transvaginal) or through the bladder (trans¬ 
vesical ultrasound-directed oocyte recovery). The 
aspirated follicular fluid is then examined for the 
presence of oocytes, which are cultured. Insemina¬ 
tion by the addition of numerous spermatozoa in 
vitro may result in fertilization and early develop¬ 
ment of embryos. The embryos are then cultured 
and transferred (ET). This involves the placement 
by catheter of several 1-cell (from the first appear¬ 
ance of the pronuclei) to 16-cell embryos or (pref¬ 
erably) blastocysts in the fundus of the uterus or 
into a uterine tube, where implantation may occur 
in a relatively small number of instances. The trans¬ 
fer of several embryos, however, has increased the 
frequency of multiple births. Moreover, the occur¬ 
rence of polyploidy may be more frequent after IVF. 

It has been found that frozen oocytes, produced 
by the addition of antifreeze and the removal of wa¬ 
ter, can subsequently be thawed and injected with a 
spermatozoon, and the resulting embryo transferred 
to the uterus. 

To facilitate the process of fertilization, micro¬ 
manipulation of the gametes can be undertaken, 
e.g., by injection of spermatozoa into either the cy¬ 
toplasm or the subzonal space of an oocyte. Intra- 
cytoplasmic sperm injection, however, has been fol¬ 
lowed by an increased frequency of major congenital 
abnormalities. It has been assumed that, at least in 
selected instances, the likelihood of implantation 
may be increased by “assisted hatching” from the 
zona pellucida. The methods used include zonal 
drilling, zonal splitting, partial zonal dissection, zo¬ 
nal thinning, and laser. 

In assisted reproduction by in vivo fertilization 
(Fig. 3-9B) both male and female gametes are trans¬ 
ferred directly to a uterine tube (gamete intratubal 
transfer) where fertilization can occur. 

Artificial insemination (the introduction of se¬ 
men) may be intravaginal, intra-uterine, intratubal, 
or infrafollicular. 

Parthenogenesis 

Both maternal and paternal genomes are required for 
normal eutherian mammalian development. Parthe- 

EMBRYO 
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Figure 3-9. Scheme of main procedures used in assisted re¬ 
production. ICSI, intracytoplasmic sperm injection of either a 
spermatozoon or a spermatid. PROST, pronuclear stage tubal 
transfer. PZD, partial zonal dissection. SUZI, subzonal insemi¬ 
nation. TET, tubal embryo transfer. ZIFT, zygote intrafallopian 
transfer. 

nogenesis is the production of an embryo, with or 
without later development into an adult, from either 
a female or a male gamete in the absence of any con¬ 
tribution from the gamete of the opposite sex. Such 
embryos are termed parthenogenones. Embryos that 
lack a paternal genome are known as gynogenones and 
are deficient particularly in extra-embryonic tissues. 
Embryos that lack a maternal genome are known as 
androgenones and are deficient particularly in specif¬ 
ically embryonic tissues. These functional differences 
between maternal and paternal genomes are examples 
of genomic imprinting. Parthenogenesis is a rare and 
atypical developmental mode in mammals, and par- 
thenogenetic embryos, which may be haploid or dip¬ 
loid, have been studied chiefly in inbred strains of 
mice, in which high rates of spontaneous activation of 
parthenogenetic oocytes can be observed and devel¬ 
opment beyond implantation can be achieved. The 
presence in an embryo of parts of the flagellum of a 
spermatozoon would indicate fertilization. It is be¬ 
lieved that parthenogenetic activation and develop¬ 
ment may be relatively common in the human. How¬ 
ever, the probability of abortion of a parthenogenetic 
embryo is very high because of poor development of 
the extra-embryonic tissues, for which the male ge¬ 
nome is mainly responsible. 
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Although human “embryos” found in atretic ovar¬ 

ian follicles have been claimed to have been parthe- 

nogenetic, a degenerative condition merely resembling 

cleavage is frequent in moribund oocytes. Claims that 

a child arose parthenogenetically, however, need to be 

treated with great caution. 

A boy believed to be a parthenogenetic chimera has 

been described (Strain et al., 1995). One among sev¬ 

eral possible interpretations is that spontaneous ac¬ 

tivation of an oocyte occurred, which was followed 

by penetration of a spermatozoon in one of the two 

first blastomeres. The following mitotic division 

produced (1) a normal cell with a diploid nucleus 

and (2) a haploid parthenogenetic cell. In the ab¬ 

sence of cytoplasmic cleavage, the parthenogenetic 

cell line then may have become diploid. The kary¬ 

otype of the blood was XX, whereas that of the fi¬ 

broblasts was XY. That both lines derived from the 

same oocyte was shown by molecular analysis. 
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Week 1 
(Stages 2-4): 
Morula; 
Blastocyst 

eparate chapters are devoted to the first 4 

weeks of development because, during that 

time, the basis of the various organs and systems of 

the body is laid down. The germ layers are established 

during the first 2-3 weeks, and a number of important 

organs have begun their development by 4 weeks. By 

4 weeks the embryo has grown from a zygote of about 

0.1 mm in diameter to a complicated embryonic body 

approximately 3 mm in length. The early development 

of the mammalian embryo depends mainly on the em¬ 

bryonic genome and a supply of energy, growth fac¬ 

tors, and maternal and embryonic hormones. 

During the first week2-4, the embryo becomes a 

solid mass of cells and then acquires a cavity, at which 

time it is known as a blastocyst. 

APPROXIMATELY 2-3 

DAYS (STAGE 2) 

The cleaving embryo (Figs. 4-1 and 4-2) proceeds 

along the uterine tube (Fig. 4-3) under the influence 

of tubal contractions and movement of cilia. Mitotic 

divisions occur at a rate of about one per day (Fig. 4- 

4), so that the number of cells (named blastomeres) 

increases, although the total protoplasmic volume at 

first does not. The blastomeres of the 2-cell human 

embryo already become polarized: microvilli and en- 

docytotic activity disappear where cell-to-cell contact 

occurs, and early cellular junctions form (J. Tesarfk). 

It is geneally maintained that specification of cell types 

and embryonic axes in mammals depends on temporal 

and spatial relations between cleaving blastomers, al¬ 

though the possibility that these processes are based 

on information already present in the zygote has not 

been completely disproved. 

It is likely that a considerable number of human 

embryos become abnormal during the first cleavage 

division, as indicated by the presence of multinucle- 

ated blastomeres. Although spontaneous abortion may 

result, in other instances the presence of one normal 

blastomere may suffice for normal development. A pro¬ 

gressive loss of chromosomally abnormal embryos oc¬ 

curs prior to implantation. 

Biopsy of an embryo can be performed by remov¬ 

ing one cell from a 4-cell, or two cells from an 8-cell, 

embryo. This does not seem to decrease the develop¬ 

mental capacity of the remaining cells. One technique 

is to “drill” a hole in the zona pellucida using a mi¬ 

cropipette with a bevel and then to inject fluid through 

a second puncture so as to displace and aspirate a blas¬ 

tomere through the first opening. 

The embryo enters the uterine cavity after about 

half a week, when probably at least 8-12 cells are pres¬ 

ent and the endometrium is early in its secretory phase 

(which corresponds to the luteal phase of the ovarian 

cycle: Fig. 3-6)2. Each cell (blastomere) is considered 

to be still totipotent (capable, on isolation, of forming 

a complete embryo), and separation of these early cells 

is believed to account for one-third of cases of mono¬ 

zygotic twinning (see below: Fig. 5-11). 

The convenient term morula (Latin, mulberry) can 

be used for embryos2 when about a dozen or more cells 

are present and until the blastocystic cavity appears3. 

The term is not ideal, because it was used originally 

for amphibians, in which it gives rise to embryonic 

37 
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Figure 4-2. Intact 4-cell 

embryo2. The zona pellucida 

can be distinguished faintly. 

Courtesy of Dr. J. Lippes and 

the C.V. Mosby Co. (Am. J. 

Obstet. Gynecol., 1966; 95: 
115-117). 

hlGURE 4-1. Intact 2-cell embryo showing 

zona pellucida and polar bodies2. After Hertig 
et al. 

tissues only and not, as in mammals, to both embry¬ 

onic and non-embryonic (e.g., chorion, amnion) struc¬ 
tures. 

Compaction is the process whereby the blasto- 

meres become flattened, thereby maximizing intercel¬ 

lular contacts and minimizing intercellular spaces. 

This process, which takes place when 8-16 cells are 

present, results in a uniform cellular mass, namely the 

morula. New gene products are expressed and they fur¬ 

ther cellular polarity in the outer (future trophoblas¬ 

tic) cells. Compaction contributes to the onset and 

progression of cavitation, i.e., the formation of the 
blastocyst. 

The Embryonic Genome 

Initial development occurs independently of the em¬ 

bryonic genome and is under oocyte-derived (i.e., ma¬ 

ternal) genetic control, which is exerted by RNA mol¬ 

ecules synthesized during growth and maturation of 

the oocyte. Some indications exist, however, that the 

zygote already synthesizes RNA. Even the 2-cell em¬ 

bryo shows ultrastructural signs (modification of the 

cell membrane) of regionalization on the surface of 

the blastomeres, apparently under the control of an 

oocyte-coded message (perhaps through proteins of 

the cytoskeleton). Human embryonic gene transcrip- 

FlGURE 4-3. Schematic representation of 

developing ovarian follicles, fertilization, 

passage of embryo through uterine tube, 

and implantation of blastocyst in posterior 

wall of uterus. The various cells are not 

drawn to scale. Corpus luteum 

follicles 

Vesicular 

— Secondary 

— Primary 

Morula 
Free blastocyst 
Implanting blastocyst 
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being 
fertilized 

Cleavage 
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Figure 4-4 Graph showing the usual number of cells to be 
expected during the first week of development. In the first 3 
days, each cycle takes approximately 24 hours, but in the second 
half of the week the divisions are faster. At the end of the week 
the trophoblast is growing rapidly. Cells lost through apoptosis 
have not been taken into account. The distinction between in¬ 
ner cell mass and trophoblast is detected by differential nuclear 
staining. Days 5-7 are based on in vitro data of Hardy et al. 

tion is activated from outside the nucleolus by at least 

the 4-cell embryo, but the level of RNA synthesis is 

low. In the 8-cell embryo, however, some blastomeres 

undergo an overall increase in transcriptional activity, 

both extranucleolar and nucleolar, so that by this time 

human embryonic genes and the already-present ge¬ 

netic uniqueness of the embryo are expressed in the 

phenotype. Abnormally, the transition from maternal 

to embryonic genetic control may be associated with 

a developmental arrest when 4 cells are present. 

Cells differentiate by the switching off of large por¬ 

tions of their genome. Future somatic cells thereby 

lose their totipotency and are liable to senescence, 

whereas germ cells regain their totipotency after mei- 

osis and fertilization (R.F. Rosenberger). 

■ APPROXIMATELY 4-5 

DAYS (STAGE 3) 

As soon as a cavity can be detected (by light micros¬ 

copy) in the cellular mass of the morula, the organism 

is termed a blastocyst3. This occurs when about 16- 

32 cells are present (Fig. 4-4). The embryo is about 4 

days in age and is not yet attached to the uterine 

mucosa. 

The appearance of the blastocyst (Figs. 4-5 and 

4-6) demonstrates the differentiation into (1) tropho¬ 

blast (or trophectoderm), the peripherally situated 

cells and (under the influence of E-cadherin) the first 

epithelium formed, and (2) embryonic cells proper. 

The latter, at first few in number, form the inner cell 

mass (ICM). The trophoblast at the future site of at¬ 

tachment is sometimes termed polar, the remainder 

being called mural. The cells of the ICM are considered 

to be totipotent initially. They give rise directly to var¬ 

ious lines of embryonic stem cells. Apoptosis is exten¬ 

sive during the formation of the blastocyst. The initial 

development of the blastocyst is believed to be related 

to time rather than to the number of cells present, so 

that the number of cells in the inner cell mass may 

vary and it is possible that those with a smaller num¬ 

ber of cells are less viable. 

The inner cell mass consists of two layers: the plu- 

ripotent epiblast and the hypoblast; the latter is com¬ 

mitted to differentiate into endoderm. The combina¬ 

tion of epiblast and hypoblast is known as the 

embryonic disc (Fig. 4-7). The disc at this time is re¬ 

garded as a bilaminar embryo, although the hypoblast 

is believed to form only extra-embryonic endoderm. 

The surface of the inner cell mass that is adjacent 

to the trophoblast represents the dorsal surface of the 

embryo; that facing the blastocystic cavity indicates 

the ventral surface. If, as in the mouse, the hypoblast 

does not contribute to the final embryonic endoderm, 

then the later embryo proper would be derived entirely 

from the epiblast of the inner cell mass. The epiblast 

is lined ventrally by a basement membrane. 

Duplication of the inner cell mass is probably the 

basis for most cases of monozygotic twinning (Fig. 5- 

11), and it is possible that such divisions arise during 

“hatching” (see below) from the zona pelludida. 

The cavity of the blastocyst is the blastocystic cav¬ 

ity, and it should be stressed that the cavity of the 

mammalian blastocyst is not a blastocoel, which is a 

different feature found in amphibians and birds. The 

blastocystic cavity appears only after the embryonic 

genome has become active, and the position of the 

inner cell mass is determined at cavitation. The fluid 

within the blastocystic cavity is believed to be derived 

from the trophoblast, which can be distinguished at 

this time. Cavitation and expansion of the blastocyst 

depend on the presence of tight cellular junctions 

(zonulae occludentes), which act as a seal for the tro¬ 

phoblast. The trophoblastic cells and those of the inner 

cell mass are linked by desmosomes, gap junctions, 

and tight junctions, but no basal lamina is found be¬ 

tween cells of the two types. 
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Figure 4-5 Section through a 
58-cell blastocyst3. The zona 
pellucida and a polar body are 
visible in the lower left-hand 
quadrant. The inner cell mass 
is visible above the blastocystic 
cavity. The peripheral cells are 
trophoblastic. After Hertig et al. 

Figure 4-6. Section through a 
107-cell blastocyst3. The zona 
pellucida is no longer present. 
The blastocystic cavity is now 
large and the inner cell mass is 
well delineated. The peripheral 
cells are trophoblastic. After 
Hertig et al. 

The term “hatching” refers to the escape of the 

blastocyst from the zona pellucida. The zona becomes 

thinner, the blastocyst alternately expands and con¬ 

tracts, and then squeezes through a hole that appears 

by digestion in the zona. This occurs at about 6 days, 

when the blastocyst consists of a hundred or more 

cells. After “hatching,” the embryo is free to increase 

in mass, and it secretes hCG. Embryonic signals given 

to the mother, as well as substances transmitted in the 

opposite direction, include hCG released by the tro- 

phoblast and probably regulated by LH-RH, platelet¬ 

activating factor, early pregnancy factor, and various 

steroids and proteins. Some of the signals are thought 

to be immunosuppressive. 

Day 1 2 3 4 5 6 

Figure 4-7. Scheme to show formation of blastocyst and em¬ 
bryonic disc3. 

APPROXIMATELY 6 DAYS 

(STAGE 4) 

The blastocyst now begins to become attached to the 

uterine lining (the endometrium), and this is taken as 

the beginning of implantation (Figs. 4-3 and 4-8)4. 

This is a brief and very elusive stage, of which no con¬ 

vincing and satisfactory example has yet been recorded 

in the human. 

Decidualization is a necessary prerequisite for im¬ 

plantation. Decidual cells increase in size and become 

polyploid. They aid implantation by producing a matrix 

of proteins and adhesive molecules, especially laminin. 

Progesterone, among many other actions, increases 

uterine vascularity and secretory activity, and causes 

stromal edema. 

Before implantation, mammalian embryos generate 

adenosine triphosphate (ATP) largely via the uptake 

and metabolism of exogenous nutrients present in 

tubal and uterine fluids. Hexokinase is believed to 

be important in the glucose utilization, but the 

breakdown of glycogen probably contributes little to 

energy metabolism. The initially low metabolic ac¬ 

tivity increases as the blastocyst is formed. Oocytes 

and early pre-implantation embryos show a speci¬ 

ficity (not present, for example, in murine embryos) 

with regard to epidermal growth factor and trans¬ 

forming growth factor a. Both have a common re¬ 

ceptor, the epidermal growth factor receptor, 

through which development and implantation are 

enhanced. A reduction of the protein levels of those 

growth factors takes part in advanced blastocysts, 

and dependency on maternal growth factors then 

begins. 
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Figure 4-8. A. Section through a macaque blastocyst at the beginning of implantation4. Two zones of adhesion between the 
syncytiotrophoblast and endometrium are visible. After Heuser and Streeter. B. Drawing of the bilaminar disc and of the two zones 
of attachment (asterisks). A satisfactory example of this stage has not yet been observed in the human. 

The uterine wall in which the embryo is being 

implanted consists of three layers: endometrium (mu¬ 

cosa), myometrium (muscular coat), and perimetrium 

(peritoneal covering). Of these the most important at 

the time of implantation is the endometrium, which 

is in the secretory phase (Fig. 3-6); i.e., it contains 

active glands, large amounts of nutrients, and coiled 

arteries. If implantation takes place, the endometrium 

is conserved by the activity of the corpus luteum 

(which produces progesterone); if implantation does 

not occur, the endometrium is discharged at the end 

of a uterine cycle (menstruation). 

Successful implantation probably depends on the 

ability of the trophoblast to produce immunosuppres¬ 

sive factors against the maternal immune response. It 

may be that the embryo actively shuts down the 

mother’s natural defenses by the suppression of activ¬ 

ity of maternal T cells. Failure of implantation may 

result from rejection of the antigenic embryo by the 

maternal immune system. 
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Weeks 1-2V2 
(Stages 5 and 6): 
Implantation; 
Primitive Streak; 
Twinning 

/ he second week is characterized by implanta- 
^—-/ tion (Figs. 5-1 and 5-2). The trophoblast, 
which is at first solid, soon shows lacunae, and cho¬ 
rionic villi begin to appear. The amniotic cavity and 
the umbilical vesicle (yolk sac) develop. Some dorsally 
situated cells of the embryonic disc move ventrally (to 
the interior of the embryo) by means of the primitive 
streak, which also makes manifest the bilateral sym¬ 
metry of the embryo. Human chorionic gonadotropin 
(hCG) may be detectable as early as day 8. Implanta¬ 
tion triggers the synthesis of hCG by the conceptus, 
and the hormone can be detected first in the maternal 
blood and, within a couple of days, in the urine. This 
is the basis of the early diagnosis of pregnancy. 

From implantation onward, growth factors, some 
of which are produced by the embryo itself, are nec¬ 
essary for growth. Peptides known as insulin-like 
growth factors are important for mitosis and differ¬ 
entiation in the human during the first trimester. 

[ APPROXIMATELY 7-12 

DAYS (STAGE 5) 

The first indication of mesenchyme is probably the 
production of extra-embryonic mesoblast from a cau- 
dally situated area of proliferation52. The combination 
of trophoblast and extra-embryonic mesoblast is 
known as the chorion5b'6. It is one of the developmen¬ 
tal adnexa that surround the embryo proper. As de¬ 
scribed in Chapter 6, the chorion will enclose the cho¬ 
rionic cavity, in which the embryonic disc is located 

(Fig. 6-1). ' 

The first appearance of embryonic development 
seen on ultrasonography, at about 2-3 weeks, is a 
sonolucent (echolucent) area (the chorionic cavity) 
within the uterus. This becomes surrounded, within a 
few days, by an echogenic ring that indicates the cho¬ 
rionic sac. The umbilical vesicle becomes visible before 
the embryo proper (see below: Fig. 8-5A). 

The trophoblast has differentiated into two chief 
varieties: cytotrophoblast, nearer the embryonic disc, 
and syncytiotrophoblast, which is derived from cyto¬ 
trophoblast and is situated more peripherally4. The 
trophoblast is at first solid02 (Fig. 5-2), but blood-filled 
spaces termed lacunae soon develop within it and com¬ 
municate with endometrial vessels5b (Fig. 5-3). This 
junction of maternal vessels and trophoblast is the ba¬ 
sis of the placental circulation. Penetration of the ma¬ 
ternal blood vessels is accompanied by proliferation of 
what is called endovascular cytotrophoblast within the 
arterioles. This leads to partial destruction and ob¬ 
struction of the vessels, and a lowering of blood pres¬ 
sure in the intervillous space. The uterine glands have 
a “hacksaw” appearance on section (Fig. 5-4). Clumps 
of cytotrophoblast project into the syncytiotropho- 
blast5b and acquire cores of mesoblast. The lacunae 
soon communicate with each other°c (Fig. 5-5). The 
lacunae are usually said to contain blood, but it has 
been shown that the intervillous space lacks blood flow 
during trimester 1 and is filled mainly with an acel¬ 
lular fluid, probably plasma. 

The amniotic cavity (Fig. 5-2) appears probably 
within the inner cell mass32, perhaps by a rearrange¬ 
ment of epiblastic cells. The cavity is bounded by the 
epiblast and, dorsally, by a layer of amniotic ectoderm. 

43 
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Trophoblast 

Blastocyst 

Stage 
2 3 

2 
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3 
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Figure 5-1. Development of the embryo during the first week1 4. The last three drawings (after Boving) show three hyothetical 

steps in initial implantation. BV, blood vessel; ICM, inner cell mass. 

The amnion, like the chorion, is one of the develop¬ 
mental adnexa. On the ventral aspect of the embryonic 
disc, extra-embryonic endoderm grows around to en¬ 
close a cavity termed the primary umbilical vesicle* 

(or yolk sac)5b (Fig. 5-5). The embryonic disc (Figs. 5- 
3 and 5-5) is still bilaminar, being composed of epiblast 
and endoderm, the latter being probably derived from 
the epiblast. 

Implantation 

Implantation (Fig. 4-3) is the process that leads to the 
formation of a specialized, intimate cellular contact 
between the trophoblast and the endometrium (or 
other tissue in cases of ectopic implantation). The con- 
ceptus leaves the uterine lumen and becomes embed¬ 
ded in the uterine mucosa. Implantation includes dis¬ 
solution of the zona pellucida and adhesion between 
the external surface of the trophoblastic cell mem¬ 
brane and the endometrial cells. Later, trophoblastic 
cells penetrate the uterine epithelium and its subjacent 
basement membrane, and thereby enter the stroma 
(Fig. 5-1); finally multiple interactions occur between 
the trophoblast and the uterine cells, as well as with 
the extracellular matrix, so that the blastocyst comes 
to lie entirely within the uterine lining8. Platelet- 
derived growth factor, fibronectin, and epidermal 
growth factor are important in implantation. In dis¬ 
cussing implantation, trophoblastic penetration is 

*The term umbilical vesicle, which was not introduced by O’Rahilly 

and Muller (as claimed by others in certain articles), was probably 

first used by Albinus in the eighteenth century. It is the standard 

term in French literature and was used in English by Keibel and 

Mall. 

preferable to the concept of trophoblastic “invasion,” 
a term better reserved for carcinomatous processes. 

Implantation begins by adhesion (a cell-to-cell in¬ 
teraction) between the trophoblast and the uterine ep¬ 
ithelium of a receptive endometrium (Thie et al., 1997, 
1998). Implantation is highly unusual in that it (1) 
resembles invasion by malignant neoplasms, (2) in¬ 
volves the toleration of antigenically different cells (the 
trophoblastic “graft”) by the endometrium (the 
“host”), and (3) begins by a paradoxical attachment of 
trophoblast and endometrium by their apical cell 
membranes (Denker, 1993, 1994), whereas usually the 
apically situated cell membrane of an epithelium is not 
adhesive, in contrast to the basally and laterally located 
membrane. In other words, the trophoblast acquires 
some mesenchymal characteristics. 

Implantation of the blastocyst begins during the 
secretory (progestational) phase of the uterine cycle. 
The endometrium is conditioned primarily by estra¬ 
diol, but secretory changes depend on progesterone, 
which blocks further menstruation. It is believed that 
a blastocyst can become attached to the uterine epi¬ 
thelium during only a limited receptive phase (of 
about 4 days, days 20-24 of the cycle) that is con¬ 
trolled by ovarian steroidal hormones. The period 
during which the endometrium is receptive for im¬ 
plantation is sometimes termed the “implantation win¬ 
dow.” At that time the uterine epithelium partly loses 
its epithelial character of apicobasal polarity, becoming 
restructured from a polarized to a non-polarized phe¬ 
notype, which is essential for apical adhesiveness (Thie 
and Denker, 1997). Genomic imprinting (i.e., gene ex¬ 
pression based on the gamete of origin) is believed to 
be important for implantation, and paternally ex¬ 
pressed genes are linked to placental proliferation. 
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Figure 5-2. Implantation during stage 5. The blastocyst becomes attached to the endometrium (Fig. 5-1) and then penetrates that 
layer5. The trophoblast, at first solid5a, soon develops lacunae5*1, which communicate with uterine vessels5*1. AC, amniotic cavity; BV, 
blood vessel; asterisk, extra-embryonic mesoblast. 

The decidua 

As soon as the blastocyst begins to penetrate the uter¬ 
ine epithelium, the endometrium is termed decidua 

(Latin, a falling off: the mucous membrane shed after 

FIGURE 5-3. Section through middle of an implanting em¬ 
bryo51. Regeneration of endometrial epithelium (below) is tak¬ 
ing place. Intercommunicating lacunae appear as clear spaces 
in the large mass of syncytiotrophoblast. The chorionic cavity 
is surrounded by a thin layer of cytotrophoblast. The slitlike 
amniotic cavity is situated dorsal to (above) the bilaminar em¬ 
bryonic disc (cf. Fig. 5-2B). After Hertig and Rock. 

birth). Decidualization (the decidual reaction) is the 
series of endometrial changes that occur in response 
to the blastocyst. Decidualization, which is under the 
influence of progesterone, begins late in the luteal 
phase and takes several days. It is characterized by en¬ 
largement of endometrial stromal cells, which accu¬ 
mulate glycogen and on cross section become epithe¬ 
lioid in appearance. The changes indicate increased 
synthetic and secretory activity. Although implantation 
begins in an endometrium that is not yet decidual- 
ized5a, stromal fibroblasts soon become large and poly¬ 
gonal, and contain abundant glycogen and lipid. They 
are then known as decidual cells5b. These cells produce 
prolactin and contain insulin-like growth factor. Large 
granular leukocytes are also found in the decidua. The 
superficial region of the endometrium that undergoes 
decidualization is the stratum compactum, whereas 
the deeper region of dilated glands and scant stroma 
is the stratum spongiosum. 

Ectopic Implantation 

The term ectopic (Greek, out of place) refers to im¬ 
plantation outside the lining of the body of the uterus 
(Fig. 5-6). By far the most frequent site (98%) is a 
uterine tube (tubal pregnancy), generally in the am¬ 
pulla, sometimes in the isthmic part. Rarely, implan¬ 
tation may occur on the peritoneum or the ovary, but 
most such instances are probably secondary to tubal 
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Figure 5-4, Section of secretory endometrium with dilated, 

coiled glands at about 11 days and showing implanted blasto¬ 

cyst50. BV, blood vessel. 

rupture. Ectopic pregnancy shows that implantation 
and placentation are trophoblastic rather than endo¬ 
metrial functions. Factors that may increase the like¬ 
lihood of ectopic pregnancy are pathological condi¬ 
tions (e.g., pelvic infection) that impede passage of the 
embryo, endocrine disturbances that interfere with tu¬ 
bal contractions, dysfunction of ovulation, and possibly 
developmental abnormalities of the conceptus. En¬ 
dometriosis is probably not significant. The stroma 
fails to decidualize, blood supply is insufficient, and 
hCG is lower in amount and inadequate to support the 
corpus luteum, so that progesterone levels decrease 
and bleeding occurs. According to one theory, delayed 
ovulation and fertilization may fail to suppress men¬ 
struation, which flushes the embryo from the uterus 
back to a uterine tube. Tubal pregnancy, if allowed to 
continue, usually results in rupture of the uterine tube 
during the embryonic period and severe internal hem¬ 
orrhage in the mother, although, on rare occasions, 
tubal pregnancies have reached trimester 3 or even 
term. 

Diagnosis is clinical (abdominal pain is the most 
frequent symptom), ultrasonic (chiefly to exclude the 
condition), and biochemical (e.g., testing for various 
hormones and proteins that show depressed levels). 
Although removal by laparotomy has been the stan¬ 
dard treatment, linear salpingostomy is being used 
increasingly. 

K APPROXIMATELY 17 DAYS 

(STAGE 6) 

The decidua becomes arranged at three topographical 
sites (Figs. 5-7, 7-4A): (1) the decidua basalis is situ¬ 
ated at the deepest pole of the conceptus; (2) the de¬ 

cidua capsularis is reflected over the rest of the cho¬ 
rionic sac; and (3) the decidua parietalis lines the 
uterine cavity, except at the site of implantation6. 

Cytotrophoblastic clumps with their underlying 
mesoblastic crests now form processes known as cho¬ 

rionic villi (Fig. 7-1), although initially their distal 
ends are not free6. Moreover, the lacunae have coa¬ 
lesced to form an important fluid-filled cavity termed 
the intervillous space. 

The amniotic ectoderm is soon well formed and is 
beginning to acquire an external coat of mesenchyme. 
The secondary umbilical vesicle (yolk sac) develops 
from the primary, probably by collapse of the latter 
and subsequent pinching off of the distal, collapsed 
portion (Fig. 5-8). The umbilical vesicle is believed to 
be involved in active and passive transport to the em¬ 
bryo, and it is possible that it is associated with the 
relationship between metabolic imbalance (e.g., in di¬ 
abetes) and congenital defects. 

The Connecting Stalk 

Initially the entire amnio-embryonic region is attached 
to the chorion by a bridge of extra-embryonic mes¬ 
enchyme termed the connecting stalk, sometimes 
called the body stalk (Fig. 5-9)6. As the umbilical stalk 
becomes better defined, it includes the allantoic diver¬ 
ticulum and, together with the omphalo-enteric duct, 
is ensheathed by amniotic somatopleure (Fig. 7-4B'). 
It then constitutes the umbilical cord (Figs. 7-4B and 
7-10C) in which the umbilical vessels have developed 
(Fig. 7-11). 

The Chorionic Cavity 

The cavity contained by the chorion and covered by 
(somatopleuric) mesoderm is termed the chorionic 
cavity. Within it are suspended the amniotic cavity, the 
embryonic disc, and the secondary umbilical vesicle 
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FIGURE 5-5, A. Section through 
middle of slightly more advanced 
implanting embryo5c. Primary 
umbilical vesicle is surrounded by 
faint meshwork. Endometrial 
stroma is edematous and decidua 
is developing. Uterine glands are 
evident. B. Higher-powered view 
shows bilaminar embryonic disc 
and, dorsal to (above) it, the 
developing amniotic cavity 
(asterisk). Cf. Fig. 5-2C. After 
Hertig and Rock. 

(Fig. 5-7).* The space between the somatopleuric me¬ 
soderm of the chorion and the splanchnopleuric me¬ 
soderm covering the umbilical vesicle is the extraem- 

bryonic coelom, or exocoelom (Figs. 7-4A, 7-5, and 
7-10). The fluid in the exocoelom contains high con¬ 
centrations of vitamin B12 and folic acid, and it is be¬ 
lieved to be important in exchange of nutrients during 

*In ultrasonographic work the term chorionic cavity is used for the 
internal boundary of the chorionic sac throughout trimester 1, i.e., 
even after the extra-embryonic coelom has practically disappeared 

(Fig. 7-10C). 

trimester 1. The coelomic fluid can be aspirated (coe- 
locentesis) for cytogenetic analysis. 

The Primitive Streak and Node 

The embryonic disc is slightly elongated. The epiblast 
is a pseudostratified columnar epithelium, the cells of 
which have similar potencies and can contribute (in 
the mouse) to the germ line (as PGCs) as well as to 
somatic lineages. The rostral part of the epiblast con¬ 
tains (in the mouse) the precursor cells of the neural 
tube, and it is possible that a preliminary rostrocaudal 
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ABNORMAL NORMAL 

Figure 5-6 Sites of implantation. A. Sites of ectopic pregnancy, shown by red cicles. By far the most frequent are the ampulla 

and the isthmus of the uterine tube. B, C. Low implantation (i.e., in region of isthmus uteri [lower uterine segment]) is liable to 

result in either (B) partial or (C) total placenta previa. Abd., abdominal; Pr„ primary; Sec., secondary. 

patterning occurs in the neural primordium before 
neurulation. 

Primitive Streak 

Certain caudally situated cells of the epiblast migrate 
ventrally along the median plane and form what is 
termed the primitive' streak (Fig. 5-9)6, which is a 
dense band, its cells being higher and more numerous 
because of proliferation and mediad cellular migration. 
The primitive streak probably appears between day 12 
and day 17. 

The streak is believed to be the result of interac¬ 
tion between the endoderm and the pluripotent epi¬ 
blast. The remaining epiblastic cells on the dorsal 

The word “primitive” in the sense of “early” is well established in 

the term primitive streak. In most other contexts, however, it is 

best avoided because it has been overworked and adds little to the 

meaning. When, for example, does the developing heart cease to be 

“primitive”? 

aspect of the embryo constitute the embryonic ecto¬ 
derm. The primitive streak is a means of entrance 
whereby cells ingress, proliferate, and migrate to form 
embryonic mesoderm and endoderm (an early example 
of epithelio-mesenchymal transformation). 

After ingression the cells become incorporated in 
the mesoderm or the definitive endoderm. Extra- 
embryonic mesoderm is probably the first tissue to 
emerge from the caudal part of the streak7. The em¬ 
bryonic mesoderm arises from the rostral and middle 
parts as wings from both sides of the streak (Fig. 6-9). 
As the embryo elongates, the primitive streak regresses 
along the rostrocaudal axis and leaves behind a cellular 
trail that forms the notochord. Caudally it becomes 
replaced by the caudal eminence (Fig. 6-11). 

Longitudinal Axis 

The primitive streak is a clear-cut indication of bilat¬ 
erality, so that the embryo now has not only rostral 
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FIGURE 5-7 Diagram of an implanted 
embryo6 showing various surrounding 
layers and the regional divisions of the 
decidua. Chorionic villi and the intervillous 
space have not been included. 

and caudal ends but also right and left sides (Fig. 
5-10). 

The determination of the longitudinal axis in the 

embryo is a milestone in the development of verte¬ 

brates and even invertebrates, as shown by studies of 

homeobox genes. The axis indicates the major plane 

along which later structures will develop. Further¬ 

more, it has been demonstrated that mesoderm is the 

crucial cell layer that specifies which end of the em¬ 

bryo will be cephalic and which will be caudal. 

Although the primitive streak is generally re¬ 

garded as the first definite morphological indication of 

the embryonic rostrocaudal axis, it is possible that 

detection may be made some days earlier50, either 

from the shape of the embryonic disc or because of a 

Amniotic 

Figure 5-8. One interpretation of the formation of the defin¬ 
itive umbilical vesicle (yolk sac)5,6. A. Bilaminar embryonic disc 
(cf. Fig. 5-2A). B. Extra-embryonic endoderm (derived from the 
hypoblast) is growing ventrally to form in C, the primary um¬ 
bilical vesicle. D. The vesicle has expanded to its maximum size 
(cf. Fig. 5-2C). E. The primary vesicle has collapsed and disin¬ 
tegrated, giving rise to a smaller secondary vesicle (cf. Fig. 
5-7). Epithelial strands around the latter are considered rem¬ 
nants of the primary vesicle. After Luckett. 

slight median differentiation caudally (rostrally in the 

rabbit). 

Primitive Node 

The rostral end of the primitive streak contains a pro¬ 

liferative population that gives rise to the primitive 

node. According to studies of the mouse, the dorsal 

part of the node is proliferative and is contiguous to 

the neuroectoderm and not distinct from the sur¬ 

rounding epiblast, whereas the ventral part is an or¬ 

ganizer involved with an extension termed the noto¬ 

chordal process, and is also concerned with left-right 

specification. The node contributes cells to the noto¬ 

chordal process (and thence to the foregut endoderm), 

the floor plate of the neural tube, and the axial me¬ 

soderm. As an organizer, the node (of the mouse) is 

capable of inducing the formation of a second rostro¬ 

caudal axis. 

Rostral to the streak and node, the endoderm ap¬ 

pears thicker and is called the prechordal plate. Cau¬ 

dally, the epiblast is closely related to the endoderm 

in a small area that probably represents the cloacal 

membrane6. 

At this time precursor tissues need to be placed 

into appropriate positions for subsequent morphogen¬ 

esis. This is accomplished by a series of morphogenetic 

movements which, together with cell proliferation and 

differentiation, convert a bilaminar into a trilaminar 

embryo. 

“Gastrulation ” 

It should be noted that the term gastrulation is in¬ 
appropriate. The term refers to the invagination of a 

monolayered blastula to form a bilayered gastrula con¬ 

taining an endoderm-lined archenteron (Starck, who 

wisely does not use the term for mammals). The es¬ 

sential chordate feature is “the placing of initially su¬ 

perficial territories into a deeper position in the em¬ 

bryo” (J. Pasteels). 
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Figure 5-9. A. Amniotic cavity, embryonic disc, and umbilical vesicle in transverse section at 2lk weeks6. B. A more caudal section, 
showing primitive streak and (at the top) the connecting (or body) stalk. AC, amniotic cavity. After Heuser, Rock, and Hertig. 

The term “is now used to embrace a phase of de¬ 

velopment stretching from the end of cleavage to the 

formation of an embryo possessing a defined axial 

structure” (Collins and Billett, 1995). 

M TWINNING 

The incidence of twins (see also Chapter 7), which is 

perhaps about 1:80 births, is underestimated because 

twins have a higher prenatal mortality. They are more 

frequent in trimester 1, but a number end in sponta¬ 

neous abortion or, in some other instances, one of the 

chorionic sacs regresses. Congenital anomalies are 

more frequent in twins as are also left-handedness and 

inverted handwriting posture. Triplets are found in 

about 1:6000 births. In general, if the frequency of 

twins is n, then the number of triplets is approximately 

n2, of quadruplets is n3, and so on (Hellin’s hypothesis). 

Symmelia is associated with an increase in twinning, 

one twin showing that anomaly. 

Twins are usually classified as monozygotic (so- 

called identical) or dizygotic (fraternal), depending 

probably on whether one or two spermatozoa are in¬ 

volved. Monozygotic (MZ) twins constitute about one- 

third of the total population of twins and are nearly 

always of the same sex, but sexual discordance can 

occur. MZ twins may show differences, e.g., cleft lip in 

only one (discordant phenotype). Dizygotic (DZ) twin¬ 

ning is frequently familial. 

Zygosity, i.e., whether twins are monozygotic or 

dizygotic, is assessed by a variety of methods, such as, 

in decreasing order of reliability, direct DNA analysis 

of specific gene regions, chromosomal polymorphism 

in cultured lymphocytes, histocompatibility antigens 

in platelets or leukocytes, enzymes in red blood cor¬ 

puscles, blood groups, pattern of placental mem¬ 

branes, and physical features, especially genital sex. 

Triplets, quadruplets, and higher multiples are not 

always symmetrical in origin. For example, a zygote 

may give rise to two separate (MZ) cells, only one 

of which then repeats this procedure, and one fur¬ 

ther repetition would then result asymmetrically in 

quadruplets. Moreover, triplets and higher multiple 

births frequently consist of a mixture of DZ and MZ 

twins. Such multiples may arise after ovarian stim¬ 

ulation by hormones, such as is used in IVF. 

Twins do not necessarily share precisely the same 

prenatal environment. Slight differences in their po¬ 

sition in utero, for example, may perhaps affect their 

nutrition and even their hormonal levels. Their reac- 
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Figure 5-10, A. Embryonic disc 

acquires dorsal and ventral 

surfaces at about 4-5 days3, but 

(B) does not show bilateral 

symmetry until about 17 days6. 

The longitudinal axis of the 

embryo is rostrocaudal (and not 

“anteroposterior”). 

tion to viruses, bacteria, and drugs may be dissimilar, 

and their weight at birth may be quite different. One 

source of divergence is fetal transfusion. In twin preg¬ 

nancies the mortality and the morbidity of the infants 

are greater than those of singletons. 

Twin transfusion syndrome (TTS) is the transfer 

of blood via arteriovenous anastomoses in the placenta 

from one “donor” twin to the other “recipient” twin. 

Donor twins are undernourished and anemic, whereas 

recipient twins cause polyhydramnios (from increased 

micturition) and develop hydrops. 

The time of onset of twinning is related to whether 

the chorion and the amnion are also duplicated or re¬ 

main single (Fig. 5-11). Although deceptive fusion of 

FIGURE 5-11. Diagram of presumed mode of development of monozygoic (MZ) twins. The arrangement of the chorion and the 

amnion depends on the stage (A2, B3, C5) at which the twinning ocurs. A, amnion; Ch., chorion; ICM, inner cell mass; UV, umbilical 

vesicle. Based partly on Corner. 
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the adnexa can occur subsequently, detailed examina¬ 

tion of the placenta and membranes frequently enables 

the type of twinning to be ascertained. 

Clones. Although definitions vary, the term clone 

is best used for an animal that has been formed by 

transferring the nucleus of a quiescent, adult, diploid 

cell into an appropriate enucleated recipient cell. 

In sheep, fusion of a nucleus or of an entire cell 

from an adult donor with an enucleated oocyte has 

been achieved. Such an animal was produced after 

fusion of (A) what was believed to have been an 

adult somatic cell with (B) a nucleus-free oocyte 

from another sheep. Although all the nuclei were 

from (A), the original sheep, the cytoplasm appears 

to have been composite (A and B), in which case a 

mitochondrial mosaic of (A) donor and (B) recipient 

was present. In this and in related techniques e.g., 

using cultured fetal cells or fetal transgenic cells 

(fibroblasts in calves) or hormonally stimulated 

adult cells from a cumulus oophorus (in mice), the 

role of mitochondrial genes needs to be considered, 

because of the importance of mt-DNA deletions, 

which can cause neurodegenerative disease. What 

has so far been termed “cloning” in primates is 

twinning, because blastomeres (and not adult cells) 

were separated, resulting in genetically identical 
embryos. 

Dizygotic Twins 

These are the more frequent type. The prevalence of 

DZ twinning, which shows considerable racial varia¬ 

tion, is about 8:1000 births, with a range from 1.4 

(Formosa) to 40-49 (Nigeria). DZ twinning shows a 

familial tendency and is thought to be genetically de¬ 

termined. This may be true of MZ twinning also. Ma¬ 

ternal age has an influence, and the frequency of DZ 

twinning reaches a maximum at 37 (35-40) years. Di¬ 

zygotic twins arise if oocytes from different follicles 

(even one in each ovary) are ovulated at the same time 

and become fertilized by different spermatozoa. Other 

possibilities (again through fertilization by two sper¬ 

matozoa) include (Fig. 5-12): (A) polar body in addi¬ 

tion to its oocyte (identical maternal, but different pa¬ 

ternal, inheritance), (B) a binucleate oocyte, or (C) two 
oocytes within a single ovarian follicle. 

Two intermediary twinning forms have been de¬ 

scribed. The first involves twins that arise from two 

oocytes that originated from the same oogonium 

and ovulated simultaneously. The second type seems 

to concern twins that arise from aging oocytes. In¬ 

stead of extruding a (second) polar body at the sec¬ 

ond meiotic division, the secondary oocyte gives rise 

to two cells of similar size, both remaining inside 

the zona pellucida. 

Polar body 

Figure 5-12. Some possible origins of dizygotic twins. 

Monozygotic Twins 

These show a prevalence of about 3.5:1000 births in 

all races. They appear to be sporadic and are little in¬ 

fluenced by either maternal age or the environment. 

The excess of twins of the same sex is attributed to 

the existence of MZ as well as DZ twins. The genetic 

constitution of monozygotic twins may differ for var¬ 

ious reasons, e.g., asymmetric cellular division, non¬ 

disjunction, or a new mutation. MZ twins are usually 

discordant for major anomalies (e.g., cleft palate); 

however, they show an increased prevalence of anom¬ 

alies, about 10%, which is approximately three times 

that of singletons. MZ twinning is believed to occur at 

any time during approximately the first fortnight of 

development (Fig. 5-11): (A) at about 2 or 3 days2 by 

separation of blastomeres before differentiation of the 

trophoblast; (B) at about 4 or 5 days3 by duplication 

of the inner cell mass before differentiation of the am¬ 

nion; or rarely (C) during week 25 by duplication of 

the embryonic disc before the appearance of axial 
features. 

Prospective monozygotic twins develop within a sin¬ 

gle zona pellucida. It is possible, however, to sepa¬ 

rate blastomeres and coat them with an artificial 

zona (a gel derived from seaweed), followed by cul¬ 
ture of the resulting twins. 
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Vanishing twins may arise when a twin pregnancy 
becomes a singleton pregnancy through the death of 
one of the twins before birth. Early death may result 
in disappearance. This is the “vanishing twin syn¬ 
drome,” a term best reserved for a multiple pregnancy 
identified sonographically (two echogenic rings) dur¬ 
ing trimester 1 and followed by the presence of a single 
fetus. Bleeding during trimester 1 occurs characteris¬ 
tically. The vanishing twin may become incorporated 
in the placental membranes and be difficult or prac¬ 
tically impossible to detect. Later death of a twin fetus 
(e.g., at 18 weeks) and continuation of pregnancy are 
followed by fluid resorption that results in a flattened 
(fetus compressus) or a paper-like form (fetus papyr- 

aceus). Most are monozygotic in origin, the mem¬ 
branes are usually either DiMo or DiDi (K. Benir- 
schke), and the causes of death include the transfusion 
syndrome (placental anastomoses), single umbilical ar¬ 
tery, and either velamentous insertion (Chapter 7) or 
entanglement of the umbilical cord. Danger to the sur¬ 
viving twin exists, including degeneration of the brain 
(probably caused by hypotension from exsanguination) 
and aplasia cutis. 

Chorangiopagus parasiticus (“CAPP”) is an asym¬ 
metrical twin (of a monozygotic, monochorionic pair) 
that depends for survival on vascular anastomoses with 
the normal twin. The two are usually acardiac and 
their circulation is the reverse of the normal, so that 
the term twin reversed arterial perfusion (“TRAP”) is 
also used. The condition is regarded as primarily de¬ 
velopmental, but with secondary vascular destruction 
resulting from the altered circulation. 

Conjoined Twins 

Conjoined twins are those in whom structural ele¬ 
ments of two embryos or fetuses are found united to 
a variable degree. They are considered to be monozy¬ 
gotic, monoamniotic, and monochorionic, and are of 
the same sex. Their prevalence is at least 1:50,000 to 
1:100,000 births, or 1:600 sets of twins. Female ex¬ 
amples are much more frequent than male. Conjoined 
twins often show anomalies, such as cardiac abnor¬ 
malities, cleft palate, or anencephaly. 

Types of Conjoined Twins 

Many different kinds of conjoined twins (Fig. 5-13) 
have been described and classified, and the Greek 
names used are at first sight forbidding, although they 
are mostly logical etymologically. In one classification 
(Spencer, 1996) the junctional region is subdivided 
into ventral (cephalopagy, thoracopagy, omphalopagy, 
ischiopagy), lateral (parapagy), and dorsal (craniopagy, 
pygopagy, rachipagy). 

One of the most frequent types (perhaps 1:40,000 

births) is lack of separation in the region of the 

chest, and this condition is termed thoracopagy 

(Fig. 5-14), an individual example being known as 

a thoracopagus, i.e., thoracically fixed (Greek, pa- 

gos, that which is fixed). The two bodies are at¬ 

tached at the front of the thorax and upper part of 

the abdomen, and the twins generally have an 

oblique relationship to each other. Although two 

heads and eight limbs are present, the heart is usu¬ 

ally a compound organ in which the cardiac com¬ 

ponents are partially duplicated. The possibilities of 

surgical separation of conjoined twins depends 

mainly on the anatomy of the cardiovascular 

system. 

Other examples of symmetrical (equal-sized) 

conjoined twins are the following. Parapagy (Du- 

hamel, 1966) is a term used for the presence, at 

least partially, of two embryonic axes side by side. 

The site of attachment may be cephalic (e.g., cra¬ 

niopagy), upper truncal (e.g., xiphopagy), lower 

truncal (caudal parapagy) with involvement of the 

lower limbs (Fig. 5-14), or a combination (e.g., ce- 

phalothoracopagy). Dicephaly is a caudal parapagy 

with two heads, two to four upper limbs, and only 

two lower limbs. Moreover, twins may be face to 

face, side to side, or back to back. 

The original “Siamese twins” were an example 

of xiphopagy (non-separation in the region of the 

xiphoid process), and the connecting band con¬ 

tained hepatic tissue. Eng and Chang Bunker 

(1811-1874) were born in Siam of Chinese origin. 

They settled in North Carolina, married two English 

sisters, and had five and six children, respectively. 

Their mother gave birth to twins several times. 

Asymmetrical (unequal) conjoined twins may 

be of such a degree that the smaller and less com¬ 

plete twin is commonly referred to as a “parasitic” 

twin on the larger twin. The term endoparasite is 

used for a “fetoform” mass or a more or less com¬ 

plete fetus found within the body (fetus in fetu). The 

most frequent site is the retroperitoneum. An ec¬ 

toparasite is a body part, such as a lower limb, at¬ 

tached externally to the body in an abnormal loca¬ 

tion. In epignathy, for example, the “parasitic” twin 

appears as a “tumor” attached to the hypophysial 

region and showing lower limbs protruding through 

the mouth (Fig. 5-14). It has been proposed that 

sacrococcygeal teratoma and epignathy are “mal¬ 

formed twins that represent a part of the spectrum 

of the monozygotic twinning continuum” (K. Be- 

nirschke), although some consider the origin to be 

misplaced germ cells. These conditions are usually 

benign, are much more frequent in females, and 

commonly show associated congenital anomalies. 

Origin of Conjoined Twins 

Because MZ twins arise from division of blastomeres 
or of the inner cell mass, the question arises whether 
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A 

CEPHALO- SYMMELIA 
THORACOPAGY 
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APODIA 

CEPHALIC PARAPAGY SYMMELIA 

-1_ |_ 

M~ 
“Anterior” face & limbs “Posterior” face & limbs 

F IGURE 5-: 3. Selected examples of conjoined twins and related anomalies. Two heads are present in the uppermost row. A shows 
the most frequent type of conjoined twins, attachment in the thoracic region. B exemplifies a third, symmelic limb. Caudal parapagy 
means that the caudal part is single, resulting in a Y-shaped formation. The number of upper limbs may be 4 (in C), 3 (in D) or 
2 (in E). In D the symmelic upper limb would present ulnar attachment and a digital formula such as 123454321. One head is 
present in the middle row. Cephalic parapagy means that the cephalic part is single, resulting in a delta-shaped formation The 
examples shown are (F) attachment at the head and thorax, and (G) the presence of a third, symmelic lower limb H is normal I 
shows caudal regression (see also Chapters 13 and 18). J-L represent three degrees of symmelia. In J the attachment would be 
fibular and the digital formula would be 543212345. M shows disprosopy (two faces). The “anterior” face is complete, whereas the 
‘ posterior" is incomplete. Each face is derived from parts of different embryos, right (R, cross-hatched) and left (L) Moreover the 
faces are on opposite aspects of a conjoined head, a condition termed janiceps (after Janus, a Roman deity with two faces looking 
in opposing directions). Based mainly on Duhamel. 6 
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Figure 5-14 A. Schematic representation of a dissection of a 

thoracopagus showing a compound heart (H) and common di¬ 

aphragm, liver, and jejunum (J). The spleen, pancreas, stomach 

(St.), duodenum (D), ileum, vermiform appendix, and colon are 

duplicated. PT, pulmonary trunk. B. Epignathy, showing “par¬ 

asitic” lower limbs issuing from the mouth. In other instances 

a “parasitic” body or part of a body may merge from the trunk. 

A modified from Schwalbe; B based on Duhamel. 

the origin of conjoined twins is “probably the same as 
that of some normal separate” MZ twins (E.L. Potter) 
that “fail to become separate” (J.E. Morison). However, 
the problem of fission versus fusion has given rise to 
much discussion. According to the unitary theory 
(supported historically by Winslow), conjoined twins 
arise by fission of or within a single embryo, whereas 
according to the dualist theory (supported by Aristotle 
and by Etienne Geoffroy Saint-Hilaire), they arise by 
fusion of two embryos (as recently defended by R. 
Spencer). Early fusion of two embryos after their axes 
have appeared is referred to as the collision theory. It 
is possible that each mode may be involved in different 
circumstances, or even consecutively in the same case. 
It would be very difficult to devise any one theory to 
account for the gradual transition shown in Figure 5- 
13 (middle row) for conjoined twins (F) to supernu¬ 
merary parts (G) to normal (H) and to deficiencies (J- 
L). Whatever the origin of conjoined twins may be, 
many conditions in singletons, such as symmelia or 
cyclopia, would seem to be non-separations or incom¬ 
plete separations rather than fusions. 

Conjoined twins are believed to arise immediately 
before5, during6, or shortly after the appearance of the 
primitive streak at 2-2(4 weeks. For example, two em¬ 
bryonic discs5 within the confines of one amniotic cav¬ 
ity may fail to separate completely, resulting in con¬ 
joined rather than separate MZ twins. Similarly, after 
the appearance of the primitive streak6 and noto¬ 
chordal process7, any attempt at longitudinal division 
would be incomplete and would result in conjoined 

twins (Fig. 7-13d). 
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Weeks 2V2-4 
(Stages 7-10): 
Somites; 
Neural Folds; 
Organogenesis 

apid and important advances occur between 
3 and 4 weeks (Fig. 6-1), including the ap¬ 

pearance of several organs (organogenesis). Striking is 
the development of somites, the heart, the neural folds 
and the major divisions of the brain, the neural crest, 
and the beginnings of the internal ear and the eye. A 
summary of the main criteria used in establishing de¬ 
velopmental stages during the first 4V2 weeks is pro¬ 
vided in Table 6-1. 

m APPROXIMATELY 19 DAYS 

(STAGE 7) 

The chorionic villi now contain blood vessels in their 
mesodermal cores, and they branch extensively (Fig. 
6-2). The walls of the amniotic cavity and umbilical 
vesicle are beginning to appear trilaminar: mesothe- 
lium externally, mesenchyme in the middle, and am¬ 
niotic ectoderm or endoderm, respectively, internally. 
Blood vessels sprout in the mesenchyme of the wall of 
the umbilical vesicle, and then become filled with de¬ 
veloping blood cells. Caudal to the cloacal membrane, 
the allantoic diverticulum arises as a dorsal extension 
of the umbilical vesicle (Fig. 6-3). 

Rostral to the primitive streak, a prolongation un¬ 
der cover of the ectoderm is known as the notochordal 

process7 (Fig. 6-3) because of its later involvement in 
the development of the notochord. It arises from the 
primitive node and extends rostrally as far as the pre¬ 
chordal plate. As the floor of the notochordal process 
breaks down later8, its roof forms the notochordal 

plate (Fig. 6-4B,C) between the neural ectoderm dor- 
sally and the umbilical vesicle ventrally. The transfor¬ 
mation of the notochordal plate into a cellular rod, the 
notochord, takes place later11. 

■ APPROXIMATELY 23 DAYS 

(STAGE 8) 

The embryonic disc is now approximately 1 mm in 
length and is pyriform, being broader rostrally8 (Figs. 
6-5, 6-6, and 6-7). Advanced examples88 show a shallow 
neural groove, which is the first morphological indi¬ 
cation of the nervous system (Fig. 6-7). The neural 
folds that border the groove, however, represent brain 
rather than spinal cord at this stage. The brain is the 
first organ to manifest its presence. 

The primitive node is hollowed by a variable prim¬ 

itive pit (Figs. 6-4 and 6-8), which may extend into the 
notochordal process as the notochordal canal8. The 
floor of this channel, which becomes intercalated in 
the endoderm, begins to disintegrate at once, allowing 
communication between the amniotic cavity and the 
umbilical vesicle. 

The remnant of the notochordal canal at the level 
of the primitive pit (i.e., caudally) is known as the neu- 

renteric canal (Fig. 6-4B). This passage connects the 
amniotic cavity with the cavity of the umbilical vesicle. 
Abnormally, its persistence forms a connection be¬ 
tween the ventricular cavity of the brain or the central 
canal of the spinal cord and with the digestive canal 
in later stages. It is thought that such a connection 
may be associated with duplication of the notochord 
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Figure 6-1. Embryonic measurements from 2-4 postfertilizational weeks. Based on authors’ data. N = 61. The neural groove 

appears only when the embryonic length is 1 mm or more and the maximal width is 0.6 mm or more. 

and may be important in the production of combined 
anterior and posterior rhachischisis, in which a patent 
connection between intestine and spinal cord is fre¬ 
quently present. 

The relative site of the neurenteric canal changes 
from stage 9, where it is cervical, to stage 10, where 
it lies approximately at the level of future somite 18, 
later vertebral centrum T6. 

The prechordal plate is a multilayered accumula¬ 
tion of cells in close contact with the floor of the neu¬ 

ral groove of the future forebrain. It is wider than the 
notochordal process, and its cells are larger and more 
spherical than those of the endoderm. The prechordal 
plate in the human is rectangular and thick (up to 8 
rows of cells), whereas in the chick and mouse it is 
more nearly circular and is thinner (1 or 2 nuclear 
layers). Moreover, in the human it appears to be en- 
dodermal (as in the chick) rather than mesodermal (as 
in the mouse). The prechordal plate is well developed 
(Fig. 6-7) and is an important source of cephalic mes- 
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TABLE 6-1 Summary of the Main Criteria Used in Distinguishing Stages 1-13 

Description 

mm 0.1 0.2 1 2 3 4 5 

Weeks 1 2 3 4 

Stage 1 2 3 4 5a 5b 5c 6 7 8 9 10 ii 12 13 

Single cell 
Morula 
Free blastocyst 
Attaching blastocyst 
Solid trophoblast 
Trophoblastic lacunae 
Lacunar vascular circle 
Chorionic villi; primitive streak 
Notochordal process 
Primitive pit 
Neural folds appear 
Somites 1-3 
S4-12; neural folds begin to fuse 
SI3-20; rostral neuropore closes 
S21-29; caudal neuropore closes 
S30- ; four limb buds 
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enchyme and probably also of endoderm. The primitive 
streak (Fig. 6-9) remains as a significant source of 
mesenchyme. 

APPROXIMATELY 25 DAYS 

(STAGE 9) 

The embryo is shaped like the sole of a shoe. It pre¬ 
sents a dorsal concavity, and cephalic and caudal folds 
overlie the beginning foregut and hindgut, respectivly 
(Fig. 8-10A); these arise as recesses of the umbilical 
vesicle. The notochordal plate is intercalated in the 
endoderm (Fig. 6-4). 

The mesoderm is arranged on each side as (1) a 
longitudinal, paraxial band medially, (2) intermediate 
mesoderm, and (3) a lateral plate (cf. Fig. 18-3B). 

The introduction of three terms near the end of the 
nineteenth century, namely, mesoderm, mesoblast, 
and mesenchyme, has been followed by confusion 
ever since, and the distinctions are difficult to re¬ 
solve satisfactorily. (For a discussion, see Collins 

and Billett, 1995.) 

Somites are pairs of epithelialized mesenchymal 
segments arranged in right and left longitudinal rows 
on each side of the neural groove (or tube) and (fu¬ 
ture) notochord. They arise from cells of the primitive 

streak and are important in the development of mus¬ 
cles and vertebrae. The first four pairs of somites to 
form9 belong to the occipital region (Fig. 6-10 and see 
Chapter 18). 

The terms somatopleure and splanchnopleure 
mean body-wall lining and visceral covering, respec¬ 
tively. They consist of ectoderm and mesoderm in the 
one case and endoderm and mesoderm in the other. 
In the European continental literature, however, so¬ 
matopleure and splanchnopleure refer to the meso¬ 
dermal component only.* The coelom is the space be¬ 
tween the somatopleure and the splanchnopleure, and 
it is lined by an epithelium termed mesothelium. The 
coelom is found first outside the embryo6 (extra- 
embryonic coelom or exocoelom, Chapter 5) and later 
a similar cavity develops within the embryo. This is 
the intra-embryonic coelom, or body cavity, which de¬ 
velops in the lateral plate mesoderm9 (Fig. 18-3A and 
B). It soon communicates with the extra-embryonic 
coelom9 (Figs. 13-47A-C, and 19-7B,C). The rostral 
part of the coelom is the pericardial cavity, which is 
horseshoe-shaped (Fig. 13-47). 

The heart begins to develop9. The myocardium is 
believed to be derived from the ventral (splanchnic) 

*This usage is preferred by Kuhn and Liebherr, who discuss the 
subject in Anat. Embryol., 1988; 177; p. 232. 
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MGURE 6-2. A. Chorionic sac and branched chorionic villi7. B. Higher-powered view showing the chorionic villi, some of which 
are visible in cross section. Blood vessels will soon enter the mesenchymal cores of the villi. The amniotic cavity (AC), embryonic 
disc, and umbilical vesicle (UV) can be seen suspended by the connecting stalk. After Heuser, Rock, and Hertig. 



APPROXIMATELY 25 DAYS (STAGE 9) 61 

Figure 6-3. A. Dorsal view. B. 
Left half. Both shown at about 
19 days7. In the median plane 
can be seen (1) the prechordal 
plate, (2) the notochordal 
process, (3) the primitive node 
and (4) streak, (5) the cloacal 
membrane, and (6) the 
allantoic diverticulum. 
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Figure 6-4 A. (Inset) median section at 19 days7 to show the notochordal process (vertical lines). B. Median section at 23 days8. 
The neurenteric canal can be traced obliquely from the primitive pit. C-G. Transverse sections to show (C) the notochordal plate, 
(D) the notochordal process and canal, (E,F) the subsequent longitudinal folding of the notochordal plate10'11, and (G) the completed 
notochord at 31 days12. 

wall (the cardiogenic plate) of the pericardial cavity. 
The endocardium, which develops from mesenchyme 
between the cardiogenic plate and the endoderm, 
forms a plexus that can soon be subdivided into atrial, 
ventricular, and conotruncal parts (Fig. 12-6). Ros- 
trally, the cardiac plexus leads to aortic arches 1, 
which in turn continue into the dorsal aortae. A num¬ 
ber of blood vessels are developing both inside and 
outside the body of the embryo, but a closed circula¬ 
tory pathway is not yet present. 

The neural groove is deeper and longer9. Its rostral 
half represents the forebrain, its caudal half mainly the 
hindbrain. The neural folds of the forebrain are con¬ 
spicuous (Fig. 6-10A,B). The neural axis is angled at 
the midbrain: the mesencephalic flexure (Fig. 6-10A). 
The origin of the mesencephalic flexure (in the chick) 
is disputed. Some stress the development of the heart 
or of the great vessels, others propose an adequate ox¬ 
ygen supply to the cervical region, and still others em¬ 
phasize a bending of the neural tube around the sum¬ 
mit of the foregut. A slight narrowing (the isthmus) is 

followed by four segments termed rhombomeres that 
constitute the hindbrain. Hence the three major divi¬ 
sions of the brain (fore-, mid-, and hindbrain) are dis¬ 
tinguishable, although the neural tube has not yet 
formed. Neuromeres are segmentally arranged trans¬ 
verse bulges along the neural tube, particularly in the 
hindbrain, where they are termed rhombomeres. A to¬ 
tal of 16 neuromeres is present by 5 weeks14 and they 
are listed in Chapter 19 under Neurulation. 

The otic discs appear as thicker areas of ectoderm 
opposite the middle of the neural folds of the hind¬ 
brain (Fig. 6-10A). They are the first indication of the 
developing inner ear. 

APPROXIMATELY 28 DAYS 

(STAGE fO) 

The chorionic cavity is detectable in vivo by ultraso¬ 
nography, first as an echolucent area and then as an 
echogenic ring (the chorionic sac) (Fig. 8-5A). Its di- 
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FIGURE 6-5. Dorsal view at about 23 days8. CS, connecting 
stalk; NP, notochordal process; PN, primitive node; UV, umbil¬ 
ical vesicle. After Heuser. 

ameter increases from 10 mm at 3 weeks to about 45 
mm at 8 weeks. At that time the extra-embryonic coe¬ 
lom has become largely occupied by the amnion and 
its enclosed embryo. 

The embryonic body becomes defined by cephalic 
and caudal folds10,11 (Fig. 8-10B,C), and its lateral mar¬ 
gins also become clearer (Fig. 8-10B'). The number of 
paired somites has increased and fusion of the neural 
folds is either imminent or in progress (Fig. 6-lOC)10. 
The first four somitic pairs are occipital, i.e., they be¬ 
long to the cranial rather than the cervical region. 

The primitive streak is becoming confined to a re¬ 
gion termed the caudal eminence, or end-bud, (Fig. 6- 
11), which gives rise to hindgut, adjacent notochord 
and somites, and the caudal part of the spinal cord. 

The prechordal plate, which lies under cover of the 
forebrain, is a source of mesoderm, including that for 
the muscles of the orbit. The axial cells caudal to the 
prechordal plate constitute the notochordal plate (Fig. 

Figure 6-6. Dorsal view of an embryo of about 3 weeks8. The 
amniotic cavity has been opened. The rostral end is at the top 
of the page. The caudal end is anchored by the connecting stalk, 
at the end of which two chorionic villi have been sectioned. 
This embryo, with its clearly defined longitudinal axis, is shown 
also in Figures 6-5 and 6-7. This beautiful drawing was made 
for Dr. Chester Heuser by James F. Didusch, artist to the Car¬ 
negie Collection and the first student of Max Brodel, who may 
be considered as the founder of twentieth-century medical 
illustration. 

6-4B), which is still not completely separated from the 
continuous endodermal lining. 

The endocardial plexus becomes organized into a 
single tube (Fig. 12-6A), which represents initially the 
ventricular region. The order, from caudal to rostral, 
is prospective left ventricle, prospective right ventricle, 
and conotruncus. The heart is losing its symmetry and 
begins to contract9,10. The future atrial components 
are still widely separated from each other. The tube 
becomes bent as the cardiac loop10, generally to the 
right (Fig. 12-6C). The wall of the heart now comprises 
a myocardial mantle, a reticulum known as cardiac 

jelly, and endocardium (Fig. 12-5). 
Rostrally, the ectoderm and the endoderm at the 

summit of the foregut come together as the oropha¬ 

ryngeal membrane10, which temporarily separates the 
gut from the amniotic cavity (Fig. 8-10B). Pharyngeal 
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Figure 6-7 Median secton, dorsal view, and transverse sections at about 23 days8. In the median section, the notochordal canal 
can be traced obliquely from the primitive pit. The sections pass through the trilaminar embryo. The very shallow neural groove 
can be seen in B. AC, amniotic cavity; UV, umbilical vesicle. Based on Heuser (1932). 
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Figure 6-8 A. Median section83 showing an embryonic disc of 
nearly 114 mm in length. The amniotic cavity, umbilical vesicle, 
allantoic diverticulum, and body stalk are visible. Numerous 
chorionic villi are evident. B. Higher power view showing dor- 
sally (beneath the amnion) the neural plate (at the left), prim¬ 
itive pit, and primitive streak (at the right). The neurenteric 
canal can be detected (as an almost horizontal line), and the 
endoderm can be seen ventrally (in the lower right quadrant). 
Cf. Figure 6-4B. 

clefts, arches, and pouches are becoming visible (Figs. 

6-10C and 6-12). The thyroid primordium, laryngotra¬ 

cheal sulcus, pulmonary primordium, hepatic plate, 

and nephrogenic cord are becoming delineated. These 

features will be taken up in later chapters. 

The two subdivisions of the forebrain become rec¬ 

ognizable: telencephalon and diencephalon10 (Fig. 6- 

10C). The latter begins to show the optic sulcus, 

which is the first clear indication of the developing 

eye10. Closure of the neural groove begins near the 

junction between future brain and spinal cord. As 

the surface (somatic) ectodermal cells of the two 

sides fuse, the similarly fusing neuro-ectodermal cells 

of the neural folds give off neural crest cells. These 

cells, which arise at the neurosomatic junction, mi¬ 

grate to various parts of the body. (See Figs. 19-6 

to 19-8.) 

FIGURE 6-9 Transverse section through the primitive groove 
and primitive streak at 23 days8. The primitive streak attains its 
greatest length at this stage. Epiblastic cells can be seen leaving 
the surface layer and forming mesoderm between the ectoderm 
(above) and the endoderm (the single layer below). Cf. the inset 
in Figure 6-11. 

Preliminary indications of most of the organ sys¬ 

tems are now present: integumentary, cardiovascular, 

digestive, respiratory, urinary, endocrine, and nervous. 

I SUMMARY OF THE 

GERM LAYERS 

The epiblast and hypoblast, which give rise to ecto¬ 

derm and (probably extra-embryonic) endoderm, re¬ 

spectively, are distinguishable during the first week3 

(the bilaminar embryo). The third germ layer is seen 

within a few days (the trilaminar embryo). The terms 

mesoderm or mesoblast (the middle germ layer) and 

mesenchyme (loose, embryonic connective tissue) 

tend to be used interchangeably. Extra-embryonic me¬ 

soderm appears first53 and is soon followed by intra- 

embryonic mesoblast. The latter is derived from the 

primitive streak6 (becoming arranged bilaterally as 

paraxial9, intermediate10, and lateral plate9 subdivi¬ 

sions). Intra-embryonic mesoderm arises also from the 

migrating cells of the prechordal plate, perhaps from 

the endoderm, and, as what is termed ectomesen- 

chyme, from neural crest. (See Chapter 10.) The so¬ 

mites arise from paraxial mesoderm. The neural crest, 

which gives rise to a great variety of tissues, can be 

regarded as a fourth germ layer. A chart to show the 

probable sequence of development of various tissues 

and structures during stages 1 to 8 is given in Figure 

6-13. 
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FIGURE 6-10 Left lateral and dorsal views at 25 days9, and left lateral view at 28 days10. A,B. Although the neural groove is 
completely open, the three major divisions of the brain (fore-, mid-, and hindbrain) can be discerned. Pros., prosencephalon; M, 
mesencephalon; Rh., rhombencephalon. In all three views the otic disc is indicated and the somites are numbered. C. Di., dien¬ 
cephalon; Tel. telencephalon. A and B after Ingalls; C after Corner. 

Figure 6-1 Dorsal outlines of embryos between 3 and 4 weeks7'11, to show regression of the primitive node and streak (in black), 
which come to occupy relatively less of the total length of the embryo. The notochordal process8 develops into the notochordal 
plate9,10 and finally becomes the notochord11. While the primitive streak diminishes in relative length, the notochordal process/ 
plate increases. A part of the notochord develops from the caudal eminence but, being ventral to the areas shown in black, is not 
visible in this drawing. The inset shows cellular movement through the primitive streak. 
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Figure 6-12 An embryo of 10 somitic pairs10 showing dorsal and left lateral aspects. The amniotic cavity has been opened. The 
rostral neuropore is wide open, but the neural groove is closed over part of the hindbrain and in the somitic region. The caudal 
neuropore is visible as a small triangle caudal to somite 10. In the region of the brain, the boundaries between the midbrain (M) 
and hindbrain (Rh.), and between rhombomeres 1-4, are indicated. This embryo is shown also in Figure 6-10. These beautiful 
drawings were made for Dr. George Corner by James F. Didusch, artist to the Carnegie Collection. 
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Stage 1 2 3 4 5 6 7 8 

FERTILIZATION MOR¬ 
ULA 

FREE 
BLASTO¬ 

CYST 

BILAMINAR 

EMBRYONIC 
DISC 

ATTACHING 

BLASTO¬ 
CYST 

“G AST R U LAT10 N ” BEGINNING 
NEURULATION 

IMPLANTATION TRILAMINAR EMB. DISC 

Amniotic Somatic 
(surface) 

ect. 

Neural 
ect. 

1 
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folds 

Zona pellucida Endometrium Decidua 

Cavity of blastocyst f Chorionic cavity 
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Trophoblast (Chorion 

[Lacunae 
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[Intervillous space 
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FIGURE 6-1 Scheme of the probable sequence of development of various tissues and features during the first 3 weeks. The areas 
bounded by interrupted lines represent the blastocyst, and the bilaminar and trilaminar embryonic discs. 
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The Placenta and 
Developmental 
Adnexa 

he human placenta is an intra-uterine fusion 

for purposes of physiological exchange of em¬ 

bryonic/fetal and maternal tissues. The embryonic/fetal 

component is the chorion frondosum, and the mater¬ 

nal constituent is the decidua basalis. The initial ap¬ 

pearances of features associated with placental devel¬ 

opment are tabulated in Table 7-1. 

m THE TROPHOBLAST 

At about 4 days3, certain cells, because of their periph¬ 

eral position in the blastocyst, become distinguishable 

as trophoblast (Fig. 5-1). Trophoblastic development 

depends on imprinted genes that are expressed from 

the paternally derived allele only, and normal tropho¬ 

blastic proliferation is maintained by contact with the 

inner cell mass. Within a few days53, differentiation 

into cytotrophoblast and syncytiotrophoblast has oc¬ 

curred (Fig. 5-2). The syncytium advances and engulfs 

capillaries in the endometrium, and these vessels are 

believed to be the future lacunae, which coalesce to 

form the intervillous space. This in turn communi¬ 

cates with the maternal vascular system. The tropho¬ 

blast and endometrium, now termed decidua (Latin, 

falling off, because it is shed postpartum), are inti¬ 

mately related. 
The trophoblast is separated from the underlying 

stroma by a basement membrane. The stroma of the 

villi contains collagenous fibrils, reticular cells, fibro¬ 

blasts, and macrophages (Hofbauer cells). The last 

mentioned, which are similar to tissue macrophages, 

have been a source of controversy. Functions proposed 

include phagocytosis, secretion, hormonal production, 

regulation of stromal water content, intercellular 

transfer of information, and immunological roles. 

The trophoblast is involved in secretion of steroid 

and protein hormones, transport of immunoglobulins 

and nutrients, and the prevention of rejection of the 

embryo by the mother. Fetal cells, which have been 

detected in maternal blood in very small numbers, in¬ 

clude trophoblastic cells, lymphocytes, granulocytes, 

and nucleated red blood corpuscles. Their isolation 

and enrichment enable them to be used in prenatal 

genetic diagnosis. 

Cytotrophoblast 

The proliferation versus differentiation of the cytotro¬ 

phoblast is believed to be regulated by decreased ver¬ 

sus increased oxygen tension. Villous cytotrophoblast 

appears to be the primary site of synthesis of inhibin 

and activin, somatostatin, and gonadotropin-releasing 

hormone (GnRH). In addition, cytotrophoblast pro¬ 

duces chorionic gonadotropin (hCG) very early in 

pregnancy. Cytotrophoblastic cells express a histocom¬ 

patibility antigen that may aid in protecting the pla¬ 

centa from rejection. 

Syncytiotrophoblast 

The undifferentiated stem cells of the cytotrophoblast 

give rise to syncytiotrophoblast, and to villous and ex- 

travillous trophoblast. The last mentioned is termed 

intermediate or type 3 trophoblast. Indeed, several 

different kinds of trophoblast develop, and their im- 

69 
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TABLE 7-1 Initial Appearance of Features Associated with Placental Development 

Feature Stage 

Trophoblast distinguishable 

Cyto- and syncytiotrophoblast 

Trophoblastic lacunae 

Chorionic villi develop; intervillous space 

Fibrinoid recognizable; villi cover chorionic sac 

Mesenchymal villi 

Intermediate villi (1) 

Stem villi 

Chorion frondosum and chorion laeve 

Amnion and chorion “fuse” 

Numerous placental septa, macrophages 

V2 villous surface covered by cytotrophoblast 

Intermediate (2) & terminal villi 

Vs villous surface covered by cytotrophoblast 

Trimester 2 3 

Embryonic Period 

The fetal period is based on Benirschke and Kaufmann. 

munological identification (antigen expression) is in¬ 

vestigated through the use of various monoclonal an¬ 

tibodies. Syncytiotrophoblast is so named because it 

arises from fusion of mononucleated cytotrophoblastic 

cells. The resulting specialized mass of multinucleated 

cytoplasm is seen around the chorionic villi (Fig. 7-1). 

Its free surface is characterized by numerous microvilli 

(Fig. 7-2). The syncytiotrophoblast causes erosion of 

maternal tissues, and the cytotrophoblast contributes 

to further penetration. Endometrial stromal cells en¬ 

large and become decidual cells. The syncytiotropho¬ 

blast produces disintegration of the vessel walls in the 

endometrium, and blood cells from the capillaries en¬ 

ter the lacunae, which then fuse with each other and 

constitute the intervillous space. 

The syncytiotrophoblast is the chief regulator of 

transport and the site of synthesis of placental hor¬ 

mones, including chorionic gonadotropin (hCG), cho¬ 

rionic somato(mammo)tropin (hCS), placental lacto¬ 

gen (hPL), and steroid hormones. Secretion of hCG (a 

glycoprotein) by the trophoblast begins after about a 

week5, and detection of hCG in maternal urine or 

plasma is the basis of most pregnancy tests. The main¬ 

tenance of a functional corpus luteum (producing pro- 

Figure 7-1. Photomicrographs of chorionic villi at about 23 days8. A. A longitudinal section of a villous stem and its branches. 
B. Cross sections of villi and their two layers of trophoblast at higher magnification. 
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Microvilli 

Endothelium 

Figure 7-2. Structure of a chorionic villus near term. A. A villus in cross section. The cytotrophoblast no longer forms a continuous 
layer. B. The rectangular area of A as it would be seen by electron microscopy. The various layers that constitute the placental 
membrane are visible. C. Electron micrograph from a mature placenta. From above down can be seen the intervillous space, 
microvilli, syncytiotrophoblast (with nuclei at left and right), cytotrophoblast (with nucleus in center), basal lamina + connective 
tissue + basal lamina, endothelium (with nucleus), and capillary lumen containing three red blood corpuscles. CT, connective 

tissue; RBC, red blood corpuscle. X5000. Courtesy of Barry F. King, Ph.D., Davis, California. 
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Figure Highly simplified scheme to show the events during weeks 2 and 3 that lead to the formation of the placentasb 1. The 
cytotrophoblast gives rise to the syncytiotrophoblast, lacunae appear, the chorion is formed, and chorionic villi develop. 

gesterone) during the embryonic period proper de¬ 
pends on hCG, until the placenta takes over. Placental 
lactogen, which promotes growth, is mostly homolo¬ 
gous with hypophysial somatotropin. The decidua is 
also an important source of lactogen. 

Trophoblastic Lacunae 

The endometrial microvasculature becomes replaced 
by the trophoblastic lacunae, which eliminate the local 
peripheral resistance. In addition, the arteries supply¬ 
ing the placenta dilate and, in the form of about one 
hundred spiral arteries, provide increasing blood flow 
for the growing embryo. The lacunae subdivide the 
trophoblastic mass into a primary chorionic plate, fac¬ 
ing the blastocystic cavity, and the trophoblastic shell, 
facing the endometrium. Fibrinoid (sometimes called 
fibrin) is an obscure, homogeneous, acidophil material 
found in certain sites such as the chorionic plate. It is 
probably a normal as well as a histopathological con¬ 
stituent of the placenta and is considered to be a me¬ 
chanically stabilizing factor as well as an immunolog¬ 
ical barrier. 

H THE CHORION 

The trophoblast becomes reinforced by a mesenchymal 
layer during week 2, and the resultant combination 
(an extra-embryonic somatopleure) is termed the cho¬ 

rion5 (Fig. 5-7). From a comparative point of view, the 
human chorion is considered to be a chorio-allantois, 
and the body stalk an allantoic stalk (Mossman, 1987). 

Chorionic Villi 

Chorionic villi are the basic feature of the placenta. 
The first villi are not free processes; their precursors 
are (1) cytotrophoblastic clumps5b, which acquire (2) 
mesenchymal crests (future cores)5c and then (at about 
2 weeks6) become (3) vascularized processes termed 
chorionic villi (Fig. 7-3)6. Each villus contains a vas¬ 
cular mesenchymal core covered by cytotrophoblast 
and syncytiotrophoblast (Fig. 7-1B)8. All three types, 
however, first arise within a couple of days6-7, and 
hence are not used in embryonic staging. Deficient 
vascularization of the chorionic villi is associated with 
embryonic death. 

The mesenchymal cells in the villi (extra-embry¬ 
onic mesodermal stem cells) give rise to fibroblasts, 
myofibroblasts, macrophages (Hofbauer cells), heman- 
gioblasts (forming cords that presage the capillary en¬ 
dothelium and hematopoietic stem cells), and pre¬ 
sumptive pericytes. The hemangioblastic cell cords 
form lumina (by enlargement of intercellular clefts) 
and give rise to early capillaries, followed later by 
branching of the fetal capillaries. Late in pregnancy, 
capillary growth probably takes place both by longi¬ 
tudinal growth of existing capillary loops and by the 
new formation of side branches. 
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Figure 7-4 Developmental adnexa (fetal membranes). A. Chorionic vesicle in utero at 314 weeks. The umbilical ring is shown 
enlarged in A'. B. Embryo in utero at 8 weeks23 showing the obliteration of the extra-embryonic coelom and the diminution of 
the uterine cavity. The umbilical ring and the normal umbilical hernia are shown in B'. The amnion is shown in blue. 

On the basis of stromal architecture, villi have been 

classified as mesenchymal, immature intermediate, 

stem villi, mature intermediate, and terminal villi 

(Castellucci et al., 1990). Mesenchymal villi, which 

develop from trophoblastic sprouts throughout 

pregnancy, are responsible for growth and differ¬ 

entiation of the villous trees. Stem villi (or villous 

stems) are the central part of the villous trees and 

are characterized by a condensed fibrous stroma in 

which the vessels are embedded. They support the 

villous trees and are thought to control fetal blood 

flow to the maternofetal exchange area. The termi¬ 

nal villi, which develop during trimester 3, are the 

smallest twigs of the placental tree. 

Early in the embryonic period, some chorionic 
villi develop dense masses of trophoblastic cells at 
their tips. These cytotrophoblastic cell columns make 
contact with the eroded endometrium and spread out 
as part of the lining of the intervillous space (the cy¬ 

totrophoblastic shell or early basal plate). Later, the 
villous cores extend through the cell columns to be¬ 
come anchored to the decidua (anchoring villi). Most 

villi, however, retain free tips in the intervillous space 
(floating villi) (Fig. 7-3). 

The capillaries within the villi become connected 
with the embryonic heart by way of the umbilical ves¬ 
sels. The arrangement of the villi is that of a deciduous 
tree with roots in the chorionic plate and trunk; 
branches and twigs suspended in the pool of maternal 
blood occupy the intervillous space (Fig. 7-3). It is be¬ 
lieved, however, that the intervillous space in vivo in¬ 
itially contains acellular fluid rather than maternal 
blood. 

The chorionic villi are fairly evenly arranged 
around the chorionic sac during much of the embry¬ 
onic period (Figs. 7-4A and 7-5). Early in the fetal pe¬ 
riod, villi disappear over most of the surface (as the 
decidua capsularis becomes compressed against the 
decidua parietalis) and, early in trimester 2, most of 
the surface is smooth: chorion laeve (Fig. 7-4B). The 
portion where the villi are proliferating is a more lim¬ 
ited leaf-like area, the chorion frondosum, which, to¬ 
gether with the overlying decidua basalis, constitutes 
the placenta (Fig. 7-6). The term basal plate is used 
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Figure 7-5. Embryo of 7 weeks19 surrounded by intact amnion and the bisected leafy mass of the chorion Villous stems are visible 
especially in the left lower quadrant of the future chorion frondosum. The future chorion laeve is at the right-hand side of the 
photograph. Photograph by Mr. Chester F. Reather. 
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Figure 7-6, A. Scheme of the placenta in situ at term, showing lobules (fetal cotyledons) between septa. B. Enlargement of the 
rectangle in A, showing four lobules in highly diagrammatic form. The villous tree is depicted in 1. The drum-like arrangement 
is illustrated in 2; the maternal circulation and the fetal circulation are shown in 3 and 4, respectively. Red represents oxygenated 
blood. 

for the area of fusion between the chorion frondosum 
and the decidua basalis. It is ill-defined, however, and 
includes a mixture of both trophoblastic and decidual 
elements, as well as a layer of fibrinoid (Nitabuch’s 
membrane). Fibrinoid occurs as two types (fibrin type 
and matrix type), both of which contain glycoproteins. 
Later in fetal life, the cytotrophoblast regresses pro¬ 
gressively and, at term, few cytotrophoblastic cells 
remain. 

Hydatidiform mole (an unsatisfactory term) is an 
edematous conceptus with massive accumulation of 
fluid within the chorionic villi, with which a chorionic 
sac and an embryo are usually not associated. The 
prevalence is about 1:2000 to 1:1000 pregnancies, but 
it varies with race from 1:4500 to 1:200. Vaginal bleed¬ 
ing occurs early, and the concentration of hCG in ma¬ 
ternal serum and urine is very high. 

Hydatidiform moles are generally classified as 
complete when all the villi are involved, and partial 
when large portions of the placenta appear grossly nor¬ 
mal. Complete moles lack chorionic blood vessels and 

usually are diploid—either 46, XX or 46, XY—the 
chromosomes being paternal in origin (androgenetic): 
duplication of 23, X in the spermatozoon produces 46, 
XX; dispermy is believed to cause 46, XY. Triploid and 
tetraploid examples, however, have been found. An em¬ 
bryo is not seen. Partial moles are usually triploid— 
either 69, XXX or 69, XXY—the excess chromosomes 
generally being paternal in origin. Diploid and tetra¬ 
ploid examples, however, have been found. An embryo 
is sometimes seen. 

Choriocarcinoma is a malignant neoplasm com¬ 
posed of both cytotrophoblast and syncytiotrophoblast, 
but lacking villi. The prevalence usually cited is about 
1:40,000 pregnancies. About half of instances are pre¬ 
ceded by a complete hydatidiform mole. 

Chorionic Vill(o)us Sampling 

(CVS) 

A sample of chorion frondosum can be obtained and 
used for prenatal diagnosis (e.g., by karyotyping). The 
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procedure is undertaken in trimester 1, after 6 post¬ 
ovulatory weeks. Usually biopsy forceps or a catheter 
is inserted through a transcervical route under ultra¬ 
sonic guidance (Fig. 7-7A), but transabdominal punc¬ 
ture is also practicable. Such chorionic biopsy of tissue 
representative of the genetic constitution of the fetus 
can be combined with DNA technology in the use of 
chromosome-specific probes (e.g., for Y chromosome) 
and gene-specific probes (e.g., for sickle-cell anemia 
and thalassemia), as well as for the study of viral DNA 
(e.g., for rubella). Recombinant DNA procedures are 
increasingly being used to identify the molecular de¬ 
fects associated with many heritable diseases, e.g., 
pseudohypertrophic (Duchenne) muscular dystrophy 
and cystic fibrosis. DNA can be obtained either by cho¬ 
rionic villous sampling (trophoblast) or by amniocen¬ 
tesis (and culture of amniocytes). Moreover, DNA can 
be amplified by the polymerase chain reaction (PCR). 

Limb defects have been reported after CVS, the 
most frequent type being transverse deficiency of ei¬ 
ther fingers or toes. Vascular disruption following 
bleeding from the chorion is a likely cause. Another 
possibility in some instances is inadvertent puncture 
of the amniotic sac, producing pressure that may per¬ 
haps lead to focal necrosis with subsequent repair. 

THE PLACENTA 

The placenta (Latin, cake, from Greek, a flat cake) is a 
union between developmental adnexa (extra-embryonic 
membranes) and uterine mucosa for physiological 
exchange. 

Placental Components 

The decidua basalis, as defined in Chapter 5, is that 
part of the decidua (i.e., the endometrium after the 
beginning of implantation) situated at the deepest pole 
of the conceptus (directly underlying it), between the 
chorionic sac and the muscular wall of the uterus (Fig. 
7-4). The decidua basalis is the maternal component 
of the placenta. 

The chorion frondosum (Latin, leafy) is that part 
of the chorion that shows the maximum development 
of chorionic villi and persists in relationship with the 
decidua basalis. The chorion frondosum is the embry¬ 
onic/fetal component of the placenta. 

Maternal cotyledons consist of about 30 lobules 
visible on the uterine surface of the mature placenta. 
Each includes from 1 to 3 villous trees. The fetal sur¬ 
face (Fig. 7-8) is covered by fused chorion and amnion. 

IGURE 7-7. Fetuses in utero and their membranes: A, in trimester 2 and B, in trimester 3. The four numerals show routes of 
access. 1, amniocentesis; 2, transcervical chorionic sampling; 3, transabdominal chorionic sampling- 4 cannulation of umbilical 
vein. C. Section of umbilical cord showing vessels distended as they are in vivo. After Reynolds. D. Umbilical cord with single 
umbilical artery. s 
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FIGURE 7-8 A mature placenta. A. The fetal surface showing the attachment of the umbilical cord and the spread of the umbilical 
vessels. B. Uterine surface. Courtesy of Ralph M. Wynn, M.D., Pontiac, Michigan. 

Fetal cotyledon is a frequently used term for a 
placental lobule based on a villous stem and its 
branches. Each is supplied by a decidual spiral artery. 
At least some of the cotyledons seem to be aligned with 
the decidual spiral arteries and have a drumlike ap¬ 
pearance with a central cavity practically devoid of villi 
(Wilkin) (Fig. 7-6). The cotyledons are partly separated 
by placental septa, which are decidual projections with 
trophoblastic contributions at their borders. They ex¬ 
tend from the basal (decidual) plate part way toward 
the chorionic plate (Fig. 7-6). 

The mature placenta (Fig. 7-8) possesses about 
40-60 villous trees (fetal lobules or fetal cotyledons), 
which, together with the correspondingly perfused 
portions of the intervillous space, are known as pla- 

centones. These are the fetomaternal circulatory units, 
and each measures about 2-4 cm X 2-4 cm. They 
can be studied by placental ultrasonography. About 
100 maternal arterial inlets are present near the cen¬ 
ters of the villous trees, and 50-200 maternal venous 
outlets are thought to be arranged around the periph¬ 
ery of the trees. The centers of the villous trees fill 
rapidly with blood, but such terms as jet, spurt, and 
fountain are exaggerations. The centers have the high¬ 
est po2 in the intervillous space. The peripheral mantle 
of a placentone is the main region of metabolic and 
gaseous exchange. The total villous surface of the pla¬ 
centa has been estimated to be about 10 m2. 

Hemochorial Structure 

The human placenta is described as hemochorial be¬ 
cause the uterine endothelium is destroyed, with the 
result that maternal blood comes into direct contact 
with the chorion. It should be emphasized, however, 
that the prenatal circulation is at all times a closed 

circuit. 

No noticeable blood flow is observed in the inter¬ 
villous space in trimester 1, during which time the 
space is probably bathed by an acellular fluid. Hence 
it has been proposed that human placentation has a 
deciduochorial as well as a hemochorial component, 
at least in the first trimester (Hustin and Schaaps, 
1987), after which it becomes hemochorial (Foidart et 
al., 1992). During this time the nutrition of the em¬ 
bryo would be provided chiefly by endometrial secre¬ 
tory products (such as prolactin) and by decidual cells. 

In an area clear of the placenta, although it be¬ 
comes increasingly difficult to identify all the individ¬ 
ual layers, four laminae have become apposed: decidua 
parietalis and decidua capsularis (with the remains of 
the uterine cavity between), and chorion laeve and am¬ 
nion (with the remains of the extraembryonic coelom 
between) (Fig. 7-4B). The decidua capsularis under¬ 
goes marked atrophy and later disappears, so that the 
decidua parietalis comes into contact with the chorion 
laeve (Mossman, 1987). The fused chorion laeve and 
amnion overlie the cervical outlet before birth (Fig. 
7-7B). 

The Placental Membrane 

The term placental membrane (or placental “barrier”) 
is used for the tissues that separate the maternal and 
fetal bloodstreams. Oxygen and nutrients are trans¬ 
ferred across the placenta to reach the fetus and also 
to supply the placenta itself, whereas carbon dioxide 
and various metabolites pass in the reverse direction. 
The placental membrane becomes progressively thin¬ 
ner throughout pregnancy (i.e., placental permeability 
becomes adjusted), the cytotrophoblast becomes dis¬ 
continuous, and capillaries come closer to the syncy- 
tiotrophoblast. Near term, the placental membrane, as 
determined by electron microscopy, consists of syn- 
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Figure 7-9. Doppler view of an embryo of 21 mm GL, 7 weeks. The heart and the umbilical vessels are visible in red and blue. 
Courtesy of Dr. N. Exalto, Haarlem, The Netherlands. 

cytiotrophoblast and, in some areas, cytotrophoblast, 
together with trophoblastic basal lamina, some fetal 
connective tissue of the villi, and endothelial basal 
lamina and endothelium of the fetal capillaries (Fig. 
7-2). 

Transport through the placental membrane takes 

place by several processes, such as simple diffusion 

(e.g., oxygen and carbon dioxide), facilitated diffu¬ 

sion (e.g., glucose), active transport (e.g., many 

ions), and pinocytosis (e.g., maternal antibodies). 

Glucose is used more by the placenta than by the 
fetus. 

Steroid hormones can cross the placenta (testos¬ 
terone given to the mother may be followed by virili¬ 
zation of a female fetus) and so can most drugs (e.g., 
thalidomide). The organism of syphilis can traverse the 
placenta, as also can many viruses, such as those of 
rubella and poliomyelitis. 

The Placental Circulation 

Endometrial spiral arteries (Fig. 7-6) and their capil¬ 
laries become eroded by the trophoblast, allowing ma¬ 
ternal arterial blood to enter the lacunae, which coa¬ 
lesce to form the intervillous space. The higher 
maternal arterial pressure drives the pulsatile stream 
initially toward the chorionic plate and then laterally. 
The syncytiotrophoblast is bathed, and exchanges be¬ 
tween the two blood streams take place. The manner 
in which the blood from the spiral arteries washes the 
surface of the villous tree has been compared to that 
of a river washing the surface of the roots of water 
plants. The maternal blood leaves through venous 
openings in the basal plate to enter the uterine veins. 

Venous exits exist all over the basal plate, so that the 
concept of an exclusively marginal drainage (through 
a marginal sinus, which is merely an extension of the 
subchorial lake) is incorrect. 

When blood in the capillaries of the chorionic villi 
has become oxygenated, it reaches the umbilical vein 
and thence is distributed to the fetus. Deoxygenated 
blood is brought to the chorionic villi by way of the 
umbilical arteries (Fig. 7-9). 

Placental Function 

The placenta is a device to allow intra-uterine preg¬ 
nancy, and hence fetal growth, to occur, and an essen¬ 
tial feature is the modification of the maternal im¬ 
mune response to permit retention of the fetus. The 
placenta is also an important endocrine organ that 
synthesizes a large variety of hormones. The placenta 
functions in nutrition, respiration, secretion, and ex¬ 
cretion. The fetus, the placenta, and the mother act in 
coordination as a functional unit. 

The hormonal support of pregnancy is gradually 
transferred from the corpus luteum to the placenta, 
which, in trimesters 2 and 3, assumes responsibility 
for the secretion of estrogen (in cooperation with the 
suprarenal cortex) and progesterone (which blocks im¬ 
mune responses). 

The hormones secreted by the placenta include sex 

steroid and mineralocorticosteroid hormones, pla¬ 

cental lactogen (hPL), chorionic gonadotropin (hCG), 

chorionic adrenocorticotropin (ACTH), chorionic 

thyrotropin, parathyroid hormone-related protein, 

thyrotropin-releasing hormone, gonadotropin¬ 

releasing hormone, corticotropin-releasing hor- 
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mone, somatostatin, growth hormone-releasing 

hormones, and pregnancy-specific proteins. Some 

proteins produced by the placenta may be involved 

with the regulation of angiogenesis. 

The nutrient function of the placenta is accom¬ 

plished within a limited space because of the very 

large epithelial absorptive surface of the villi and 

microvilli that is directly exposed to the maternal 

blood. 

The maternal (decidual) and fetal (trophoblastic 

shell) junction is a region of immunological con¬ 

frontation between cells of different genotypes. Fetal 

antigens of paternal origin are not present in the 

mother. A balance is achieved between immune re¬ 

action and suppression, but the mechanism of the 

tolerance is not clear. The fetus can express (e.g., 

on trophoblast) antigens of paternal origin that are 

foreign to the mother. The placental “allograft,” 

however, normally avoids immune recognition and 

survives unharmed by the maternal immune sys¬ 

tem. The fetus acquires immunity passively by the 

transfer of immunoglobulin (IgG) from maternal to 

fetal blood. It appears that either a barrier masks 

paternal antigens on trophoblast from the maternal 

immune system, or antigraft responses are sup¬ 

pressed by regulation of the maternal immune 

system. 

Erythroblastosis fetalis, or hemolytic disease of 

the newborn, is caused by specific maternal antibodies 
being transferred across the placenta directed against 
fetal RBC antigens, usually Rh(D). 

Placental Variations 

and Anomalies 

Variations in the placenta include placenta succentu- 

riata, in which a cotyledon is separated from the main 
organ by a vascular pedicle. This is important because 
the accessory portion may be left in the uterus and 
cause postpartum hemorrhage and infection. 

Confined placental mosaicism is a difference be¬ 
tween the chromosomal constitutions of placental and 
embryonic/fetal tissues (Chapter 3). The chromosomal 
constitution of the placenta is not necessarily the 
same as that of the embryo: mosaicism may be present 
in the placenta but not in the embryo. The condi¬ 
tion probably arises from a viable mutation in extra- 
embryonic (e.g., trophoblastic) progenitor cells2’3. 

Placenta previa (Fig. 5-6C), i.e., a placenta that 
would “precede” the fetus, refers to development of the 
placenta low in the uterus, such that the isthmus uteri 
is blocked. (The isthmus, or so-called internal os, is 
the constricted part between the corpus and the cer¬ 
vix.) Varying degrees of placenta previa occur: (1) total, 
when the isthmus is completely covered by the pla¬ 
centa; (2) partial, when the isthmus is partially cov¬ 
ered; and (3) marginal, when the edge of the placenta 

is at the margin of the isthmus. The prevalence is un¬ 
der 1% of live births. A higher incidence is present 
early in pregnancy but becomes reduced by a seem¬ 
ingly upward migration of the placenta, probably 
caused by the incorporation of the isthmus in the cor¬ 
pus. Vaginal bleeding occurs in trimester 3, when the 
isthmic region becomes thinned and stretched, and ul¬ 
trasonic placentography is used for the diagnosis. 

Abruptio placentae (note the genitive case of the 
second noun) is premature separation of the placenta 
from the uterus. 

THE UMBILICAL CORD 

The connecting (or body) stalk (Chapter 5) can be con¬ 
sidered to be a mesenchymal bridge into which the 
extra-embryonic coelom has not extended (Figs. 5-9B 
and 8-10A). The term umbilical stalk is given various 
meanings and hence is not used here. As the embryo 
becomes folded, the margin of the embryonic disc is 
brought onto the ventral aspect, where it forms the 
umbilical ring10 (Fig. 7-10A')- The structures trans¬ 
mitted by this ring become covered by amniotic so- 
matopleure, and they constitute the umbilical cord 

(Figs. 7-10 and 7-11). The junction between amnion 
and body wall is the umbilicus. The constituents of the 
umbilical cord are as follows. 

1. The cord initially includes a part of the extra- 
embryonic coelom (Fig. 7-10), in which the omphalo- 
enteric duct and vessels are situated. Later15, the duct 
will be at the apex of the midgut loop (Fig. 13-30B), 
which will herniate temporarily (between 5V2 and 9 
weeks: the normal umbilical hernia, Fig. 7-4B). 

2. Early in the embryonic period the umbilical 
cord contains two umbilical arteries and only one (the 
left), instead of two, umbilical veins (Figs. 7-4B', 7-6, 
7-7C, and 7-9). The vein, which carries oxygenated 
blood, is longer than the arteries, and all the vessels 
are longer than the cord itself (Fig. 7-8), so that the 
vein becomes twisted around the arteries at thicken¬ 
ings known as false knots. True knots are rare. The 
helical disposition of the umbilical vessels is believed 
to minimize the risk of obstructive snags. The pres¬ 
ence of only a single umbilical artery in nearly 1% 
(Fig. 7-7D) is associated with a higher incidence (rang¬ 
ing from 10% to 80%) of various internal (e.g., car¬ 
diovascular) congenital malformations. 

Percutaneous umbilical blood sampling (PUBS) is 
a technique for obtaining blood prenatally. Moreover, 
in the adult, by means of a median extraperitoneal in¬ 
cision, the umbilical vein can be found in the free edge 
of the falciform ligament and catheterized to ascertain 
portal pressure and to obtain a sample of portal blood. 
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Figure 7-10. Diagrams to show 
expansion of the amniotic cavity 
(AC) and the obliteration of the 
extra-embryonic coelom (EEC) 
from A, 4 weeks; B, 6 weeks; and 
C, 8 weeks. A' is an enlargement 
of the embryo shown in A. The 
allantoic diverticulum is visible in 
the connecting stalk (hatched). 
The umbilical vesicle, by way of 
the omphalo-enteric duct, 
communicates with the midgut 
loop within the embryo. The 
umbilical ring is shown in solid 
black. 

The fetal blood in the umbilical cord is rich in stem 
cells and, after birth, can be cultured for transplanting 
into bone marrow as a treatment for various blood 
disorders of childhood. 

3. The cord contains the remnants of the allantoic 
diverticulum. All the structures in the cord are em¬ 
bedded in a specialized mucoid mesenchyme (“Whar¬ 
ton’s jelly”) and covered by amnion. 

The length of the umbilical cord frequently ap¬ 
proximates the CH length. At term it is usually 50-60 
cm long, but extremes of 15-180 cm have been 
recorded. 

The umbilical cord is usually inserted at or near 
the center of the placenta (Fig. 7-8), because attach¬ 
ment of the blastocyst to the endometrium is usually 
by the embryonic pole (containing the inner cell 
mass). Otherwise an anomalous insertion of the um¬ 
bilical cord follows, such as insertion into the margin 
of the placenta (battledore placenta) or into the mem¬ 
branes beyond the placenta (velamentous insertion). 

Such conditions are more frequent in low-lying pla¬ 
centae and may be associated with fetal abnormalities 
and premature termination. 

THE DEVELOPMENTAL 

ADNEXA 

The developmental adnexa, commonly but inaccu¬ 
rately referred to as the “fetal membranes,” include the 
trophoblast, amnion, chorion, umbilical vesicle (yolk 
sac), allantoic diverticulum, placenta, and umbilical 
cord. These temporary structures are interposed be¬ 
tween the embryo/fetus and the maternal tissues. 

The adnexa are programmed to mature fast, to age 
more rapidly, and to die sooner than the embryonic/ 
fetal body. Nevertheless they are genetically a part of 
the individual and are composed of the same germ 
layers. Whether the placenta at birth has undergone 
senescence or has merely attained maturity is dis- 
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Figure 7 -i Development of the umbilical cord. A. Right ventrolateral view of an embryo12. The connecting (or body) stalk is a 
mesenchymal bridge between the embryo and the chorion (Fig. 6-2B). Modified from Hinrichsen. B. With further development13, 
the omphalo-enteric duct and vessels become included. C. The umbilical vessels fill most of the cord in vivo, and the allantoic 
diverticulum is also included within the mesenchymal core (stippled). Modified from Blechschmidt. 

puted. The trophoblast, chorion, placenta, and umbil¬ 
ical cord have already been discussed. 

The Extra-embryonic 

Membranes 

At the end of pregnancy the amnion, chorion laeve, 
and decidua comprise nine layers (a tenth, the cyto- 
trophoblast, having largely disappeared), including the 
amniotic epithelium and its basement membrane, sev¬ 
eral layers of connective tissue (among which is the 
site of the extra-embryonic coelom), a second base¬ 
ment membrane and the syncytiotrophoblast, and (be¬ 
yond the fetomaternal contact zone) the decidua. The 
amnion and chorion laeve together are known popu¬ 
larly as “the membranes” or the “bag of waters” and, 
combined with the placenta, are called the “afterbirth.” 
Preterm births are frequently a result of spontaneous 
rupture of the membranes. 

The Amnion and the Amniotic Fluid 

The amniotic ectoderm appears at the end of week l4 
and, together with the embryonic disc, comes to limit 
the amniotic cavity, which is filled with amniotic fluid6 
(Figs. 5-2 and 5-5, Figs. 7-4 and 7-10). Later the am¬ 
nion is attached to the body at the umbilical ring (Fig. 
7-10A'). As the amniotic cavity becomes expanded, it 

fills the entire extra-embryonic coelom early in the 
fetal period (Fig. 7-4B). The extra-embryonic coelom 
is probably a dynamic fluid compartment. Prolactin in 
the amniotic fluid is derived from the decidua and 
reaches a peak at the middle of pregnancy. At first the 
amniotic fluid is probably a transudate or a secretion 
from the trophoblast. Later in fetal life the fetus swal¬ 
lows an appreciable amount of fluid. The amniotic 
fluid is probably produced mainly by the fetal kidneys 
(micturition), lungs, and epidermis, as well as by de¬ 
cidual vessels; it is probably eliminated chiefly by the 
fetal intestine (swallowing), lungs, and epidermis, as 
well as by decidual vessels. Fetal production of urine 
and fetal swallowing are generally believed to be the 
main factors involved in the formation and removal of 
the fluid (Fig. 7-12). In composition, the fluid at mid¬ 
term closely resembles maternal extracellular fluid. 
The amniotic fluid serves as a shock-absorber to cush¬ 
ion the conceptus and to allow free fetal movements, 
as well as to permit pulmonary development and swal¬ 
lowing, to allow passage of fluids such as urine, and 
to act as a reservoir for maternal and fetal hormones. 
The amnion, chorion, and decidua produce steroid 
hormones, and the amnion is believed to be involved 
in the initiation and maintenance of parturition. 

The volume of amniotic fluid varies considerably. 
It is usually about 500 ml at the middle of prenatal 
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Figure 7-12. Scheme to show formation of amniotic fluid (cf. 
Fig. 19-35A). The epidermis is also a site of origin as well as of 
removal. 

life, then reaches a peak of about 1000 ml in trimester 
3, and falls rapidly to about 500 ml before birth. The 
amount may be abnormally increased or decreased. 

Polyhydramnios (or hydramnios) is an excessive 
quantity of amniotic fluid. The cause is frequently un¬ 
known. It is liable to be associated with congenital 
anomalies, multiple pregnancy, or maternal diabetes 
mellitus. One cause is blocked ingestion of the fluid, 
e.g., in esophageal atresia. Another cause is 
anencephaly. 

Oligohydramnios, a decreased quantity of amni¬ 
otic fluid, is now detected by ultrasonography. It is 
liable to be associated with congenital anomalies, 
growth retardation, and premature rupture of the 
membranes. It may occur from urinary anomalies, 
such as renal agenesis. Oligohydramnios may be as¬ 
sociated with a sequence of abnormalities that include 
a characteristic facies, pulmonary hypoplasia, and re¬ 
nal agenesis (Potter syndrome). Amnio-infusion is 
used in the treatment of oligohydramnios. 

Amniotic bands are sometimes associated with 
congenital anomalies of the fetus, particularly in the 
limbs, where grooves, constrictions, or even amputa¬ 
tions may be found (Chapter 9). 

Amniocentesis 

Amniotic fluid can be obtained by transabdominal 
puncture of the uterus (Fig. 7-7A), which is performed 
for biochemical and cytological analyses, including 
prenatal diagnosis of genetic disorders. An abnormally 
high content of a-fetoprotein in the amniotic fluid 
suggests the presence of a neural tube defect (Fig. 19- 
35), but the interpretation of the test is more complex 
than mere quantification. Amniocentesis is usually 
performed in trimester 2 but can be undertaken late 

in trimester 1. Amniocentesis and chorionic villous 
sampling are the chief invasive techniques used in 
those known to be at increased risk. A non-invasive 
alternative, the recovery of fetal cells from maternal 
blood, is also being used. 

The Umbilical Vesicle 

The umbilical vesicle (or yolk sac) (Figs. 5-8, 7-4, and 
7-5) develops during week 25,6 and is conspicuous until 
about 6 weeks. It becomes embedded in the umbilical 
cord and sometimes can be located at term in the fetal 
surface of the placenta. The umbilical vesicle can be 
regarded as that part of the gut that is not included 
within the embryonic body. In addition to providing 
most of the lining of the alimentary and respiratory 
systems, the umbilical vesicle is the site of the earliest 
blood vessels and blood cells, as well as the formation 
of fetoproteins; it appears to be the place of origin of 
the primordial germ cells, and (before the onset of the 
placental circulation) it acts as an early resorptive or¬ 
gan. The mammalian umbilical vesicle does not con¬ 
tain nutrients and hence is not a yolk sac. 

The umbilical vesicle can be detected by ultra¬ 
sound at about 4 weeks, when its diameter is about 3 
mm (Fig. 8-5); at 8 weeks it has increased to 5 mm. 

The Allantoic Diverticulum. The allantoic diver¬ 
ticulum becomes recognizable in week 37 in the region 
of the future hindgut (Fig. 6-3). Associated mesen¬ 
chyme and vessels are said to spread beyond the allan¬ 
toic diverticulum and along the internal aspect of the 
chorion.* The vessels associated with the diverticulum 
become the important umbilical vessels. The allantoic 
diverticulum becomes continuous with the urachus, 
which is vesical (i.e., cloacal rather than allantoic) in 
origin and persists in the adult as the median umbil¬ 
ical ligament. 

The Developmental Adnexa in Twins 

Twin placentation (Fig. 7-13; Tables 7-2, and 7-3) 

may be either monochorionic or dichorionic. The 

former is always associated with MZ twins, the latter 

usually but not invariably with DZ twins. In other 

words, DZ twins are usually, but not invariably, di¬ 

chorionic. Anastomoses generally connect the fetal 

circulations of monochorionic placentae, whereas 

anastomoses rarely occur in dichorionic placentae. 

Twin placentation may also be either monoamniotic 

or diamniotic, thereby giving rise to several cate¬ 

gories (Table 7-2). The first designation (Di or Mo) 

refers to the amnion, the second (Di or Mo) to the 

*From a comparative viewpoint, the chorion is regarded as a chorio¬ 
allantois, the chorionic placenta as a chorio-allantoic placenta, and 
the body or connecting stalk as an allantoic stalk (Mossman). 
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7 days 14 
-1-1-1-1-1-1_I_I_I_I_I_I_I_I_I_1_I_I_L 
Embryo ___ 

Amnion  

Umbilical vesicle 

Figure 7-13. The arrangement of the adnexa (fetal membranes) in twinning, a-d. Various forms of monozygotic (MZ) twins, d 
being conjoined. DZ, dizygotic twins. The uppermost panel shows the usual development (i.e., in singletons), together with an 
approximate time scale, a is DiDi (separate), b is DiMo, c and d are MoMo (see text). A, amnion/amniotic cavity; C, chorion; P, 

placenta. 



84 Chapter 7 THE PLACENTA AND DEVELOPMENTAL ADNEXA 

TABLE 7-2 Types of Twin Placentation 

Figure 7-13 Amnion Chorion Placental Masses Partition Zygosity 

Di Di “1” (‘fused’) Relatively opaque (A+C+C+A) DZ or MZ 
a Di Di 2 (separate) Often destroyed during birth DZ or MZ 
b Di Mo 1 Relatively translucent (A+C+A) MZ 
c Mo Mo 1 None MZ 

A, amnion; C, chorion. 

TABLE 7-3 Flow Chart for Gross Assessment of Twin Placentation 

1 placental mass 

2 placental masses 

Partition 
Relatively opaque — 

Relatively translucent 

No partition 

Di, Di, fused 

Di, Mo 

Mo, Mo 

Di, Di, separate 

Tables 7-2 and 7-3 are modified from J. P. Lavery (Ed.). 1987. The Human Placenta. Rockville, Maryland: Aspen. 

chorion. Monoamniotic twin lethality is thought to 
result from entanglement of the umbilical cord with 
subsequent occlusion and fetal asphyxia. 

Monozygotic (“identical”) twins arise by divi¬ 
sion during the first two weeks: (a) in MZ twins 
developing during the first few days2, each would 
possess a separate amnion, chorion, and placenta 
(Fig. 7- 13a); however, close implantation can result 
in incomplete separation of the chorions and pla¬ 
centae; (b) at about 4-6 days3’4, splitting of the in¬ 
ner cell mass would result in two amnions within a 
common chorion and with one placenta (Fig. 7- 
13b); (c) rarely, at about 7-12 days5, twinning oc¬ 
curs before the primitive streak appears. Therefore, 
one amnion, one chorion, and one placenta would 
develop (Fig. 7-13c). 

Dizygotic (“fraternal”) twins become implanted 
individually in the uterus and hence each develops 
a separate amnion, chorion, and placenta (Fig. 7-13: 
DZ). Although DZ twins are always dichorionic, 
close implantation can result in incomplete sepa¬ 
ration of the chorions and placentae. DiDi is the 
most frequent type of twin placentation (Fig. 7-13a), 
and the placental masses may be either separate or 
fused. Among MZ twins, DiMo is the most frequent 
(Fig. 7-13b). MoMo is the least common type of twin 
placentation (Fig. 7-13c), and it has a high perinatal 
mortality. With the aid of ultrasonography it is fre¬ 
quently possible to assess the chorionic status pre- 
natally by examining the dividing membranes, i.e., 
the partition between the two amniotic sacs: am¬ 
nion, chorion, amnion in DiMo; amnion, chorion, 
chorion, amnion in DiDi. In conjoined twins the 
placenta is usually monoamniotic and monocho- 
rionic (MoMo) (Fig. 7-13d). 

Transfusion Syndrome. In monochorionic MZ 
twins the placental vascular anastomoses frequently 
lead to a feto-fetal (twin-twin) transfusion syndrome. 
The transfusion syndrome is a unidirectional transfu¬ 
sion of blood prenatally from a “donor” twin, through 
arteriovenous anastomoses in a monochorionic (DiMo) 
placenta, to a “recipient” twin. The condition is rec¬ 
ognized by acute (poly)hydramnios at about the mid¬ 
dle of pregnancy. The donor twin is growth-retarded 
and may die in utero, and the recipient twin, probably 
because of receiving necrotic tissue leading to vascular 
occulsion and ischemia, may die soon after birth. Ei¬ 
ther laser occlusion of crossing placental vessels or 
fetoscopic cord ligation has been proposed. 

ADDITIONAL READING 

General 

Barnea, E.R., Hustin, J„ and Jauniaux, E. (eds.). 1992. The First 
Twelve Weeks of Gestation. Berlin: Springer. 

Chueh, J., and Golbus, M.S. 1990. Prenatal diagnosis using fetal 
cells in the maternal circulation. Semin. Perinatol, 14:471-482. 

Rodger, J.C., and Drake, B.L. 1987. The engima of the fetal graft 
Am. Sci., 75:51-57. 

Placenta and Trophoblast 

Benirschke, K., and Kaufmann, P. 1990. Pathology of the Human 
Placenta, 2nd ed. New York: Springer. 

Boyd, J.D., and Hamilton, W.J. 1970. The Human Placenta. Cam¬ 
bridge: Heffer. 



ADDITIONAL READING 85 

Bulmer, J.N., and Johnson, P.M. 1985. Antigen expression by tro- 

phoblast populations in the human placenta. Placenta, 6:127- 

MO. 

Demir, R., Kaufmann, P., Castellucci, M., et al. 1989. Fetal vascu- 

logenesis and angiogenesis in human placental villi. ActaAnat., 

136:190-203. 

Demir, R., Kosanke, G., Kohnen, G., et al. 1997. Classification of 

human placental stem villi. Microsc. Res. Tech., 38:29-41. 

Foidart, J.-M., Hustin, J., Dubois, M., et al. 1992. The human pla¬ 

centa becomes haemochorial at the 13th week of pregnancy. Int. 

J. Dev. Biol., 36:451-453. 

Fox, H. 1991. Current topic: trophoblastic pathology. Placenta, 12: 

479-486. 

Garnica, A.D., and Chan, W.-Y. 1996. The role of the placenta in 

fetal nutrition and growth. J. Am. Coll. Nutr., 15:206-222. 

Genbacev, 0., Schubach, S.A., and Miller, R.K. 1992. Villous culture 

of first trimester human placenta. Placenta, 13:439-461. 

Genbacev, 0., Zhou, Y., Ludlow, J.W., et al. 1997. Regulation of 

human placental development by oxygen tension. Science, 277: 

1669-1672. 

Harris, J.W.S., and Ramsey, E.M. 1966. The morphology of human 

uteroplacental vasculature. Contrib. Embryol. Carnegie Inst., 

38:43-58. 

Hustin, J., and Schaaps, J.-P. 1987. Echocardiographic and ana¬ 

tomic studies of the maternotrophoblastic border during the 

first trimester of pregnancy. Am. J. Obstet. Gynecol., 157:162- 

168. 

Jaffe, R., and Woods, J.R. 1993. Color Doppler imaging and in vivo 

assessment of the anatomy and physiology of the early utero¬ 

placental circulation. Fertil. Steril., 60:293-297. 

Jones, C.J.P., and Fox, H. 1991. Ultrastructure of the normal human 

placenta. Electron Microsc. Rev., 4:129-178. 

Kaufmann, P. 1992. Classics revisited: Otto Grosser’s monographs. 

Placenta, 13:191-193. 

Kaufmann, P., Huppertz, B., and Frank, H.-G. 1996. The fibrinoids 

of the human placenta. Ann. Anat., 178:485-501. 

Kaufmann, P., and King, B.F. (eds.). 1982. Structural and Func¬ 

tional Organization of the Placenta. Basel: Karger. 

Kaufmann, P., et al. 1987. Cross-sectional features and three- 

dimensional structure of human placental villi. Placenta, 8:235- 

247. 

Knoll, B.J. 1992. Gene expression in the human placental tropho- 

blast. Placenta, 13:311-327. 

Leiser, R., Kosanke, G., and Kaufmann, P. 1991. Human placental 

vascularization. In: H. Soma (ed.). Placenta. Basel: Karger, pp. 

32-45. 

Mayhew, T.M., Wadrop, E., and Simpson, R.A. 1994. Proliferative 

versus hypertrophic growth in tissue subcompartments of hu¬ 

man placental villi during gestation. J. Anat., 184:535-543. 

Ramsey, E.M., and Donner, M.W. 1980. Placental Vasculature and 

Circulation. Stuttgart: Thieme. 

Ramsey, E.M., and Harris, J.W.S. 1966. Comparison of uteroplacen¬ 

tal vasculature and circulation in the rhesus monkey and man. 

Contrib. Embry ol. Carnegie Inst., 38:59-70. 

Strauss, J.F., Kido, S., Sayegh, R., et al. 1992. The cAMP signalling 

system and human trophoblast function. Placenta, 13:389-403. 

Chorion 

Brambati, B., et al. 1987. Chorionic villus sampling. Prenat. Diagn., 

7:157-169. 

Castellucci, M., Scheper, M., Scheffen, I., et al. 1990. The develop¬ 

ment of the human placental villous tree. Anat. Embryol., 181: 

117-128. 

Kaufman, M.H. 1994. Hypothesis: The pathogenesis of the birth 

defects reported in cys-exposed infants. Teratology, 50:377-378. 

Meegdes, B.H.L., et al. 1988. Early pregnancy wastage: relationship 

between chorionic vascularization and embryonic development. 

Fertil. Steril., 49:216-220. 

Olney, R.S., Khoury, M.J., Alo, C.J., et al. 1995. Increased risk for 

transverse digital deficiency after chorionic villus sampling. Ter¬ 

atology, 51:20-29. 

te Velde, E.A., Exalto, N., Hesseling, P., et al. 1997. First trimester 

development of human chorionic villous vascularization. Hum. 

Reprod., 12:1577-1581. 

Umbilical Cord 

Addai, F.K., Quashie, F.J.K., and Ockleford, C.D. 1994. The mode of 

insertion of umbilical cord and vessels. Anat. Embryol., 189: 

107-114. 

Cicuttini, F.M., and Boyd, A.W. 1994. Hemopoietic and lymphoid 

progenitor cells in human umbilical cord blood. Dev. Immunol., 

4:1-11. 

Monie, I.W. 1970. Genesis of single umbilical artery. Am. J. Obstet. 

Gynecol., 108:400-405. 

Amnion and Other Membranes 

Gilbert, W.M., and Brace, R.A. 1993. Amniotic fluid volume and 

normal flows to and from the amniotic cavity. Semin. Perinatol., 

17:150-157. 

Mitchell, B.F. (ed.). 1988. The Physiology and Biochemistry of Hu¬ 

man Fetal Membranes. Ithaca, New York: Perinatology Press. 

Mossman, H.W. 1987. Vertebrate Fetal Membranes. New Bruns¬ 

wick, New Jersey: Rutgers University Press. 

Ockleford, C., Malak, T., Hubbard, A., et al. 1993. Confocal and 

conventional immunofluorescence and ultrastructural localisa¬ 

tion of intracellular strength-giving components of human am- 

niochorion. J. Anat., 183:483-505. 

Schmidt, W. 1992. The amniotic fluid compartment: the fetal hab¬ 

itat. Adv. Anat. Embryol., 127:1-100. 





Stages, Age, 
Measurements, 
Growth, and 
External Form 
Including the Face 

ge and measurements are basic to the 

study of growth, both prenatal and post¬ 

natal. In the embryonic period, an additional aid, 

namely, developmental staging, provides a more pre¬ 

cise means of assessing morphological progress. 

EMBRYONIC AND 

FETAL PERIODS 

Prenatal life is conveniently divided into two phases: 

the embryonic and the fetal. The distinction is based 

mainly on the following considerations. 

1. The terms embryo (of ancient Greek origin) 

and fetus (Latin, dating from the seventh century and 

sometimes incorrectly written foetus) have gradually 

become distinguished, and it is now accepted that the 

word embryo, as currently used in human embryology, 

means “an unborn human in the first 8 weeks” from 

fertilization (COD). Embryonic life begins with the for¬ 

mation of a new embryonic genome (slightly prior to 

its activation). 

2. The embryonic period is that during which new 

features appear with great rapidity, whereas the fetal 

period is characterized more by the elaboration of ex¬ 

isting structures. It has been estimated that more than 

90% of the more than 4500 named structures of the 

adult body become apparent during the embryonic pe¬ 

riod (O’Rahilly). 

3. The embryonic period is that which has been 

successfully subdivided into 23 developmental (Carne¬ 

gie) stages (by Streeter and by O’Rahilly), whereas the 

fetal period, because of less striking developmental 

changes, has so far proved to be resistant to a mor¬ 

phologically based staging system. 

4. The embryonic period occupies the first 8 post- 

fertilizational or postovulatory weeks (i.e., timed from 

the last ovulation), at the end of which time the hu¬ 

man organism measures approximately 30 mm in 

length. This length and age correspond, as confirmed 

by ultrasonography in vivo. It is remarkable that an 

embryo less than half the length of an adult thumb 

already possesses several thousand named structures 

(Fig. 18-27). 

5. The vast majority of congenital anomalies ap¬ 

pear during the embryonic period. 

The term conceptus (Fig. 3-1B) (conceptuses is 

the plural*) is used for the whole product following as 

a result of fertilization, throughout prenatal life, i.e., 

the embryo or fetus as well as the developmental ad¬ 

nexa (extra-embryonic membranes), such as the pla¬ 

centa and umbilical cord. The strictly embryonic or 

fetal component, throughout prenatal life but without 

the developmental adnexa, is termed the cyema.1 2 3 The 

strictly embryonic cells are distinguishable at about 

4-5 days as the embryonic disc. 

^Conceptus belongs to the same declension as fetus and abortus. 

In Latin the plural forms are conceptus, fetus, and abortus. In En¬ 

glish the usual plurals are conceptuses, fetuses, and abortuses. 

This useful term (plural cyemata), suggested by Prof. Adolph H. 

Schultz, was adopted by Mall and Meyer in 1921. 

87 
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The term “pre-embryo” is not used here for the fol¬ 

lowing reasons: (1) it is ill-defined because it is said 

to end with the appearance of the primitive streak 

or to include neurulation; (2) it is inaccurate be¬ 

cause purely embryonic cells can already be distin¬ 

guished after a few days3, as can also the embryonic 

(not pre-embryonic!) disc3; (3) it is unjustified be¬ 

cause the accepted meaning of the word embryo in¬ 

cludes all of the first 8 weeks; (4) it is equivocal 

because it may convey the erroneous idea that a new 

human organism is formed at only some consider¬ 

able time after fertilization; and (5) it was intro¬ 

duced in 1986 “largely for public policy reasons” 

(Biggers). 

1 DEVELOPMENTAL STAGES 

Individual embryos cannot be arranged in the order of 

their development, because any given example may be 

more advanced in one respect while being retarded in 

another. Hence, as for other vertebrate embryos, hu¬ 

man embryos are classified into developmental groups 

termed stages. Although a stage is merely an arbitrar¬ 

ily cut slice through the time-axis of the life of an 

organism, staging is essential for determining the tim¬ 

ing and sequence of developmental events. Stages are 

based on the morphological status of development and 

hence are not directly dependent on either chronolog¬ 

ical age or size. (It is incorrect to speak of the 44-day 

stage or the 15-mm stage. Timed embryos are not 

staged embryos.) It is to be stressed that a (Carnegie) 

stage should never be assigned merely on the basis of 

a measurement. An embryo of 20 mm, for example, 

may, depending on the degree of structural develop¬ 

ment, belong to any one of three stages. From 3y2 to 

4V2 weeks, the number of pairs of somites present is 

used as a criterion for staging. The human embryonic 

period proper is divided into 23 Carnegie stages (a 

term introduced by O’Rahilly), the main features of 

which are summarized on the inside front cover of this 

book (Figs. A and B, and Table 8-1). Throughout the 

text, superscripts refer to these stages. For example, 

superscript23 relates to stage 23. 

One of the great advantages of the staging system 

is that, because it is based on morphology, no major 

changes become necessary. This is not true, however, 

of the ages assigned to the stages, a matter that is now 

under considerable scrutiny with the aid of ultrasound 

in vivo. Although 23 stages in 56 days means an av¬ 

erage of under 2% days per stage, it is to be empha¬ 

sized that stages are of varying duration, between one 

day and nearly one week, because there is no reason 

that noticeable morphological changes have to occur 

at regularly spaced intervals. It has been found that 

some of the earlier stages probably need to be assigned 

greater ages, in some instances by several days, and 

these changes have been incorporated here. 

A satisfactory staging system for the fetal period is 

not yet available. Hence, in the absence of a morpho¬ 

logically based staging system, the term stage should 

not be used. Indeed, the fetal period can be regarded 

as that portion of prenatal life which, because of less 

striking developmental changes, has so far not proved 

to be amenable to subdivision into morphological 

stages. A convenient but obviously not very precise 

subdivision of prenatal life is into trimesters of ap¬ 

proximately 13 weeks each (Fig. D, on the inside back 

cover). At the junction of trimesters 1 and 2, the fetus 

of about 90 days is 90 mm in greatest length. Based 

on hormonal and other criteria at this time, this tran¬ 

sition is regarded by some as particularly important. 

At the junction of trimesters 2 and 3, the fetus is about 

250 mm in length and approximately 1000 g. 

In the perinatal period, staging systems based on 

scoring points have been established. The criteria 

used are chiefly neurological assessments (tone and 

reflexes) and external characteristics (such as the 

texture and color of the skin, and the form and firm¬ 

ness of the auricle). 

m: age 

Just as postnatal age begins at birth, prenatal age be¬ 

gins at fertilization. In the embryonic period, postfer- 

tilizational age (Fig. 8-1) or postovulatory age (i.e., the 

time since the last ovulation, which is very close to 

fertilization) is estimated by assigning an embryo to a 

developmental stage and then consulting a table of 

norms. Variations, however, need to be kept in mind. 

A graph showing stages but based on greatest length 

(GL) versus postovulatory age faces the inside back 

cover of this book (Fig. Cl). The location of various 

measurements are shown in the box on page 93. 

During the embryonic period, from 2 to 30 mm 

GL, the following formula for age (modified from Cad- 

kin, who used 26 instead of 27) is in excellent agree¬ 
ment with recent ultrasonic data; 

Age in days = GL + 27 

In the fetal period, age is estimated chiefly from 

measurements, including the greatest length. A graph 

in which crown-heel (CH) length, greatest length 

(GL), abdominal circumference, biparietal diameter, 

foot length, and (calcified) femoral length are plotted 

against age is shown on the inside back cover (Fig. D). 

In addition, a graph indicating embryonic (inset) and 

fetal weight faces the inside back cover (Fig. C2). 

Pregnancy is frequently suggested by the absence 

of one or more menstrual periods. In obstetrics, use 



AGE 89 

TABLE 8-1 Principal Features of Developmental Stages 

Stage External Features Internal Features 

1 Includes penetrated oocyte, ootid, & zygote Pronuclei appear 

2 Cleavage results in morula 

Compaction occurs 

Embryonic genome activated when 2-8 cells 

are present 

3 Blastocyst develops & floats freely 

"Hatches" from zona pellucida 

Inner cell mass & trophoblast 

Embryonic disc consists of epiblast & hypoblast 

4 Blastocyst is attaching to endometrium 

(beginning of implantation) 

Cytotrophoblast & syncytiotrophoblast become 

distinguishable 

Amniotic ectoderm develops 

5 Embryonic disc is generally circular but may be 

becoming oval 

Trophoblast is at first solid & then develops 

lacunae 

Amniotic cavity & primary umbilical vesicle 

become detectable 

Extra-embryonic mesoblast (& chorion) & 

embryonic endoderm become visible 

6 Embryonic disc is usually elongated Chorionic villi & intervillous space become 

distinct 

Primitive streak & node, & prechordal plate 

appear; & embryonic mesoblast begins 

to form 

Secondary umbilical vesicle develops 

7 Embryonic disc is generally oval or piriform Notochordal process becomes visible 

Allantoic diverticulum becomes definite 

Hematopoiesis begins 

8 Embryonic disc is piriform 

Primitive pit appears 

Neural folds may begin to form 

Notochordal & neurenteric canals are generally 

detectable 

9 

(1-3 somites) 

Embryo has the shape of the sole of a shoe, as 

seen dorsally 

Mesencephalic flexure begins & otic disc forms 

Embryo begins to be "lordotic" 

Neural groove is evident 

The 3 major divisions of the brain are 

distinguishable 

Heart begins to develop 

10 

(4-12 somites) 

Fusion of neural folds begins 

Otic pit develops 

Pharyngeal arches 1 & 2 are visible on surface 

Optic, thyroid, & respiratory primordia begin to 

develop 

Cardiac loop begins to appear 

Intermediate mesoderm becomes visible 

11 

(13-20 somites) 

Rostral neuropore closes 

Otic pit is still open 

Optic vesicles develop 

Sinus venosus begins 

Mesonephric duct & tubules appear 

12 

(21-29 somites) 

Caudal neuropore closes 

Four pharyngeal arches are visible 

Upper limb buds are appearing 

Secondary neurulation commences 

Lung bud appears 

Cystic primordium & dorsal pancreas become 

distinguishable 

13 

(30 or more somites) 

Otic vesicle is closed 

Lens disc is usually not yet indented 

Four limb buds are usually visible 

Retinal & lens discs develop 

Septum primum & foramen primum are distinct 

in heart 

Right & left lung buds are recognizable 
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TABLE 8-1 continued 

Stage External Features Internal Features 

14 Lens pit appears 

Endolymphatic appendage becomes defined 

Upper limb buds are elongated & tapering 

Optic cup develops 

Adenohypophysial pouch is defined 

Ureteric bud appears 

15 Lens pit is closed 

Nasal pit is appearing 

Hand plate is forming 

Future cerebral hemispheres become defined 

Retinal pigment becomes visible 

Lobar buds appear in bronchial tree 

16 Retinal pigment is visible in the intact embryo 

Nasal sacs face ventrally 

Foot plate appears 

Epiphysis cerebri develops 

Neurohypophysial evagination is visible 

Lobar bronchi are evident 

17 Head is relatively larger & trunk is straighter 

Nasofrontal groove & auricular hillocks are 

distinct 

Finger rays become visible 

Chondrification begins in humerus, radius, & 

some vertebral centra 

Segmental bronchial buds develop 

Vermiform appendix becomes visible 

18 The body is more cuboidal 

Digital plate of hand is notched 

Toe rays begin to appear 

Oronasal membrane develops 

1 to 3 semicircular ducts are present in 

internal ear 

Septum secundum & foramen ovale are 

distinct in heart 

19 The trunk is elongated & straightening 

Limbs extend nearly directly forward 

Toe rays are prominent, but interdigital notches 

have not yet appeared 

Olfactory bulb develops 

Cartilaginous otic capsule is visible 

Posterior epithelium of cornea begins to 

develop 

20a Upper limbs are longer & are bent at elbows Nerve fibers reach optic chiasma 

S-shaped renal vesicles are visible in 

metanephros 

2ia Hands approach each other 

Fingers are longer 

Feet approach each other 

Cortical plate becomes visible in brain 

Substania propria of cornea develops 

Glomerular capsules develop in metanephros 

22a Eyelids & external ears are better developed Adenohypophysial stalk is now incomplete 

Scleral condensation is visible 

Some large glomeruli are present in 

metanephros 

23a Head is more rounded 

Limbs are longer & better developed 

Humerus presents all cartilaginous phases 

Bone collar of humerus has not yet been eroded 

through completely 

Secretory tubules of metanephros become 

convoluted, & numerous large glomeruli 

are present 

Fetal period Onset of bone marrow formation can be 

recognized in humerus 

aThe assignment of stages 19-23, particularly stages 20-22, is difficult and may not be possible without a detailed study of the internal structure. 
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Scheme of approximate time periods within prenatal life. The first three columns show, respectively, “months” (in 
reality, units of 28 days) from the last menstrual period (LMP), menstrual weeks (not age), and age (i.e., from fertilization) in 
weeks. Next, various terms are defined in units of time, but these usages vary slightly from one country to another. The pulmonary 
phases are those in current use. Finally, a few examples of approximate weight, greatest length, and crown-heel length are included. 
In such a scheme, where variations are not shown, mathematical precision must not be expected. 

is usually made of the first day of the last menstrual 
period (LMP), on the assumption that fertilization oc¬ 
curred 2 weeks later. It is further assumed that birth 
is likely to occur some 280 days after the LMP. The 
predictive accuracy of the LMP in estimating the time 
of birth can involve an error of at least ±3 weeks. 
Irregularities in menstruation and ovulation as well as 
inaccurate recall and reporting are key factors in the 

lack of reliability. Reference to menstrual days or men¬ 
strual weeks (i.e., the length of time from day 1 of the 
last menstrual period) is useful clinically, but the term 

menstrual “age” is incorrect. The use of the LMP 
measures the period of amenorrhea (from when no 
embryo existed), but not prenatal age (Fig. 8-2). The 

confusing terms “gestational age” and “gestational 

weeks” should be discarded. They either are not de- 
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Trimester 1 I 

14 8 13 

Menstrual weeks 

FIGURE 8-2 Scheme to show that the age of an embryo or of a fetus is postfertilizational or postovulatory. The duration from the 
beginning of the last menstrual period is a useful measurement in obstetrics, but it is not age. During the first two postmenstrual 
weeks, neither pregnancy nor embryo exists! 

fined or are used indiscriminately both for menstrual 
weeks and for postfertilizational age. Moreover, ges¬ 
tation, which means pregnancy, is variously defined 
as beginning at the LMP, at fertilization, or at im¬ 
plantation. 

Estimation of prenatal age is fundamental to the 
study of fetal growth. The average duration of prenatal 
life from ovulation to parturition is about 264-270 
days, or 38-38J/2 weeks. The range is believed to be 
250-285 days. So-called prolonged pregnancy (more 
than 275 postovulatory days) is caused mostly by de¬ 
layed ovulation. Clinically, age is estimated from men¬ 
strual history, ultrasonic measurements, and mor¬ 
phology, and physical examination of the newborn. 

Preterm infants are those born early (“prema¬ 

turely”), which is commonly considered to be at 

fewer than 37 (some use 38) completed weeks from 

the first day of the last menstrual period. This would 

correspond approximately to an age of 35 (or 36) 

weeks. Such infants may be either small for age or 

of appropriate size for age. The “preterm” infant is 

born before functional maturation has been reached 

in those physiological systems (respiratory, diges¬ 

tive, etc.) that are essential for extra-uterine sur¬ 

vival. Unfinished fetal and neonatal tasks, such as 

pulmonary, vascular, renal, and cutaneous matura¬ 

tion, render an infant vulnerable. A major cause of 

death is the respiratory distress syndrome, which 

arises before type 2 alveolar cells are mature enough 

to produce adequate surfactant. 

An infant born at “term” is frequently considered 
to be from 37 to fewer than 42 completed postmen¬ 
strual weeks, i.e., an age from 35 to less than 40 weeks. 
The notion “post-term” is often used to refer to 42 

completed postmenstrual weeks or more, i.e., an age 
of about 40 weeks or more. The perinatal period can 
be considered to extend from 28 postmenstrual (an age 
of 26) weeks (i.e., trimester 3) to 1 week after term. 
At birth, the human infant is relatively immature. The 
neonatal period comprises the first four weeks after 
birth. 

Viability and Abortion 

Viability means a reasonable capacity for sustained sur¬ 
vival ex utero, with or without artificial support. An 
increasingly earlier time for viability is being selected 
as technical advances occur. The age generally cited at 
present for sustained survival ex utero is 20 postovu¬ 
latory weeks, when the fetus weighs approximately 
400-500 g. The lungs, however, are still very imma¬ 
ture, so that survival is rare. 

Abortion is the termination of pregnancy before 
viability, i.e., before the fetus is sufficiently developed 
to survive ex utero. Legal usage varies from one coun¬ 
try to another, and the range extends from 17 to 28 
weeks; weight (400 or 500 g) and length (250 mm) are 
sometimes also taken into consideration. The expul¬ 
sion of the conceptus without medical or mechanical 
intervention is known as spontaneous abortion or mis¬ 
carriage, as distinct from induced abortion. The term 
abortus is used for all the material (conceptus, de¬ 
cidua, blood clot) expelled during an abortion. The 
male/female sex ratio of chromosomally normal abor¬ 
tuses is probably about 102:100. 

Of verified pregnancies that have survived the first 
4 postovulatory weeks, it is generally maintained that 
15-20% are lost through spontaneous abortion. Under 
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4 weeks, however, the number is far larger and may 

be as high as 40%. Many fertilized oocytes fail to be¬ 

come implanted, and as many as one-third of those 

implanted may be lost without being recognized. The 

total loss of conceptuses from fertilization to birth is 

believed to be considerable, perhaps even as high as 

50% to nearly 80%. A high percentage of abortuses 

(30-80%, depending on the study) are structurally ab¬ 

normal, and it is maintained that all abortuses under 

4 postovulatory weeks have abnormally formed embry¬ 

onic tissue. Most malformed conceptuses (more than 

80%) are lost during the embryonic period (K. Shiota). 

Moreover, most malformed conceptuses (more than 

90%) are spontaneously aborted, compared with the 

normal (18%). Thus, spontaneous abortion greatly re¬ 

duces the number of malformed fetuses born. 

About half of spontaneous abortuses (and most of 

those that are structurally abnormal) have chromo¬ 

somal abnormalities, which are found most frequently 

in first-trimester abortuses. The most common chro¬ 

mosomal anomaly is trisomy (especially trisomy 16, 

which is almost always lethal), followed in frequency 

by X monosomy and triploidy. The frequency of chro¬ 

mosomal abnormalities in liveborn infants, namely 

about 0.6%, is in marked contrast to 50% in abortuses. 

In stillborn infants the frequency varies from 4% to 

12%, the most common chromosomal abnormality be¬ 

ing trisomy, especially trisomy 18. Chromosomal ab¬ 

normalities are associated with a high lethality 

throughout prenatal life, as well as during the peri¬ 

natal period. 
Early abortuses may show varying degrees of path¬ 

ological changes and are frequently referred to as 

“blighted.” In many instances an embryo is not found. 

The following types are included: only chorionic villi; 

only villi and chorion; only villi, chorion, and amnion; 

chorion, amnion, and an embryonic nodule; chorion, 

amnion, and an opaque, macerated embryo. 

ft MEASUREMENTS 

(For this section, the reader is referred to the box on 

this page.) 

Linear Measurements 

Embryos of the first few weeks are measured from en¬ 

larged reconstructions. The most useful measurement 

for later embryos and for fetuses is the greatest length 

(GL), exclusive of the lower limbs (which are flexed in 
utero) (Figs. 8-3 and 8-4). Measurement from the 

crown of the head (over the midbrain) to the breech 

(crown-rump or CR length) is generally similar to the 
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Right lateral views of embryo at 8 weeks23, a new¬ 
born infant, and an adult, with the stature (CH length) held 
constant. The adult head is proportionately half that of the new¬ 
born, which in turn is much smaller than that of the embryo. 
A horizontal line bisecting the newborn passes close to the um¬ 
bilicus but is at the level of the public symphysis in the adult. 
The vertebral column (shown in black) is concave forward in 
the embryo, shows thoracic (T) and sacral (S) curvatures in the 
newborn (the remaining two curvatures have begun but are less 
marked), and has four curvatures in the adult: cervical (C), tho¬ 
racic (T), lumbar (L), and sacral (S). CH, crown-heel length; 
GL, greatest length of embryo, exclusive of lower limbs. 

GL in the fetal period and corresponds roughly to the 

sitting height postnatally. However, the CR length is 
less satisfactory than the GL because (1) points C and 

R are not always evident and do not yet exist in very 

young embryos, (2) these points may shift in relative 

position during development, and (3) it is the GL that 

is measured in sonography. For both these measure¬ 

ments, the fetal body can be held straight, whereas, 

for embryos, the natural curvature is left undisturbed, 

so that a caliper length is obtained. Considerable var¬ 

iation is found. For example, although the greatest 

length at birth is given as approximately 335 mm, GL 

may be expected to vary from 290 mm to 380 mm. 

Variation occurs even in the embryonic period, partic¬ 

ularly embryonic length in relation to age, but there 

is less variation when one is comparing length with 

stage. Fetal weight (Figs. 8-8 and 8-9) can be estimated 

from linear measurements. It is now possible to mea¬ 

sure embryos and fetuses in vivo and in utero by ul¬ 
trasonography (Figs. 8-5 to 8-7). 

Other measurements sometimes used include total 

body or crown-heel (CH) length, and foot length (FL). 

Commonly used ultrasonographic measurements in¬ 

clude biparietal diameter, head circumference, and 

femoral length in the restricted sense of the calcified 
portion. 

Prenatally, the head circumference is very similar to 

the greatest length, and the length of the calcified 

femur is very similar to the foot length. The bipa¬ 

rietal diameter remains greater than the foot length, 

and the abdominal circumference is never far from 

the greatest length prenatally. Several of these mea¬ 

surements in combination can be significant in as¬ 

sessing age and maturation. 

It should be emphasized again that embryonic or 

fetal length is a measurement and not a stage, so that 

an expression such as “at the 10-mm stage” is incor¬ 

rect and should be worded simply “at 10 mm.” 

Ultrasonography 

Ultrasound (sound frequencies beyond the range of 

human hearing) is now used extensively. A transducer 

is applied to the anterior abdominal wall of the mother 

or (in endosonography) the ultrasonic probe is in¬ 

serted into the vagina. Ultrasonography is particularly 

valuable in trimester 1 to estimate embryonic/fetal age 

(from length) more precisely (Figs. 8-5 and 8-6), in 

trimester 2 to detect anomalies, and in trimester 3 to 

study growth by means of measurements, as well as to 

determine the site of the placenta. 

Under favorable conditions the chorionic sac and 

the umbilical vesicle (yolk sac) can be detected at 2- 

3 weeks, the embryo and cardiac activity at 3-4 weeks, 

the greatest length of the embryo at 4-5 weeks, body 

movements and the normal umbilical hernia at 6 

weeks, the choroid plexus and the developing long 

bones at 7 weeks, the clavicles and frequently the um¬ 

bilical cord at 8 weeks, reduction of the umbilical her¬ 

nia at 9-10 weeks, and the cardiac chambers and fetal 

swallowing at 10 weeks. After 10-12 weeks, the bipa¬ 

rietal diameter is included as a fetal measurement. In 

clinical usage, where menstrual weeks are generally 

given, these figures would be greater by 2 weeks. Some 

anomalies (e.g., cystic hygroma, hydrocephaly, and an- 

encephaly) have been diagnosed by ultrasonography 

during trimester 1, but recognition is much easier in 
trimesters 2 and 3. 

Surface Area 

The surface area is about 0.2 sq. m at birth. Al¬ 

though the surface area increases several-fold dur¬ 

ing postnatal life (approaching 2 sq. m) it does not 

increase as much as weight, so that the ratio of 

surface area to mass or volume becomes reduced. 

This influences the metabolism of the body. The 

area of an individual can be estimated from the 

weight and height by special formulae. In the treat¬ 

ment of extensive burns, assessment of the per¬ 

centage of the body surface involved is important. 

Weight 

Fetal weight can be estimated from tables based on 

linear measurements, such as biparietal diameter and 
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- KJURE 8 The relative size of the embryo and the chorion at weekly intervals. The stages shown are 10, 13, 16, 17, 20, and 23. 
The drawings are at approximately the scale of the actual specimens. See also Table A-3 in Appendix 2. 

abdominal circumference. Great increments in weight 
occur prenatally, although greatest absolute increase 
in weight takes place postnatally (Figs. C2, facing back 
cover, and 8-9). Again, great variation is found. For 
example, although the average weight at birth is ap¬ 
proximately 3400 g in Europe and North America, the 
range is 2500-4000 g or more. The weight at birth is 
influenced by both genetic (maternal and fetal) and 
environmental factors, including fetal age and sex; ma¬ 
ternal nutrition, height, weight, and parity; maternal 
disease affecting placental function, and race. A pater¬ 
nal influence on birth weight is mediated through the 
father’s contribution to the autosomal genes and sex 
of the fetus. 

Low birth weight is considered to be any figure less 

than 2500 g. Very low birth weight is 1500 g or less. 

Extremely low birth weight, 1000 g or less, has been 

associated with a high rate of mortality but now has 

a good rate of survival under suitable conditions 

(Fig. 8-8). The likelihood of survival at 700-800 g, 

however, is at present small. Low-birth-weight in¬ 

fants are not necessarily born prematurely: they 

may be preterm (either of appropriate size or 

growth-retarded) or term growth-retarded (small 

for age). Small-for-age fetuses and infants are sub¬ 

divided into (1) symmetrical, in whom weight and 

length are proportionally impaired, and mortality is 

high and the outcome poor, and (2) asymmetrical, 

in whom body length and head circumference are 

relatively normal, although body weight is reduced. 

The symmetrical category arises during the first half 

of pregnancy, the asymmetrical group during the 

second. Low-birth-weight infants are in need of spe¬ 

cial care. Low birth weight, hypoxia, and congenital 

anomalies can be hazardous to welfare. 

Additional terms relating to birth weight have 

proliferated, but agreement on their definition has 

not been reached. For example, light-for-dates refers 

to a newborn whose birth weight falls below a cer¬ 

tain figure (e.g., the 10th percentile) on a growth 

chart. Such infants are apt to have a higher neonatal 

mortality because of either nutritional deprivation 

or limited growth potential. Abnormal ultrasono¬ 

graphic findings, extreme prematurity, and small- 

for-age are associated with increased mortality dur¬ 

ing the first postnatal year. 

Intra-uterine growth retardation refers to the 

failure of a fetus to achieve intrinsic growth po¬ 

tential. Inadequate nutrition is the usual reason, 

but maternal or fetal conditions, or placental ab¬ 

normalities, may be responsible, as well. It is ac¬ 

companied by increased perinatal morbidity and 

mortality. Ultrasonography is important in the 

diagnosis. Multiple measurements (including ab¬ 

dominal circumference) are made and the fetal 

weight is estimated from these. Severe maternal un¬ 

dernutrition has its maximum effect on fetal growth 

in trimester 3 and may affect growth in all dimen¬ 

sions. A reduction in weight during trimester 3 is 

most frequently caused by inadequate placental 

function. Fetuses showing growth retardation may 

either be proportionally small or have “normal” 

head size. 

The term catch-up growth (compensatory 

growth) refers to the capacity during prenatal or 

postnatal life to return to a predetermined growth 
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MGURE 8-5. Two early embryos in vivo demonstrated by transvaginal ultrasonography. A. An echolucent (sonolucent) area (arrow) 
2 mm in diameter, seen almost immediately after implantation. B. A chorionic sac appearing as a 14-mm echogenic ring and 
containing an umbilical vesicle of 4 mm; about 4 weeks in age. This Doppler view includes spiral arteries at the left. Courtesy of 
Dr. Nick Exalto, Haarlem, The Netherlands. 

curve after being deflected (e.g., by inadequate nu¬ 

trition). A severe illness, for instance, may result in 

slow growth, followed by a resumption of growth at 

a higher than expected rate. 

Beckwith-Wiedemann syndrome is an example of 
macrosomy. The genetic localization is on llql5.5, an 
area affected by imprinting. Uniparental (paternal) di¬ 
somy leads to larger and heavier babies with features 
such as macroglossia, omphalocele, cytomegaly of su¬ 
prarenal fetal cortex, and renal and pancreatic hyper¬ 
plasia. Sometimes increased birth weight and in¬ 
creased postnatal growth are characteristic. The 
syndrome predisposes to carcinoma later in life. 

Methodology. Weight is an index of growth. By 

plotting weight against time (i.e., age) a sigmoid 

growth curve is obtained (Fig. 8-8). As a result of 

the complexity of factors that influence human 

growth, it has not been possible to select an entirely 

satisfactory and acceptable standard for interna¬ 

tional use nor, a fortiori, to decide how much a fetus 

must depart from such a standard before being re¬ 

garded as abnormal. 

Most reference values and growth charts are 

cross-sectional (or horizontal) studies; i.e., they are 

based on one-time measurements of individuals. In 

longitudinal studies the same individuals are mea¬ 

sured at specific ages over a period of time, a 

method necessary for the investigation of velocity 

growth (variations in the rate of growth with time). 

The maximum velocity of linear growth (i.e., in 

height) is belived to occur during the fetal period. 
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FIGURE 8-6 Four embryos in vivo demonstrated by transvaginal ultrasonography. A. C-shaped embryonic body of 31 days (ap¬ 
proximately stage 12), together with the (small) umbilical vesicle and the (large) extra-embryonic coelom (cf. Fig. 7-10A). B. Median 
section at 39 days (approximately stage 17), showing (dorsally) a very distinct umbilical vesicle (cf. Figs. 8-1 ID and 18-6). C. Coronal 
section at 47 days (approximately stage 20), showing fingers. The lateral ventricles are visible in the head (key-drawing; see also 
Fig. 8-11E). D. Median section at 50 days (approximately stage 21), showing an elevated head, adjacent to which is the umbilical 
vesicle. The limbs are visible. The ages of these embryos, from assisted reproductive procedures, are known precisely. Courtesy of 
Prof. Dr. Joseph Wisser, Klinik fur Geburtshilfe, Munich and Zurich. 

An adolescent spurt in both height and weight takes 

place after 10 years. 

Summary of Measurements 

• At the end of the embryonic period, the embryo is 
approximately 30 mm in greatest length (exclusive 
of lower limbs) and weighs between 2 and 3 g. 

• At the end of trimester 1 (about 90 days) the fetus 

measures approximately 90 mm GL. 
• At or immediately after the middle of prenatal life 

(about 20 weeks) the following approximate values 
may be expected: GL and head circumference, 200 
mm; CH, 300 mm; foot length and calcified fem¬ 
oral length, 40 mm; biparietal diameter, 50 mm; 
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Postfertilizational weeks 

Prenatal measurements during trimester 1. Those 
of the chorionic and amniotic cavities, and the umbilical vesicle 
(yolk sac), are ultrasonic in vivo and are based on Tercanli and 
Holzgreve (1995). 

abdominal circumference, 170 mm; body weight, 

500 g. 

• At birth, average figures are as follows: GL, 335 

mm; CH, 500 mm; foot length and calcified fem¬ 

oral length, 75-80 mm; biparietal diameter, 95 

mm; head circumference, 350 mm; abdominal cir¬ 

cumference, 360 mm; body weight, 3400 g, with 

considerable variation. 

Various mnemonics are useful in remembering ap¬ 

proximate values. For example, a full-term infant 

usually doubles birth weight by 5 postnatal months, 

and triples it by 1 year; four times the birth weight 

is commonly reached before 3 years, and seven 

times by 7 years. At 3 years a child is usually close 

to 100 cm (3 feet) in height. Another mnemonic 

would be: 100 mm at 3 prenatal months, 100 cm at 

3 postnatal years. 

GROWTH 

Growth, strictly speaking, is an increase in the size of 

an organism or of its parts. Growth involves an in¬ 

crease in the size of cells (hypertrophy) and in their 

number (hyperplasia). The chief cause of prenatal 

growth is cellular division. Growth is ordinarily ac¬ 

companied by the specialized cellular changes that 

constitute differentiation. Although growth is very 

marked prenatally and during the first two decades 

postnatally, it continues throughout life in the skin, 

hair, and nails, as well as in the renewal of cells in 

such areas as the lining of the alimentary canal. 

Prenatal growth and development are determined 

mainly by the genome, on which are superimposed 

constraints such as nutrient supply and stimuli such 

as hormones. Prenatal growth is influenced by many 

factors, including ethnicity, maternal height, birth or¬ 

der, fetal sex, plurality, and altitude, as well as mater¬ 

nal nutrition, smoking habits, hypertension, placental 

insufficiency, diabetes, erythroblastosis, and other fetal 

diseases and malformations. Adequate nutrition is es¬ 

sential for normal growth. 

DEVELOPMENTAL GENES 

The development of the embryonic body is determined 

by homeobox genes. This is a family of related genes 

that subdivide the embryo rostrocaudally along its lon¬ 

gitudinal axis into fields of cells with different devel¬ 

opmental potentials. The subdivision of the embryonic 

body into fields precedes the formation of specific or¬ 

gans or structures. 

Homeobox (Hox) genes, which are key regulators of 

embryonic development, are for the most part or¬ 

ganized in four gene clusters on different chromo¬ 

somes. Homeobox genes are critical for normal de¬ 

velopment and are expressed particularly in the 

central nervous system, the somites, and the limb 

buds. 

Once activated, the homeobox genes directly 

specify the identities and fates of embryonic cells, 

thereby shaping the body and guiding the formation 

of organs. In later stages, homeobox genes seem to 

provide molecular tags that “remind” cells of where 

in the embryo they originated. Homeobox genes 

also regulate the activity of other genes. Retinoic 

acid is implicated in the activation and control of 

several Hox genes. 

Another type of developmental control gene is 

called Pax {Pa ired box). These are highly conserved 

and encode proteins, probably nuclear transcription 

factors that are expressed early in development. 

They are important regulators of the development 

of brain, eye, ear, nose, kidney, vertebral column, 

and limb muscles. Pax3 is a marker of early myo¬ 

genic cells and is required for migration of neural 

crest to the heart (in the mouse). Although Pax 

genes show many similarities to the Hox genes, they 

differ apparently in that their mutations cause in¬ 

herited developmental defects, e.g., aniridia (Chap¬ 

ter 20) and the Waardenburg syndrome (Chapter 

21). Furthermore, important developmental genes 

include the hedgehog genes that induce median ar¬ 

eas of the brain, the floor plate, for example, and 

also the optic primordia. Disturbances by mutation 
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Graph of mean fetal 
weight. The interrupted lines 
show the usual range. The 
distinction between age 
(postovulatory weeks) and 
menstrual weeks (which are not 
age) is also shown. Low-birth- 
weight and preterm infants, as 
these terms ars~ commonly used, 
are included. Although not shown 
here, nor in Figure C2 (inside 
back cover), prenatal weight is 
practically linear after week 25. 
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Graph showing 
continuity of prenatal and 
postnatal measurements: mean 
weight (continuous lines) in 
kilograms, stature (short dashes) 
in centimeters, and head 
circumference (long dashes) in 
centimeters prenatally and 
during the first three postnatal 
years. The postnatal figures 
represent approximately the 50th 
percentile. By 3 years the infant 
is close to 15 kg and 100 cm. 
Increase in height in infancy has 
been shown to be saltatory; i.e., 
incremental bursts punctuate a 
background of relative stasis. 
CH, crown-heel length. 

1 2 Years 3 
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and environmental causes in the human can lead to 

holoprosencephaly. 

The genetic information is transformed into 

morphological events by the action of growth fac¬ 

tors, morphogenes, and receptors. Genes do not act 

as individual units, perhaps not even in cascades, 

but rather as “information” networks characterized 

by interaction (both positive and negative) and also 

hierarchy. 

Hormones and Growth Factors 

Numerous hormones influence growth and, as soon as 

the fetal period is reached, these include fetal hor¬ 

mones such as growth hormone (somatotropin), 

which is produced by the adenohypophysis and is be¬ 

lieved to be necessary for postnatal development. 

Growth hormone stimulates the growth and metabo¬ 

lism of cartilage, bone, and muscle. Fetal maturation 

is accelerated by glucocorticoids and thyroid hor¬ 

mones. Thyroid hormones, which probably affect 

growth, are secreted under the influence of thyrotropic 

hormone from the adenohypophysis. Insulin is essen¬ 

tial for normal prenatal growth, and it, as well as 

insulin-like growth factor, is probably a more impor¬ 

tant endocrine regulator of prenatal growth than is 

pituitary growth hormone. Endocrine functions of the 

placenta are also significant. 

Growth factors are an important class of mole¬ 

cules (polypeptides) that stimulate cellular multipli¬ 

cation and modulate differentiation. In contrast to 

hormones, produced in endocrine glands and distrib¬ 

uted in the blood, growth factors are frequently syn¬ 

thesized in multiple types of cells and tissues, and gen¬ 

erally act locally within their site of origin, either on 

cells in the immediate vicinity (paracrine action) or 

even on the same cells that produced them (autocrine 

action). Growth factor groups (“families”) include fi¬ 

broblast, epidermal, transforming, insulin-like, platelet- 

derived, and heparin-binding growth factors. 

Retinoic acid is a non-peptide growth factor, which 

is known to be a fundamental morphogen, i.e., a mol¬ 

ecule that plays a crucial role in the establishment of 

embryonic form. It is the most biologically active nat¬ 

ural metabolite of vitamin A. Although it cannot be 

synthesized de novo by the embryo, it can be produced 

from retinol, which is transported from the umbilical 

vesicle via the maternal blood. Examples of its influ¬ 

ence are the migration of primary mesenchyme and 

the early development of the brain, the face, and the 

limb buds. Developmental abnormalities induced by 

retinoic acid excess or vitamin A deficiency are differ¬ 

ent, although they affect the same organ systems. Ex¬ 

posure to retinoid excess experimentally (in the rat) 

around the time of neural induction results in cranio¬ 

facial malformations, characterized initially by a re¬ 

duction in mesenchyme and a small neural plate, and 

subsequently by a short hindbrain with rostral shifting 

of the otic vesicle and neural crest. 

EXTERNAL FORM 

The Embryonic Period 

The first appearance of the embryonic disc3 and the 

subsequent manifestation of a longitudinal (median) 

axis6 (the primitive streak) at 2-2xk weeks (Fig. 6-3) 

are key events in the establishment of the embryonic 

body. The initial appearance of the neural groove8, 

when the embryo elongates and reaches 1 mm or more 

in length86, is followed rapidly by the arrival of the 

somites9 (Fig. 6-10B) at 3¥2 weeks. Cephalic and caudal 

folds now become evident (Fig. 8-10). The heart begins 

to beat9,10. A series of pharyngeal arches10-13 (Fig. 8- 

11A,B) contribute to the form of the head and neck, 

particularly to the future upper and lower jaws. There 

is, however, no highly phylogenetically conserved 

phase in vertebrate development (Richardson et al., 

1997). The early embryo possesses three main axes and 

is bilaterally symmetrical, develops a coelom, and 

shows serial repetition of such structures as nerves 

and blood vessels. Characteristic chordate features10- 

13 are the neural tube, the notochord, the pharyngeal 

arches, and the thyroid gland (Fig. 18-2A). 

At 4V2 weeks13 the embryo is about 5 mm in length 

and possesses some 30 pairs of somites. The head is 

large and distinct, the cardiac swelling is prominent, 

and limb buds have begun to appear (Fig. 8-1 IB). The 

major outlines of the brain and optic vesicles can be 

seen from the surface, although the neural tube is 

completely closed. Pharyngeal arch 1 is forming the 
future lower jaw. 

Figure 8-10. A-C. Median sections of embryos of about 4 weeks9-11. Cephalic and caudal folds are associated with the appearance 
of foregut and hindgut, and they affect the relationships of (1) the heart and (2) the cloacal membrane and allantoic diverticulum, 
respectively. The oropharyngeal and cloacal membranes are indicated by small arrows. The right neural fold (in A and B) fuses 
with the left to form the neural tube (sectioned in C). B',C'. Transverse sections showing neurai groove and tube, respectively D 
Left lateral view (reduced) of the 14-somite embryo shown in C. A and V, atrial and ventricular ends of heart, respectively Ao ' 
aorta. A, B, and C are from the Vant9 (3 somites), Payne10 (8 somites), and Heuser11 (14 somites) embryos. 
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A 

2.8 mm 
Stage 10 
4 weeks 

C 

7.5 mm 
Stage 15 
5 weeks 

E 

20.8 mm 
Stage 20 
7 weeks 

B 

5.3 mm 
Stage 13 
4V2 weeks 

D 

13 mm 
Stage 17 
6 weeks 

F 

30.7 mm 
Stage 23 
8 weeks 

FIGURE 8-11. Right lateral views showing external form of embryos at almost weekly intervals and reproduced at decreasing 
magnifications. The limb buds and four pharyngeal arches can be seen at 4V2 weeks, hand plate at 5 weeks, finger rays at 6 weeks, 
toe rays at 7 weeks, and coils of intestine within the umbilical cord at 7 and 8 weeks. 
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Figure 8-12. An embryo of 7 ¥2 weeks attached to the pla¬ 
centa21, showing the superficial vascular plexus of the head, and 
also the eye, auricle, limbs (including fingers and toes), and 
liver. Within the cord, in addition to an umbilical vessel, coils 
of intestine are visible (the normal umbilical hernia). Courtesy 
of Dr. Nick Exalto, Haarlem, The Netherlands. 

At 5 weeks15 the most characteristic vertebrate fea¬ 

ture appears, namely the vertebrae. The embryo is now 

about 10 mm in length16. The face is taking shape and 

the forehead, eyes, nostrils, and mouth are evident; the 

external ear (auricle) is beginning to be formed. Hand 

and foot plates have appeared in the limb buds. 

Between 4 and 7 weeks the caudalmost part of the 

trunk tapers, probably as a result of a precocious 

growth of the neural tube, but this is not a “tail.” (See 

discussion in Chapter 18.) 

At 6 weeks17 (Fig. 8-11D) the embryo is about 12 

mm in length. The head is proportionately very large 

and finger rays are appearing. Retinal pigment is vis¬ 

ible. The liver is becoming prominent. Embryonic 

movements can be detected by ultrasonography and 

are discussed in Chapter 19. 

At 7 weeks19,20 the embryo is about 20 mm in 

length. The nose is broad and flat (Fig. 8-1 IE). The 

pharyngeal arches are no longer seen, and the neck is 

forming. The limbs extend nearly directly forward 

(their longitudinal axes are more or less parallel: Fig. 

18-25C) and toe rays have appeared (Fig. 8-12). 

At 8 weeks23, the end of the embryonic period 

proper, the embryo is some 30 mm in length and 

shows typically human features, particularly in the 

face (Fig. 8-1 IF). The embryo is more mature and the 

head is rounded. The neck has developed, and the head 

is more extended. The eyelids and the auricles are bet¬ 

ter defined. The limbs are longer, and the toes of the 

two sides generally touch (“praying feet”). The umbil¬ 

ical vesicle, measured ultrasonically, is about 5 mm in 

diameter. 

The Fetal Period 

During the remainder of trimester 1 (Fig. 8-13), the 

head is still relatively large and continues to occupy 

about one-third of the greatest length of the fetus. By 

10 weeks the GL has doubled (to 60 mm). The eyes, 

which were directed laterally, are now directed more 

anteriorly. The bridge of the nose develops. Hairs are 

beginning to appear on the eyebrows and lips, and are 

followed by finer hair termed lanugo. The normal um¬ 

bilical hernia becomes reduced (i.e., the gut in the 

cord enters the abdomen). It becomes possible to de¬ 

termine the sex from the external genitalia at 50 mm. 

Nails are beginning to form, particularly on the fin¬ 

gers. Opening of the mouth occurs, protrusion of the 

tongue takes place, and breathing movements can be 

detected. The fetus measures 90 mm at approximately 

90 days. At about this time, sucking (bursts of rhyth¬ 

mical jaw movements), sometimes followed by swal¬ 

lowing of amniotic fluid, can be detected. 

During trimester 2, the fetus reaches half the 

greatest length of the newborn. Scalp hair is appear¬ 

ing. Lanugo is present over most of the skin. The skin 

becomes temporarily wrinkled. Quickening (fetal 

movements detected by the mother) is noted. The 

lungs enter their canalicular phase and the fetus be¬ 

comes viable. 

During trimester 3, subcutaneous fat becomes de¬ 

posited and the skin is no longer wrinkled. The skin 

becomes covered with vemix caseosa (a mixture of 

sebum and desquamated epithelial cells). The scalp 

hair is more marked and lanugo is beginning to dis¬ 

appear. The testes generally enter the scrotum. 

Fetal movements, ocular movements, posture, 

breathing, and cardiac rate are used as an indication 

of fetal well-being, particularly near term. Fetal move¬ 

ments are discussed in Chapter 19. 
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Figure 8-13 Right lateral views of fetuses from trimesters 1 and 2. A. In utero at 10 weeks. B. At 13 weeks within an opened 
amniotic sac and showing placenta at left. C. In utero at 22 weeks; umbilical cord can be traced to the left to its attachment to 
the placenta. 

Fetal Posture 

In late intra-uterine life the fetus adopts a certain 

posture. The mode of fetal growth combined with 

adaptation to the uterine cavity results in the char¬ 

acteristic fetal “attitude” or “posture” (Fig. 9-8). The 

“lie” of the fetus becomes such that the longitudinal 

axis is similar to that of the mother. The “presenting 

part” that can be felt through the cervix on vaginal 

examination near term is generally (95%) the head: 

a vertex or occipital “presentation.” This is probably 

because the uterus is pyriform and the lower por¬ 

tion (breech and flexed lower limbs) of the fetus is 

bulkier than the head. In relation to the maternal 

pelvis, the presenting part (e.g., the occiput) may 

face to the left or the right, and may be more an¬ 

terior or more posterior, e.g., left occipito-anterior 

(LOA) “position.” 

As pregnancy progresses, the uterus can be pal¬ 

pated at increasingly higher levels: a little above the 

symphysis pubis at the end of trimester 1; at the 

level of the umbilicus before the end of trimester 2; 

at the costal arch at about 34 (36 menstrual) weeks. 

About 10 days before parturition, the uterus gen¬ 

erally settles more deeply into the pelvis and the 

level descends to about two finger-breadths below 
the costal margin. 

Parturition 

Prediction of the date of birth, when based on the ul- 

trasonically determined greatest length or the bipa- 

rietal diameter, is more reliable than when estimated 
from the menstrual history. 

Childbirth (labor) is the process by which the con- 

ceptus is expelled from the uterus through the vagina 

to the outside world. The placenta and adnexa are then 

extruded. Fetal, maternal, and placental factors result 

in contraction of the uterine smooth musculature and 

in effacement and dilatation of the cervix. 
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Figure 8-14 Parturition, left occipito-anterior (LOA) presentation. As descent continues, it is accompanied by flexion, rotation, 
and extension. For details see text. 

The ostium uteri (the “external os” of obstetricians) 

is where the cervix opens into the vagina. The isth¬ 

mus is where the corpus uteri narrows into the cer¬ 

vix, and its cavity is referred to by obstetricians as 

the “internal os.” (Upper and lower limits are some¬ 

times distinguished as anatomical and histological, 

respectively.) During pregnancy the isthmus be¬ 

comes taken up by the corpus and is then called the 

lower uterine segment. This part remains relatively 

passive during parturition, in contrast to the upper 

segment, which is thick and actively contracting. 

An increase of cortisol from the suprarenal 

gland immediately before birth may control the 

length of pregnancy by acting as a signal for the 

initiation of parturition. Prostaglandins, produced 

probably by the amnion, are involved in the onset 

and maintenance of childbirth. Oxytocin causes 

uterine contractions. In addition, an important fac¬ 

tor in the timing of birth seems to be the rate of 

production of corticotropin-releasing hormone in 

the placenta (a “placental clock”); by complicated 

hormonal pathways this influences the placental 

production of estrogen, which in turn encourages 

uterine contraction. 

Positional changes in the presenting part occur 

during parturition and are a necessary adaptation of 
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Figure 8-15. A. Cephalic presentation in left occipito-anterior 
(LOA) position. Based on Bumm. B. Lateral view of the skull 
showing the (long) occipitofrontal diameter (X). C. With flexion 
of the head, the (shorter) suboccipitobregmatic diameter (Y) is 
substituted. 

the head to the various segments of the pelvis. 

These changes, for an LOA presentation, are briefly 

as follows (Fig. 8-14). (A) The “floating” head be¬ 

comes “engaged” in the lesser pelvis, as the bipa- 

rietal diameter passes through the pelvic inlet (Figs. 

8-15 and 8-16). (B) The fetus descends and the head 

flexes, so that the (shorter) suboccipitobregmatic di¬ 

ameter replaces the (longer) occipitofrontal diame¬ 

ter (Fig. 8-15). (C) The head also undergoes medial 

rotation*; i.e., the occiput moves from an antero¬ 

lateral to an anteromedian position (Fig. 8-16). 

(D,E) Next, the head undergoes extension, thereby 

coming into line with the caudal part of the curving 

birth canal. (F) The delivered head then undergoes 

restitution, i.e., returns to an oblique position, and 

lateral rotation,* i.e., the occiput moves from an 

anteromedian to an anterolateral position. The an¬ 

teriorly and posteriorly situated shoulders are then 

delivered successively. 

Parturition is generally subdivided into three 

phases. (1) Uterine contractions become strong, 

regular, and frequent; the cervix dilates and be¬ 

comes effaced; the amniotic sac (“bag of waters”) 

becomes uncovered and, together with the chorion 

laeve, ruptures (“rupture of the membranes”). If the 

*In obstetrics and in orthopedics there exists an unfortunate ten¬ 
dency to speak of internal and external rotation when medial and 
lateral rotation, respectively, are meant. Internal and external, 
meaning inner and outer (as in the circular and longitudinal mus¬ 
cular layers of the intestine) are not synonymous with medial and 
lateral, which refer to relationship to the median plane. This sig¬ 
nificant point in anatomical terminology was established by Henle 
in 1855. 

chorion ruptures alone, the amnion may be pushed 

out with the fetal head as a covering, termed a caul. 

(2) The parturient bears down and the fetal head is 

driven against the perineum; the scalp becomes vis¬ 

ible (“crowning”) and the fetus is expelled. (3) Uter¬ 

ine contractions effect the separation of the placenta 

and expel it. The placenta and the chorion laeve 

and amnion (“the membranes”) constitute the 

“afterbirth.” 

A stillborn fetus is one without signs of life and 

delivered after 20 weeks. (Some investigators have 

used 26 or 28 weeks.) The frequency is between 5: 

1000 and 12:1000 total births. The causes are gen¬ 

erally unknown, but a number of stillbirths result 

from antepartum hemorrhage, with or without 

abruptio placentae. The most important genetic 

causes are chromosomal abnormalities, especially 

monosomy X and autosomal trisomy (21, 18, 13). 

The largest group consists of unexplained, mostly 

asphyxial intra-uterine deaths. Major anomalies are 

found frequently, and fetal growth retardation is 

common. The chief causes of perinatal mortality are 

prematurity and intra-uterine growth retardation. 

Premature births, which account for 85% of early 

infant deaths, are likely to result in serious prob¬ 

lems in those who survive. Uterine infection is 

thought to be a major cause (or effect?), probably 

by producing rupture of the membranes. 

Postnatal Prolongation of Fetal Growth 

Human development shows a general retardation 

relative to other primates, and this results in reten¬ 

tion of juvenile features (e.g., a “flat face,” a cen¬ 

trally placed foramen magnum, delayed skeletal 

maturation). This concept is termed paedomor- 

phosis or neoteny. The human infant is relatively 

undeveloped and helpless at birth, and the comple¬ 

tion of growth and maturation is postponed. It has 

been proposed (chiefly by Portmann) that because 

human birth is accelerated, growth rates during the 

first postnatal year follow the fetal trends shown by 

other primates, and that this confers flexibility for 

subsequent learning, inquisitive exploration, and 

creative interaction with the environment. It has 

been estimated that were birth to be delayed in pro¬ 

portion to retarded development in general, then in 

utero existence would be increased to 21 months. 

Moreover, protracted development and the depen¬ 

dence of children on their parents are an impetus 

for the establishment of the human family. Finally, 

the maintenance of fetal growth rates postnatally 

allows such organs as the brain to increase consid¬ 

erably in mass. By plotting brain weight versus body 

weight, it has been shown that the high fetal slope 

of the graph is, in the human, continued well into 
postnatal life.f 

The ideas in this paragraph are discussed by S.J. Gould, 1977. 
Ontogeny and Phytogeny. Cambridge, Massachusetts: Harvard Uni¬ 
versity Press. 
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Figure 8-16 Some of the changes in the position of the LOA head during parturition. A. The maternal pelvis and the fetal skull 
are viewed from below; the pubic symphysis is uppermost, the sacrum below: a, the head is engaged and the biparietal diameter 
passes through the pelvic inlet; b; beginning medial rotation; c, completed medial rotation; d, extension; e, restitution (of obliquity) 
and lateral rotation. B. Front view showing medial rotation as the head descends. C. Right lateral view showing rotation followed 
by extension. The planes of the pelvic inlet and outlet are indicated by interrupted lines and the anterior fontanelle is shaded. Based 
on Bumm and other sources. 

■ THE FACE 

At first11-15 the future face is mostly coextensive with 

the rostroventral surface of the telencephalon. As the 

primary palate is formed, which occurs in association 

with the appearance of the nasal grooves, sacs, and 

septum, the amount of mesenchyme increases between 

the floor of the telencephalon and the roof of the oral 

cavity17. Vertical elongation of this mesenchymal mass 

results in separation of the brain from the lower part 

of the face. 
The face (Figs. 8-17 to 8-20) develops from a series 

of five swellings or growth centers, generally termed 

“processes” (Fig. 8-17A,B). These are bilateral maxil¬ 

lary and mandibular processes11, and the frontonasal 

prominence, which is clearly visible by 5 weeks16. In 

addition, lateral and medial nasal processes arise in 

association with the nasal pits15, and each medial nasal 

process comes to terminate as a globular process (Figs. 

8-18 and 8-19A)17. Most of the mesenchyme of the fa¬ 

cial processes is believed to be ectomesenchyme. The 

facial processes probably do not fuse (in the sense in 

which the palatal shelves do) but rather merge, 

whereby, as the mesenchyme grows and migrates, the 

epithelium is “ironed out” from between the eleva¬ 

tions. At places of contact, the epithelium between two 

facial swellings is loosened. It degenerates and be¬ 

comes replaced by mesenchyme. By 7 weeks (Fig. 8- 

20A)20, the facial processes are no longer separable, 

and attempts to superimpose them on illustrations of 

the adult face are fraught with danger. The face is now 

recognizably human (Fig. 8-11).19-21 During the late 

embryonic and early fetal periods, facial growth is pre¬ 

dominantly sagittal. The shape of the face depends on 

local differences in expansion of the facial processes 

and in alterations caused by cellular proliferation and 

rearrangement, as well as through apoptosis; stretch¬ 

ing by adjacent tissues may also be involved. 

Much information and many illustrations of the 

development of the face can be found in the article by 

Hinrichsen (1985). 

The upper lip is derived from the maxillary pro¬ 

cesses laterally. The maxillary and lateral nasal pro¬ 

cesses merge18, and mesenchymal continuity is estab¬ 

lished. Two main interpretations of the median part of 

the upper lip are endorsed enthusiastically by their re- 
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Figure 8-17. Development of the face at 4-5% weeks. A11, B12, C13, D14, and E16. The inset in E shows the six auricular hillocks 
at their maximum clarity. Mand. and Max., mandibular and maxillary processes. Ot., otic disc. The pharyngeal arches are numbered. 
The shaded drawings are by James F. Didusch. 
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Future tip of nose 

1 nasai 
proc. 

FIGURE 8-18. Development of the face (continued) at 6-614 weeks. A17, B18, and C19. The second embryo in A is slightly more 
advanced. The inset below the first embryo shows the lateral and medial nasal processes, the latter ending in the globular process 
bilaterally. In B, the external acoustic meatus (EAM) is visible. In C, the approximate area of the maxillary processes is stippled. 

The shaded drawings are by James F. Didusch. 
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Figure 8-19 Scanning electron micrographs of the face. A. Left ventrolateral view at 6 weeks showing nares bounded by medial 
(globular) and lateral nasal processes in close relationship to maxillary process (cf. Fig. 8-17E). Left auricle is well shown below, 
and the six auricular hillocks are still discernible around pharyngeal cleft 1. B. Ventral view a few days later18 showing eyes, nares, 
and mouth. Extensive merging of facial processes has occurred and the distinction between medial nasal and maxillary processes 
has disappeared externally. Left external acoustic meatus is evident (cf. Fig. 8-18C). Reprinted, with permission, from K.V. 
Hinrichsen. 1985. The early development of morphology and patterns of the face in the human embryo. Adv. Anat. Embryol. Cell 
Biol., 98:1-79. 

Figure 8-2 Development of the face. A-D. Right lateral views at 7 weeks20, 8 weeks23, 11 weeks (75 mm) and 17 weeks (155 
mm), respectively. E. Front view of nose at 7 weeks20. F. Front view of nose at 8 weeks23, showing that the “awning” has been let 
down (arrow). 
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spective advocates. (1) The median part is said to de¬ 
velop from the globular (i.e., medial nasal) processes, 
and sensory innervation is not considered a reliable 
guide to the underlying medial migration of maxillary 
mesenchyme. (2) Medial extension of the maxillary 
mesenchyme is thought by others to result in fusion 
across the median plane, superficial to the lower end 
of the frontonasal prominence, so forming the basis of 
the upper lip and accounting for the sensory supply of 
the philtrum by the maxillary nerve. A basic difficulty 
in attempting to resolve these differing interpretations 
is that the lip forms at a time when the facial processes 
are losing their identity. 

The mandibular processes unite (Fig. 8-17C)13 and 
give rise to the lower lip, which becomes separated 
later from the gums, teeth, and tongue. The lips of the 
newborn infant have a villous zone, which is used to 
grasp the nipple. The cheeks develop from the maxil¬ 
lary and mandibular processes. The buccal pad of fat 
contributes to the roundness of a child’s cheek and 
may prevent the cheek from being sucked inward 
while an infant suckles. The musculature of the face 
develops from a mass of dense mesenchyme in pha¬ 
ryngeal arch 2. Sheets of myoblasts spread in most 
directions, accompanied by branches of the facial 
nerve (the nerve of arch 2). By 12 weeks all the mus¬ 
cles contain myotubes and are in their definitive po¬ 
sitions (R.F. Gasser). Within another few weeks the 
myotubes become muscle fibers. Facial muscles are 
mesodermal in origin, but their patterning is believed 
to be specified by the ectomesenchyme that forms 
their connective tissue sheaths. 

At first the eyes are situated at the sides of the 
head16, but they adopt a more frontal position pro¬ 
gressively (Fig. 8-19). During the second half of tri¬ 
mester 1, the face grows rapidly, increases several-fold 
in height, and extends forward. 

The development of the face is under the control 
of both single genes (autosomal and X-linked, domi¬ 
nant, or recessive) and many genes combined with en¬ 
vironmental factors. 

Anomalies 

Facial anomalies are frequently combined with those 
of the skull, so that the term craniofacial anomalies is 
used. One of the most frequent is cleft lip, which is 
discussed with the palate in Chapter 13. 

Oblique facial clefts, e.g., from mouth to nose to 
eye, are rare. Although they are sometimes considered 
to be developmental arrests during the construction of 
the face (e.g., a failure of union of the maxillary and 
frontonasal prominences), many if not most examples 
may be more in the nature of irregular tears as part 
of an amniotic rupture sequence. 

Hypoplasia of the mandible results in a short lower 
jaw (micrognathia), as in a condition termed the 
Pierre Robin sequence, and also in mandibulofacial 
dysostosis (Treacher Collins syndrome), which is au- 
tosomally dominant. (See Chapter 13.) 
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Q 
C H A P T E R 

Teratology 

eratology (Greek, teras, teratos, monster) is 

the study of congenital malformations, their 

manifestations and incidence, and the mechanisms of 

abnormal prenatal development. The term dysmor- 

phology is used especially for the clinical recognition 

of malformations. 

■ DEFINITIONS 

Malformations. Congenital malformations are gross 

(i.e., macroscopic) structural abnormalities attribut¬ 

able to faulty development and present at birth, e.g., 

cleft lip. They are beyond the scope of variation within 

the species, although the distinction is sometimes dif¬ 

ficult. Position, size, and number are frequently in¬ 

volved, as recognized by Aristotle: “changes and defi¬ 

ciencies are found also in the internal parts, animals 

either not possessing some at all, or possessing them 

in a rudimentary condition, or too numerous or in the 

wrong place” (De generations animalium, Book 4 (4): 

771a). 
Anomalies. Congenital anomalies include not only 

gross structural defects but also microscopic malfor¬ 

mations, inborn errors of metabolism, physiological 

disturbances, mental retardation, and cellular and mo¬ 

lecular abnormalities. Anomalies that have an adverse 

effect on either function or social acceptability are fre¬ 

quently considered to be major, whereas those of nei¬ 

ther medical nor cosmetic consequence (e.g., absence 

of the palmaris longus) can be regarded as “mild.” Nu¬ 

merous minor anomalies (e.g., unusual dermato- 

glyphic patterns) occur and are merely normal vari¬ 

ants. Some have diagnostic value (e.g., pre-auricular 

pits may indicate renal abnormalities). Minor anoma¬ 

lies occur chiefly in the face, auricles, hair, hands, and 

feet. The presence of two or more minor malforma¬ 

tions frequently provides a clue to the existence of a 

more deeply lying major malformation. Congenital 

anomalies may be isolated (i.e., single) or multiple, the 

latter meaning two or more major defects from differ¬ 

ent categories, such as nervous and cardiovascular sys¬ 

tems. Some congenital anomalies (e.g., ovarian agen¬ 

esis) are not detected until after birth. 

Other Terms. The term deformation is used for an 

alteration in shape and/or position of a previously nor¬ 

mally formed part. Examples are congenital sterno- 

mastoid torticollis (wry-neck), talipes (clubfoot), con¬ 

genital dislocation of the hip, and congenital postural 

scoliosis. The term disruption is sometimes used for 

the breakdown of previously normal tissue (e.g., re¬ 

sulting in atypical facial clefts). Dysplasia is used for 

abnormal organization of tissues at the cellular level 

(e.g., Marfan syndrome). 

M PREVALENCE 

Prevalence can be considered to be an estimate of the 

chance, on average, that a live or stillborn infant will 

be born with a particular anomaly. Because embryos 

and fetuses are not included, prevalence does not re¬ 

flect the real incidence. The prevalence of “major” 

congenital malformations is probably at least 1.5- 

2.5% of total births but varies with the type of mal¬ 

formation and also from one country to another; some 
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authors give 3-7%. When “minor” and mild condi¬ 

tions are included, the figure rises to about 6-15%. 

Such figures apply to birth or shortly thereafter but 

are much higher during the embryonic period. It is 

thought that at least one-fifth and perhaps as many as 

three-quarters of all conceptuses are naturally aborted, 

many of these possessing chromosomal aberrations. 

Anomalies, whether chromosomal or structural, 

are found much more frequently in spontaneous abor¬ 

tuses than in newborns; i.e., many abnormal concep¬ 

tuses are lost prenatally (Fig. 9-1). The proportion of 

malformed and potentially malformed conceptuses is 

believed to be 10% at the beginning of week 5, 2y2% 

at the end of the embryonic period, and 1% at term, 

for major external malformations (Shiota, 1993). More 

than 80% of malformed conceptuses are lost during 

the embryonic period, and more than 90% before 

birth; in contrast, at least 18% of phenotypically nor¬ 

mal conceptuses after week 5 are eliminated sponta¬ 

neously. Thus spontaneous abortion greatly reduces 
the number of malformed fetuses born. Moreover, mal¬ 

formations that escaped detection at birth can be 

found by examining infants and children. For example, 

only half of instances of hydrocephaly are detected at 

birth and only 6% of cases of pyloric stenosis. Hence 

the real incidence is considered to be much higher 

than the prevalence at birth. 

Recurrence. A familial risk of recurrence of anom¬ 

alies exists and varies from one anomaly to another. 

The persistent causal factors of recurrence are both 

genetic and environmental. The risk of a similar defect 

is greater than that of a dissimilar one. The most com¬ 

monly recurring anomalies are cleft lip and/or cleft 

palate, limb defects including clubfoot, and genital 

malformations. 

CAUSATION 

It has been estimated that about 25% of malformations 

are attributable to known genetic and chromosomal 

factors, 10% to known environmental factors (e.g., vi¬ 

ruses), and 65% to unknown causes. The last category 

Figure 9-1 Prenatal loss of 

abnormal conceptuses. A. The 

percentage of grossly 

malformed conceptuses 

decreases from more than 10% 

in the embryonic period 

(stippled) to about 1% at birth. 

Neural tube defects decrease 

from 2.5% to under 0.1%. B. 

The percentage loss of four 

types of malformations that 

decrease from above 1% in the 

embryonic period (stippled) to 

below 1% at birth. Based on 

data collected by Shiota. 
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probably includes polygenic and multifactorial causes, 

as well as spontaneously occurring instances. In a 

sense, however, all malformations are multifactorial, 

because neither a mutant gene nor a teratogen pro¬ 

duces its effects in isolation (Warkany, 1971). More 

than 4000 conditions that show Mendelian inheritance 

in the human have been catalogued and such condi¬ 

tions are being studied by recombinant DNA technol¬ 

ogy. The causes of congenital anomalies are sought by 

careful observation of cases, by epidemiological inves¬ 

tigations, and by experimental teratology, including 

the study of animal models. In teratology, as in em¬ 

bryology, it is necessary to distinguish between pri¬ 

mary causes and the manifestation of the effects (the 

secondary or formal cause). For example, retinoic acid 

disturbs the synthesis of sugar chains from glycopro¬ 

teins (primary cause), resulting in disturbed cellular 

contact and chondrification (formal cause) (Merker, 
1988). 

Birth defects caused by paternal inheritance in 

general are not well documented. It is likely, however, 

that some teratogens, such as lead, alcohol, and nic¬ 

otine, may penetrate the blood-testis barrier. 

Developmental arrest means the failure of com¬ 

pletion of some normal developmental process. Cleft 

palate is usually given as the classic example. Although 

developmental arrest may be important in certain in¬ 

stances, it was greatly overemphasized in the past. 

To aid epidemiological studies and in an effort to 

uncover teratogens, it is advisable (1) to “split” ex¬ 

amples of isolated anomalies into subgroups (e.g., the 

level of spina bifida, the anatomical type of limb defect) 

but also (2) to “lump” instances of anomalies into 

larger groups that are thought to be similar in path¬ 

ogenesis (e.g., vascular disruption postulated for gas- 

troschisis, atresia in the small intestine, and transverse 

limb defects). 

E GENETIC DISORDERS 

The main groups of genetic disorders are (1) single¬ 

gene defects, (2) chromosomal aberrations, and (3) 

multifactorial inheritance. 

1. Single-Gene defects 

These are caused by mutant genes, and they dem¬ 
onstrate Mendelian inheritance. The single gene 
may be on an autosome or on the X chromosome, 
and the condition may be dominant (expressed 
when present on only one chromosome of a pair) 
or recessive (expressed only when present on both 
chromosomes). Examples of (a) autosomal domi¬ 
nant inheritance are achondroplasia, neurofibro¬ 

matosis (von Recklinghausen), and hereditary cho¬ 
rea (Huntington). Instances of (b) autosomal 
recessive inheritance include sickle-cell anemia, 
cystic fibrosis, and GM2 gangliosidosis (Tay-Sachs 
disease), (c) About 300 recessive X-linked diseases, 
typically affecting boys only, have been reported. 
Hemophilia is X-linked and recessive, and pseudo- 
hypertrophic muscular dystrophy (Duchenne) is 
also X-linked. Autosomal dominant conditions that 
appear not to be carried by either parent are caused 
by a new mutation, by a mutation that is incom¬ 
pletely penetrant, or by mosaicism of the germ line. 
Several thousand monogenic disorders have been 
catalogued. It is now believed that single-gene mu¬ 
tations can affect master genes that control the ac¬ 
tivity of many subordinate genes. Single-gene de¬ 
fects have recently been detected in non-syndromic 
holoprosencephaly (anomalies in genes of chromo¬ 
somes 2, 7, 18, 21). Some are autosomal dominant, 
others are autosomal recessive, and still others are 
X-linked. Recognizable single-gene syndromes pro¬ 
vide possible clues to developmental genes and pro¬ 
cesses that are common to more than one body re¬ 
gion, e.g., the craniofacial territory and the limbs. 
Many syndromes, although apparently distinct ge¬ 
netically, show phenotypic similarities. These syn- 
dromal communities may reflect common devel¬ 
opmental pathways. 

The fragile X syndrome is the most frequently in¬ 

herited cause of mental retardation. The jaw is prom¬ 

inent (prognathism) and the ears large. The face is 

long and narrow and the testes may be large. A gene 

(.FMR1) on the long arm of the X chromosome causes 

an unstable fragile site at Xq27.3, where such chro¬ 

mosomes are easily broken. The sites can be detected 

by DNA probe analysis. The mode of inheritance is un¬ 

usual. Some male carriers are asymptomatic and can 

pass the gene to their (asymptomatic) daughters, al¬ 

though the female as well as the male children of those 

daughters may show the syndrome. The presence of 

symptoms seems to be related to increased methyla- 

tion at the fragile sites. When transmitted maternally, 

a trinucleotide repeat enlarges the fragile site. Trinu¬ 

cleotide repeat expansion is an established mutation 

underlying disease and it provides a molecular basis 

for unusual patterns of inheritance. The repeats inter¬ 

fere with normal gene expression. The number of re¬ 

peats increases with each generation, and so does the 

severity of the symptoms. 

Other hereditary diseases that develop according 

to which parent provides the mutant gene include he¬ 

reditary (Huntington) chorea (paternal), and (Wilms) 

nephroblastoma. 

Mitochondrial genes are inherited only from the 

mother, and the defects concern a wide variety of de¬ 

generative diseases. Mitochondria are involved in an 
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Figure 9-2. XO (Turner) syndrome showing prominent auri¬ 

cles, medial epicanthal folds, relatively small mandible, and 

webbed neck. Courtesy of Sterling K. Clarren, M.D., Seattle, 

Washington. 

interplay with the nuclear genome. Aggregation be¬ 
tween mitochondrial and nuclear genes causes hered¬ 
itary diseases that are of the Mendelian type. 

2. Chromosomal Aberrations 

These are found in 5:1000 newborns. They are present 
in about one out of seven spermatozoa and are fre¬ 
quently associated with spontaneous abortion (60% 
during trimester 1). About 2000 disorders are now as¬ 
signed to specific autosomal chromosomes and about 
220 to the X chromosome. The faulty chromosomal 
distribution occurs usually during meiosis, generally 
as a result of non-disjunction, or at fertilization (tri- 
ploidy), or later (tetraploidy or mosaicism). Frequently 
encountered are monosomy X (45, X), most instances 
of which are lethal prenatally, trisomies 13, 16, 18, and 
21, and triploidies. It has been estimated that about 
half of early conceptuses have a chromosomal anom¬ 

aly. Chromosomal aberrations are believed to be im¬ 
portant in the failure of most conceptuses to proceed 
and in perinatal death; abnormal karyotypes are found 
in a number of infants with lethal malformations. In 
addition to autosomal aberrations, anomalies of sex 
chromosomes may occur. Two well-recognized condi¬ 
tions are XO and XXY. 

Most chromosomal disorders can be classified as 
(1) excess or loss of one or more chromosomes (aneu- 
ploidy), (2) breakage and loss of a piece of a chromo¬ 
some (deletion), e.g., retinoblastoma (in chromosome 
13), Duchenne muscular dystrophy (in the X chro¬ 
mosome), (3) breakage of two chromosomes with 
transfer of the broken fragments (translocation), (4) 
abnormal splitting of the centromere during mitosis, 
resulting in the loss of one arm and the duplication of 
the other (isochrome formation), and (5) chromoso¬ 
mal mosaicism (discussed in Chapter 3). 

Aneuploidy (missing or extra chromosomes) is the 
most clinically significant type of human chromoso¬ 
mal disorder. The cause is non-disjunction, i.e., failure 
of homologous pairs of chromosomes to separate at 
anaphase of maternal meiosis 1 or 2 (Table 3-2). It is 
believed to occur in nearly one-fifth of oocytes, and it 
increases in frequency as maternal age advances. 
Aneuploidy (e.g., trisomy 21) can be detected prena¬ 
tally by biochemical markers (such as hCG, estriol, and 
a-fetoprotein) in maternal serum or urine, ultrasonic 
measurement of nuchal translucency, and karyotyping 
of fetal cells isolated from the maternal circulation. 

Monosomy is a condition in which a particular 
chromosome is represented only once in an otherwise 
diploid complement. Typically, loss of the father’s X or 
Y chromosome is involved. Monosomic embryos rarely 
survive to birth, suggesting that perhaps only mosaics 
do so. An important example of monosomy is the XO 
(Turner) syndrome (Figs. 9-2 and 9-3), which is dis¬ 
cussed in Chapter 16. 

Trisomy is a condition in which one chromosome 
in an otherwise diploid complement is represented 
thrice instead of twice. It occurs in at least 4% of clin¬ 
ically recognized pregnancies. Trisomy is the most fre¬ 
quently identified chromosomal anomaly and is the 
leading genetic cause of prenatal death. It is also an 
important cause of mental retardation. Trisomy is as¬ 
sociated with increasing maternal age and, although 
little is known about the basis of this link, it is prob¬ 
ably restricted to instances arising from maternal mei- 
otic non-disjunction. Paternal non-disjunction is a sig¬ 
nificant source of 47, XXY (Klinefelter sydrome) (Table 
3-2). The possible importance of aberrant genetic re¬ 
combination in relation to non-disjunction is being in¬ 
vestigated. Trisomy has been recorded for almost every 
chromosome. The most frequently encountered tri¬ 
somy is in chromosome 16, but those that are viable 
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FIGURE 9-3, Ultrasonic view of fetus with 45, XO (Turner) syn¬ 
drome, showing a large cystic hygroma at the back of the head 
and neck. Several cranial bones are visible as white areas: fron¬ 
tal, nasal, maxilla, mandible, and squamous occipital. Cf. Figure 
18-13. A number of vertebrae are evident, but this is not a 
median section. About 80 mm GL and 12 weeks. Courtesy of 
Dr. N. Exalto, Haarlem, The Netherlands. 

until birth are usually 13, 18, and 21. Trisomic mo¬ 
saicism generally involves chromosome 8 or chromo¬ 
some 9. 

Trisomy 21 (Fig. 9-4) (or Down syndrome, for¬ 
merly called “mongolism”) is an important cause of 
mental retardation. It is characterized by such features 
as a flat facial profile, superolaterally slanted palpebral 
fissures, small ears, protruding tongue, nuchal cuta¬ 
neous thickening, hypotonia (“floppiness”), hyperflex¬ 
ibility of joints, hypoplasia of middle phalanx of fifth 
finger (resulting in clinodactyly), special dermato- 
glyphic patterns, a wide gap between toes 1 and 2, 
cardiac (e.g., endocardial cushion and septal) defects, 
and invariably, mental deficiency. Frequently associ¬ 
ated anomalies are duodenal atresia, anorectal atresia, 
esophageal atresia, megacolon, and annular pancreas. 
Most trisomy 21 conceptuses probably abort sponta¬ 

neously. 
The faulty chromosomal distribution (usually 47, 

XX, +21 or 47, XY, +21) is more likely to occur at an 
older maternal age, perhaps because of diminishing 
ability to reject and abort abnormal conceptuses. The 
non-disjunction occurs usually during oogenesis but 
may occur during spermatogenesis. The extra chro¬ 

mosome 21 is maternal in about 95% of instances and 
usually arises from an error in maternal meiosis 1, 
although sometimes in meiosis 2; rarely in paternal 
meiosis 2 or 1. Variants include translocation and 
(with milder symptoms) mosaicism. The prevalence 
varies from 0.5 to 2:1000 live births. The risk of tri¬ 
somy 21, which is only 1:1667 at maternal age 20, 
increases to 1:5 at maternal age 49. The extra auto- 
some appears to increase the instability of normal de¬ 
velopmental processes, resulting also in such internal 
disturbances as muscular anomalies. It has been pro¬ 
posed that trisomy produces abnormal changes either 
by specific gene dosage effects that disturb a limited 
number of metabolic processes, or by unspecific gene 
imbalance. Screening for trisomy 21 is based mainly 
on (1) ultrasonic determination of nuchal translucency 
(3 mm or more) in trimester 1, (2) hCG and other 
markers in maternal serum in trimester 1 or 2, and 

Figure 9-4. Trisomy 21 (Down) syndrome showing epicanthal 
folds, widespread eyes, broad nasal bridge, and protuberant 
tongue. Courtesy of Joseph R. Siebert, Ph.D., Seattle, 
Washington. 
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(3) urinary (3-core (a degradation product of hCG) in 
trimester 2. The faces of children with the same syn¬ 
drome (e.g., Down, Treacher Collins) resemble each 
other more than they resemble those of their healthy 
siblings, so that diagnosis may be possible from the 
distinctive facies. 

Trisomy 13 is characterized by variable but severe 
features, such as defect of eyes, nose, lips, and palate, 
forebrain of the holoprosencephalic type, mental de¬ 
ficiency, cyclopia, microphthalmia, cleft lip and palate, 
cardiac defects, postaxial polydactyly, abnormal finger¬ 
nails, and cystic kidney. The faulty chromosomal dis¬ 
tribution (47, XX, +13 or 47, XY, +13) is more likely 
to occur at an older maternal age. Translocation is 
common. The prevalence is about 0.25 to 1:1000 live 
births. 

Trisomy 18 (Fig. 9-5) is characterized by such fea¬ 
tures as low birth weight, feebleness, mental defi¬ 
ciency, hypertonia, clenched hand (with overlapping 
fingers) and low-arch ridge pattern on fingers, short 
sternum, and cardiac defects. Many different malfor¬ 
mations occur with increased frequency, including 
omphalocele, renal anomalies, abdominal muscular 
deficiency (prune-belly syndrome), nuchal hygromata, 
and holoprosencephaly. The prevalence is about 0.1 to 
0.3:1000 live births. The most frequent outcome is be¬ 
lieved to be spontaneous abortion rather than live 
birth. The faulty chromosomal distribution (47, XX, 
+ 18 or 47, XY, +18) is more likely to occur at an 
older maternal age. Some instances show mosaicism. 
Trisomy 18 is frequent in the presence of cysts of the 
choroid plexus. 

A further important example of chromosomal ab¬ 
erration is the XXY (Klinefelter) syndrome, which is 
discussed in Chapter 16. 

Triploidy (XXX or XXY) is the presence of three 
times the haploid number of chromosomes (3rz = 69). 
The extra chromosomal set may be paternal or mater¬ 
nal in origin. Triploidy is found in about 1% of rec¬ 
ognized pregnancies. Spontaneous abortion is usual. 
Causes include fertilization by two spermatozoa (96%) 
or fertilization of a diploid oocyte. The various anom¬ 
alies found include syndactyly, holoprosencephaly, and 
cardiac and renal defects. 

Tetraploidy (XXXX or XXYY) refers to four sets of 
chromosomes {An = 92). This rare condition is fre¬ 
quently associated with an intact, empty chorionic sac. 
The cause is considered to be failure of a very early 
mitotic division of the zygote, perhaps the first one. 

3. 1V| ULTI FACTORIAL INHERITANCE 

Polygenic disorders are characterized by “multifacto¬ 
rial inheritance.” These conditions appear to occur in 
families but do not show a simple pattern of single- 

FlGURE 9-5. Trisomy 18 syndrome showing closely set eyes (hy- 
potelorism), low-set ears, and small mouth (microstomia). Se¬ 
vere cardiac anomalies proved fatal. Courtesy of Joseph R. Sie- 
bert, Ph.D., Seattle, Washington. 

gene inheritance. Rather they result from interaction 
between many different genetic and environmental 
factors. Examples considered to belong to this category 
are isolated congenital cardiac anomalies, talipes 
(clubfoot), congenital dislocation of the hip, exom¬ 
phalos, situs inversus, spina bifida aperta, congenital 
hydrocephaly, and anencephaly. Other polygenic dis¬ 
orders include cleft lip, cleft palate, persistent ductus 
arteriosus, and diabetes. Such conditions, however, are 
now being re-examined in the light of genomic im¬ 
printing (i.e., differences between maternal and pater¬ 
nal inheritance). 

Inborn errors of metabolism (a term introduced by 

Garrod in 1896) are genetically determined bio¬ 

chemical disorders caused by specific structural or 

functional protein defects. Most are inherited as au¬ 

tosomal recessive disorders; some are X-linked. Sev¬ 

eral hundred types of inborn error of metabolism 

have been listed, among which phenylketonuria 
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Figure 9-6. Fetal alcohol syndrome showing short nose, 
smooth philtrum and thin, smooth upper lip. Courtesy of 
Sterling K. Clarren, M.D., Seattle, Washington. 

(PKU) is a classic example. It is caused by an ab¬ 

sence of phenylalanine hydroxylase, which is nec¬ 

essary for the transformation of phenylalanine to 

tyrosine. As a result, phenylpyruvic acid is elimi¬ 

nated in the urine. The condition, which is auto¬ 

somal recessive, is found in 1:15,000 births, and the 

gene is carried by 1:50 adults. In the presence of 

maternal PKU, a phenylalanine-restricted diet is be¬ 

gun before pregnancy. In the infant, early dietetic 

control (special milk) is essential to avoid mental 

retardation. 

■ ENVIRONMENTAL. CAUSES 

A teratogen is a factor that has an adverse effect on an 
embryo or a fetus between fertilization and birth. Al¬ 
though abnormal genes and chromosomes can pro¬ 
duce congenital malformations, the term teratogen is 
usually limited to environmental agents (e.g., drugs 
and viruses). The adverse effects include congenital 
anomalies, embryonic or fetal death, intra-uterine 
growth retardation, and mental dysfunction. 

The application of teratological information to di¬ 
agnostic tests and therapy during pregnancy is a com¬ 
plex subject that has given rise to extensive discussion. 
Risks should naturally be avoided when possible, but 
medical practice entails continuous risks taken in 
good faith for the benefit of the persons involved, both 
maternal and fetal. Diagnostic radiographic examina¬ 
tions, for example, are unlikely to present any risk of 
embryonic lethality, but they are best limited to those 
that are clearly indicated, when the needed informa¬ 
tion cannot be obtained by other means. 

Details of teratogenic agents should be sought in 
special compilations, such as the book by Folb and 
Dukes, and the current edition of Shepard’s catalog. 
Although the teratogenic potential of most agents is 
unknown, the following are believed to be teratogenic 
in the human. They are classified in about half a dozen 
somewhat arbitrary categories. 

1. Chemicals, Drugs, Hormones, 

and Vitamins 

• Alcohol. The fetal alcohol syndrome (Fig. 9-6) is 
an association between maternal alcoholism and 
serious problems in the offspring. The prevalence 
is probably about 9:1000 live births. Associated 
poor protein intake and vitamin B deficiency con¬ 
tribute to the result. The fetal alcohol syndrome, 
in children born to chronically alcoholic mothers, 
usually includes prenatal and postnatal growth re¬ 
tardation, microcephaly, mental deficiency, altered 
facies (narrow palpebral fissures, midfacial hypo¬ 
plasia, indistinct philtrum, thin upper lip), and 
narrow palpebral fissures. The facial anomalies 
may be related to those seen in holoprosencephaly. 
The use of alcoholic drinks during pregnancy can 
result in the syndrome. Effects from moderate or 
even social drinking can be subtle and may appear 
only later, e.g., in intelligence and behavior. In 
other words, there may be no safe level of alcohol 
consumption during pregnancy. It was written 
long ago that “thou shalt conceive, and bear a son. 
Now therefore beware, I pray thee, and drink not 
wine nor strong drink” (Judges 13:3,4). The syn¬ 
drome is a frequent cause of mental retardation. 

• Aminopterin. See Folic acid antagonists. 
• Androgens. Testosterone may result in masculini- 

zation of the external genitalia of female infants. 
• Angiotensin-converting enzyme inhibitors (used to 

treat hypertension during trimesters 2 and 3) may 
cause severe neonatal hypotension and anuria. 

• Cocaine can result in altered facies, increased peri¬ 
natal mortality, and postnatal neurological compli¬ 
cations, such as irritability, perhaps from reduced 
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uterine blood flow, but also by preventing neurons 
from taking up serotonin and dopamine. 

• Corticosteroids may perhaps be followed by im¬ 
paired fetal growth and increased perinatal mor¬ 
tality but the teratogenic potential is extremely 
low. 

• Coumarin derivatives (e.g., warfarin) are used as 
anticoagulants. They act by decreasing the synthe¬ 
sis of vitamin K-dependent clotting factors. Mal¬ 
formations include nasal hypoplasia and hydro¬ 
cephaly. Mental deficiency may be found. 

• Diethylstilbestrol (DES) intake by the mother can 
be followed by postpubertal vaginal adenosis. The 
risk of vaginal carcinoma, however, is exceedingly 
small. Exposure of a female conceptus to DES, 
which can act as an estrogen, can lead to bisexu¬ 
ality. In a male conceptus, the secretion of testos¬ 
terone can be suppressed, resulting in hypomas- 
culinization. 

• Dioxin (“Agent Orange”) has been claimed to re¬ 
sult in an increased prevalence of congenital 
anomalies, including limb deficiencies and con¬ 
joined twins. 

• Diphenylhydantoin (e.g., Dilantin, phenytoin) and 
perhaps some other anti-epileptic medicaments are 
believed to produce an increased occurrence of 
growth retardation and malformations, including 
subtle craniofacial abnormalities and hypoplasia of 
nails and distal phalanges (fetal hydantoin syn¬ 

drome). Mental deficiency may be found, and pos¬ 
sibly holoprosencephaly. Trimethadione and val¬ 
proic acid can also be followed by craniofacial and 
other anomalies. 

• Ethanol. See Alcohol. 
• Folic acid antagonists are now recognized as a ma¬ 

jor cause of neural tube defects (NTDs). Aminop- 
terin and methotrexate have been used as anti¬ 
neoplastic agents. Possible effects include 
hydrocephaly, myelomeningocele, and growth de¬ 
ficiency. To reduce the number of neural tube de¬ 
fects, fortification of staple foods (such as bread) 
with folic acid is recommended for pregnant (or 
likely to be pregnant) women. Aminopterin taken 
during the first 6 prenatal weeks is lethal to the 
embryo. 

• Isotretinoin (e.g., Accutane), used topically for skin 
conditions, should be applied prudently. Malfor¬ 
mations from internal use include hydrocephaly, 
defects of the ear (e.g., microtia), various cardiac 
anomalies, and thymic aplasia. Spontaneous abor¬ 
tion may also occur. 

• Lithium, used in treating manic-depressive dis¬ 
orders, may cause cardiovascular malformations, 
including (Ebstein) anomaly of the tricuspid valve. 

• Methylene blue, when used in obstetrics, may have 
serious adverse effects on newborns. 

• Methylmercury, a chemical waste substance that 
contaminated fish in Minamata Bay, Japan, in the 
1950s and 1960s, resulted in neural disease (or¬ 
ganic mercury is stored in lipid) in adults and in¬ 
fants. In addition, congenital conditions occurred, 
chiefly cerebral palsy, microcephaly, and mental re¬ 
tardation. Inorganic mercury (in dental fillings) 
may also be deleterious to the fetus. 

• Nicotine. See Tobacco. 
• Retinoids. See Isotretinoin. 
• Streptomycin and dihydrostreptomycin can result 

in congenital hearing deficiency caused by damage 
to the cochlea and/or the vestibulocochlear nerve. 

• Thalidomide. In the 1950s thalidomide became 
popular as a sedative. In 1961 Lenz and McBride 
independently pointed out the high prevalence of 
multiple (especially limb) malformations following 
ingestion of thalidomide during pregnancy (thalid¬ 

omide embryopathy). Bilateral limb deficiencies, 
especially phocomelia (e.g., hands arising directly 
from shoulders), are a prominent feature of the 
syndrome. The critical period has been thought to 
be between postovulatory days 21 and 36 but may 
be wider. The mechanism is not entirely clear, but 
the formation of new blood vessels appears to be 
blocked, and tumor necrosis factor is produced. 
Surprising species differences have been found: 
certain primates and rabbits are sensitive, whereas 
mice and rats appear in general not to be. 

• Thyroid-related substances. Antithyroid medica¬ 
ments may result in goiter and hypothyroidism 
prenatally, and mental deficiency after birth. 

• Tobacco. Smoking results in increased fetal mor¬ 
tality and, particularly during the second half of 
pregnancy, in decreased birth weight. The most se¬ 
vere effects are seen in infants of heavy smokers, 
but moderate smoking is also significant. Maternal 
prenatal smoking may increase the risk of cranio- 
synostosis. 

• Valproic acid, an anti-epileptic medicament, is be¬ 
lieved to be a cause of spina bifida aperta (NTD). 

• Vitamins. Either deficiency or excess can be tera¬ 
togenic, resulting, for example, in cardiac septal 
defects. High doses of vitamin A should be avoided 
during pregnancy. See also Isotretinoin. 

2. Maternal Conditions 

Congenital malformations of varied types, particularly 
of the nervous system and the abdominal wall, are 
more frequent in live-born infants of mothers under 
20 or more than 40 years. 
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• Maternal diabetes. Insulin-dependent diabetes 
mellitus in the mother may result in a wide variety 
of congenital malformations, chiefly of the cardi¬ 
ovascular and skeletal systems. Situs inversus, ure¬ 
teric duplication, and holoprosencephaly are much 
more frequent than usually found, and the rate of 
spontaneous abortion is high. Glucose is generally 
considered to be the major toxin. Caudal regres¬ 
sion is found much more frequently with maternal 
diabetes than in control groups. 

• Maternal malnutrition is in some instances related 
to the use of alcohol and tobacco. 

3. Infectious Agents 

Infectious agents (viruses, bacteria, and parasites) can 
be transmitted from mother to fetus, usually by the 
blood via the placenta, and then can multiply in the 
fetal tissues. The most effective approach is to prevent 
the infection in the mother. 

• Cytomegalovirus (CMV). About 1% of all live births 
are infected, and as many as 10% of these become 
symptomatic: hearing loss (a leading cause of deaf¬ 
ness), microcephaly, learning disabilities and be¬ 
havioral deficits (mental retardation), petechiae, 
and hepatosplenomegaly. Exposure to rubella or 
cytomegalovirus during either fetal or perinatal life 
may be followed by childhood-onset, autoimmune 
diabetes type 1. 

• Herpes simplex 1 and 2 may result in microceph¬ 
aly, lethargy, and respiratory distress. 

• Human immunodeficiency virus (HIV). In acquired 
immunodeficiency syndrome (AIDS), maternal an¬ 
tibodies cross the placenta and give a positive re¬ 
sult in the newborn, whether infected or not. 

• Rubella (German measles). In 1941 Gregg reported 
an unusual number of cases of congenital cataract 
and other anomalies (e.g., cardiac defects) in the 
offspring of mothers who had contracted rubella 
early during pregnancy. Fetal infection is most 
likely during trimester 1 but may occur in trimes¬ 
ter 2, when deafness may result (Fig. 9-7). Char¬ 
acteristic features of the syndrome include cata¬ 
ract, deafness, and cardiac defects, particularly 
persistent ductus arteriosus. Enlarged liver and 
spleen, bone lesions, and mental retardation are 
sometimes found. Prevention of maternal rubella 
is achieved by widespread use of a vaccine for pre¬ 
pubertal girls and for non-pregnant women of 
child bearing age. In the presence of rubella during 
pregnancy, it is possible to test the fetal blood to 
determine whether the fetus is also infected. 

• Toxoplasma, a protozoon, is particularly dangerous 
during trimester 2. Congenital toxoplasmosis is li- 

FlGURE 9-7 Simplified scheme to show the probable suscep¬ 
tibility of the human conceptus to teratogens. Most malfor¬ 
mations develop during the embryonic period proper (shaded 
area). Based partly on Wilson. 

able to be followed by chorioretinitis, a variable 
loss of vision, and other abnormalities. 

• Treponema pallidum in the mother can cross the 
placenta and cause syphilitic visceral and cutane¬ 
ous lesions in the fetus, as well as hydrocephaly 
after birth. 

• Varicella (chickenpox), especially from the middle 
of trimester 2, is believed to be teratogenic. 

4. Vascular Disruption 

Chorionic villous sampling has been accused of pro¬ 
ducing hemorrhage that may result in insufficient vas¬ 
cular perfusion of the limbs (limb deficiencies) and 
facial region (cleft lip, hypoglossia). The slight risk in¬ 
volved is mostly from 7 to 10 weeks. Intra-uterine vas¬ 
cular accidents have been cited as potential causes of 
various malformations (e.g., gastroschisis and intesti¬ 
nal atresia), as well as limb anomalies. 

5. Hyperthermia 

Maternal fever may be followed by disturbance of neu¬ 
ral tube closure (e.g., exencephaly leading to anen- 
cephaly), microphthalmia, and defective growth. The 
possibility has been raised that damage might result 
also from fetal hyperthermia unrelated to maternal hy¬ 
perthermia, e.g., from impaired fetomaternal heat dis¬ 
sipation caused by reduced placental blood flow. Di¬ 
agnostic ultrasound, however, is considered to be safe 
when used prudently. 

6. RADIATION 

Ionizing radiation is of concern in large doses but not 
in the usually low levels of diagnostic radiographic 
studies. Maternal radiation therapy, however, can lead 
to microcephaly and mental retardation in offspring 
exposed in utero. 
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7. Mechanical Effects 

Mechanical effects (Fig. 9-8) are thought to be impor¬ 

tant in deformations such as congenital torticollis 

(wry-neck) and talipes (clubfoot). Deformations are 

more likely to arise in the fetal rather than the em¬ 

bryonic period. Mechanical origin of such deforma¬ 

tions is frequent, and intra-uterine compression is re¬ 

garded as the major cause. A small or a malformed 

uterus increases the likelihood of fetal deformation, as 

does also a deficiency of amniotic fluid (oligohydram¬ 

nios). Deformations are more frequent in larger fe¬ 

tuses and in those of primigravida (first-pregnancy) 

mothers, who tend to have unstretched uterine and 

abdominal musculature. Breech presentation increases 

the likelihood of deformations. Deformations usually 

have a better prognosis than do malformations. 

Amniotic bands, caused by rupture of the amnion, 

are found in approximately 1:1200 live births. They can 

sometimes be detected in utero by ultrasonography. 

When disruption of the amnion occurs, the fetus may 

adhere to the chorion and become maldeveloped. Am¬ 

niotic bands have frequently been found associated 

with constrictions and intra-uterine amputations of 

A 

Figure 9-8 Illustrations of possible mechanical effects in the 
production of some deformations. A. Normal fetus in utero 

showing the upper limbs sheltered by the head but the soles of 
the feet under pressure from the uterine wall. B. The “bent- 
knee triangle” with the hip, knee, and foot as its angles. Pres¬ 
sure on the knee would be transmitted along the femur to the 
pelvis and along the tibia to the foot. The latter might result 
in clubfoot (talipes). C. The assumed mechanism in certain in¬ 
stances of dislocation of the hip (as suggested by Dupuytren) 
showing the thrust of the uterine wall on the flexed knee (ar¬ 
row). Based on D. Browne. 

the limbs. Although in the past these conditions often 

were interpreted as primary deficiencies of the devel¬ 

oping tissues in the limb, it is now believed by many 

that amniotic bands may cause amputations and cer¬ 

tain other congenital anomalies, such as probably dig¬ 

ital fusion and constriction of the umbilical cord. At 

least some examples of such major anomalies as ex- 

encephaly, facial clefts, cleft lip or palate, defects of the 

body wall, scoliosis, and omphalocele have been at¬ 

tributed to disruptions resulting from compression of 

the embryo following early rupture of the amnion. It 

seems doubtful, however, that all these conditions 

should be placed in a single category, and complete 

agreement has not been reached concerning this com¬ 

plicated issue. For example, although combined de¬ 

fects of limbs and body wall have been assumed to be 

caused by amniotic bands, it has been proposed that 

they should be interpreted rather as an embryonic dys¬ 

plasia (Hartwig et ah). Rather than being the conse¬ 

quence of amniotic bands, the amniotic band “syn¬ 

drome” may perhaps be the result of a multifactorial 

“fetal disruption complex” (Lockwood et al., 1989). 

I EXPERIMENTAL 

TERATOLOGY 

Experimental teratology is closely allied to embryol¬ 

ogy, nutritional science, cell biology, biochemistry, 

pharmacology, and toxicology. In experimental tera¬ 

tology it is possible to produce malformations by ad¬ 

ministering a teratogen to a pregnant animal. Where 

it is feasible to produce a specific defect in practically 

all the exposed embryos, these can be studied at any 

time during development. Hence it is practicable to 

follow, biochemically as well as structurally, the ab¬ 

normal changes that would lead to the fully developed 

malformation. For example, cleft palate can be pro¬ 

duced in mice by maternal administration of cortisone. 

The frequency in the offspring varies not only with the 

dose and the time of administration but also with the 

strain of mouse. Numerous studies based on these and 

on similar lines of investigation have appeared. 

Animal Models 

Studies of anomalies in primates are obviously im¬ 

portant, although mice, because of their small size 

and short reproductive cycle, are more commonly 

investigated. Naturally occurring, transgenic, and 

targeted mouse mutations that cause malformations 

aid in the identification of some genes involved in 

human conditions. In selecting a mouse model it 

needs to be kept in mind that any given mutation 

can result in markedly different phenotypes when 
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placed on a different genetic background. It has re¬ 

cently been pointed out that a growing list of dif¬ 

ferences between mice and humans has to be con¬ 

sidered when extrapolating experimental data. 

An instructive example is an autosomal domi¬ 

nant loss of hearing combined with disturbances of 

the pharyngeal arch complex, the otic region, and 

the kidneys. This syndrome, which is attributed to 

a gene (.EYA1), has been clarified genetically and 

embryologically in the mouse, in which one or a 

few interrelated regulatory genes have been shown 

to be the common origin of such widely dispersed 

anomalies (Kalatzis et al., 1998). Transgenic inac¬ 

tivation of Hoxa3 in the mouse produces a pheno¬ 

type that exhibits many characteristics of the hu¬ 

man DiGeorge syndrome. Transgenic mice with 

dosage imbalance for the human chromosome 21 

were engineered for the study of anomalies in Down 

syndrome. 

It is unlikely that laboratory evaluation of an en¬ 
vironmental factor would provide conclusive evidence 
of teratogenicity to the human conceptus. For this, 
clinical and epidemiological study of the human is 
necessary. After the thalidomide tragedy “genetic dif¬ 
ferences in susceptibility meant that one could not ex¬ 
trapolate teratogenic findings from experimental ani¬ 
mals to people, and it was recognized that the final 
proof of whether a drug is likely to be teratogenic in 
people must be sought in people” (F.C. Fraser). 

Criteria have been proposed (by R.L. Brent) in or¬ 
der to infer causation between in utero exposure to a 
drug and birth defects in the offspring, i.e., to decide 
whether a drug is a teratogen: 

1. The drug is associated with a unique group of 
malformations. 

2. The incidence of non-genetic malformations is in¬ 
creased in the exposed population. 

3. An animal model is found to duplicate the situation 
in the human. 

4. A dose-response relationship exists between in 
utero exposure and the incidence of malformations 
and/or embryonic mortality in the animal model. 

5. The site of action and/or the mechanisms of tera- 
togenesis have been elucidated in the animal 
model. 

It is difficult to establish proof of teratogenicity in 
the human because (1) a background incidence of mal¬ 
formations exists, (2) accurate exposure data are hard 
to obtain and recall bias of the mother is likely to 
distort information, and (3) teratogenic exposure in 
the human is usually at only a marginal level and 
many cases have to be studied to detect abnormality 
rates of 1:1000 to 1:100,000 (Folb and Dukes, 1990; 
Hood and Lary, 1995). Moreover, even when an agent 

has been shown to be in general a teratogen in the 
human, a causal association between a low-grade te¬ 
ratogen and a specific congenital anomaly in one or a 
few individuals can seldom be either established or ex¬ 
cluded {idem). 

Generalizations 

A series of generalizations (based on J.G. Wilson) serve 
as a useful basis for a discussion of teratogenesis. 

Genotype and Environment. Susceptibility to te¬ 
ratogens depends on the genotype of the conceptus 
and the manner in which this interacts with environ¬ 
mental factors. In other words, the genetic makeup of 
a developing organism is the setting in which a terato¬ 
gen acts, the genes and extrinsic influences interacting 
to varying degrees. A minority of defects is caused for 
the most part genetically, most have a variable inter¬ 
action between intrinsic and extrinsic factors, and an¬ 
other minority arises chiefly from the environment. It 
is to be stressed that similarly appearing anomalies can 
have different causes, and also that one cause can pro¬ 
duce different effects. 

Developmental Phase. Susceptibility to a terato¬ 
gen varies with the developmental phase at the time 
of exposure. Developing organisms are more suscep¬ 
tible than mature ones. Sensitive periods are those 
during which a developing structure is sensitive to ex¬ 
ternal conditions. The sensitivity is greatest during the 
formation of the structure, when organization is pro¬ 
ceeding most rapidly, and it decreases with matura¬ 
tion. Hence, sensitive periods are generally within the 
embryonic period proper but may also include much 
later times, even postnatally in the development of the 
visual system. When the effect of an external condition 
or agent is harmful, the term vulnerable period may 
be used. Vulnerability to adverse influences is greatest 
during development, and this includes the period from 
fertilization to at least puberty. The term critical pe¬ 

riod is variously defined and is frequently used as a 
synonym of sensitive period. It may be considered to 
be the time during which a specific condition or stim¬ 
ulus is necessary for the normal development of a 
structure. A teratological definition is: that limited 
phase when a morphogenetic system is especially vul¬ 
nerable and a particular developmental defect can be 
induced (Jelinek). Although most anomalies develop 
during the embryonic period, it is worth repeating that 
the fetal period is not free of danger. The formation of 
a given structure is subject to several critical phases, 
during which disturbances can produce similar end 
results. 
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Before differentiation, the early embryo1-5 is prob¬ 

ably refractory to many stimuli, but a sufficiently 

high dose may result in death of the conceptus. Af¬ 

ter organogenesis has begun8"11, malformations of 

specific organs or systems can easily occur, reflect¬ 

ing the special sensitivities and needs of rapidly dif¬ 

ferentiating and growing tissues. As organogenesis 

advances, teratogenic susceptibility decreases13-23. 

In the fetal period (which is characterized by 

growth, histogenesis, and functional maturation), 

growth retardation, structural defects in tissues, or 

functional defects are likely results. Moreover, func¬ 

tional maturation continues postnatally, so that in¬ 

terference is possible in infancy and into childhood. 

The latest time by which a given malformation 
must have been determined is known as the terato- 

genetic termination-point (teratogenetischer Termi- 
nationspunkt). For example, conjoined twinning must 
appear before 2V2 weeks6, and most if not all instances 
of anencephaly begin before Alk weeks13. It is seldom 
possible, however, to identify such a point precisely, 
especially on the sole basis of descriptive human em¬ 
bryology. Degenerative changes may occur in previ¬ 
ously well-formed parts. For example, clamping of the 
uterine vessels in pregnant rats has been shown to 
result in limb malformations secondarily from necro¬ 
sis of mesenchymal tissues that had been fully differ¬ 
entiated. In many clinical situations, all one can say is 
that a given teratogen probably acted during the em¬ 
bryonic period proper, or during the first trimester, 
keeping in mind that some malformations can be in¬ 
duced in all three trimesters. It has been emphasized 
that “retrospective timing of causation of congenital 
malformations is fraught with danger” (J. Warkany, 
1971). 

Functional and behavioral disturbances are not as 

readily evident at birth, so that the concept of ter- 

atogenesis has had to be extended into postnatal life, 

a study called behavioral teratology, i.e., the study 

of the postnatal effects on behavior of prenatal ex¬ 

posure to teratogens (functional developmental tox¬ 

icology). Longitudinal evaluation is necessary to de¬ 

tect long-term or delayed effects of teratogens, 

particularly low-level chemicals. 

Mechanisms. Teratogens act in specific ways 

on developing cells and tissues to initiate abnormal 

embryogenesis. On the basis of experimental tera¬ 

tology, the initial types of possible change are pro¬ 

visionally believed to be mutation, chromosomal 

defects (e.g., breaks, non-disjunction), mitotic in¬ 

terference (e.g., from irradiation), altered nucleic 

acid integrity or function (e.g., from antibiotics), 

lack of normal precursors or substrates (e.g., from 

vitamin deficiency), altered energy sources, changed 

membrane characteristics, osmolar imbalance, and 

enzymatic inhibition. These changes, which are not 

necessarily specific to the kind of causative factor, 

may be manifested as one or more types of abnor¬ 

mal embryogenesis: excessive or reduced cellular 

death, failed cellular interactions, reduced biosyn¬ 

thesis, impeded morphogenetic movement, or me¬ 

chanical disruption of tissues. Many of the early 

changes may be at the subcellular or molecular 

level, hence not as readily apparent. 

The basic unit in teratogenesis, which may be 

termed a morphogenetic system (Jelfnek), is a 

group of cell populations that establishes and exe¬ 

cutes the scheme for the development of a definite 

organ system, organ, or components of an organ. 

This is accomplished by such morphogenetic pro¬ 

cesses as cellular proliferation, migration, associa¬ 

tion, and cell death. 

Manifestations. The final manifestations of 

abnormal development are death, malformation, 

growth retardation, and functional disorder. Some 

of these possible consequences are more likely to 

follow exposure at particular phases of development, 

e.g., malformations after organogenesis begins. 

Moreover, the manifestations may be interrelated to 

varying degrees. Embryonic or fetal death, for ex¬ 

ample, is frequently associated with, and may be the 

consequence of, severe malformation. Although 

malformation may be the most investigated, all four 

types of manifestation need to be considered in es¬ 

timating adverse effects on development. 

Nature of Teratogens. Teratogens may act 

first on the mother, on the placenta, or on the em¬ 

bryo or fetus. Access of a teratogen to developing 

tissues depends on the nature of the agent. Adverse 

environmental influences reach developing tissues 

by traversing the maternal body either directly (e.g., 

ionizing radiation) or indirectly (e.g., chemical 

agents, which are modified by maternal dosage and 

rate of absorption). The placenta does not provide 

as great a barrier as was formerly supposed, and 

most unbound chemicals and certain viruses in ma¬ 

ternal plasma have access to the conceptus. 

Dosage of Teratogen. It is believed that terato¬ 
genic chemicals are hazardous only when they disturb 
development at doses that would not be toxic to the 
adult. Moreover, an embryo usually has greater sus¬ 
ceptibility to chemicals than an adult, including the 
mother. Manifestations of abnormal development in¬ 
crease in degree as dosage increases, from no effect to 
the lethal level. It is generally assumed that abnormal 
development begins only when dosage exceeds a cer¬ 
tain threshold, and that at lower levels no embryotoxic 
effects occur. The threshold dose is that below which 
the incidence of anomalies, growth retardation, or fe¬ 
tal death is no greater than in controls. Moreover, de¬ 
struction of a critical number of cells above that which 
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the embryo is able to restore by later proliferation 
seems to be necessary. It should be emphasized that 
most drugs and chemicals are found to be embryotoxic 
in high doses under appropriate laboratory conditions. 
It does not follow, however, that all these substances 
are teratogenic in therapeutic doses. Hence a careful 
balance should be sought between risk and potential 
benefit during pregnancy. 

■ CLASSIFICATION OF 

ANOMALIES 

The chief types of developmental disturbance found 
include (R.A. Willis): 

1. Agenesis or aplasia (non-formation of a part, e.g., 
the kidney). 

2. Hypoplasia (partial formation of a part). 

3. Hyperplasia or hypertrophy (growth of a part to 
an excessive size). 

4. Failure to fuse (e.g., cleft palate) or close (dysra- 
phia, e.g., anencephaly). 

5. Failure to divide (e.g., syndactyly) or canalize 
(e.g., duodenal atresia). 

6. Persistence of temporary structures (e.g., thyro- 
glossal duct). 

7. Multiplication of parts, producing supernumerary 
structures (e.g., digits) or accessory organs (e.g., 
spleens). 

8. Heterotopia or ectopia (development of tissues 
where they are not normally found, e.g., gastric 
tissue in a diverticulum ilei). 

9. Hamartoma (neoplasm-like malformations show¬ 
ing abnormal mixture of tissues, e.g., simple 
angiomata). 

10. Generalized skeletal anomalies (e.g., achondropla¬ 
sia). 

11. Cellular and enzymatic disorders (e.g., phenylke¬ 
tonuria). 

12. Embryonic neoplasms (e.g., medulloblastoma) 
and teratomata. 

A teratoma is a neoplasm composed of multiple 
tissues of kinds foreign to the part in which it arises. 
At least two, and usually all three, germ layers are 
represented. The most frequent components are skin, 
sebaceous glands, and hair follicles. Also common are 
smooth muscle, sweat glands, cartilage, bone, teeth, 
and respiratory epithelium. Nervous tissue, as well as 
alimentary mucosa and glands, are found sometimes. 
The most frequent sites of teratomata are the sacro¬ 
coccygeal region, the ovary (usually benign), testis 

(usually malignant), and retroperitoneum. Ovarian ter¬ 
atomata carry two sets of haploid chromosomes of ma¬ 
ternal (gynogenetic) origin. 

Teratomata lack a vertebral axis and possess no 
true organs. The age incidence, sites, structure, and 
mode of growth support the view that teratomata are 
neoplasms arising from foci of plastic pluripotent em¬ 
bryonic tissue that escaped the influence of the pri¬ 
mary organizer during early development (R.A. Willis). 
The popular idea that a teratoma is an included, un¬ 
equal twin (an example of fetus in fetu) “affirms an 
erroneous hypothesis” {idem). 

SYNDROMES, SEQUENCES, 

AND ASSOCIATIONS 

Malformations may occur in isolation or as a compo¬ 
nent of a syndrome. The term syndrome (Greek, run¬ 
ning together) has been given various meanings, one 
of which is a pattern of two or more anomalies man¬ 
ifest in one individual and known or presumed to have 
a common cause (e.g., trisomy 21). This type of syn¬ 
drome is sometimes called an embryopathy or feto¬ 
pathy. Nearly 1% of all newborns have multiple anom¬ 
alies, although many of these combinations have not 
yet been elucidated. A series of prenatal and postnatal 
morphological or functional consequences of an 
anomaly is frequently referred to as a sequence rather 
than a syndrome. For example, a severe type of spina 
bifida (myelomeningocele) may result in rectal and 
urinary incontinence, and disturbances of the lower 
limbs. The term association is frequently used for the 
non-random occurrence of malformations that are not 
believed to be related pathogenetically. An example is 
the combination of vertebral, anal, and other anoma¬ 
lies in the VATER and VACTERL associations. 

The naming of syndromes is very unsatisfactory 
and includes a seemingly endless list of eponyms, 
which are preferably to be used without ’s. Several 
generalizations can be made about syndromes. 

1. Non-specificity of individual anomalies. Indi¬ 
vidual anomalies are frequently a feature of several 
syndromes, so that the diagnosis has to be made from 
the overall pattern and not from specific abnormali¬ 
ties. Thus congenital deficiency of the radius (which 
may also occur as an isolated condition) is a frequent 
component of several syndromes. 

2. Variance in expression. The malformations of 
a syndrome have varying frequencies, and any one of 
them may or may not be present in a given instance. 
For example, in the (“VATER”) association of vertebral, 
anal, tracheo-esophageal, and radial malformations, all 
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of these individual anomalies are not present in more 
than 80% of cases. In some instances identification is 
aided by finding various examples in other members 
of the family. 

3. Heterogeneity of manifestations. Although the 
malformations of a syndrome may seem to be unre¬ 
lated in embryological terms, they are believed to have 
the same cause (e.g., at the genetic level). A basic de¬ 
fect is responsible for the diverse manifestations of the 
condition. For example, a syndrome (Holt-Oram) is 
known in which congenital deficiency of the radius is 
combined with cardiac septal defects. To take another 
example, triphalangy of the thumb (which can also be 
found as an isolated malformation) may, in one indi¬ 
vidual with a syndrome, be caused by the same gene 
mutation that, in another individual, results in ab¬ 
sence of the thumb. 

4. Developmental phase. The timing of the origin 
of a syndrome is complicated by the heterogeneity of 
the manifestations, which may appear at different de¬ 
velopmental stages. Thus, in the “VATER” association 
characterized by vertebral, anal, tracheo-esophageal, 
and radial malformations, a wide range of timing (e.g., 
4-7 postovulatory weeks) may be required. As is com¬ 
monly (but not invariably) the case, however, the 
range falls within the embryonic period proper. Simi¬ 
larly, in the thalidomide embryopathy, ingestion of the 
drug usually took place between postovulatory days 21 
and 36, which again falls within the embryonic period 
proper (Fig. 9-7). In instances of this kind, a terato¬ 
genic factor must have operated prior to the earliest 
induced malformation of the syndrome. Furthermore, 
in syndromes that are known to have a genetic basis, 
the abnormality can be traced back to fertilization. 

5. “Mild” malformations. What may be termed 
“mild” anomalies (e.g., wide gap between the first and 
second toes) occur with a high frequency in many syn¬ 
dromes and hence are of considerable aid in diagnosis. 

Examples of well-known syndromes are congenital 
rubella, thalidomide embryopathy, and fetal alcohol 
syndrome. 

Visceral Situs 

The term situs (Latin, site or position) is used with 
reference to visceral asymmetry. Situs solitus is the 
usual asymmetrical arrangement of structures, notice¬ 
ably the venae cavae, arch of the aorta, cardiac cham¬ 
bers, lobation of the lungs, liver and gallbladder, 
spleen, stomach, and intestine. Situs inversus vis- 
cerum refers to a reversal of the usual asymmetrical 
arrangement and may be partial or total. The preva¬ 
lence is uncertain but is thought to be about 1:5,000 

to 1:20,000 of the population. Situs inversus partialis 
and situs inversus totalis are generally considered to 
be different entities. Partial situs inversus involves 
merely one or several organs, e.g., the heart, spleen, 
or intestine. Total situs inversus is a mirror image of 
the usual visceral arrangement. Between complete si¬ 
tus solitus and complete situs inversus, organs may be 
arranged anomalously with respect to left-right ori¬ 
entation (heterotaxia). 

When the arrangement on both sides of the body 
resembles that usually found on only the left or the 
right side (isomerism), the condition is referred to as 
bilateral left-sidedness or bilateral right-sidedness, re¬ 
spectively. These types of partial situs inversus are well 
exemplified by the spleen, and they are discussed with 
polysplenia and asplenia (Chapter 12). 

Situs develops during the first 4 weeks, cardiac 
asymmetry being indicated by either a D-loop (usually) 
or an L-loop10. Familial occurrences of abnormal situs 
and autosomal recessive transmission have been re¬ 
corded, but non-genetic and environmental factors are 
believed to be important. The findings in regard to 
situs vary among conjoined twins and also among sep¬ 
arate monozygotic twins. 

Diagnostic features that may indicate the presence 
of situs inversus include a lower position of the right 
testis and a primary right-sided varicocele. 

Some instances of (usually total) situs inversus are 
accompanied by bronchiectasis and abnormalities of 
the paranasal sinuses, including underdeveloped fron¬ 
tal sinuses and sinusitis (Kartagener syndrome). A 
thick mucus in the respiratory passages has been at¬ 
tributed to abnormal development of the respiratory 
cilia in at least some instances, so that the condition 
has also been termed immotile-cilia syndrome and pri¬ 
mary ciliary dyskinesia. The syndrome may be auto¬ 
somal recessive or autosomal dominant in inheritance. 

Situs inversus of specific organs is discussed later 
in Chapters 12 (heart and spleen) and 13 (intestine). 

■ CLINICAL 

CONSIDERATIONS 

In the assessment of an infant with a congenital anom¬ 
aly, it is important (1) to look for associated anomalies, 
(2) to evaluate height, weight, and head circumfer¬ 
ence, (3) to detect any neurological or mental disorder, 
and (4) to judge abnormal facial features and derma- 
toglyphics. In the presence of several anomalies, it is 
generally the rarest that provide the best clues to a 
differential diagnosis. 

The most frequently encountered congenital mal¬ 
formations, apparent on inspection at or shortly after 
birth, are talipes (clubfoot), polydactyly, cleft palate 
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and/or cleft lip, hydrocephaly, hypospadias, syndactyly, 
anencephaly, trisomy 21 (Down syndrome), pilonidal 
cyst, spina bifida, hydrocele, umbilical hernia, imper¬ 
forate anus, cardiac anomalies, exomphalos, disloca¬ 
tion of the hip, limb defects, diaphragmatic hernia, 
and renal agenesis. These and other anomalies will be 
discussed in the appropriate chapters on the systems 
of the body. 

Severe congenital defects that require rapid sur¬ 

gical correction include diaphragmatic hernia, atresia 
of the alimentary canal (e.g., blind esophagus), mega¬ 
colon, imperforate anus, severe spina bifida with uri¬ 
nary defects, and biliary obstruction. 

■ PRENATAL DIAGNOSIS 

AND THERAPY 

Most of the techniques used in diagnosis are also used 
in therapy. 

Prenatal Diagnosis 

Prenatal medicine, similar to postnatal medicine, in¬ 
volves prevention, screening, diagnosis, and treatment. 
Examples of prevention include immunization against 
rubella in childhood, folic acid supplements to reduce 
neural tube defects, and avoiding alcohol to ensure 
adequate fetal growth. 

The general objective of prenatal diagnosis is to 
obtain anatomical, physiological, biochemical, and ge¬ 
netic information about the embryo and fetus. The 
goal is to treat abnormal conditions and perhaps re¬ 
verse their consequences, and the long-range terato- 
logical objective is prevention before fertilization. The 
techniques used in prenatal diagnosis are at present 
more numerous than therapeutic options, but it is 
hoped that this imbalance will become less marked, so 
that “the fetus as a patient” can more readily receive 
prenatal treatment. In the meantime, in the presence 
of a condition that cannot yet be treated before birth, 
prenatal diagnosis may aid in planning the method and 
timing of parturition, as well as in the timing, selec¬ 
tion, and place of neonatal therapy. 

Of the special techniques used in prenatal diag¬ 
nosis, ultrasonography is the main non-invasive 
means. In certain situations, maternal rather than fetal 
examination provides diagnostic information, e.g., a- 
fetoprotein in maternal serum or recovery of fetal cells 
from maternal blood. Fetal cells persist in the mater¬ 
nal circulation for years after birth. 

Preimplantation genetic diagnosis is generally re¬ 
garded as an extension of prenatal diagnosis to an ear¬ 
lier period of time. It refers to the determination of 
the genetic status of polar bodies 1 or 2 and of very 

early embryos obtained by in vitro fertilization (IVF). 
Preimplantation genetic diagnosis raises particular so¬ 
cial and eugenic problems that are liable to become 
accentuated in the future (Testart and Sele, 1999). The 
procedure of examining polar bodies by removing 
them from an oocyte is used prior to IVF in the pres¬ 
ence of a high risk for “severe genetic diseases.” In 
this case, however, only the maternal part of the ge¬ 
nome would be involved. The other possibility is re¬ 
moval of one or two blastomeres from an embryo of 
6-10 cells, or trophoblastic cells from a blastocyst fol¬ 
lowing IVF. Techniques based on molecular biology are 
then applied, chiefly PCR and/or fluorescence in situ 
hybridization (FISH). The indication is the presence of 
a high risk of transmitting a grave genetic disease 
(e.g., mucoviscidosis). Legal issues are involved, and 
the subsequent triage of embryos before their transfer 
poses ethical problems. 

The polymerase chain reaction (PCR), a method of 

enzymatic amplification of DNA sequences, is used 

in in vitro fertilization for prenatal diagnosis of ge¬ 

netic diseases, e.g., sex-linked recessive conditions, 

cystic fibrosis, and phenylketonuria. For this pur¬ 

pose, one or two cells are removed before implan¬ 
tation2’3. 

Fluorescence in situ hybridization (FISH) can 

be used to detect chromosomes in interphase nuclei 

and hence allows detection of aneuploidy and de¬ 

termination of sex. 

Ultrasonography is of great importance in pre¬ 

natal diagnosis. Ultrasound, i.e., frequencies above 

those audible to the human ear, is produced by 

transducers that use piezo-electric crystals for elec¬ 

trical stimulation. The returning echo is converted 

to an electrical signal, which is displayed in two di¬ 

mensions on a cathode-ray tube. The spot on the 

oscilloscope varies directly with the intensity of the 

signal (B-mode, i.e., brightness-mode, display). The 

echoes from a rapidly imaged target can be dis¬ 

played at once (real-time imaging). 

Ultrasonography is used extensively to estimate 
prenatal age (from various measurements), to deter¬ 
mine cardiac activity, to localize the placenta, to eval¬ 
uate prenatal well-being, to discover multiple preg¬ 
nancy, to detect structural anomalies, and to guide 
diagnostic instruments. Late fetal well-being is as¬ 
sessed by examining ultrasonographically such fea¬ 
tures as tone, movement, breathing, cardiac rate, and 
estimated volume of amniotic fluid. To aid in the de¬ 
tection of congenital cardiac anomalies, use is made 
of a four-chamber view (Fig. 12-26) and also, in more 
detail, echocardiography. Blood flow is studied by 
Doppler ultrasound (Figs. 7-9 and 8-5B). Magnetic res¬ 
onance imaging (MRI) is at present used less fre¬ 
quently than ultrasound. 
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The Doppler effect consists of shifts in the fre¬ 

quency of waves such as ultrasound. When the 

transducer and the receiver move toward each 

other, the observed frequency increases; when they 

move away from each other, the frequency de¬ 

creases. Echoes reflected by a moving echogenic ob¬ 

ject have shifted frequencies that depend on the ve¬ 

locity of the moving object (e.g., blood) and the 

angle between the beam and the direction of mo¬ 

tion. Doppler imaging is used extensively in the car¬ 

diovascular system, and frequency shifts (e.g., from 

moving blood corpuscles) can be converted to ar¬ 

bitrary colors. Flow toward the transducer is gen¬ 

erally coded red, that away from the transducer is 

usually coded blue. This technique is important in 

assessing the uterine and placental circulations 

(Figs. 7-9 and 8-5B). Doppler velocimetry, the mea¬ 

surement by laser of the flow of red blood corpus¬ 

cles in an umbilical artery, is a valuable indicator of 

fetal well-being. 

Amniocentesis (Fig. 7-7A) is the percutaneous 
transabdominal puncture of the uterus and amniotic 
sac to obtain a sample of amniotic fluid. It is used 
extensively for fetal chromosomal analysis, based on 
the circumstance that the cells (amniocytes) in am¬ 
niotic fluid can be cultured to the metaphase and kar¬ 
yotyped. More than a hundred metabolic abnormalities 
can thereby be detected. Amniocentesis is performed 
under ultrasonographic guidance, and the needle is in¬ 
serted in a region free of the placenta. It can be un¬ 
dertaken in any trimester. u-Fetoprotein and acetyl¬ 
cholinesterase can be determined with a view to 
detecting neural tube defects (Fig. 19-35). Prenatal in¬ 
fections (e.g., from cytomegalovirus) can be detected 
from amniotic fluid by means of PCR. The status of 
chromosomes (e.g., 21, 18, 13, X, and Y) can be as¬ 
sessed in uncultured amniotic cells by fluorescence in 
situ hybridization (FISH). 

Chorionic vill(o)us sampling (CVS), a procedure 
for obtaining tissue from a conceptus, may be regarded 
as a type of early placental biopsy of the chorion fron- 
dosum. The transcervical route (Fig. 7-7A), in which 
chorionic villi are aspirated through a catheter, is em¬ 
ployed during the embryonic and very early fetal pe¬ 
riods. The transabdominal route (Fig. 7-7A), in which 
a needle is used, can be selected throughout preg¬ 
nancy. Villi free of decidua are used for cytogenetic 
analysis either directly (many cells are already in 
metaphase) or after tissue culture of the mesen¬ 
chymal cores. DNA and other biochemical analyses can 
be undertaken, and many chromosomal disorders 
and inborn errors of metabolism can be diagnosed. 
Oromandibular-limb hypogenesis occurs slightly 
more frequently after chorionic sampling, which has 
been accused of causing limb defects because of vas¬ 
cular insult. 

Direct visualization of the conceptus is accom¬ 

plished by fiber-optic endoscopy. Embryoscopy is 

undertaken transcervically and the amnion is not 

punctured. Fetoscopy is transabdominal under ul¬ 

trasonic guidance and the amniotic cavity is 

entered. 
Coelocentesis is the aspiration of fluid from the 

extra-embryonic coelom under ultrasonic guidance 

at the end of the embryonic period or early in the 

fetal period. The cells in the fluid can be used to 

detect the sickle-cell gene by DNA analysis, and also 

for various cytogenetic determinations. 

Cordocentesis is percutaneous umbilical blood 

sampling (PUBS), and it can be performed during 

trimester 2 or 3. A sample of prenatal blood is ob¬ 

tained under ultrasonographic guidance by the 

transabdominal introduction of a needle into the 

umbilical cord (Fig. 7-7B). Blood is taken from 

within the cord (umbilical vein) or from a hepatic 

vein within the fetus. The technique is used to ob¬ 

tain a karyotype rapidly, to evaluate hematological 

status, or to detect prenatal infection (e.g., toxo¬ 

plasmosis). Fetal blood sampling can also be com¬ 

bined with intravascular therapy, e.g., for hemolytic 

disease, because blood in the cord contains numer¬ 

ous stem cells (bearing the CD34 cell marker) that 

can reconstitute bone marrow. 

Fetal biopsy is the removal of tissue prenatally. 

Percutaneous transabdominal biopsy can be per¬ 

formed under ultrasonographic guidance in the 

event that DNA analysis is not informative. Fetal 

skin, liver, or (gluteal) muscular tissue may be ex¬ 

amined directly for the detection of such conditions 

as genodermatoses (genetically determined, gener¬ 

alized skin disorders), ornithine transcarbamylase 

deficiency, or pseudohypertrophic (Duchenne) mus¬ 

cular dystrophy. 

a-Fetoprotein in the maternal serum is examined 
early in trimester 2 (Fig. 19-35). The level is elevated 
in the presence of such prenatal anomalies as open 
(uncovered or covered by a thin membrane) spina bi¬ 
fida, anencephaly, and defects of the ventral body wall 
(gastroschisis and omphalocele), and also with oligo¬ 
hydramnios, abruptio placentae, or a fetus likely to 
have a low birth weight. A decreased value may be 
found in the presence of aneuploidy (e.g., trisomy 21: 
Down syndrome). Maternal serum a-fetoprotein (MS- 
AFP) is considered to be the most important current 
test for neural tube defects (NTDs). Because of the ex¬ 
istence of false positives, an additional test may be ad¬ 
visable, e.g., acetylcholinesterase in amniotic fluid. 

Fetal cells from maternal blood can be isolated for 
prenatal cytogenetic diagnosis. It has been shown by 
the polymerase chain reaction that fetal DNA se¬ 
quences exist in maternal blood. The isolation of fetal 
nucleated red blood corpuscles, which were then sub¬ 
jected to fluorescence in situ hybridization, has al¬ 
lowed the detection of trisomies 21 and 18. 
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Prenatal Therapy 

Under this rubric, examples will be given of prophy¬ 
laxis, medical treatment, gene therapy, and surgery. 

Prophylaxis includes folic acid to prevent neural 
tube defects, the avoidance of alcohol to ensure ade¬ 
quate fetal growth, steroids to prevent virilization in 
congenital adrenal hyperplasia, antibiotics to lessen 
the damage from toxoplasmosis or syphilis, and glu¬ 
cocorticoids and thyrotropin-releasing hormone to 
guard against respiratory distress syndrome (surfac¬ 
tant deficiency). A postnatal example of prophylaxis is 
immunization against rubella in childhood. 

Medical therapy may be transplacental or invasive. 
Medicaments administered to the mother pass across 
the placenta primarily by simple diffusion and reach 
the fetal circulation via the umbilical vein and liver. 

Invasive procedures involve chiefly amniocentesis 
(Fig. 7-7, 1) and direct intravascular (Fig. 7-7, 4) and 
intraperitoneal routes. Injection into the amniotic cav¬ 
ity by amniocentesis can be used for the administra¬ 
tion of thyroid hormone for fetal hypothyroidism. 
Moreover, amniotic fluid can be released for the relief 
of severe polyhydramnios, or fluid injected in severe 
oligohydramnios. Direct intravascular therapy in¬ 
cludes anti-arrhythmic agents for supraventricular 
tachycardia, red blood corpuscles for erythroblastosis 
fetalis. Hematopoietic stem cell transplantation by in¬ 
traperitoneal or intravenous injection into the pre- 
immune fetus of trimester 1 is under investigation. 

Screening of newborns is important to detect such 
conditions as phenylketonuria (PKU) and hypothyroid¬ 
ism, because early treatment can prevent the mental 
retardation associated with those diseases. 

Gene therapy is inactivation and replacement of 
abnormal genes in somatic cells that are able to re¬ 
duplicate (which may become possible even for neu¬ 
rons). It is directed toward the abnormal gene rather 
than toward the secondary effects of its products. Gene 
therapy embraces rectifying the defective gene, or re¬ 
placing it by a normal counterpart, or adding a normal 
gene to provide a missing function. For example, nor¬ 
mal genetic information can be introduced in vitro 
into defective target cells, followed by introduction of 
the genetically modified cells, by means of a vector, 
into the body in order to complement genetic defects 
and correct abnormal phenotypes. The vectors used 
are (1) retroviruses for the insertion of a new gene 
into the nuclear DNA of cells that are capable of di¬ 
viding, or (2) adenoviruses, which, because the new 
DNA is not integrated into the nucleus of the target 
cell, result in a loss of the new gene during cellular 
division. Gene therapy has become feasible in the hu¬ 
man fetus and has been undertaken in somatic cells 
in children. 

For example, inherited adenosine deaminase 

(ADA) deficiency, caused by a genetic mutation, re¬ 

sults in cellular loss in the immune system: severe 

combined immunodeficiency (SCID). Without ther¬ 

apy, children die during the first year. Isolation of 

stem cells from the bone marrow is followed by ex¬ 

posure to retroviruses containing the normal ADA 

gene. Injection into the bloodstream is undertaken 

in the hope that function will be restored and will 

continue in the immune system. Gene therapy in 

germ cells, however, is highly controversial. Al¬ 

though postnatal gene therapy would frequently be 

sufficient, some inherited metabolic disorders (e.g., 

Tay-Sachs) produce such severe damage before 

birth that prenatal gene therapy would be essential. 

Fetal surgery has so far been undertaken chiefly 
for repair of a diaphragmatic hernia, correction of uri¬ 
nary obstruction (e.g., hydronephrosis caused by ure¬ 
thral valves), and removal of a large sacrococcygeal 
teratoma, but other procedures and other abnormal 
conditions are being investigated. For example, in di¬ 
aphragmatic hernia, operative tracheal obstruction 
(e.g., by ligature) can block entry of amniotic fluid, 
resulting in decreased intrapulmonary pressure and 
increased size of the lungs. This procedure is termed 
“PLUG” (plug the lung until it grows). Video- 
endoscopic fetal surgery is being used to avoid the 
problems involved in hysterotomy. A characteristic of 
fetal operations is that the incisions heal without scar¬ 
ring. It is important, however, to detect any associated 
anomalies before considering open surgery. 
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The Primary 
Tissues 

GERM LAYERS AND 

THE TISSUES 

Cells become rearranged during development. After 
the formation of the embryonic endoderm5 and of the 
primitive streak6, three main laminae are distinguish¬ 
able before 3 weeks7. These, the germ (or germinal) 
layers, are the (remaining) epiblast, the embryonic me¬ 
soderm (or mesoblast), and the embryonic endoderm 
(Fig. 6-3). In addition, an important group of cells 
termed the neural crest, which appears at about 4 
weeks9, becomes widely distributed throughout the 
body. It is discussed also in Chapter 19. 

Although the germ layers are no longer regarded 
as rigidly specific, each layer normally makes definite 
contributions to the different tissues and organs. Thus, 
the ectoderm (which is derived from the epiblast) 
covers the body and forms the epidermis. It also gives 
origin to most of the nervous system and much of the 
array of sense organs. The mesoderm is involved in 
the development of connective tissues, including 
blood, cartilage, and bone, and contributes in large 
measure to blood vessels, body cavities, kidneys, and 
gonads. The endoderm provides the lining for most of 
the alimentary canal and its associated glands, and also 
that of most of the respiratory system. 

Most organs, however, are formed from more than 
one germ layer, and, indeed, interactions between 
germ layers are necessary for successful morphogen¬ 
esis. Thus although the nervous system is said to be 
neuro-ectodermal, the brain includes and requires 
blood vessels, which are not ectodermal. Moreover, the 
caudal part of the central nervous system is derived 

from mesenchyme (by secondary neurulation). Simi¬ 
larly, the intestine is endodermal only insofar as its 
lining is concerned, whereas its connective tissue and 
muscular coats are mesodermal, and the nerves that 
invade it are ectodermal. 

Stem cells comprise a small subpopulation of plu- 
ripotent, ultrastructurally unspecialized, slow-cycling 
cells that have a long proliferative reserve and that are 
greatly influenced by their microenvironment. They 
are characteristic of all self-renewing tissues, e.g., the 
bone marrow and all stratified squamous epithelia. 
Some tissues (e.g., liver and kidney) generally prolif¬ 
erate only in response to damage or assorted stimuli, 
whereas others (e.g., skeletal muscle and the CNS) un¬ 
dergo little or no cellular replacement. 

The terms ectopia, heterotopia, and aberrance of 
tissues, are used for the development of tissues in sit¬ 
uations where they are not normally found, e.g., pan¬ 
creatic tissue in the wall of the stomach. The term 
metaplasia refers to the transformation of a differen¬ 
tiated tissue of one type into a differentiated tissue of 
another kind, e.g., the development of bone in skeletal 
muscle. 

Embryonic neoplasms are those that arise during 
prenatal or early postnatal life from a particular, im¬ 
mature organ rudiment or tissue. Examples are me¬ 
dulloblastoma (in the brain, particularly the cerebel¬ 
lum), retinoblastoma (immature retinal tissue), and 
nephroblastoma (from the renal blastema). A special 
type is the teratoma, which was discussed in Chap¬ 
ter 9. 

The cells of the body become assembled into 
groups termed tissues, the four basic types of which 
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are (1) epithelium, (2) connective tissue (including 
blood, cartilage, and bone), (3) muscular tissue, and 
(4) nervous tissue. Details of these are available in 
books on histology. The formation of tissues is termed 
histogenesis. 

The Neural Crest 

Although it is not as evident as a “layer,” the neural 
crest is comparable to the germ layers in the wide 
variety of cells and tissues into which it differentiates. 
The crest (see also Chapter 19) is a transient group of 
mobile, neuro-ectodermal cells that arise at the neu- 
rosomatic junction. The mesenchyme derived from the 
neural crest (by an epithelio-mesenchymal transfor¬ 
mation) is termed ectomesenchyme (or mesectoderm). 

The induction of neural crest is probably caused by 
local interactions between neural and non-neural 
ectoderm (induced by a particular range of BMP-4 
activity); signals from the mesoderm are also im¬ 
portant, and fibroblast growth factors seem to be 
necessary (Baker and Bronner-Fraser, 1997). 

Neural crest arises in the cranial region (from the 
mesencephalic and rhombencephalic portions of the 
brain) and in the truncal region, where the morpho¬ 
genesis may be different. The cranial neural crest gives 
rise to a wide range of derivatives, including skeletal 
and dental tissues. Thus, the derivatives of the neural 
crest are not confined to the nervous system, and 
whether the cells adopt a neuronal fate is believed to 
depend on the influence of environmental signals. N- 
cell adhesion molecules, N-cadherin, and various 
growth factors are important. Neural crest cells leave 
their sites of origin (Fig. 19-6) where the basal lamina 
becomes interrupted or is already absent. In the trunk, 
the chief migratory pathways are (Fig. 10-1) (1) ven- 
trally to form a spinal ganglion and, by passing be¬ 
tween the neural tube and a sclerotome or through 
the rostral part of a sclerotome, to form a sympathetic 
ganglion and the suprarenal medulla; (2) laterally be¬ 
tween the ectoderm and a dermatomyotome to form 
future pigment cells (melanocytes); and (3) laterally 
between two somites to contribute to sympathetic 
ganglia. 

The migration of neural crest cells depends on the 
extracellular matrix through which they travel. Fi- 
bronectin and laminin in the matrix facilitate mi¬ 
gration, whereas chondroitin sulfate proteoglycans 
inhibit migration (in the mouse). Many neural crest 
cells are pluripotent, and their specification (into 
neurons, melanocytes, etc.) is believed to depend on 
a concerted action of neurotrophins and other 
growth factors. 

CAUDAL 

Figure 10-1. Scheme of the three chief migratory pathways 
(1-3) of the truncal neural crest, as described in the text. Al¬ 
though the information is based on avian studies (Dulac; 
Bonner-Frazer), mammalian embryos, in the trunk, “appear to 
have similar migration pathways and derivatives to those of 
avian embryos” (Morriss-Kay). Mammalian-specific features are 
found in the cranial region. 

Stem Cells 

Stem cells comprise a small subpopulation of multi- 
potent or pluripotent, ultrastructurally unspecialized, 
slow-cycling cells that possess the ability of self-renewal 
and can produce cells that are destined to differentiate. 
(In contrast, primordial germ cells and those of a mor¬ 
ula are totipotent; i.e., they can develop into any type 
of embryonic tissue and can even form an entirely new 
embryo.) Stem cells have a long proliferative reserve 
and are greatly influenced by their microenvironment. 
The signals that lead a stem cell to follow a specific 
developmental pathway are being investigated. When 
they become unipotent, i.e., committed to one line of 
development, the cells are generally known as progen¬ 
itors and then precursors of differentiated cells. Stem 
cells are characteristic of all self-renewing tissues, 
such as the blood and the epidermis. Those in adult 
bone marrow include hematopoietic cells and mesen¬ 
chymal cells; the latter can differentiate into fat, car¬ 
tilage, bone, muscle, and possibly other types (e.g., he¬ 
patic cells). Dormant neural stem cells are present in 
the adult mammalian brain (e.g. in the ependyma, 
Rao, 1999) and are capable of forming neurons and 
glia. In addition to embryonic stem cells from preim¬ 
plantation blastocysts, stem cells can be obtained from 
an adult. These latter possess remarkable potentiali¬ 
ties; e.g., brain cells can become blood cells, and cells 
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from bone marrow can become hepatic cells. Ethical 

concerns are intensified by the experimental finding in 

primates (in contrast to the mouse) that embryonic 

stem cells are totipotent and can develop into a com¬ 

plete embryo with a primitive streak. The possibilities 

of using stem cells for therapy include growing re¬ 

placements for various tissues. If the source of the 

stem cells is a human embryo or fetus, however, eth¬ 

ical and legal issues have to be considered. 

■ EPITHELIUM 

Epithelia consist of one or more layers of closely ap¬ 

posed cells, generally covering an external surface or 

lining an internal one. Epithelial cells show apicobasal 

polarity. The apical and basilateral surfaces of an epi¬ 

thelial cell are polarized membrane domains, and cer¬ 

tain membrane proteins are transcytosed to the apical 

surface. The cells are linked together by junctions 

(e.g., desmosomes) and by cell-cell adhesion mole¬ 

cules. Apically, the free surface of epithelia is covered 

with microvilli or, in the skin, consists of keratinized 

cells. Basally, epithelia lie on connective tissue, and at 

the junction a basement membrane (including a basal 

lamina detected by electron microscopy) is found. The 

basement membrane is an example of extracellular 

matrix, which consists of collagens, proteoglycans, and 

structural glycoproteins. 

The ecotoderm and endoderm are epithelial and 

give rise to most of the epithelia found in the adult. 

Some epithelia, however, are derived from the meso- 

blast, including that lining serous (e.g., the peritoneal) 

cavities (called mesothelium) and blood and lymphatic 

vessels (termed endothelium). 

The first overt indication of cellular differentiation 

in the embryo is the appearance of a polarized epithe¬ 

lium, namely the trophoblast3. Reorganization of the 

cellular surface, cytocortex, and cytoplasm is thought 

to depend on the expression of proteins that mediate 

cell-cell and cell-substratum contact. Cell-cell inter¬ 

actions depend on cell adhesion molecules. The for¬ 

mation of a basement membrane is also important. 

Developing epithelia undergo morphogenetic move¬ 

ments, i.e., processes that alter the shape and organi¬ 

zation of organs. Examples are cell migration, spread¬ 

ing, local thickening, fusion and splitting, folding, 

invagination, and evagination. Morphogenetic changes 

in epithelia (and in mesenchyme) involve the cytoskel- 

eton, e.g., microfilaments and microtubules. A prom¬ 

inent example is the formation of the neural tube, 

where cytoskeletal contraction has been proposed as 

the cause of constriction of cellular apices in the neu¬ 

ral plate. Basal expansion may also be important. Se¬ 

rotonin and other neurotransmitters have been found 

to be involved in early morphogenesis. Their presence 

is correlated with critical morphogenetic events such 

as cell migration and invagination of epithelia. 

Exocrine glands, which release their products 

onto an external or an internal surface, develop as ep¬ 

ithelial buds or cords that branch many times and 

become hollow, thereby becoming ducts and alveoli 

(parenchyma). Luminal formation during glandular 

organogenesis is a highly regulated and genetically 

fixed process. The mesenchyme surrounding the pa¬ 

renchyma forms the capsule and septa (stroma). En¬ 
docrine glands, which release their products into the 

blood or lymph, also arise as epithelial outgrowths but 
later lose their connection with the surface. 

In some epithelia, notably the epidermis and that 

lining the alimentary canal, cells are constantly shed 

and replaced; i.e., physiological loss of cells is balanced 

by a corresponding regeneration. Epithelial cells are 

produced throughout life in the basal layer of the ol¬ 
factory epithelium. 

Epithelio-Mesenchymal 
Interaction 

Many structures develop as a result of interactions 

between epithelium and mesenchyme, leading to 

changes in one or both tissues (Table 10-1). For ex¬ 

ample, normal limb development requires an interac¬ 

tion between the apical ectodermal ridge (epithelium) 

and the underlying mesenchyme (Fig. 18-23E). Simi¬ 

larly, the kidney develops as a result of interaction 

between the ureteric bud (epithelium) and the meta- 

nephric blastema (mesenchyme). Embryonic epithe¬ 

lium grown in the absence of its mesenchymal coun¬ 

terpart fails to undergo morphogenesis and generally 

shows only limited cytodifferentiation. Similarly, mes¬ 

enchyme isolated from epithelium exhibits a failure in 

morphogenesis. Under normal conditions, the mes¬ 

enchyme usually contributes an inductive stimulus to 

the epithelium and also generally specifies the type of 

epithelial response, e.g., whether the epithelium will 

be bronchial or of some other kind. Extracellular sub¬ 

stances (e.g., mucopolysaccharides and growth factors) 

are important between interacting tissues. 

Epithelio-Mesenchymal 

Transformation (or Transition) 

Cells with an epithelial phenotype can change into 

those with a mesenchymal phenotype, or vice versa 

(Table 10-1). Important factors in this process include 

cell-cell adhesion, adhesion of cells to the extracel¬ 

lular matrix, and regulatory genes, such as integrins 

and cadherins. Proteases are involved in disintegration 

of the basal lamina underlying the epithelium and also 
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TABLE 10-1 Relations Between Epithelium and Mesenchyme 

Examples of Epithelio-Mesenchymal Interaction 

Structure Epithelium Mesenchyme 

Skin, hair, nails Surface ectoderm (future epidermis) Underlying mesenchyme (future dermis) 
Mammary gland Ectodermal ring Underlying mesenchyme 
Salivary glands Oropharyngeal epithelium Underlying mesenchyme 
Teeth Oral ectoderm Underlying ectomesenchyme 
Liver and pancreas Endoderm of gut Underlying mesenchyme 
Lung Respiratory endoderm Underlying mesenchyme 
Metanephros Ureteric bud Metanephrogenic blastema (future nephrons) 
Vertebrae Notochord and/or neural tube Perichordal sheath and sclerotomes 
Skull Neural tube Paraxial mesenchyme and mesencephalic neural crest 
Limbs Apical ectodermal ridge Underlying mesenchyme 
Internal ear Otic vesicle Mesenchyme of future otic capsule 

Examples of Epithelio-Mesenchymal Transformation 

Structure Epithelium Mesenchyme 

Primitive streak Epiblast General mesenchyme 
Neural crest Neuroepithelium Ectomesenchyme 
Somites Myotomes Skeletal muscles 
Heart Endocardium Cells of endocardial cushions 
Carcinoma Epithelial tumors Invasive metastatic cells 

Examples of Transformation from Mesenchyme to Epithelium 

Structure Mesenchyme Epithelium 

Caudal eminence 
Metanephros 

Successor of primitive streak 
Metanephrogenic mesenchyme 

Neuroepithelium, myotomes, intestinal epithelium 
Nephrons 

in localized dissolution of the extracellular matrix by 
the migrating cells. 

CONNECTIVE TISSUE 

Connective tissue consists of cells and fibers embedded 
in a ground substance of extracellular matrix. Collag¬ 
enous fibers arise extracellularly from collagen se¬ 
creted by fibroblasts into the extracellular matrix. The 
other types of fiber in connective tissue are elastic and 
reticular (the latter composed of collagenous fibrils). 

Adipocytes are important specific cells of three 
types: (1) in white fat, disseminated in various parts of 
the body and homeostatic in function, (2) in brown 
fat, concerned with thermoregulation and found 
chiefly in the interscapular region of neonates, and (3) 
the medullary adipocytes, an essential component of 
the microenvironment of the bone marrow (Laha- 
rrague et al., 1999). The roles of medullary adipocytes 
in hematopoiesis, osteogenesis, and angiogenesis 

(through secretion of the hormone leptin) are now be¬ 
ing clarified. 

Fibroblasts are the most frequent fixed cells of 
connective tissue. They are fiber-forming elements de¬ 
rived from mesenchyme, and they are important in 
repair. Fibroblast growth factors are proteins that bind 
to cellular receptors and heparin. They stimulate cel¬ 
lular differentiation and growth. Connective tissue also 
includes wandering cells of several types, such as 
phagocytes (e.g., monocytes), plasma cells, eosino¬ 
phils, and mast cells. The various phagocytes consti¬ 
tute the macrophage system, to which are frequently 
added endothelial cells of certain sinusoids in a more 
comprehensive but disputed concept, the reticulo¬ 
endothelial system. 

Mesenchyme is embryonic connective tissue and 
is derived mainly from mesoderm. It consists of mes¬ 
enchymal cells (which later differentiate into other 
types, such as fibroblasts) embedded in extracellular 
matrix. Mesenchymal cells are mostly derived from the 
epiblast (epithelio-mesenchymal transformation) by 
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way of the primitive streak. Their important charac¬ 
teristic is their capacity to invade the extracellular ma¬ 
trix. They are usually elongate and possess a leading 
end (a pseudopodium from which filopodia extend) 
and a trailing end. Mesenchymal cells are at first sit¬ 
uated between ectoderm and endoderm, and they are 
the precursors of the numerous types of connective 
tissue cell, myocardium and most smooth muscle, en¬ 
docardium and endothelium, mesothelium and syno¬ 
vial membranes, lymph nodes, and spleen. 

Cells that retain the potentialities of mesenchymal 
cells persist in the adult, where they resemble fibro¬ 
blasts histologically. They are frequently perivascular 
(situated around blood vessels). 

Mesenchyme is a pluripotent tissue that gives rise 
to a wide variety of connective and epithelial tissues 
in the adult. It serves as a “packing tissue,” aids in 
supporting and shaping organs, is necessary for the 
formation of normal neural folds and their fusion, and 
provides the milieu for the migration of neural crest 
cells. 

Mesenchyme is absent in the oropharyngeal, oro- 
nasal, and cloacal membranes, which rupture. In con¬ 
trast, the tympanic membrane has a mesenchymal 
component and does not rupture. Most types of mes¬ 
enchymal cells synthesize insulin-like growth factors 
(IGF). 

The formation of mesenchyme can be summarized 
as follows: 

1. Extra-embryonic mesoblast probably first arises 
from a caudal mesoblast-proliferating area, rather than 
from trophoblast5a. 

2. Intra-embryonic mesoblast is given off in four 
areas: 

a. From the primitive streak (Figs. 5-9, 6-7, 6-9, 
and 6-11). It has been shown (in the mouse) that the 
rostral part of the primitive streak gives rise to paraxial 
mesoderm, whereas the intermediate part of the streak 
gives origin to intermediate and lateral plate meso¬ 
derm. The primitive streak sends mesenchyme later¬ 
ally and rostrally between the ectoderm and endoderm 
(hence the name mesoderm). It makes contact with 
the mesenchyme of the umbilical vesicle and amnion. 
After leaving the primitive streak, the mesenchyme 
(mesoderm) becomes arranged as (1) paraxial mesen¬ 
chyme (that on each side of the embryonic axis)9, (2) 
intermediate mesenchyme10, and (3) lateral plate9 (Fig. 
18-3). The primitive streak becomes confined10 to a 
region termed the caudal eminence (or end-bud, Fig. 
6-11), which gives rise to hindgut, notochord, caudal 
somites, and the caudal part of the spinal cord. 

The paraxial mesoderm gives rise to paired cuboi- 
dal blocks termed somites, which appear on each side 

of the embryonic axis in rostrocaudal sequence9-13. 
They are involved in the formation of skeletal muscle, 
possibly subcutaneous tissue, and the vertebral col¬ 
umn (Chapter 18). The intermediate mesoderm is con¬ 
cerned with the urinary system. The lateral plate be¬ 
comes split by cavities that unite to form the coelom1 2 * * * * * * 9. 
The parietal layer is somatic mesoderm and, together 
with the adjacent ectoderm, is the somatopleure. The 
visceral layer is splanchnic mesoderm and, together 
with the adjacent endoderm, is the splanchnopleure 
(Fig. 18-3, and see p. 59). 

b. From the prechordal plate (Fig. 6-7), which lies 
under cover of the forebrain. Its mesenchyme develops 
into the orbital muscles and may also be important in 
the heart. 

c. From endoderm. Some mesenchyme is gener¬ 
ally believed to be contributed by the endoderm. 

d. From neural crest. The mesenchyme deriving 
from the mesencephalic neural crest is important for 
the development of the face. 

Specialized types of connective tissue include 
blood, cartilage, and bone. 

Blood (Hematopoiesis) 

The blood can be regarded in a certain sense as a 
highly specialized connective tissue in which the in¬ 
tercellular substance is fluid. 

Blood is a continuum of three “compartments:” 
multipotent and pluripotent stem cells, unipotent 
(committed) progenitor cells, and unipotent precursor 
and differentiated cells (Fig. 10-2). It is characterized 
by the maintenance of an adequate number of stem 
cells, as well as functional cells with a short life span 
(mostly hours to days), and a multiplicity of cell types 
widely dispersed throughout the body. 

Hematopoiesis (or hemopoiesis) is the formation 
and development of blood cells. Hematopoietic stem 
cells, which cannot be recognized by routine staining, 
are relatively nondescript mononuclear cells that re¬ 
semble lymphocytes. They are capable of both self¬ 
renewal and differentiation, and they express CD34 an¬ 
tigen. They maintain long-term hematopoiesis by 
proliferating and giving rise to colony-forming cells in 
the presence of cytokines, various growth factors (a 
number of which depend on genes on chromosomes 5 
and 17), and erythropoietin, and through interaction 
with the stromal cells of the bone marrow. The early 
cells are referred to as colony-forming units (CFU, Fig. 
10-2), because they have been studied extensively (es¬ 
pecially in irradiated mice) by clonal, splenic, colony¬ 
forming assay. 
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Figure 10 Development of blood cells. Stem and progenitor cells are placed above the interrupted line, the resulting morpho¬ 
logically recognizable precursor and differentiated cells below it. Bas, basophil. BFU, burst-forming unit. CFU, colony-forming unit. 
E, erythroid. Eo, eosinophil. GEMM, granulocyte-erythroid-macrophage-monocyte. GM, granulocyte-monocyte (macrophage), L, 
lymphoid. Meg, megakaryocyte. 

The highly complicated details of hematopoiesis 
are to be found in specialized volumes (e.g., Hoffman 
et al., 2000). 

During prenatal life, the main site of hematopoi¬ 
esis (Fig. 10-3A) shifts by migration of stem cells: 

1. In the extra-embryonic phase, at about 2xk 

weeks, cellular aggregations termed blood islands ap¬ 

pear on the umbilical vesicle6 and contain pluripotent 

stem cells. Vascular spaces develop, and the mesen¬ 

chyme forms endothelial cells. Blood cells are found 

intravascularly in the umbilical vesicle and in the con¬ 

necting stalk7. Whether they are derived from mes¬ 

enchyme or endoderm is unclear, but hematopoietic 

and endothelial cells share a common origin from he- 
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FIGURE 10-3 A. Scheme to show the approximate contribution of the main hematopoietic centers throughout life. B. Globin chain 
synthesis during prenatal life and during the first postnatal year. Modified from Miller. 

mangioblasts. It is only later9,10 that blood vessels ap¬ 
pear within the body of the embryo. 

A very early intra-embryonic phase has been pro¬ 
posed, in which hematopoietic stem cells may arise in 
the aorto-gonado-mesonephric region. 

2. The hepatic phase begins near the end of the 
embryonic period, when stem cells colonize the liver. 
Development here is mainly erythroid and, early in the 
fetal period, the normoblastic series accounts for 90% 
of the circulating corpuscles. Hematopoiesis in the 
liver is maximal around the middle of prenatal life. 
Precursors of non-nucleated red cells [embedded and 
maturing in hepatic (Kupffer) macrophages], as well 
as granulocytes and megakaryocytes, are found. Ery¬ 
throid cells of the umbilical vesicle and liver produce 
embryonic, fetal, and adult globins. 

The spleen becomes colonized by stem cells early 
in the fetal period and is concerned chiefly with the 
production of lymphocytes. Destruction of red corpus¬ 
cles and platelets is a significant function of the spleen. 

3. The myeloid phase begins around the middle 
of prenatal life, when stem cells in the liver seed the 
bone marrow. By the time of birth and early during 
infancy, erythropoietic activity and synthesis of he¬ 
moglobin decline rapidly, although the capacity of red 
blood corpuscles for delivery of oxygen increases, 

partly because of replacement of fetal by adult hemo¬ 
globin. In the adult, the chief site of hematopoiesis is 
bone marrow (Fig. 10-3A). 

The microenvironment of the bone marrow con¬ 
sists of stromal cells, which are mesenchymal (osteo¬ 
blasts, fibroblasts, adipocytes, endothelial cells) and 
hematopoietic (macrophages) in origin. The stromal 
cells produce necessary cytokines and components of 
the extracellular matrix. They support the proliferation 
and differentiation of committed progenitor cells de¬ 
rived from stem cells in response to demand for pe¬ 
ripheral blood cells. From the bone marrow, cells leave 
the hematopoietic microenvironment and enter the 
circulation through fenestrations in the endothelial 
cells of the sinusoids. 

A sample of fetal blood can be obtained by insert¬ 
ing a needle through the maternal anterior abdominal 
and uterine walls, and into the umbilical vein near its 
junction with the placenta. This route is used for both 
diagnosis and treatment. Congenital deficiency of he¬ 
matopoietic stem cells, the diagnosis of which is aided 
by chorionic villous sampling, is being treated by in 
utero transplantation of donor stem cells into the fetus 
before immunological competence has developed (at 
about the middle of prenatal life). Blood from the um- 
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bilical cord, which contains stem cells and possesses a 
low immunoreactivity, can be used for therapy in place 
of bone marrow transplants. Postnatally, bone marrow 
can be removed for examination by needle aspiration 
or by biopsy. 

The chief cell lineages and the approximate con¬ 
tribution of the main hematopoietic centers during 
prenatal life are summarized in Figures 10-2 and 
10-3. 

Red blood corpuscles (or so-called erythrocytes) 

have a life span of several weeks. In normal devel¬ 

opment they arise in bone marrow from a succes¬ 

sion of nucleated forms named pronormoblast, 

basophil normoblast, polychromatic normoblast 

(where hemoglobin is first recognizable), and or- 

thochromatic normoblast (where hemoglobin is in 

full complement). The nucleus is then extruded. 

Early non-nucleated cells of this series show a net¬ 

work on supravital staining and are called reticu¬ 

locytes. About half of the red blood corpuscles are 

non-nucleated at the end of the embryonic period 

proper, and nearly 90% within another week. A 

number of different hemoglobins develop, and, dur¬ 

ing trimester 3, a “hemoglobin switch” from fetal 

(a) to adult (/3) synthesis begins (Fig. 10-3B). Eryth- 

ropoiesis results in a mature cell devoid of organ¬ 

elles but packed with hemoglobin. Adult hemoglo¬ 

bin is at a low level until about 3 months after birth. 

A hormone termed erythropoietin induces differ¬ 

entiation of stem cells into an erythrocytic se¬ 

quence. 

Platelets (or so-called thrombocytes), which 

are important in the coagulation of blood, are non- 

nucleated elements formed by fragmentation of the 

cytoplasm of very large marrow cells termed mega¬ 

karyocytes. During the embryonic period proper, 

however, blood does not clot. 

Monocytes, which are phagocytes related to tis¬ 

sue macrophages, arise chiefly in bone marrow, 

then circulate in peripheral blood for a short time, 

and finally migrate into tissues to become phago¬ 

cytic histiocytes. They share a common stem cell 

with myelocytes. The monocyte-macrophage series 

are the cellular elements of the so-called reticulo¬ 

endothelial system. 

The granulocytes of the blood, classified as 

neutrophil, eosinophil, and basophil* according to 

the staining characteristics of their granules, de¬ 

velop from myelocytes and their precursors (mye¬ 

loblasts) in the bone marrow. Mast cells are believed 

to be derived from basophil granulocytes. 

Lymphocytes, which are of great importance in 

immunity, arise from stem cells in the bone mar- 

*J.R. Baker pointed out in 1958 that Ehrlich’s term basophil is 

incorrect and should be basiphil (cf. basisphenoid). He stressed also 

that no reason exists for adding “-ic” to such words as eosinophil, 
acidophil, and basophil (cf. Francophil). 

row. Their precursors (lymphoblasts) are found sec¬ 

ondarily in lymph nodes, spleen, tonsils, and many 

mucous membranes. Lymphocytes are classified 

into two broad functional groups: (1) T (thymus- 

dependent) lymphocytes and (2) B (bone marrow or 

“bursa-equivalent”) lymphocytes. T and B cells arise 

from precursors in the liver at the end of the em¬ 

bryonic period. Only lymphocytes that do not react 

to self reach maturity. (See Chapter 12.) 

Abnormal Conditions 

Neonatal jaundice (icterus neonatorum) is the most 

frequent medical problem during the first postnatal 

week. At least half of term infants show visible, 

physiological jaundice, resulting from destruction of 

fetal red corpuscles and immature means of metab¬ 

olizing and excreting bilirubin in the liver. 

Hemolytic disease of the newborn (erythro¬ 

blastosis fetalis) is caused by increased destruction 

of red blood corpuscles resulting from transplacen¬ 

tal passage of maternal antibody active against the 

corpuscle antigens of the infant. If Rh-positive blood 

(i.e., containing D antigen of the Rh group) enters 

the circulation of an Rh-negative mother (e.g., from 

fetal blood containing D antigen inherited from an 

Rh-positive father), antibody against the D antigen 

is formed in the mother and crosses the placenta to 

agglutinate the infant’s corpuscles (see also Chapter 

7). Antibodies other than Rh may also cause he¬ 

molytic disease. 

Rh-negative mothers can be detected early in 

pregnancy and the possible need of intra-uterine 

blood transfusion can be assessed. In newborn in¬ 

fants of Rh-negative mothers, blood from the um¬ 

bilical cord can be tested to assess the possible need 

of an exchange transfusion, i.e., the removal from 

an umbilical artery of blood containing maternal Rh 

antibody and the replacement through the umbili¬ 

cal vein of cross-matched blood. After the birth of 

a first infant, it can be detected whether fetal red 

corpuscles have passed into the maternal circula¬ 

tion. Anti-D immunoglobulin can then be given as 

a preventive measure for a subsequent pregnancy. 

Hydrops fetalis is an abnormal accumulation 

of interstitial fluid in fetal soft tissues and serous 

cavities, such as can occur in erythroblastosis fe¬ 

talis. It can be recognized by ultrasonography. His¬ 

torically associated with blood group incompatibil¬ 

ity (Rh isoimmunization), it is now most frequently 

non-immune. Among the many causes are impaired 

cardiovascular function (e.g., valvar stenosis, atrial 

tachycardia, severe anemia) and chromosomal ab¬ 
normalities. 

Two examples of hereditary hemolytic anemias 

are sickle-cell anemia and thalassemia. 

Sickle-cell anemia, seen mainly in West African 

and African-American people, is characterized by 

sickle-shaped red blood corpuscles (containing 

SHb), and by periarticular and acute abdominal pain 
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(caused by vascular occlusion). The condition is au¬ 

tosomal recessive and can be diagnosed prenatally 

by chorionic sampling and probe examination of 
DNA. 

Thalassemia, a single-gene disorder seen es¬ 

pecially in Mediterranean peoples (Greek, thalassa, 
sea), is characterized by decreased synthesis of Hb 

polypeptide chains. Some types are rapidly fatal. The 

condition, which is autosomal recessive, can be di¬ 

agnosed prenatally in those at risk by molecular hy¬ 

bridization methods applied to fibroblasts cultured 
from amniotic fluid. 

The Development of Immunity 

The immune system comprises the bone marrow, 
spleen, thymus, and lymph nodes, as well as widely 
dispersed lymphocytes and plasma cells. These organs 
and cells share the common function of protecting the 
body against any potentially injurious, exogenous mac¬ 
romolecules, including those that occur in viruses, 
bacteria, and protozoa. Two types of similarly appear¬ 
ing lymphocyte, B and T, aid in the recognition of self 
and non-self, and in the ability to produce an immune 
response for defense. 

Two interactive defense systems provide immu¬ 
nity: innate and adaptive. 

Innate Immunity. The response is a non-specific 
reaction to foreign antigens. 

The conceptus is protected from entry of foreign 
material by the maternofetal interface and by the am¬ 
niotic fluid, which is bacteriostatic. The primary effec¬ 
tor cells are granulocytes (neutrophils), macrophages, 
monocytes, and natural killer (NK) cells. These de¬ 
velop from stem cells in the bone marrow. Innate im¬ 
munity is relatively mature in the newborn. 

Adaptive Immunity. The responses are to specific 
antigens and are mediated by B and T lymphocytes. A 
limited amount of adaptive immunity develops pre¬ 
natally in the absence of exogenous antigenic stimuli, 
whereas postnatally adaptation occurs in response to 
specific antigens. The responses of adaptive immunity 
are classified as humoral and cellular. 

Humoral Immune Responses. The primary func¬ 
tion of B lymphocytes is the production of immuno¬ 
globulins that “recognize” specific antigens and de¬ 
stroy pathogenic molecules by a humoral response. 

B lymphocytes begin to develop in the liver during 
the embryonic period. Maternal immunoglobulin (IgG) 
is transferred across the placenta and can be detected 
in the conceptus already in the embryonic period. It 
increases considerably late in trimester 2, probably be¬ 
cause of greater activity in the syncytiotrophoblast. 

Antigen receptors (antibodies) are expressed by the 
syncytiotrophoblast and by (Hofbauer) macrophages. B 
lymphocytes in the liver develop surface immunoglob¬ 
ulin (IgM) early in the fetal period, and synthesis of 
IgM is considerable late in trimester 3. Infants born 
early in trimester 3 have low IgG levels and are par¬ 
ticularly susceptible to septicemia. Replacement ther¬ 
apy with immunoglobulin can be undertaken. 

Cellular Immune Responses. T lymphocytes pos¬ 
sess immunoglobulin-like receptors (e.g., IgG) and can 
bind directly to foreign (e.g., virus-infected) cells and 
destroy them by cytotoxic agents. Associated with im¬ 
munity against virus-infected cells are T lymphocytes 
called “helpers” (TH1). They secrete cytokines that pro¬ 
mote cell-mediated immunity. A second type (TH2) is 
associated with allergic reactions; these cells secrete 
different cytokines and induce the production of par¬ 
ticular immunoglobulin antibodies. T lymphocytes in¬ 
teract with histocompatibility molecules (glycopro¬ 
teins on the surface of all cells), which are encoded by 
three classes of genes termed the major histocompat¬ 
ibility complex (MHC). The histocompatibility mole¬ 
cules constitute an antigen “recognized” by T lympho¬ 
cytes, e.g., in rejection of a graft. 

T lymphocytes migrate to the thymus, where they 
mature. They populate lymph nodes, spleen, gut, and 
various lymphoid tissues. T lymphocytes are functional 
prenatally and are involved mainly in cell-mediated 
immune responses. NK lymphocytes are present in the 
liver by the middle of prenatal life. On the first ap¬ 
pearance of lymphocytes, the fetus begins to achieve 
tolerance (immunological unresponsiveness) to “self” 
antigens, i.e., autotolerance is acquired. Cellular re¬ 
sponses are limited in the neonate. The extent of fetal 
damage after an infection such as congenital syphilis, 
rubella, or cytomegalovirus is variable, although 
damage is less marked when infection occurs at a later 
fetal age. 

Maternofetal Relationships 

The constituents of the immune system at the mater¬ 
nofetal interface are: 

trophoblastic antigens (from syncytiotrophoblast 
and extravillous cytotrophoblast), 

cells (large granular lymphocytes, macrophages, T 
lymphocytes, and granulocytes) in the luteal 
phase of the endometrium, and 

soluble factors, mainly cytokines (Silver and 
Branch, 1999): “immune” molecules. 

It has been customary to consider the conceptus 
as an intra-uterine allograft (or “semi-allograft”), i.e., 
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a graft between members of the same species but with 
different genetic constitution. This is based on the as¬ 
sumption that a maternal response to fetal antigens 
would harm the conceptus (immunodystrophism). It 
is likely, however, that the maternal immune response 
is beneficial to the development and growth of the 
conceptus, rather than destructive, and may even be 
necessary for survival. Moreover, destruction may be 
prevented by immunosuppression of the maternal im¬ 
mune system; suppressive factors include cytokines 
(from small granulated lymphocytes in the decidua), 
prostaglandin E, steroid hormones, and human cho¬ 
rionic gonadotropin. However, although it is fre¬ 
quently stated that the maternal immune response is 
altered, or even suppressed, during pregnancy, conclu¬ 
sive evidence is lacking. 

Fetal Tissue Transplants 

Transplantation of embryonic or fetal tissue is still in 
an experimental phase and raises ethical problems. Its 
advantages are the low immunogenicity, and the ab¬ 
sence of need for tissue matching and of destruction 
of the recipient’s bone marrow. One of the chief con¬ 
ditions being investigated is paralysis agitans (Parkin¬ 
son disease), but clinical improvement after intrace¬ 
rebral grafts has been limited. It is highly desirable to 
become independent of human brain tissue by devel¬ 
oping, for example, a dopamine-producing cell line for 
grafting. 

Cartilage 

Cartilage is a highly specialized, dense type of connec¬ 
tive tissue consisting of cells (chondrocytes) that pro¬ 
duce a firm, abundant matrix (particularly type 2 col¬ 
lagen) in which they are embedded. The matrix 
contains fibers, but these are masked in the common¬ 
est type of the tissue: hyaline cartilage. Cartilage pro¬ 
vides a template for the developing skeleton, and mu¬ 
tations in genes for cartilage-specific proteins often 
cause developmental abnormalities. It is essential for 
the growth of bones both prenatally and postnatally. It 
is much less extensive in the adult, however, where it 
is found chiefly in relation to joints. 

Cartilage differentiates at intervals and in locations 
that are encoded by the embryonic genome. Chondro- 

genesis is initiated by tissue (especially epithelio- 
mesenchymal) interactions. Cartilage develops from 
mesenchyme (Fig. 10-4). In certain areas in the em¬ 
bryo, mesenchymal cells form condensations termed 
chondrific centers. The cells secrete matrix (hence be¬ 
coming separated again) and they become isolated as 
chondroblasts. Growth is (1) interstitial, by mitosis of 
chondrocytes and deposition of new matrix, and (2) 

appositional, through new cells and matrix formed by 
the surrounding mesenchymal layer termed perichon¬ 
drium. Additionally, cellular enlargement and accu¬ 
mulation contribute to the growth of cartilage. The 
chondrocytes of articular cartilage continue to survive 
in adulthood, although their mitotic activity has 
largely ceased. Replication, however, reappears when 
the collagenous network of their matrix is damaged, 
as in osteoarthritis, resulting in inferior biochemical 
properties and progressive deterioration of articular 
cartilage. 

Bone 

Bone, like cartilage, is a specialized, dense type of con¬ 
nective tissue consisting of cells (osteocytes) embed¬ 
ded in a firm, abundant matrix. The matrix, however, 
is calcified. Osseous development is induced by bone 
morphogenetic proteins (BMPs), which are important 
also in the healing of bone. Moreover, they are capable 
of inducing the formation of ectopic bone. They incite 
mesenchymal cells to differentiate into chondrocytes 
and osteoblasts. It has been found that chondrocytes 
in vitro secrete collagen and calcium phosphate to 
form the bone matrix and that osteoblasts fill in the 
framework to produce new bone. Osteogenesis may be 
triggered by such factors as increased vascularity and 
oxygen tension, as well as by mechanical stress. 
Growth of bone is affected by the mechanical environ¬ 
ment, as well as by hormonal and metabolic factors, 
especially those concerned with the regulation of cal¬ 
cium. Extraskeletal factors and processes (“functional 
matrices”) are considered to be the causes of all adap¬ 
tive responses of skeletal tissues, such as changes in 
size and shape, as well as maintenance. This is known 
as the functional matrix hypothesis. 

Osteogenic Cells 

Osteoblasts are mesenchymal cells that are derived 
from pluripotent stem cells by clonal proliferation. 
Chrondroblasts, osteoblasts, and adipocytes have a 
common precursor, and osteoblasts produce several 
growth factors. Osteoblasts are found on the advancing 
surfaces of developing and growing bone and are re¬ 
sponsible for the formation of bone matrix. Adult bone 
retains potentially osteogenic cells in the periosteum 
and endosteum, and these can be transformed into os¬ 
teoblasts during internal reorganization of bone or in 
the healing of fractures. Osteoclasts, which are giant 
multinucleated cells, are responsible for the resorption 
of bone and cartilage by a massive secretion of acid. 
Osteoclasts are very mobile, and they seem to be the 
only cells capable of producing bone resorption in 
vivo. They function during the development of the 
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FIGURE 10-4 The development of a long bone, such as the humerus. A. Mesenchymal precursor. B. Cartilaginous model. C. 
Periosteal bony collar. D. Vascular invasion of bony collar and cartilage. E. Endochondral ossification in diaphysis. F. Epiphysial 
center at (in this example) proximal end. G. Epiphysial center at distal end. H. Growth of epiphysial centers and appearance of new 
centers. The epiphysial discs are now clearly delineated. I. The appearance resembles that of the adult but the epiphysial discs are 
still present. The humerus serves as a criterion of the transitions to adolescence and to adulthood: its distal epiphysis (which 
appears later) is the first of those of the long bones to unite (at about 13-15 years) with the shaft (diaphysis), whereas its proximal 
epiphysis (which appears earlier) is the last to unite (at about 20 years). The general rule is that the epiphyses that appear first 
unite last. 

skeleton, including that of the epiphysial plates, and 
they also remove damaged bone during repair. The re¬ 
sult is a hollow bony architecture that greatly im¬ 
proves the strength-to-weight ratio. Osteoclasts are 
closely related to hematopoietic macrophages, with 
which they share numerous antigens, and they may be 
formed by fusion of mononucleated macrophages in 
an appropriate osseous environment (Solari and 
Jurdic, 1997). The ruffled border of the osteoclast next 
to the bone is the basal surface, and degraded collagen 
is transcytosed to the free, apical surface. 

Osteogenesis 

Bone develops from mesenchyme (e.g., the cranial 
base) or ectomesenchyme (e.g., most of the facial skel¬ 
eton). It always forms by the replacement of an already 
existing connective tissue (Figs. 10-4 to 10-6). Two 

types of osteogenesis are recognized: intramembran- 
ous and endochondral. In intramembranous ossifica¬ 
tion, bone forms directly in connective tissue (“mem¬ 
brane”), whereas in endochondral ossification, 
cartilage is formed and then resorbed and replaced by 
bone. The deposition of bone, however, is basically 
similar in the two types. Therefore, although the end 
products are commonly referred to as “membrane 
bones” and “cartilage bones,” similar bone results 
from both modes of ossification. Bone grows by ap¬ 
position only, i.e., by the laying down of new bone on 
free surfaces. 

Intramembranous Ossification 

In intramembranous (or desmal) ossification (Fig. 10- 
7), which is characteristic of the vault of the skull 
(Figs. 18-13 and 18-20) and is found also in some of 
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FIGURE 10- Section through the lower end of the femur at 
term. The (darkly staining) bone and the cartilaginous epiphysis 
(blue) are clearly visible, and an epiphysial ossific center has 
appeared. Cf. Fig. 10-4G. As ossification proceeds, the epiphysial 
disc will become defined; fusion will occur at about 18 or 19 
years. 

the visceral components (e.g., palatine, maxilla, man¬ 
dible), condensed, vascular mesenchyme constitutes a 
“membrane,” in which strands of organic matrix (os¬ 

teoid) are laid down (Fig. 10-6A). The strands branch 
and unite to form spicules and trabeculae, and their 
processes lie in a network of canaliculi that facilitate 
nutrition. Mesenchymal cells accumulate on the sur¬ 
face and become osteoblasts. The mesenchymal cells 
have long, interconnecting cytoplasmic processes. 
Clusters of osteoblasts are referred to as ossific centers. 
The matrix rapidly becomes calcified. The spicules 
grow out in all directions (parietal and frontal bones 
in Fig. 18-13A). As the trabeculae thicken, osteoblasts 
become embedded as osteocytes. The first bone formed 
is cancellous or spongy (trabeculated), and its open 
spaces are filled with mesenchyme and blood vessels 
that become the (at first red) bone marrow. Continued 

FIGURE 10-6 Intramembranous ossification, as seen in the pa¬ 
rietal bone or in the mandible. A. Mesenchymal cells and their 
processes and an area of osteoid. B. Deposition of calcium con¬ 
verts the osteoid into bone matrix. Osteoblasts are becoming 
embedded as osteocytes. C. A trabecula, indicating by a rectan¬ 
gle the area shown in B. D. Cancellous bone formed by the 
coalescence of originally separate trabeculae (such as that out¬ 
lined by a rectangle). Modified from various sources, including 
Patten. 

deposition of bone within its spaces can produce com¬ 
pact (dense) bone. Lamellae of compact bone form the 
external and internal tables of the skull, and the in¬ 
tervening cancellous bone is the diploe. 

Endochondral Ossification 

In endochondral ossification, which is characteristic of 
the long bones of the limbs (Figs. 10-4, 10-5, 10-8, 
and 10-9), the mesenchyme first forms hyaline carti¬ 
lage, which is then replaced by bone. The cartilaginous 
model of the future bone becomes covered by peri¬ 
chondrium, and grows both interstitially and by 
apposition. 

Five phases in the differentiation of cartilage can 
be distinguished in a future long bone, such as the 
humerus (G.L. Streeter): (1) mesenchymal cells be¬ 
come transformed into chondrocytes; (2) the cells be- 



CONNECTIVE TISSUE 147 

Figure 10- Intramembranous ossification in the mandible23. 
The osteoid (blue) contains osteocytes, and some osteoblasts are 
present on the surface. 

come elongated and aligned transversely with refer¬ 
ence to the long axis of the future bone; (3) the cells 
grow and become cuboidal; (4) the cells reach their 
maximum size and are extremely vacuolated; and (5) 
the cells show advanced disintegration and begin to 
disappear and leave empty compartments in the ma¬ 
trix. During this process the matrix becomes calcified, 
and the cells are thereby deprived of their nutrition 
through diffusion and hence die. The cartilaginous 
zones involved in longitudinal growth are termed a 
growth plate or physis. 

Cells in the perichondrium (which becomes the 
periosteum) lay down a thin layer of intramembranous 
bone, the periosteal collar (Fig. 10-4C), around the 
shaft. Surrounding blood vessels grow in (as the peri¬ 

osteal bud) and spread toward each end of the carti¬ 
laginous model (Fig. 10-4D). Pluripotent cells that 
enter with the blood vessels differentiate into hema¬ 

topoietic cells and osteoblasts. Bone matrix is thereby 
deposited on the calcified cartilaginous matrix. The 
periosteum consists of two layers: (1) an internal os¬ 
teoblastic layer, which contributes to appositional 
growth of bone, and (2) an external fibroblastic layer, 
which receives muscular attachments. The term os- 

sific center is used for the osteoblasts and capillaries 
that have invaded the cartilaginous model. As ossifi¬ 
cation spreads proximally and distally, a marrow cavity 
develops. 

The ossific center in the middle of the shaft (Fig. 
10-4E) is termed diaphysial. At the proximal and distal 
cartilaginous ends, however, one or more ossific cen¬ 
ters commonly appear (generally postnatally) and are 
called epiphysial (Fig. 10-4F,G). As epiphysial ossifi¬ 
cation spreads, a layer of cartilage is left (1) at the 
articulating end (articular cartilage) and (2) between 
the epiphysis and the diaphysis (the epiphysial disc) 
(Fig. 10-4H). The epiphysial disc or plate is responsible 
for growth in length of the bone. The disc undergoes 
interstitial growth but at the same time is being re¬ 
placed by bone on its diaphysial side. When the bone 
has grown fully in length, the disc is completely re¬ 
placed by bone (Fig. 10-41). 

The flared part of the shaft next to an epiphysis is 
known as the metaphysis. As a bone lengthens, bony 
tissue has to be resorbed from the external aspect of 
the metaphysis, in order to maintain the shape of the 
bone (Fig. 10-10A). 

Skeletal Maturation 

Skeletal development includes increase in size 

(growth), maturity, and age. The change of the de¬ 

veloping cartilaginous and membranous skeleton 

into a fully ossified one is termed skeletal matura¬ 

tion (Figs. 10-10 and 10-11). Skeletal status, how¬ 

ever, does not necessarily correspond to height, 

weight, or age. The various bones of a healthy child 

tend to keep pace with each other, so that radio- 

graphic examination of a limited part of the body 

(e.g., the hand) is thought by many workers to suf¬ 

fice for an estimation of the entire skeleton. De¬ 

tailed standards for the normal postnatal develop¬ 

ment of several parts of the body are available, as 

are detailed tables showing the times of appearance 

of ossific centers. 

Five periods of skeletal maturation can conven¬ 

iently be distinguished: 

1. The embryonic period. The clavicle, man¬ 

dible and maxilla, humerus, radius, ulna, femur, and 

tibia begin to ossify. 

2. The fetal period (Fig. 18-13). The scapula, 

ilium, fibula, distal phalanges of the hand, and cer¬ 

tain cranial bones begin to ossify early, sometimes 

even in the embryonic period. Most cranial bones 
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Figure 10-8 Early development of a long bone. A. Mesenchymal condensation for a metacarpal at 6 weeks17. B. A cartilaginous 
metacarpal at 8 weeks. C. A metacarpal at 11 weeks showing the periosteal collar. D. Perforation of periosteal collar and invasion 
of cartilage by periosteal bud. E. Transverse section showing multiple invasion of periosteal collar. F. Distal phalanx at 11 weeks 
showing characteristic intramembranous ossification at tip. C-F reproduced, with permission, from Gray, Gardner, and O’Rahilly. 
1957. Am. J. Anat., 101:169-223. 

and diaphyses (e.g., metacarpals and phalanges) and 

most neural arches and vertebral centra commence 

ossification before the middle of prenatal life. In as¬ 

sessing skeletal status (e.g., for medicolegal pur¬ 

poses), it is important to know that the following 

begin to ossify shortly before birth: the calcaneus, 

the talus, the cuboid, usually the distal end of the 

femur, and the proximal end of the tibia (Fig. 10- 

11); sometimes the head of the humerus, the capi¬ 

tate, and hamate. 

3. Childhood. Most epiphyses in the limbs, to¬ 

gether with the carpals, tarsals, and sesamoids, be¬ 

gin to ossify. Ossific centers generally appear 1 or 2 

years earlier in girls than in boys. The epiphyses 

that appear first in a skeletal element usually are 

the last to unite with the diaphysis; they are located 

at the so-called growing ends (shoulder, wrist, knee 

—Fig. 10-10B). 

4. Adolescence. Most of the secondary centers 

for the vertebrae, ribs, clavicle, scapula, and hip 

bone begin to ossify. Fusions between epiphysial 

centers and diaphyses occur usually during decades 

2 and 3, and 1 or 2 years earlier in girls than in 

boys. 
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FIGURE 10-9. Endochondral ossification in the radius at 11 
weeks. The periosteal collar (a very dark blue band) can be seen 
at one side, covered by osteoblasts. Within the shaft, a zone of 
hypertrophic chondrocytes is followed by spicules of spongy 
bone (blue) and developing marrow (red.). 

5. Adulthood. The sutures of the vault of the 

skull commence to close. 

Abnormal Development 

Achondroplasia (Fig. 10-12) is a form of short- 

limbed dwarfism that affects the base of the skull 

and the epiphysial centers. Endochondral growth is 

particularly involved. Because the development of 

the intramembranous bones of the skull proceeds 

normally, the size of the head is not diminished. All 

the long bones, however, are shortened, resulting in 

reduced height and short limbs. Most instances are 

sporadic (point mutations), but some are familial 

(autosomal dominant). The gene is on the short arm 

of chromosome 4 (4pl6.3), and fibroblast growth 

factor receptors are involved. 

Osteogenesis imperfecta is a heterogeneous 

group of congenital diseases manifested by fragility 

of mineralized tissues, i.e., the bones and the teeth, 

B 

Figure 10-10, Growth of bone. A. Near the end of a devel¬ 
oping long bone, osseous tissue has to be added (+) and re¬ 
moved ( —) in order to maintain the shape of the bone as it 
grows in length and width. B. Most growth in length of the 
long bones of the upper limb occurs at the ends away from the 
elbow joint; and in the lower limb at the ends next to the knee 
joint. 

and characterized by multiple fractures and skeletal 

malformations. Osteogenesis imperfecta results 

from mutation of genes that code for collagen 

chains and is usually dominant. 

Cleidocranial dysostosis is discussed in Chap¬ 
ter 18. 

Joints 

Joints, or articulations, are of three main types: fi¬ 
brous, cartilaginous, and synovial (Figs. 10-13 and 
10-14). 

Fibrous Joints (Synarthroses). Fibrous joints, 
such as sutures, are unions by fibrous tissue. 

Cartilaginous Joints (Amphiarthroses). Cartilag¬ 
inous joints are of two kinds: 

1. Temporary joints, such as epiphysial plates, the 
spheno-occipital junction, and neurocentral joints, 
where the union is by hyaline cartilage. 

2. Median and generally permanent joints, such 
as the pubic symphysis and the intervertebral discs, 
where hyaline-covered articular surfaces are united by 
fibrocartilage. 

Synovial Joints (Diarthroses). Synovial joints are 
characterized by free movement (e.g., the shoulder 
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FIGURE 10-11 The skeleton around the time of birth. The el¬ 
ements named on the drawing generally begin to ossify shortly 
before birth; those in parentheses (not shown here) appear pre- 
natally only sometimes. 

Figure 10-12 Achondroplasia in a 20-month-old boy. The low 
nasal bridge and prominent forehead are evident. The head is 
large and the stature is short. Surgical decompression had been 
undertaken for compression of the brain stem caused by a nar¬ 
row foramen magnum, which is not unusual in this condition. 
Courtesy of Joseph R. Siebert, Ph.D., University of Washington, 
Seattle. 

joint), a synovial cavity lined by synovial tissue, and 
articular cartilage. The cells of the synovial membrane 
are macrophages derived from bone marrow and also 
specialized cells (synoviocytes) that resemble fibro¬ 
blasts. Synovial joints develop in three phases (Fig. 
10-13): 

1. Homogeneous interzones. Between the chon- 
drifying skeletal elements of the limbs (e.g., femur and 
tibia), chondrogenic areas termed homogeneous inter¬ 
zones (Fig. 10-13B) are found at 6 weeks18,19. They 
contribute by appositional growth to increase in 
length of the cartilaginous models. 

2. Three-layered interzones. Homogeneous inter¬ 
zones are usually converted (at about 7 weeks21) into 

three-layered interzones (Fig. 10-13C): two chondro¬ 
genic layers separated by a loose intermediate layer. 
Externally, mesenchymal tissue condenses as a fibrous 
capsule. Peripheral vascular mesenchyme (whether 
extrablastemal or blastemal in origin is disputed) be¬ 
comes included within the joint as synovial mesen¬ 
chyme, which forms the synovial tissue or “mem¬ 
brane,” as well as intracapsular ligaments and menisci. 

3. Cavitation. In the larger joints this begins in 
the central part of the three-layered interzone and/or 
in the peripheral part of the synovial mesenchyme 
(Fig. 10-13D). Minute spaces coalesce to form the ar¬ 
ticular cavity (Fig. 10-13E). This occurs at 8 weeks23 
in the large joints of the limbs, such as the knee. The 
mechanism of cavitation is unclear. Osmotic swelling 
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IGURE : f - - Scheme of the development of a synovial joint. After O’Rahilly and Gardner. 

of hyaluronan has been proposed, and cell death, prob¬ 
ably apoptosis, may also have a role. Fibroblasts and/ 
or adjacent chondrocytes are probably more important 
than macrophages. Initially cavitation is intrinsic (in¬ 
dependent of movement), but articular motion is nec- 

FlGURE 10-14. A synovial joint. Coronal section of right shoul¬ 
der joint at term. The articular cavity is evident between the 
scapula and the humerus. The proximal end of the humerus 
shows an epiphysial ossific center (arrow). Reproduced, with 
permission, from Gardner and Gray. 1953. Am. J. Anat., 92: 

219-276. 

essary for full differentiation and maintenance of the 
cavity. Synovial villi appear during fetal life. 

Arthrosis is a non-inflammatory degeneration of 

cartilage accompanied by restructuration and de¬ 

struction of the subchondral bone (subchondral os¬ 

teosclerosis) and also by synovitis. Arthrotic events 

are generally and primarily not caused by increasing 

age but have rather a biomechanical background; 

they are the consequence of a disproportion be¬ 

tween mechanical stress and the ability of a joint 

(especially of its cartilage) to respond to stress. Two 

likely causes are: (1) mechanical, from incongruity 

of articular surfaces, instability, and subluxation (es¬ 

pecially in such malformations as genu varum, genu 

valgum, and coxa valga), and (2) a primary enzy¬ 

matic degradation resulting in increased vulnera¬ 

bility of the cartilage with age. Microdamage to the 

articular cartilage from such causes as excessive to¬ 

tal load on joints is of paramount importance. 

■ MUSCULAR TISSUE 

Muscular tissue is of three types: (1) skeletal and (2) 
cardiac, both of which are striated, and (3) smooth. 

Skeletal Muscle 

The chief sources of the skeletal muscles of the trunk 
and limbs are the myotomes, the dermatomyotomes, 
or both. These are described with the somites in Chap¬ 
ter 18. 

In the avian embryo, determined myogenic cells ap¬ 

pear first in the primitive streak and in mesodermal 

cells invaginated through the streak. Also in the 

avian embryo, it has been shown that the muscles 

of the back are formed entirely from myotomes, the 

abdominal muscles from myotomes and dermato- 
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myotomes, and the limb muscles from dermato- 

myotomes. In the mouse it has been shown that 

somitic cells invade the proximal region of the mes¬ 

enchyme of the limb bud, so that at least the prox¬ 

imal muscles are believed to be largely of somitic 

origin. The skeletal muscles of the trunk develop 

exclusively from somites. Two myogenic cell line¬ 

ages are present in somites: (1) the myotomes, 

which give rise to the deep muscles of the back, and 

(2) precursor cells, which migrate to form the mus¬ 

cles of the limbs and body wall. 

In the human, the muscles of the tongue and pos¬ 
sibly some of the laryngeal muscles are derived from 
the occipital somites (Table 10-2). The connective tis¬ 
sue, however, arises from other sources (neural crest 
in the case of the tongue, somatopleure for the abdom¬ 
inal muscles). The orbital muscles come chiefly from 
prechordal mesenchyme. Skeletal muscles innervated 
by the trigeminal, facial, glossopharyngeal, and vagus/ 
accessory nerves are derived mainly from the mesen¬ 
chyme and/or ectomesenchyme of the pharyngeal 
arches. The intrinsic muscles of the back arise from 
the myotomes, and the abdominal muscles from 
dermatomyotomes. 

Despite the difference in sources (dermatomy- 
otome, myotome, mesenchyme), the histological dif¬ 
ferentiation is similar (Fig. 10-15). 

1. Mononucleated cells called promyoblasts at 
first resemble fibroblasts, but a gene on chromosome 
11 converts fibroblasts to myoblasts. After migration 
to their definitive site, mononucleated cells accumu¬ 
late, show prominent mitotic activity, and are termed 
myoblasts (Fig. 10-15A). 

2. Myoblasts, which are derived from pluripotent 
mesodermal stem cells, are spindle-shaped cells, each 
with a single nucleus, and they synthesize myofila¬ 

ments, by which time contractility is apparent. 

3. Fusion of postmitotic myoblasts leads to the 
formation of myotubes18 20, in which the myofila¬ 
ments are peripheral (Fig. 10-15B). Fusion of myotu- 
bes leads to the establishment of a syncytium, in which 
some striation can be seen by electron microscopy. 
Early in myogenesis, kinases are required for the in¬ 
hibition of muscle-specific gene expression by mito¬ 
gens, whereas later they are required for the formation 
of myotubes. 

4. Up to 16 weeks most muscle cells are myotubes 
that are accompanied by myoblasts. Already at 18 
weeks muscle fibers are present, and the muscles be¬ 
come similar to those of the adult (Fig. 10-15C-E). 
The remaining myotubes disappear in the short period 
between 24 and 28 weeks. Satellite cells, which are 
mononucleated cells internal to the basement mem- 

TABLE 10-2 Sources of Muscles 

Sources Muscles 

Connective Tissue 

(Fascia and Tendons) 

Prechordal plate Extrinsic muscles of eye 

Ectoderm Myo-epithelial cells 

Neural ectoderm (optic cup) Sphincter and dilator pupillae 

Pharyngeal arches Mainly from mesenchyme Mainly from neural crest 
Mesenchyme and neural crest 

Arch 1 Masticatory muscles 4 
Arch 2 Facial muscles l SVE 

Arches 3 and 4 Laryngeal and pharyngeal muscles J 
Arch 5 and cervical somites Trapezius and sternomastoid SVE/GSE 

Somites 

Occipital Muscles of tongue Neural crest of occipital segment Rh 8 
Cervical Muscles of upper limbs Somatopleure 
Cervicothoracic Deep muscles of back Dermatomyotomes 
Thoracic Intercostal and abdominal muscles Somatopleure 
Lumbosacral Muscles of lower limbs Somatopleure 

Splanchnopleure Cardiac muscle 

Muscle of alimentary canal 

Uppermost part: skeletal 

Greater part: smooth Splanchnopleure 

Some further details of various muscles are given elsewhere: facial muscles (Chapter 8), diaphragm and abdominal muscles (Chapter 13) 
laryngeal muscles (Chapter 14), intercostal and limb muscles (Chapter 18). Innervation by GVE, general visceral efferent- SVE SDecial 
visceral efferent. ’ ’ 
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Development of skeletal muscle. A. A myoblast, which divides, fuses with others and forms multinucleated myo- 
tubes. B. Myofibrils lie at the periphery. Transverse sections of two myotubes in trimester 2 show an increasing number of myofibrils. 
C. Muscle fibers showing peripheral location of nuclei. D, Muscle fiber in trimester 3 showing the characteristic Z lines and A and 
I bands in E. BL, basal lamina. Based largely on electron micrographs by Minguetti and Mair. 

brane of the muscle fibers, are important in repair. 
Adult human muscular tissue contains numerous pre¬ 
cursor cells. The assembly of myofilaments involves a 
complex array of proteins. The appearance of striations 
requires precise assembly of contractile protein fila¬ 
ments, which contain actin (mostly in thin filaments), 
myosin (largely in thick filaments), and associated pro¬ 
teins. The mechanism of alignment of the filaments 
and the registration of the myofibrils is unclear. Mo¬ 
lecular components of the basal lamina, such as lam¬ 
inin, are believed to be important in the development 
of skeletal muscle; interstitial extracellular matrix 
components, such as fibronectin, are thought to be 
inhibitory. 

In summary, four successive types of cell are found 
in the development of muscle: promyoblasts, myo¬ 
blasts, myotubes, and myofibers. 

Early muscular primordia can differentiate with¬ 
out innervation. Maintenance of differentiation and 
function, however, requires a nerve supply. Local dif¬ 
ferences seem to exist: nerve fibers are found before 
any signs of muscular development in the pharyngeal 
arches; a relatively late arrival of nerve fibers is char¬ 
acteristic of the limbs. Motor end-plates in limb mus¬ 
cles begin to develop at the end of the embryonic 

period. Developing skeletal muscle contains neuro¬ 
trophic factors that are necessary for the survival of 
embryonic motoneurons. 

Nerve-muscle specificity refers to the stable cor¬ 

respondence between a muscle and its innervation. 

Three examples follow. The course of a nerve (e.g., 

the phrenic) is thought to indicate the migratory 

route of the muscular mass (e.g., the diaphragm). 

Fused muscles (e.g., the adductor magnus) should 

be supplied by two nerves (e.g., the obturator and 

the sciatic). Two muscles (e.g., the sternocleido¬ 

mastoid and the trapezius) supplied by a single 

nerve (e.g., the accessory) are thought to be derived 

from a single muscular mass. In the past, nerve- 

muscle specificity was based on the concept that a 

muscle and its nerve constitute a specific cellular 

continuum early in development, but such an early 

muscle-nerve contact is now denied (Shinohara, 

1996; Kida, 1997). 

It is generally agreed that postnatal growth of skel¬ 
etal muscles consists of an increase in width and 
length of existing fibers, but not in an increase in the 
numbers of fibers. 

Because myogenesis in the (avian) head differs 

greatly from that in the trunk, it is maintained that 

the head of vertebrates should be regarded as a 
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structure sui generis that is not to be traced back 

to the metameric pattern of the trunk. 

Regeneration of Skeletal Muscle 

Regeneration after damage probably starts from sat¬ 

ellite cells, which behave as myoblasts. They divide and 
initiate regeneration. Satellite cells, however, are not 
present in cardiac and smooth muscle. An additional 
and essential factor for regeneration is adequate 
oxygenation. 

Abnormal Development 

Muscular malformations consist mainly in the ab¬ 

sence of muscles (e.g., absence of the pectoralis ma¬ 

jor), a defect in the diaphragm, or a defect in the 

anterior abdominal wall leading to omphalocele. 

The primary defect in muscular dysgenesis is prob¬ 

ably in the connective tissue. In mice, muscular 

dystrophy is connected with the absence of cell 

death during myogenesis. 

Myotonic dystrophy is a frequent form of mus¬ 

cular dystrophy. It is found in about 1:8000 people 

and is autosomal dominant. The genetic defect is an 

enlargement of a segment of DNA on chromosome 

19. The severity of the illness is liable to increase 

with each generation because of a lengthening of 

the responsible DNA segment (trinucleotide repeat). 

A newer interpretation is that RNA produced by the 

mutant kinase gene interferes with RNA made by 

other genes. 

Pseudohypertrophic (Duchenne) muscular dys¬ 

trophy is characterized by weakness of the shoulder 

and pelvic girdles that begins early in childhood. 

The pseudohypertrophy is produced by the replace¬ 

ment of normal muscular tissue by fat. It is followed 

by atrophy and progressive difficulty in walking. 

The prevalence is 1:3000 to 1:3500 male births. The 

condition is usually hereditary, recessive, and X- 

linked, and is caused by difficulty in synthesizing a 

protein (dystrophin) that is necessary for normal 

muscular function. The result is that calcium leak 

channels are increased and intracellular calcium be¬ 

comes excessive. Defects in various proteins of a 

dystrophin-glyoprotein complex are believed to ac¬ 

count for other forms of muscular dystrophy. Injec¬ 

tion of donated myoblasts and gene therapy are be¬ 

ing evaluated. 

Mitochondrial myopathy involves not only the 

muscular system but also other structures, such as 

the retina, heart, or brain. Because spermatozoa do 

not contribute mitochondria, the condition is in¬ 

herited maternally. 

Cardiac Muscle 

The myocardium arises mainly from the cardiogenic 

plate9 (Fig. 13-47A). The ability of the myocardial man¬ 

tle to contract already by 4 weeks10 requires extremely 
early differentiation. From studies of the chick it ap¬ 
pears that myosin is present in precardiac cells, and 
that early cardiac cells possess myofibrils and defini¬ 
tive Z-bands. Similar work has been undertaken in the 
mouse, in which cardiac cells divide by mitosis and 
remain mononuclear. Special attachments that resem¬ 
ble desmosomes develop into intercalated discs. The 
conducting system of the human heart begins to de¬ 
velop at about 5 weeks14"16 and is well developed at 8 
weeks23. 

Smooth Muscle 

The cells of smooth muscle are derived from the mes¬ 
enchyme that surrounds the alimentary canal, trachea, 
bronchi, blood vessels, and glandular tissue. The mes¬ 
enchymal cells elongate, produce myofilaments, and 
form long, tapering muscle fibers. The accumulation 
of actins is a key factor in differentiation of the cells, 
and differentiation appears to occur in a rostrocaudal 
direction. Part of the smooth muscle of the esophagus 
becomes transformed into skeletal muscle. 

NERVOUS TISSUE 

The main constituents of both the central and the pe¬ 
ripheral nervous system are cells and fibers. Two chief 
categories of cells are found: neurons and neuroglial 
cells. The precursors can differentiate into neurons, 
astrocytes and oligodendrocytes in vitro: the reasons 
for the great difficulty of accomplishing this in vivo 
are at present unknown. The nervous system also con¬ 
tains an extensive series of blood vessels. Furthermore, 
the central nervous system (i.e., the brain and spinal 
cord) is surrounded by membranes termed meninges. 

It has been proposed that, in default of the ap¬ 
propriate signals, (e.g., noggin, chordin, follistatin) 
the embryonic ectoderm will become neuralized 
(Hemmati-Brivanlou and Melton, 1997). In other 
words, epidermal (but not neural) specification re¬ 
quires positive signals (e.g., BMP4) within the ecto¬ 
derm. Furthermore, it has been suggested that block¬ 
ing of epidermal induction by the organizer could 
result in neuralization. 

Histogenesis in the 

Neural Tube 

The columnar ectoderm of the neural tube proliferates 
and forms a pseudostratified epithelium with the nu¬ 
clei situated at different levels (Fig. 10-16). The cells, 
which are called germinal or ventricular, give rise to 
both neurons and glial cells (Fig. 10-17) and they con- 
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Figure 10-16, A portion of the wall of the neural tube (see 
inset at left) showing nuclear migration. When DNA is repli¬ 
cated (S phase), the nuclei migrate toward the lumen, where a 
terminal bar net (TBN) is situated. A mitotic figure is shown at 
the ventricular surface during the mitotic (M) phase. After di¬ 
vision, the nuclei migrate away from the lumen (Gj phase). 1, 
Ventricular or matrix zone; 2, intermediate or mantle zone; 3, 
marginal zone of neural tube; BM, basement membrane. 

stitute the germinal matrix, or ventricular zone, which 
becomes later on the ependymal layer. The ventricular 
cells extend from a terminal bar net, situated inter¬ 
nally (next to the cavity of the neural tube), and reach 
the basement membrane. The nuclei change their po¬ 
sition during a complete mitotic cycle. They migrate 
internally, where mitosis occurs (Fig. 10-16). After mi¬ 
tosis, the nuclei of the daughter cells move away from 
the lumen during interphase and return during pro¬ 
phase. A little later, some of the neuroectodermal cells 
become detached and are free to migrate: (1) radial 
migration is facilitated by radial glial cells (Fig. 10-17) 
and is the usual pattern; (2) tangential migration exists 
probably in the later phases of neurogenesis. The post¬ 
mitotic cells are coupled by gap junctions into clusters 
of 15-90 cells. As migration proceeds, however, the 
number of cells per cluster decreases. An exception to 
the rule that mitotic divisions in the brain occur in 
the ventricular layer is found in the optic vesicles, 
where cell division occurs also at the external (subpial) 
surface during the period11,12 in which optic neural 
crest is being generated (Fig. 20-3A). A secondary 
source of neuronal and glial production is the subven- 
tricular layer, where cells divide without movement of 
the nuclei during the mitotic cycle. The subventricular 
layer lies outside the columnar neuroepithelium. Most 
glial cells in the cerebral cortex arise from this locally 
multiplying pool of precursor cells. 

At the beginning the entire wall of the neural tube 
consists of the ventricular layer. Then a nucleus-free 
marginal zone is established external to the ventricular 

Motor end 

Figure 10-17, A portion of the wall of the neural tube showing 
the main cells. A. The germinal or ventricular cell in the ven¬ 
tricular or matrix zone (1) gives rise to (a) immature and even¬ 
tually mature neurons, (b) glioblasts (precursors of astrocytes, 
oligodendrocytes, and radial glial cells), and (c) ependymoblasts, 
which develop into ependymal and choroid plexus cells. Ac¬ 
cording to an alternative theory, neurons and glioblasts arise 
from different cells in the ventricular zone. Above, an axon is 
shown surrounded by a neurilemmal sheath consisting of neu- 
rilemmal cells (derived from neural crest). Concentric layers of 
neurilemmal surface membrane constitute the myelin sheath 
of the nerve. The axon shown here ends in a motor end plate. 
1, ventricular zone; 2, intermediate layer; 3, marginal layer. B. 
The choroid plexus consists of choroidal ependyma and a vas¬ 
cular pia termed the tela choroidea. 

zone, and an intermediate zone (corresponding ap¬ 
proximately to what has generally been termed the 
mantle layer) develops. The last contains nuclei of 
postmitotic cells that represent immature neurons. 
These are not capable of mitosis, and hence the term 
“neuroblast” is incorrect. Glial cells, in contrast, con¬ 
tinue to divide after they migrate from the ventricular 
surface. Later in development, in the advanced embry¬ 
onic and also during the fetal period, proliferation of 
neurons takes place not only in the ventricular layer 
but also in more peripherally situated areas, called sec¬ 
ondary proliferative zones. 

What is termed the “inside-out” concept concerns 
the topography of the neurons derived from the ven¬ 
tricular cells. According to this rule, the oldest neu¬ 
rons settle near the ventricular cavity, and the newest 
at the periphery of the brain wall. Exceptions to this 
scheme exist: the most mature cells of the future ce¬ 
rebral hemispheres are to be found in the periphery, 
external to the cortical plate and also centrally, adja¬ 
cent to it (Fig. 19-32). 
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Neurons 

Different neuronal cell types (in the cerebral cortex) 
are probably specified during their last mitosis. As 
neurons develop, a gradual increase in rough endo¬ 
plasmic reticulum occurs, chromophil (Nissl) sub¬ 
stance appears as small granules in the cytoplasm, and 
neurotubules and neurofilaments become detectable. 
Most neurons are formed prenatally, whereas glial pro¬ 
duction continues postnatally. Two major periods of 
neuronal production occur in the fetal period: one 
from 15-20 weeks, and a second that commences at 
about 25 weeks. In the telencephalon the most nu¬ 
merous neurons are the pyramidal cells. They consti¬ 
tute the sole output and the largest input system of 
the neocortex, but are present also in the prepiriform 
and entorhinal cortices. 

Neuronal Apoptosis. Large numbers (25-75%) of 
postmitotic, postmigratory, well-differentiated neurons 
are eliminated during the formation of synapses, with 
the result that the number of presynaptic neurons will 
correspond to the number of postsynaptic targets. In 
general, the number of neurons is controlled by a pe¬ 
ripheral feedback mechanism. The function of neu¬ 
ronal death appears to be regulation of connectivity 
rather than of the number of neurons. Furthermore, 
apoptosis eliminates developmental errors in neuronal 
migration or axonal growth, as well as aberrant con¬ 
ductivity (Clarke, 1994). Survival depends on neuro¬ 
trophic factors produced by the targeted neuron. At 6 
postnatal months and again between 1 and 2 years, a 
relative but not absolute decrease in number of neu¬ 
rons occurs and is probably related to the growth of 
the cerebral cortex during this period. However, a sig¬ 
nificant and gradual loss of neurons begins after 2 
years and lasts until about 16 years. 

Neuronal Processes. Two types of process develop. 
The axon or neurite is in general efferent, the den¬ 
drite^) afferent in function. The cells that give rise to 
neurons are at first apolar (without processes), then 
unipolar (when an axon begins to form), bipolar (when 
a dendritic stem appears), and finally multipolar (with 
one axon and many dendrites). These developmental 
phases can be used to classify the main types of neu¬ 
ron. (a) Unipolar neurons (Fig. 10-18A), which have 
only an axon, are numerous during development but 
very rare thereafter. (The rod and cone cells of the 
retina are sometimes given as examples.) (b) Bipolar 

neurons (Fig. 10-18B) are present in the vestibular and 
cochlear (spiral) ganglia, the olfactory epithelium, and 
the retina. These cells have peripheral processes (den¬ 
drites) and central processes (axons), (c) Pseudo- 

unipolar neurons (Fig. 10-18B) result when, during 

Figure 10-18. A. Development of a neuron from apolar to uni¬ 
polar to bipolar. B. Three types of sensory, bipolar neuron based 
on the site of impulse, rather than the location of the cell body 
(which may be either in the dendritic zone or in the region of 
the axon). C. A multipolar neuron, such as a ventral horn cell 
of the spinal cord. Based mainly on D. Bodian. 

development, the two processes of a bipolar neuron 
may come together and fuse to form a single, short 
stem. The stem gives rise to a peripheral and a central 
myelinated fiber. Such cells are found in spinal and 
cranial ganglia, (d) Multipolar neurons (Fig. 10-18C): 
most neurons develop many dendrites. Typical exam¬ 
ples are found in autonomic ganglia, the spinal cord 
(motor neurons), and the cerebral and cerebellar 
cortices. 

NEUROGLIA 

Neuroglia, or simply glia (Greek for glue, hence a sin¬ 
gular noun), is the non-neural interstitial tissue of the 
nervous system (Fig. 10-17). Its role in the adult brain 
is incompletely understood. Glial cells are approxi¬ 
mately 10 times more numerous than neurons. Glia 
arises from three main sources: (1) the ventricular and 
subventricular layers in the forebrain, (2) the neural 
crest in the mesencephalon, rhombencephalon, and 
spinal cord, and (3) the monocyte-producing hema¬ 
topoietic mesenchyme. The chief types of glia are as¬ 
troglia, oligodendroglia, microglia, ependyma, satel¬ 
lite and neurilemmal cells. They begin to develop 
from the ventricular layer12 and first keep in contact 
with the cells of the ventricular lining: those early ra¬ 

dial glial cells play an important role in guiding neu- 
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rons in their migration through the brain wall. Also 
included under glia are Bergmann cells of the cere¬ 
bellum, Muller cells of the retina, and tannycytes of 
the ependyma. 

• Astrocytes arise from radial glial cells. Astrocytes 
arise also as direct descendants of immature cells 
of the germinal zone without a radial glial inter¬ 
mediate form. Astrocytes are important elements 
in the formation of the blood-brain barrier and 
may perhaps have a transmissional as well as a sup¬ 
portive role, mediated through intercellular con¬ 
nections rather than synaptically (in the rat). They 
are a source of growth factors and cytokines. After 
neurogenesis is complete, radial glia disappears, 
with a few exceptions (Bergmann glia and glia 
around the third ventricle). 

• Oligodendrocytes arise from the ventricular neu¬ 
roectoderm and the subependymal layer. They lay 
down myelin in the CNS and are the counterparts 
of neurilemmal cells in the peripheral nervous sys¬ 
tem. Oligodendrocytes may enclose several axons 
in separate myelin sheaths. Precursor cells proba¬ 
bly persist in the adult nervous system. 

• Microglial cells are macrophages derived from the 
bone marrow and therefore mesodermal in origin. 
They function as primary immunocompetent cells 
in the CNS. 

• Neurilemmal cells, whether of peripheral nerves or 
as satellite cells of peripheral ganglia, are derived 
from the neural crest. The neurilemmal (Schwann) 
cells (lemmocytes) of the peripheral nerves envelop 
the axons of both non-myelinated as well as mye¬ 
linated nerves and produce several lamellae (in my¬ 
elinated nerves). 

• Satellite cells (amphicytes) of the peripheral ner¬ 
vous system surround the peripheral cells of 
ganglia. 

• Ependymal cells line the central canal of the spinal 
cord and the ventricles of the brain. 

• Choroid plexus cells. Some parts of the wall of the 
neural tube remain thin and are lined by ependy¬ 
mal cells, which are derived from the ventricular 
cells. In addition, specialized cuboidal ependymal 
cells termed choroid plexus cells, in conjunction 
with highly vascular pia mater (tela choroidea), 
form the choroid plexuses in ventricles of the 
brain19,20. They secrete cerebrospinal fluid. 

The differentiation of glial cells is very slow, 
and hence it is difficult to recognize them as they 
first form. Nevertheless, glial cells can be distin¬ 
guished immunologically from neural cells rela¬ 
tively early. The first microglial cells of the cerebral 
hemispheres have been detected at 5V2 weeks16. 
Production of glia continues throughout life, and 

most neoplasms within the brain are glial in origin 
(glioma), chiefly from astrocytes (astrocytoma). 

Origin of Neurons and Glial Cells. Neurons and 
glial cells come from the same epithelium of the ven¬ 
tricular zone. Whether both are derived from a com¬ 
mon progenitor cell (Fig. 10-17) or whether these two 
cellular types arise from different precursor cells (as 
maintained by His*), is still under discussion. In the 
latter possibility, the ventricular zone may be a mosaic 
in which neurons, astrocytes, and oligodendrocytes 
arise from distant stem cells. At first, more neurons 
are produced, whereas later the production of glial 
cells is greater. 

As a result of ongoing mammalian studies, mostly 
in vitro, it is believed that multipotent stem cells in 
the central nervous system, which are thought to be 
self-renewing, undergo progressive restriction in their 
potential and then undergo differentiation. Two classes 
are described: (1) fibroblast-growth-factor-dependent 
stem cells appearing early in the neural tube generate 
both neurons and glial cells and (2) epidermal-growth- 
factor-dependent (“neurosphere”) stem cells, found 
later in the neural tube and generating predominantly 
glial cells. 

Another controversial point is whether the future 
regions of the cerebral hemispheres are already deter¬ 
mined in the ventricular layer, or whether the ventric¬ 
ular cells are not yet committed, and that the cerebral 
organization is imposed on the cortex by such later 
influences as the ingrowth of fibers from other 
regions. Although it has long been maintained that the 
production of neurons ceases when development is 
complete, evidence has been adduced that striatal cells 
of the adult mouse can divide and differentiate into 
neurons and astrocytes. In a variety of mammalian 
species, proliferation of neurons continues into adult¬ 
hood. A pool of progenitor cells in the dentate gyrus 
has been detected even in the human. 

In the peripheral nervous system, it is possible 
that some neurilemmal cells arise in the neural tube 
rather than directly from neural crest. The neural crest 
(discussed in Chapter 19) gives rise to both the neu¬ 
ronal and glial cells of the autonomic nervous system, 
as well as to at least parts of the ganglia of the cranial 
nerves. 

*The neuron-producing, ventricular cells were termed germinal 
cells (Keimzellen) by His, who called the remaining, glia-producing 
cells “spongioblasts.” This last was based on the then prevalent idea 
of a syncytial “neurospongium.” The term spongioblast has been 
abandoned, and glia-producing cells are now known as glioblasts 
or gliablasts. 
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Nerve Fibers 

Nerve fibers consist of axons surrounded by sheaths. 

In the human brain, fibers are visible at 3V2-4V2 
weeks12'13, when the first tracts begin to form. Almost 

at the same time, peripheral nerves begin to appear: 

hypoglossal fibers12 first and then, rostrocaudally, the 

ventral13 and dorsal14 roots of the spinal nerves. Cell 

adhesion molecules (CAM) are important activators of 

fibroblast growth factor, which is necessary for the 

outgrowth of neurites. Axonal guidance is believed to 

be controlled by both chemo-attractants (e.g., netrin- 

1) and chemo-repellents (e.g., semaphorin-3). 

Growth cones are the actively extending tips of 

neurites, i.e., of both axons and dendrites. Growing 

axons are thought to make their way to specific parts 

of the brain by following a chemical trail, such as neu¬ 

rotransmitters (e.g., glutamate), the production of 

which is under the influence of target-derived neuro¬ 

tropic factors. Movement of growth cones is generated 

primarily by actin microfilaments. Guidance signals 

may be either attractant or repulsant. Minute pro¬ 

cesses (filopodia) can take up proteins from the extra¬ 

cellular space, and the cone contains a network of mi¬ 

crofilaments. Before establishing synaptic connections 

with specific targets (sense organs or muscles), the 

axon of a developing neuron must locate these areas. 

Pathfinding is a complex process, involving cell surface 

cues, diffusible factors, and interstitial sprouting along 

the axon. Behavior, environmental influences, and 

neuronal (synaptic) activity per se can, both pre- and 

postnatally, sculpture the adult pattern of connections. 

On contacting its postsynaptic target, a growth cone 

is transformed into a synaptic terminal. In the inner¬ 

vation of muscles by motoneurons, the responsibility 

for both navigation and synapse formation appears to 

reside in the growth cone. 

Outgrowth of dendrites occurs after that of the 

axon. Temporal and spatial patterns of electrical activ¬ 

ity may shape the morphology and circuitry of devel¬ 

oping neurons by promoting dendritic filopodia, which 

may in turn initiate the formation of new synapses. 

When dendrites emerge from the developing neuron, 

their growth cones resemble that of the axon. An ex¬ 

cessive number of dendritic branches develops, fol¬ 

lowed by resorption of those not needed. Development 

of dendrites is related to that of synapses. 

The outgrowth of axons and dendrites is stimu¬ 

lated by certain agents, the chief of which is the nerve 
growth factor (NGF). Neurotrophic factors, such as 

NGF, are endogenous, soluble proteins that regulate 

survival, growth, morphological plasticity, or synthesis 

of proteins for differential functions of neurons. The 

fibroblast growth factor, for example, is responsible for 

parasympathetic and sensory neuronal survival. Nerve 

growth factor is required for survival of sympathetic 

neurons as well as central cholinergic neurons of the 

basal forebrain. The early monoamine-producing cells 

are all located in the brain stem, and their fibers are 

distributed widely to other parts of the brain. They 

develop before most other neurons appear. A major 

source of nerve growth factor for cholinergic neurons 

of the nucleus basalis (Meynert) is the hippocampus. 

Insulin-like growth factor has a crucial role in the nor¬ 

mal development of oligodendrocytes and in mye- 

lination. 

The term synapse is generally used for the junc¬ 

tion between axonal end-feet (boutons) and the soma 

or dendritic spines of another neuron. A synapse in¬ 

cludes presynaptic and postsynaptic elements, and an 

interaction between these is thought to be involved 

during development. Synapses appear suddenly and 

then increase rapidly in number. In the motor region 

of the spinal cord, synapses (mostly axodendritic) have 

been detected at 5 weeks15. Synapses in the cerebral 

hemispheres have been seen at 6 weeks17. Transmis¬ 

sion in the mammalian brain takes place chemically. 

The presynaptic bulb releases a neurotransmitter, 

which diffuses across the synaptic cleft and binds to 

receptor molecules in the cell membrane of the post¬ 

synaptic cell. Elimination of synapses may be initiated 

not by competition but distally (e.g., by a muscle fiber 

at a neuromuscular junction). 

Myelin (iz)ation 

Axons become surrounded by cytoplasmic extensions 

of the neurilemmal cells (in the PNS) or oligodendro¬ 
cytes (in the CNS). 

Non-myelinated Axons. Up to 15 axons may be 

found embedded in a single neurilemmal cell, without 

the addition of myelin sheaths. All peripheral axons are 

covered by neurilemmal cells, which are ectodermal 

(neural crest) in origin. In development, they accom¬ 

pany outgrowing axons and form a neurilemmal 
sheath. 

In a non-myelinated peripheral nerve, several ax¬ 

ons invaginate the cytoplasm of one neurilemmal cell, 

but a compact sheath of myelin does not develop. Ex¬ 

amples are postganglionic autonomic fibers and some 
pain fibers. 

In the central nervous system, non-myelinated ax¬ 

ons wander through a mass (the neuropil) of neuro¬ 

glial cells, dendrites, and other axons. 

Myelinated Axons. The myelin sheath is a com¬ 

pact tongue of the neurilemmal cell wrapped around 

the axon like a scroll around a rod (Fig. 10-19). This 

process of spiral wrapping is known as myelination or 
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Three phases in the development of a myelin sheath around an axon. It arises from the cell membrane of a 
neurilemmal cell. A. An axon (a) is embedded in a neurilemmal cell. B. The cytoplasm and the cell membrane are becoming 
wrapped spirally around the axon. C. The cytoplasm has become eliminated between the double-layered spirals of cell membrane. 
TWo protein lamellae fuse (at the arrowhead) to form a dark “major dense line.” It is situated between clearer zones that include 
an intraperiod line.” The entire arrangement of spirals constitutes the myelin sheath (b), outside which is the neurilemmal sheath 
of cytoplasm (c). From Barr’s The Human Nervous System, 7th ed., Philadelphia: Lippincott-Raven, 1998. Courtesy of John A. 
Kiernan, M.B., Ph.D., D.Sc. 

myelinization. During the wrapping, the cytoplasm be¬ 
comes flattened and disappears, so that the myelin 
sheath becomes composed of concentric cell mem¬ 
branes. The myelin membranes consist of lipid bilayers 
sandwiched between protein monolayers. 

In a myelinated peripheral nerve, each neurilem¬ 
mal cell covers a segment of axon, and the segments 
meet at nodes. A basal lamina surrounds the neurilem¬ 
mal cell and, perhaps in conjunction with the cell 
membrane, corresponds to the neurilemma or neuri¬ 
lemmal sheath (of Schwann) as seen by light micros¬ 
copy. Internally, the neurilemmal cell is represented 
by the myelin sheath. Nerve regeneration is inhibited 
by several substances, including probably a myelin- 
associated glycoprotein. 

In the central nervous system, some axons become 
myelinated by the cytoplasm of oligodendrocytes, and 
the myelin sheaths resemble those of the peripheral 
nervous system. A single oligodendrocyte can mye¬ 
linate more than one axon. The retractile property of 
the myelin accounts for the appearance of white 
matter. 

Sequence of Myelination. Myelination in the CNS 
begins after its onset in the PNS in trimester 2 (at 
first in the dorsal and ventral roots of the spinal 
nerves and then in various tracts). It continues for 
a number of years after birth at a gradually decreas¬ 
ing rate. Large afferent tracts become myelinated 
early, whereas the cerebral hemispheres contain lit¬ 
tle myelin at birth. Myelination around birth is es¬ 
pecially vulnerable. Knowledge of the timing and 
sequence of myelination has contributed to under¬ 
standing the course of various tracts of the nervous 
system. The various ascending and descending 

tracts of fibers are situated in the marginal zone, 
which becomes the white matter of the spinal cord. 
Transmission of impulses and functional activity, 
however, begin before myelin sheaths develop. 

Neuronal Regeneration 
and Transplantation 

In a peripheral nerve, axonal transection or crushing 
results in fragmentation of the axon and myelin sheath 
in the distal stump, followed by phagocytosis (so-called 
Wallerian degeneration). Regeneration involves axonal 
outgrowth from the proximal stump, accompanied by 
the proliferation of neurilemmal cells, which produce 
neurotrop(h)ic factors, facilitating axonal elongation 
through endoneurial tubes and growth toward the dis¬ 
tal stump. Then target organs may be re-innervated 
and function restored. 

Regeneration is much more limited in the central 
than in the peripheral nervous system. In the CNS, 
failure of regeneration is no longer thought to be in¬ 
herent in axons, but rather to depend on lack of neu¬ 
rotrophic factors and/or the presence of inhibitory 
substances. It has been shown experimentally that cen¬ 
tral axons will regenerate into implanted peripheral 
nerve grafts. Embryonic/fetal neurons (as well as as¬ 
trocytes, oligodendroglia, and neurilemmal cells) sur¬ 
vive transplantation into the adult brain, which is a 
relatively immunoprivileged site, and xenotransplan¬ 
tation (fron one species into another) appears also to 
be feasible. Degeneration that causes loss of specific 
neurons, as in Parkinson disease, is being treated by 
intrastriatal implantation of human embryonic mes¬ 
encephalic tissue, which is rich in dopamine neurons. 
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Some of the grafted cells survive in the brain and ap¬ 
pear to alleviate some of the motor symptoms. Chro¬ 
maffin cells from the suprarenal medulla are also be¬ 
ing used, and work is in progress on cells genetically 
engineered to synthesize and release dopamine. 
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The Integumentary 
System 

■ THE SKIN AND ITS 

APPENDAGES 

The term common integument includes skin and as¬ 
sociated glands, subcutaneous tissue, hair, nails, and 
the mammary gland. Because teeth are thought to 
have arisen phylogenetically from tubercles on the 
dermal plates of armored vertebrates, they are some¬ 
times described with the integumentary system. In 
this book, however, they will be considered with the 
digestive system. 

The skin consists of epidermis and dermis (or co- 
rium), which are derived, respectively, from two main 
sources: ectoderm and the underlying mesenchyme, 
separated by a basement membrane. As is common in 
many organs, epithelio-mesenchymal interaction is 
important. Epidermal growth factor, which is closely 
related to the nerve growth factor, is a peptide found 
in high concentration in the submandibular gland. 
Several growth factors, including epidermal and fibro¬ 
blast varieties, are thought to accelerate wound heal¬ 
ing. Prenatally, however, wound healing seems to de¬ 
pend more on hyaluronic acid, and it involves the 
deposition of highly organized collagen (absence of 
scarring). 

The dermal mesenchyme controls the transfor¬ 
mation of ectoderm into epidermis, as well as the 
stratification and proliferation of the epidermis. The 
degree of development of the skin and its appendages 
varies from one region to another, so that extensive 
overlapping occurs in the morphological appearances 
seen at any given time. Considerable regional vari¬ 
ability occurs also in regard to glands, hairs, pigment 

cells, fat, and sensory endings. The skin of the palm 
and sole shows the maximum number of layers. 

The initial appearance of various features is indi¬ 
cated in Table 11-1. The epidermis and some of its 
appendages, as well as the dermis, begin their devel¬ 
opment during trimester 1, whereas trimesters 2 and 
3 are characterized by differentiation and growth. 

The Epidermis 

The surface ectoderm, at first a single layer of cuboidal 
cells, soon becomes covered by a temporary stratum 
of polygonal cells termed the periderm (or epitri- 
chium) and can then be termed epidermis (Figs. 11-1 
and 11-2; Table 11-2). Epidermal differentiation in the 
ectoderm requires signals from BMP4 (bone morpho¬ 
genetic protein 4), and epidermal keratin genes are 
expressed in periderm. The peridermal cells, which at 
first have numerous microvilli, then develop blebs that 
project from the surface. Epidermal stem cells are 
found both between and within hair follicles, and their 
patterning depends on interactions between keratino- 
cytes. An intermediate layer develops between perider¬ 
mal and basal layers. The periderm resembles the am- 
niotic epithelium and is thought to allow transport of 
water into the amniotic cavity prior to keratinization. 

During trimester 2 the periderm disappears and a 
cornified (keratinized) layer, the stratum coraeum, be¬ 
gins to form, so that the epidermis ceases to transport 
water freely. At the end of trimester 2, the epidermis 
becomes a stratified squamous epithelium. 

Keratinocytes are the major cells of the stratified 
squamous epithelia of the skin, cornea, and esophagus. 
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TABLE 11-1 Initial Appearance of Various Features of the Skin 

Feature 

Stratum basale & periderm 
Desmosomes & tight junctions 
Stratum intermedium 
Melanoblasts in epidermis 
Dermal-subcutaneous boundary 
Antigens in epidermis 
Langerhans cells in epidermis 
Hair follicles on trunk 
Nail folds & nail matrix 
Melanosomes synthesize melanin 
Merkel cells in epidermis 
Sebaceous glands 
Nail plates 
Papillary & reticular regions of dermis 
Panniculus adiposus 
Keratinization in epidermis & appendages 
Dermal papillae 
Melanin transferred to keratinocytes 
Apocrine glands 
Sudoriferous glands 

Data from Holbrook and Wolff (1993). 

Those in the stratum basale of the epidermis are ec¬ 
todermal in origin and they synthesize large amounts 
of keratins, which provide structural integrity to the 
cells. Keratinization is a complex, genetically con¬ 
trolled, programmed series of morphological changes 
and metabolic events. It begins during trimester 2 in 
the hair follicles, nails, and epidermis. 

Non-keratinocytes are also found in the epidermis. 
Dendritic melanocytes, detectable by antigenic mark¬ 
ers, arise from the neural crest (as melanoblasts) and 
migrate (Fig. 10-1, arrows) into the epidermis (mainly 
the stratum basale) at about 7 weeks. This occurs at 

the dermo-epithelial junction (Fig. 11-1), a site said to 
be unique to the human. Dendritic melanocytes con¬ 
tain distinctive organelles termed melanosomes, 

which include tyrosinase, and they produce and trans¬ 
fer pigment to keratinocytes. The melanosomes are se¬ 
creted through the dendritic processes of the mela¬ 
nocytes and reach the surrounding keratinocytes and 
hair follicles. Melanocytes are found also in hair bulbs, 
the uvea, the leptomeninges, mucous membranes, the 
inner ear (stria vascularis), and the brain stem. Mela¬ 
nin provides photoprotection. Variation in skin and 
hair color is multifactorial and depends on many gene 

Intermediate cells 

Figure 11-1 Development of the epidermis during the first half of prenatal life is shown at left. Temporary covering the periderm 
appears and the number of layers increases progressively. A portion of skin from the newborn is shown at the right. B, basal layer 
BM, basement membrane; C, cornified layer; G, granular layer; S, spinous layer. 
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Figure 11-2 Development of the epidermis. Vertical columns 1 to 3 are from trimester 1, trimester 2, and trimester 3 together 
with newborn (N-B) and adult (Ad), respectively. E, embryonic period showing periderm and basal cells. Further views in columns 
1 and 2 show periderm (P), intermediate (I), and basal (B) layers. In column 2, the periderm is disappearing and cells lining hair 
canals (H) are visible. In column 3, the stratum corneum is evident, the stratum granulosum has appeared, and the intermediate 
cells form the stratum spinosum. Courtesy of Karen A. Holbrook, Ph.D., Seattle, Washington. 

determinants and modifying genes, as well as on ex¬ 
posure to ultraviolet irradiation. One chemically inert 
and stable visual pigment, melanin, is responsible for 
all the various shades. The chemical subunits of mel¬ 
anin are important, as are also the size, shape, density, 
and distribution of its particles. 

Dendritic (Langerhans) cells, distinguishable by 
antigenetic markers, arise from bone marrow and 
migrate into the epidermis during trimester 1 (at 
about 12 weeks). Their proliferation and differentiation 
are controlled by granulocyte-macrophage colony- 
stimulating factor (GM-CSF). They are found mostly in 
the spinous and granular layers, and they are antigen- 
presenting cells involved in T-cell responses. Dendritic 
cells take up antigens entering the skin, which are 
then transported to the lymph nodes. 

Merkel cells, detectable by immunohistochemical 

markers, probably differentiate in situ from the epi¬ 

dermal ectoderm at the end of trimester 1 or early 

in trimester 2. They are tactile mechanoreceptors 

and are found among the basal keratinocytes in cer¬ 

tain areas, e.g., the lips and the digits. 

The epidermis undergoes cellular replacement 
throughout life (about every 4 weeks in the adult), and 
this is accomplished by stem cells in the stratum ba- 

sale. These cells lose adhesiveness to the underlying 
basement membrane, migrate to the surface, and be¬ 
come the non-nucleated keratinocytes of the stratum 
corneum. Epidermal appendages, such as hair, are also 
renewed, and the “bulge region” of the external root 
sheath of the hair follicle is a source of epidermal 
regeneration. 
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TABLE 11-2 Scheme to Show the Development of the Layers of the Skin 

Trimester 1 2 and 3 

Amniotic ectoderm 

Surface ectoderm 

Periderm desquamates 

KERATINIZATION 

Stratum corneum 

t 
(Stratum lucidum) 

Neural crest -Melanoblasts -► Melanocytes 

Mesoderm -Mesenchyme -Dermis 

aThe timing by trimesters is only very approximate. 

Cells that are shed from the stratum corneum, 
combined with sebaceous secretions, form a cheesy 
covering, the vemix caseosa, which persists until birth 
and protects the skin from the amniotic fluid. The sur¬ 
face area at birth is approximately 0.2 sq. m, increasing 
to about 1.7 sq. m in adulthood. 

The dermis 

The formation of the dermis is induced by the epider¬ 
mis. The dermis arises mainly as a connective tissue 

Epidermal ridge Furrow Pore 

FIGURE 11-3. Development of dermatoglyphics. The appear¬ 
ance of dermal ridges is followed by that of epidermal ridges 
during trimester 2. 

from the mesenchyme (Table 11-2), but it is invaded 
by nerves, blood vessels and lymphatics. It is com¬ 
monly stated to be partly of somitic derivation and 
partly from somatopleuric mesoderm. In the head, 
however, the mesenchyme arises from many sources, 
especially the neural crest. The cells include mesen¬ 
chymal and endothelial cells, as well as pericytes and 
fibroblasts, macrophages, melanoblasts, and mast 
cells. The matrix of the dermis is composed chiefly of 
structural proteins: collagen and elastin. The flexion 
creases of the palms, soles, and digits develop in the 
fetus largely independently of flexion movements. 
Cleavage lines (i.e., lines that would cause wounds 
from a rounded instrument to appear linear) develop 
from the beginning of the fetal period. They indicate 
that the skin does not stretch regularly. The dermis 
increases in thickness throughout development, both 
prenatally and postnatally. 

The configurations of the skin of the palms, soles, 
and digits are known as dermatoglyphics (Fig. 11-3). 
In the late embryo and early fetus, subepidermal, mes¬ 
enchymal pads are prominent but soon regress. Der¬ 
mal ridges interdigitating with undulations of the deep 
surface of the epidermis appear in the hand early in 
the fetal period (at about 12 weeks). At about 19 weeks 
the keratinizing surface of the epidermis shows ridges 
that alternate with those of the dermis. The final der- 
matoglyphic pattern becomes established during tri¬ 
mester 2. The pattern is believed by some to be deter- 
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mined directly by growth forces, whereas others stress 
induction by adjacent nerves and vessels. Genetic fac¬ 
tors are undeniable but the mode of inheritance of the 
ridges (e.g., polygenic) is still not entirely clear. A high 
degree of dermatoglyphic similarity exists between 
monozygotic twins. Dermatoglyphics are significant in 
identification and in medical diagnosis, especially in 
chromosomal disorders, e.g., trisomy 21 (Down syn¬ 
drome), in which the skin creases of the palm and the 
dermal ridges of the fingers are frequently unusual. 

Wound healing of prenatal skin is faster than that 
in the adult and results in new tissue rather than a 
scar. The edges of the wound are brought together 
by contraction of an actin purse-string so that re- 
epithelization can take place, the underlying mes¬ 
enchyme contracts, and (up to trimester 3) healing 
is perfect. The ability of scar-free healing diminishes 
during trimester 3. Inflammation is slight or absent 
in utero; only few fibroblasts migrate into the 
wound, hyaluronic acid is deposited, and highly or¬ 
ganized collagen is laid down. 

The development of cutaneous appendages 
such as hair and nails is governed by the underlying 
dermis. Retinoic acid, which is an endogenous mor- 
phogen, is believed to be important for the orien¬ 
tation and phenotype of epidermal appendages. 
Moreover, Hox genes and adhesion molecules are 
thought to be involved. Early in the fetal period, 
adhesion molecules are expressed on dermal vessels, 
allowing extravasation of circulating leukocytes for 
immunosurveillance. 

The subcutaneous tissue (hypodermis) is rec¬ 
ognizable in trimester 2, during which adipocytes 
(fat cells) accumulate to form the panniculus 
adiposus. 

The embryonic hypodermis and subepidermal 
dermis, and later the fetal dermis, contain cells with 
a coagulation transglutaminase factor (FXIII); these 
cells become more numerous in proliferative der¬ 
mal disorders in the adult. An increase in the trans- 
lucency of nuchal skin is observed early in trimester 
2 by ultrasonography in chromosomal abnormali¬ 
ties such as trisomy 21 (Chapter 9). The edema is 
characterized by alterations in the extracellular 
matrix. 

Hair 

The first hairs (Figs. 11-4 to 11-6) appear in the eye¬ 
brow, upper lip, and chin at the end of the embryonic 
period proper. On the body as a whole and beginning 
at the end of trimester 1, local, oblique downgrowths 
from the epidermis indicate the sites of hairs and se¬ 
baceous glands. The deep end of such a sprout enlarges 
to form the bulb of the hair, and it comes partly to 
surround a papilla of vascular mesoderm. The central 
cells become keratinized and form the hair shaft, 

Epidermis 

Figure 11-4. Development of a hair. The downgrowth from the 
epidermis and the subsequent upgrowth of the hair are shown. 

FIGURE 11-5. A hair of the scalp at ca. 25 weeks, showing the 
bulb and (in bright red) the papilla surrounded by the matrix. 
Further up, the connective tissue sheath (blue), the external 
sheath (very lightly stained), and the internal sheath (dark red) 
can be seen around the shaft of the hair. 
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Papilla 

Figure 11-6. Simplified scheme of the hair cycle according to the bulge activation theory. Structures above the interrupted 
horizontal line are the permanent portion of the hair follicle; keratinocytes below that line degenerate. A. Matrix (containing 
progenitor cells) and bulge (B) of external root sheath (containing stem cells). B. Upward movement of the dermal papilla. C. 
Activation of bulge cells by the adjacent papilla. D. Downward movement of the papilla and formation of new matrix, followed by 
“turning off” of the proliferating bulge cells. E. Activation of the papilla by the new matrix. The interrupted oblique lines indicate 
the movement of the dermal papilla. Modified after Cotsarelis et al. 

which is encased by sheaths of surrounding cells and 
mesenchyme. The shaft extends toward the surface by 
passing through the central cells of the solid hair 
follicle. 

The “bulge region” of a hair follicle is the enlarged 
portion of the external root sheath at the site of the 
attachment of the arrector pili. Its cells are considered 
to be pluripotent. It is believed that, during the hair 
cycle, the dermal papilla (1) becomes closer to the 
bulge, (2) activates the stem cells of the bulge, (3) 
recedes and turns the proliferating bulge cells off, and 
(4) becomes activated by the new matrix derived from 
the bulge (Fig. 11-6). The development of cutaneous 
appendages such as hair is brought about by reciprocal 
epithelio-mesenchymal interactions and is probably 
influenced partly by cell adhesion molecules and com¬ 
ponents of the extracellular matrix. 

Growth of hair results from division of the epi¬ 
dermal cells around the papilla. Melanocytes derived 
from the neural crest are responsible for the coloration 
of hair. Fine hairs termed lanugo are mostly shed 
around the time of birth and are replaced by coarser 
hairs that arise from new follicles. 

Glands of the Skin 

The chief glands are sebaceous and sudoriferous. 
Sebaceous glands arise as buds mostly from the 

hair follicles (Fig. 11-4). The central cells degenerate 
and enter the follicle as sebum. Smooth muscle fibers, 
the arrector pili, arise in the mesenchyme below the 

sebaceous gland and then become attached to the hair 
follicle, which they pull into a more vertical position, 
resulting in “goose pimples” or “goose skin.” The ar- 
rectores pilorum are innervated by sympathetic fibers. 
The sebum from the sebaceous glands, together with 
desquamated epithelial cells, constitutes the vemix ca- 

seosa (Latin, cheesy varnish). 
Sudoriferous or sweat glands arise as local down- 

growths from the epidermis. These sprouts are at first 
solid, and their ends become very coiled. The cells of 
the coiled portion are of two types: secretory and myo¬ 
epithelial. Secretion is probably minimal until after 
birth. Large sweat glands in the axilla, external acous¬ 
tic meatus, and eyelid develop from hair follicles and 
are apocrine; i.e., the apical ends of the secreting cells 
appear as if they disintegrate in the process of 
secretion. 

Nails 

The nails (Fig. 11-7) are foreshadowed by the end of 
the embryonic period. The epidermis thickens and 
forms nail fields, which undercut the skin to form nail 

folds proximally and on each side. Proliferation of the 
nail field occurs in the proximal nail matrix, from 
which the nail plate differentiates and grows distally 
over the nail bed. The stratum corneum of the skin 
projects distally as the eponychium, most of which dis¬ 
appears later, except proximally where it persists as the 
cuticle. Distal to the opaque, whitish “half-moon” 
known as the lunule, the nail plate shifts progressively 
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Site of 

Figure 11-7 Development of thumbnail. A shows the site of 
the nail at the end of the embryonic period. B and C, surface 
view and section early in fetal period. The proximal nail fold 
and the matrix are appearing. In D, at the beginning of tri¬ 
mester 2, the nail plate is forming. In E, the newborn, the nail 
plate is curved around the tip of the digit. DP, distal phalanx. 
Based on photographs and photomicrographs in Zaias. 

over the nail bed. Deep to the distal border of the nail, 
the stratum corneum is thickened as the terminal ma¬ 
trix.* The nails reach the tips of the digits shortly be¬ 
fore birth. 

Anomalies of the Skin 

Aplasia of the skin, usually of the scalp, is rare. The 

condition is ill-understood but the defects are be- 

*The term hyponychium is best avoided because, as pointed out by 
Pinkus and Tanay (1968), it has been used for either the terminal 
matrix or for the entire nail bed. 

lieved to have differing causes. Aplasia cutis has to 

be distinguished from birth injuries. 

Ichthyosis (Greek, ichthys, fish) is a dry, scaly 

skin resulting from abnormal cornification and 

shedding of keratinized cells. Many types have been 

described. Most, if not all, are hereditary, but the 

mode of inheritance varies. One type (“collodion 

skin”) is attributed to postnatal persistence of the 

periderm. Some types (e.g., “harlequin fetus”) are 

often fatal. The most frequent type is autosomal 

dominant and is characterized by hyperkeratosis re¬ 

sulting from increased adhesiveness of the stratum 

corneum, which is attributed to inadequate forma¬ 

tion of keratohyalin granules from defective protein 

synthesis. 

Congenital ectodermal dysplasia is a disorder 

of keratinization that results in hypoplasia of the 

hair and the sebaceous glands. Autosomal dominant 

and X-linked recessive forms exist. The features are 

sparse scalp hair (hypotrichosis and a variable de¬ 

gree of alopecia), absent eyebrows, undeveloped 

(dystrophic) nails, and palmar and plantar hyper¬ 

keratosis. More severe features include hypoplasia 

of exocrine glands (anhidrotic form), dental hypo¬ 

plasia, and saddle-shaped nose. 

Epidermolysis bullosa is a loosened state of the 

epidermis accompanied by the formation of blebs. 

Fragility of keratinocytes in the stratum basale re¬ 

sults in cellular breakdown, and the epidermal gaps 

become filled with extracellular fluid to form blis¬ 

ters. The condition has been linked to keratin gene 

mutation. 

Pigmented lesions of a developmental nature 

include ephelides or freckles (localized areas of 

functionally overactive melanocytes), “Mongolian” 

blue spots (accumulations of dermal melanocytes, 

usually in the lumbosacral region), and “hairy 

moles” or “bathing-trunk nevi” (overdevelopment of 

hairs and production of abnormal neuroectodermal 

cells, usually on the lower part of the trunk). 

Neurofibromatosis, in addition to the cutane¬ 

ous and subcutaneous neurofibromata, may include 

hyperpigmentation (cafe au lait spots) at birth. Tu¬ 

mors of melanocytes are frequent in the skin and 

can arise also in the eyes or in the meninges. They 

vary from very common cutaneous blemishes 

(moles) to a melanoma, a term that is usually re¬ 

served for a malignant neoplasm. Some instances of 

hereditary melanoma are attributed to a protein, 

pl6 (CDKN2 gene). Cutaneous malignant mela¬ 

noma is sometimes associated with a genetic pre¬ 

disposition related to a locus on chromosome 9p. It 

is believed that Fas (or Apo-1) and Fas ligand in¬ 

teract on the cell surface in melanoma, and prompt 

activated T lymphocytes to undergo apoptosis, 

thereby defending tumor cells from an immune 

response. 

Nevus is a term used for a circumscribed stable 

malformation of the skin, not resulting from exter¬ 

nal causes and therefore thought to be congenital 
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Nipple 

primordium 

Figure 11-8. Development of the nipple. A. Embryo of 5V2 weeks16 showing the upper (UL) and lower (LL) limb buds sectioned 
at their roots, and the part of the ectodermal ring between them. B. Transverse section showing the nipples laterally. C. Transverse 
section a week later18 showing the nipples in a more ventral position. B', C', D. Sections through the nipple from 5 to 8 weeks. 

in origin. Nevi consist of local excesses or deficien¬ 

cies of one or several cutaneous constituents: epi¬ 

dermal, dermal, adnexal, nervous, or vascular. 

Hemangioma refers to a benign growth con¬ 

sisting of an excess of blood vessels. Many types of 

nevi and hemangiomata form colored cutaneous ar¬ 

eas known popularly as birthmarks, strawberry 

marks, and port-wine stains. 

Pilonidal sinus refers to a sinus, fistula, or cyst 

in the sacrococcygeal region, behind the anus, and 

containing hairs (Latin, hair nest). It is not a neural 

tube defect, although it may be connected with the 

central canal. It is prone to infection in adult life 

and is thought by some to be a later (average age: 

21 years) infection of skin invaginated during the 

formation of the caudal tip of the neural cord. It is 

not certain, however, that the condition is congen¬ 

ital, and some maintain an acquired origin from ex¬ 

ternal penetration of skin by hairs in the internatal 

cleft. 

Albinism is discussed in Chapter 20. 

i THE MAMMARY GLAND 

The mammary gland (Figs. 11-8 and 11-9) is fre¬ 
quently regarded as a modified sudoriferous gland of 
apocrine type.* It develops by epithelio-mesenchymal 

*The term apocrine is based on a light-microscopic appearance 
from which the secretion seems to include the apical (or free) ends 
of the secreting cells. 

interaction. Two phases are observable: the first is the 
formation of the nipple. 

1. The part of the ectodermal ring (Fig. 18-23) 
between the upper and lower limb buds (the “inter- 
membral” part) of one side overlies the coelom and 
the mesonephric duct13, forming a mesonephric ridge. 
Within this part of the ring, the mammary crest ap¬ 
pears at 5 weeks14. The crest is thought to be formed 
by cellular displacement rather than cellular prolifer¬ 
ation, although its extent in the human is not clear. 
The nipple is visible by 6 weeks17,18. It then either be¬ 
comes flat or forms a shallow depression (inverted nip¬ 
ple), a condition that persists through much of pre¬ 
natal life, but it becomes elevated near or after birth. 
In mammals that have serially repeated glands, such 
as the sow, the mammary crest extends from the axilla 
to the groin. 

2. The second phase is the development of the 
mammary gland itself (Fig. 11-9). Parenchymal cells 
invade the underlying stroma before the end of the 
embryonic period. Epithelial buds sprout from the in¬ 
vading parenchyma and become lobular during tri¬ 
mester 1. Branching gives rise to 15-25 solid epithe¬ 
lial cords, which become canalized during trimester 2. 
Alveoli develop during trimester 3, but it is unclear 
whether secretion occurs and whether lobules form. 
Mesoderm differentiates into the stroma, as well as 
into the smooth muscle of the nipple. The areola arises 
as a region of areolar glands around the nipple. The 
differentiation and growth of the mammary gland are 
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A B 

Figure 11-9. Development of the mammary gland. A. The epithelial primordium at 8 weeks. In B, early in trimester 2, sprouts 
are arising. In C, at the middle of prenatal life, the sprouts (lactiferous ducts) are elongating and branching. D, late in trimester 
2, and E, in trimester 3, showing the inverted nipple. Adapted from various sources. 

influenced by cell-to-cell contacts, extracellular ma¬ 
trix, neural input, hormones (including some from the 
placenta), and growth factors (polypeptides). Estrogen 
promotes growth of the ductal system, and progester¬ 
one stimulates lobular development. 

The breast is generally palpable in the newborn, 
and secretion of milk occurs in both male and female. 
“Witch’s milk” is believed to be caused by transplacen¬ 
tal passage of maternal hormones. It may contain leu¬ 
kocytes and fat, and it has been considered to be com¬ 
parable to the mother’s colostrum. Its production, 
however, may be a general response of mammary ep¬ 
ithelium (including the ducts) to maternal hormones 
and does not necessarily depend on the formation of 
secreting alveoli. The mammary gland shows a definite 
lobular pattern within a few weeks of birth. 

Postnatal Development. At puberty, under the in¬ 

fluence of ovarian hormones, the epithelial sprouts 

of the female gland branch further and become sep¬ 

arated by increasing deposition of fat. During preg¬ 

nancy, secretory alveolar tissue develops under the 

influence of many hormones. The terminal ducts 

sprout, alveoli form, the alveolar epithelium be¬ 

comes thin, and secretion occurs. These changes, 

which are rapid by the middle of pregnancy, are 

completed early during lactation. Postpartum, a 

thin fluid (colostrum) is secreted, followed within a 

few days by typical milk. Lactation is under complex 

hormonal regulation. The male gland is fully devel¬ 

oped at 20 years, when it is comparable to the early 

pubertal female gland. 

Anomalies of the 

Mammary Gland 

Polythelia and Polymastia. The term polythelia 

(Greek, thele, a nipple or papilla; cf. epithelium) re¬ 

fers to the presence of more than two nipples, 

whereas polymastia is used when more than two 

mammary glands are present. Most examples of ac¬ 

cessory tissue occur immediately in the vicinity of 

their normal counterparts, but rarely they may be 

situated elsewhere, e.g., in the axilla or groin, or on 

the back or thigh. Some instances probably repre¬ 

sent extensions of the mammary crest, but those 

lying further away are thought to be unrelated, en¬ 

larged, and modified sudoriferous glands of apocrine 

type. 
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The 
Cardiovascular 
and Lymphatic 
Systems 

he heart, blood vessels, prenatal circulation, 
and lymphatic vessels and organs will be dis¬ 

cussed in this chapter. 

1 THE HEART* 

It should be stressed that the conversion of the em¬ 
bryonic into the adult heart is as yet unclear in many 
respects. Features named in embryology frequently do 
not correspond precisely to similarly named features 
in the adult. The “parts of the developing heart should 
not be simplistically identified with the components of 
the full-term heart” (Los, 1986). Thus the right atrium 
of the early embryo does not simply enlarge and be¬ 
come the right atrium of adult anatomy. This caveat 
applies also to other systems of the body. 

Many of the difficulties and contradictory accounts 
that now exist are caused by the complexity and ra¬ 
pidity of the changes that occur, the study of poorly 
preserved material, lack of attention to staging, the use 
of imprecise reconstructions, and the presence of alt¬ 
erations attributable to systole versus diastole. Much 
further work is needed to clarify the developmental 
changes undergone by the normal and abnormal heart. 
Some solutions are already being pursued by the use 
of newer techniques, such as immunohistochemistry, 

*The authors are indebted to the late Dr. Tomas Pexieder, University 
of Lausanne, for commenting on the portions of this chapter re¬ 
lating to the heart for the second edition of this book. A number 
of his valuable suggestions were incorporated, but only the authors 
are responsible for the final version of the chapter. 

scanning electron microscopy, and molecular genetics. 
Very badly needed is a comprehensive book on the 
heart in staged human embryos comparable to the au¬ 
thors’ atlas of the brain. 

The initial appearances of important features 
during the embryonic development of the heart are 
listed in Table 12-1 and summarized in Figures 12-1 
and 12-2. 

Cardiac Histogenesis 

The main tissues of the heart, in addition to nerves 
and blood vessels, are the endocardium (the endothe¬ 
lial lining), the myocardium, and the epicardium (the 
visceral layer of the pericardium). The origin of these 
tissues is complicated. The sources are splanchnic 
mesenchyme, neural crest, and extracardiac mesothe- 
lium. 

1. The myocardium develops from cardiogenic 
cells (the cardiogenic plate) that become segregated in 
the splanchnic layer of the coelom during the splitting 
of the mesoderm to form the future pericardial cavity 
(Figs. 12-3 and 12-4). 

The considerable interval between the myocardial 
mantle and the endocardium is occupied by an extra¬ 
cellular matrix termed cardiac jelly, secreted by the 
myocardial cells. The wall of the heart now comprises 
a myocardial mantle, cardiac jelly, and endocardium 
(Fig. 12-5).10 

2. The endocardium comes from the subjacent 
endothelial plexus, which is derived from the splanch¬ 
nic mesoderm. 

175 
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TABLE 12-1 Initial Appearance of Various Features of the Heart 

mm 4 5 6 8 10 15 20 

Weeks 

Feature Stage 

Pericardial cavity 

Ventricular region; interventricular sulci; myocardial mantle; 

cardiac jelly; endocardial plexus 

Cardiac asymmetry 

Conotruncus; future RV & LV; AV junction; RA & LA; sinual 

horns; cardiac tube & loop 

Trabeculation of LV & RV; interventricular septum; sinus 

venosus; SA orifice 

AV canal 

Venous valves 

Septum 1 and foramen 1 

AV bundle 

AV cushions approximated 

Cardiac mesenchyme; semilunar cushions 

Conotruncal ridges 

Foramen 2; semilunar cusps 

Conotruncal septum; auricles 

Foramen 1 obliterated 

AV & semilunar cushions fused 

Septum 2 and foramen ovale 

Interventricular foramen 2 obliterated 

3. The epicardium develops from extracardiac 
mesothelium that progresses from the wall of the si¬ 
nus venosus by a system of villi and vesicles (blebs), 
and rapidly ensheathes the cardiac tube. 

4. The aorticopulmonary septum and semilunar 

valves, as well as the tunica media of the aortic sac 
and arches, and the cardiac vagal ganglia, are believed 
(largely on the basis of work on other species) to be 
derived from ectomesenchyme from the rhombence- 
phalic neural crest. The cells migrate to pharyngeal 
arches 3 and 4 and to the aortic sac.12 

Other Species. The heart is a single organ in adult 

vertebrates but it develops as a succession of cham¬ 

bers. In fishes, these are sinus venosus, atrium, ven¬ 

tricle, and conus. Reptilian and avian hearts are spe¬ 

cialized and do not indicate the form of the 

phylogenetically early mammalian heart, which 

probably possessed complete atrial septation and at 

least partial ventricular septation. 

Important studies of the developing heart con¬ 

tinue to be undertaken in chick and mouse em¬ 

bryos. Prospective cardiogenic cells are situated in 

the epiblast lateral to the primitive streak on each 

side. Ingression through the streak is associated 

with commitment of cardiogenic mesoderm, fol¬ 

lowed by patterning. These events seem to depend 

on the underlying endoderm. In the mouse, how¬ 

ever, the cardiogenic cells migrate to a region ros¬ 

tral to the neural plate. These cells form a plexus 

that becomes directly reorganized into a single, ven¬ 

tricular tube. According to experiments on the 

chick embryo, the future trabeculated parts of the 

left and right ventricles are represented very early 

in proximodistal (caudocranial) sequence. 

Early Development 
(3V4—4 Weeks)9,10 

Pericardial Cavity 

The first morphological indication of the future car¬ 
diac region is the horseshoe-shaped pericardial cavity9 
that develops rostral to the foregut and prechordal 
plate (Fig. 12-3). Its extent in a dorsal view is shown 
in Figure 12-4. The cavity is formed by the splitting 
of the mesoderm and is part of the future intra- 
embryonic coelom (cf. Fig. 13-47A'). The cardiogenic 
cells form a relatively thick layer of splanchnic me¬ 
soderm that is situated between the pericardial cavity 
and the umbilical vesicle (Fig. 12-4). 

Cardiac Plexus, Tube, and Loop 

The early development of the heart can conveniently 
be considered in three phases: plexiform, straight tu¬ 
bular, and looped. 
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FIGURE 12-1 Scheme showing important features of the em¬ 
bryonic heart. A. The major components of the embryonic hu¬ 
man heart in series from the venous end (below) to the arterial 
end (above): sinus venosus, RA, LA, atrioventricular canal, LV, 
RV, conus cordis and truncus arteriosus (conotruncus). It is to 

be stressed that the scheme is merely a mnemonic. In point of 

fact, only the ventricular region (shaded) is recognizable in the 

straight cardiac tube. B. The establishment of the generally 
dextral (or D) ventricular loop is an important phase in the 
transformation of the in series to the in parallel arrangement, 
thereby enabling the atria to communicate with their corre¬ 
sponding ventricles, and allowing each ventricle to gain access 
to the conotruncus. The lower two arrows would pass through 
the right (tricuspid) and left (mitral) atrioventricular orifices 
respectively. 

1. The plexiform phase9 (Fig. 12-6A). An endo¬ 
thelial plexus, probably derived from the splanchnic 
mesoderm, provides the endocardium, which is sur¬ 
rounded by a myocardial mantle. 

2. The straight tubular heart10 (Fig. 12-6B). It is 
generally stated that the endothelial plexus gives rise 
to two endocardial tubes, which then fuse and form a 

single ventricle. It is more likely, however, that the 
endocardial plexus becomes directly reorganized into 
a more or less single tube, which is the future ven¬ 
tricular region. Cardiac components that descend from 
the plexus and accompany the limbs of the pericardial 
horseshoe give an impression of bilateral ventricular 
tubes but are now considered to develop into the atrial 
region.* 

3. The looped heart10,11. When about 7 or 8 pairs 
of somites are present, the ventricular region becomes 
looped, usually to the right: a dextral or D-loop (Figs. 
12-6C and 12-7), as distinct from the rare sinistral 
(levo-) or L-loop. The ventricular region bends and un¬ 
dergoes rotation or torsion (the originally ventral sur¬ 
face of the straight cardiac tube now becomes its con¬ 
vex right border1 2) and the conus becomes displaced 
(“kinked”). The looping is intrinsic in the myocardium 
and, although several inconclusive suggestions have 
been made, its biomechanical basis remains con¬ 
troversial. 

The cardiac asymmetry that continues into adult¬ 
hood is now evident. Moreover, the direction taken by 
the cardiac loop (right or left) can be assessed, pre- 
natally as well as postnatally, by the direction in which 
the morphological right ventricle points (usually to 
the right). 

The heart soon has a somewhat S-shaped form 
(Fig. 12-6C), an appearance sometimes listed as the 
sigmoid phase. The conus and atria have become rel¬ 
atively closer to each other, and the ventricular loop, 
which was formerly rostral to the atria (Fig. 12-3E), is 
now situated caudal to them (Fig. 12-3F). 

Externally, several sulci develop: the most promi¬ 
nent is the left interventricular sulcus (arrow in Fig. 
12-6B). 

With the development of the head fold (Fig. 8-10), 
a pocket of endoderm forms the foregut9 and the car¬ 
diac region is folded over beneath its floor, so that its 
cephalic and caudal ends become reversed. In this way 
the future atrial end of the heart becomes situated cau- 
dally, and the future ventricular end more cephalically 
(Fig. 12-3)9'10. The (dorsal) mesocardium (Fig. 12-5) 
is the “mesentery” that connects the myocardial tube 
to the mesenchyme of the body wall9. It breaks 
down10-11, so that the organ remains anchored to the 
pericardium mainly at its venous (proximal) and ar¬ 
terial (distal) ends. 

*For details of one versus two tubes in the mouse, see DeRuiter et 
al„ Anat. Embryol., 185:461-473, 1992. 
TA useful pictorial (SEM) review of cardiac looping, subsequent 
transformation, and positional changes in the chick, with particular 
emphasis on terminology, is provided by J. Manner, Anat. Rec., 259: 
248-262, 2000. 
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A 

Figure 12-2. “Coronal”-type sections of the heart, to serve as summarizing drawings to accompany Table 12-1. A-E. Embryonic 
period. F. Beginning of trimester 2. The following succession of features can be traced: SI and FI; F2 and closure of FI; S2; FO 
between S2 and SI. In F the atrioventricular (RA/LV) and interventricular (RV/LV) components of the membranous part of the 
interventricular septum can be discerned. It has recently been queried whether the lower rim marked S2 arises from septum 
secundum. Modified after Patten. 

In summary, the heart progresses through sev¬ 
eral phases: (1) plexiform, characterized by an 
endocardial plexus; (2) straight tubular, which 
arises when the plexus becomes organized into a 
tube that represents the ventricular region; and 
(3) looped, in which the tube develops a bend 
known as the cardiac loop and the atria become 
identifiable. 

Cardiac Segments 

At the future venous end of the heart, the entering 
(omphalomesenteric and umbilical) veins form right 
and left sinual horns10. These horns unite and the re¬ 
sulting common chamber is known as the sinus ven- 
osus11. At the future arterial end of the heart, the out¬ 
flow region of the (right) ventricle gradually becomes 
defined as the conotruncus10 (Fig. 12-6). The term 
conotruncus may be used conveniently for the part of 
the early heart that follows the trabeculated portion of 
the right ventricle (Fig. 12-6C-F, asterisk). It is the 
outflow region or “tract.” Some writers (e.g., Goor and 
Lillehei; Pexieder) hesitate to allow a subsequent dis¬ 

tinction between conus cordis and truncus arteriosus, 

whereas others (e.g., Kramer; de Vries and Saunders) 
prefer to make such a distinction early. Based on a 
histological study accompanied by reconstructions 
(Orts-Llorca et al., 1982), it has been maintained that 
the truncus arteriosus arises from the aortic sac12,13 
and becomes invaginated progressively into the peri¬ 
cardial cavity. 

By about 4 weeks a series of segments can be dis¬ 
cerned (Figs. 12-1 and 12-7). The ventricular region9 
can be seen to be composed of right and left ventri¬ 
cles10, the conotruncus is visible10, the right and left 
atria as well as the sinual horns are present10, the tra¬ 
beculated parts of the ventricles soon become de¬ 
fined11, and the sinus venosus becomes distinguish¬ 
able11 (Fig. 12-8). 

The heart at 4-5 Weeks'1-13 

The “In Series” Heart 

At 4 weeks11 the ventricular region has become better 
defined by the development of strands and bars (tra¬ 
beculae) on the internal surface of the myocardium. 
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Fsgure 12-3. Early development (semischematic) of the pericardial cavity (blue) and heart (red)9-12 in embryos with an increasing 
number of somitic pairs: 1 in A, 2 in B„ 3 in C, 10 in D, 14 in E, and 28 in F. With the development of the head fold (Fig. 8-10), 
the future cardiac region, as indicated by the pericardial cavity in (A) and (B), becomes folded beneath the foregut (asterisk), so 
that the future arterial (a) and venous (v) ends become reversed in position (in C). Later, when the cardiac loop has formed (D- 
F), the ventricles descend and the atria become situated more cranially (inset drawing), as in the adult. 



180 Chapter 12 THE CARDIOVASCULAR AND LYMPHATIC SYSTEMS 

c 

Amnion & 
amniotic cavity 

Neural fold 

Mesoderm 

Notochordal 
plate 

Pericardial coelom 

Myocardial 
primordium 

Figure 12-4 A. Transverse section of an embryo of 4 weeks9 (2 somitic pairs) showing the pericardial coelom, the myocardial 
primordium, and the site of the future endocardial primordia. B. Dorsal view of embryo showing the horseshoe-shaped pericardial 
coelom and the level of the section. C. Key to the photomicrograph. 
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Figure 12-5 A transverse section of an embryo of 4 weeks10 (10 somitic pairs) showing the three layers of the heart and the 
transitory (dorsal) mesocardium. The key drawing is of a nearby section. 
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PLEXIFORM B TUBULAR c LOOPED 

MOURE 12-6. A-C. “Front” views of the heart in the plexiform9, straight tubular10, and looped10 phases, showing the form of the 
endocardium and the outlines of the myocardium and pericardium. The narrow black arrows indicate interventricular sulci, whereas 
the broad white arrow in C shows the direction of the D-loop. D-F. Right lateral, “front,” and left lateral views of the endocardial 
tube at 4 weeks11. 

This process is pronounced in two areas known as the 
trabeculated parts of respectively the left and right 

ventricles (Figs. 12-6 and 12-9). 
From experimental evidence it is clear that the left 

and right ventricles arise in series and are naturally 
followed by the conotruncus10. When 10 somitic pairs 
are present10, the left atrium is strategically situated 
to open into the left ventricle, where the atrioventric¬ 
ular canal is forming11, and the sinu-atrial orifice 
comes to open into the right atrium12. Thus the order 
is SV, RA, LA, AV canal, LV, RV, and CT (CC + TA) in 
series (Fig. 12-1). When 20 somitic pairs are present11, 

and before a unidirectional circulation has been estab¬ 
lished, the series can be discerned clearly (Fig. 12-6F, 
left lateral view). 

It is to be stressed that during these early stages, 

although regions or zones can be distinguished in 

the heart, the definitive cavities seen in the adult 

organ have not yet appeared. The anatomically rec¬ 

ognized cavities, which are not embryological units, 

develop gradually. Because of important changes 

subsequently (e.g., the incorporation of the sinus 

venosus in the right atrium), the four main cardiac 

chambers are not “equivalent” to the similarly 

named portions of the adult heart. 
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“Front” view (A) and left lateral view (B) of an embryo of about 4 weeks11. Parts of the brain and of the heart are 
distinguishable, as indicated in the key drawing. The heart is in the looped phase. Ao, aorta; D1 and D2, subdivisions of diencephalon; 
Opt., optic vesicle, Ot, otic pit, Tel., telencephalon; 1—4, pharyngeal arches. Courtesy of Dr. T. Pexieder, University of Lausanne. 

Figure 12-8. Development of sinus 
venosus, shown in dorsal views. A. 
The sinus is continuous with both 
atrial11. B. The sinus opens into the 
right atrium only12. The arrows in 
A and B indicate the sinu-atrial 
orifice. C (later embryonic) and D 
(early fetal). The left and right 
horns of the sinus, and their 
derivatives. The right horn of the 
sinus becomes the smooth-walled 
posterior portion of the adult right 
atrium. A and B modified from 
Streeter, C and D from Patten. 
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Variations in the terminology of the developing 
heart are confusing. A scheme of some of the main 
systems is given in Table 12-2. 

Sinus Venosus 

The venous reservoir known as the sinus venosus re¬ 
ceives the bilateral umbilical and omphalomesenteric 
veins and drains into the atria (Figs. 12-6 and 12-8A)11. 
Soon the sinus venosus comes to open exclusively into 
the right atrium, by the sinu-atrial orifice (Fig. 12- 
8B)12. Septa have not yet developed, so that the right 
atrium continues into the left atrium, which in turn 
communicates with the left ventricle, by the atrioven¬ 

tricular canal (Fig. 12-10A)13. The left ventricle, by way 
of a large interventricular foramen, leads into the right 
ventricle. This is followed by the conotruncus, which 
is continuous with a dilatation termed the aortic sac 
(Fig. 12-10B,C), from which the aortic arches arise. 
The conotruncus constitutes the outflow region of the 
heart. 

Establishment of the Circulation 

The heart begins to beat by 4 weeks9,10. The movement 
of the blood is at first merely an ebb and flow11, but 
it soon becomes unidirectional12. The blood proceeds 
from the umbilical veins (which contain oxygenated 
blood) through the various cardiac chambers and into 
the aortic arches, thereby gaining the aorta and the 
umbilical arteries (Fig. 12-42). Hemodynamic factors 
are believed to be important in shaping the anatomy 
of the circulatory system (Conte et al., 1990). 

Cardiac activity can be detected by transvaginal 
ultrasonography at 23 days in embryos of about 2 mm. 
The cardiac rate, at first about 70/min, reaches a max¬ 
imum (170-190) at 7 weeks, and is 160-180 at the 
end of the embryonic period (Wisser and Dirschedl, 
1994). 

The “In Parallel” Heart 

By 4V2 weeks13 the “in series” sequence of the primary 
cardiac tube (Figs. 12-9C and 12-10B) becomes 
changed to an “in parallel” arrangement (Fig. 12-10E). 
Bloodstreams from the right and left horns of the si¬ 
nus venosus converge and spiral about one another as 
they ascend through the ventricles and the outflow 
region to gain the aortic sac. The result will be that 
the left ventricular output (the future aortic stream) 
will pass to left aortic arch 4, whereas the right ven¬ 
tricular output (the future pulmonary stream) will go 
to left aortic arch 6 (the ductus arteriosus; Fig. 12- 

37D). 
Two events are particularly important in the trans¬ 

formation from an “in series” to an “in parallel” 

arrangement. 

Abbreviations Used in Illustrations of 
the Heart 

Ao. aorta or aortic valve or aortic arches 

AV atrioventricular orifice or canal 

CC conus cordis 

CT conotruncus 

DA ductus arteriosus 

F0 foramen ovale 

FI foramen primum 

F2 foramen secundum 

IVC inferior vena cava 

IVF interventricular foramen 

IVS interventricular septum 

LA left atrium 

LV left ventricle 

M mitral valve 

P pulmonary valve 

PT pulmonary trunk 

RA right atrium 

RV right ventricle 

SI septum primum 

S2 septum secundum 

SA sinu-atrial orifice* 

SL semilunar valve 

SV sinus venosus 

SVC superior vena cava 

T tricuspid valve 

TA truncus arteriosus 

*It should be noted that the correct form is sinu¬ 
atrial (not“sino-atrial'’). 

1. The atrioventricular canal, which at first10-12 
lies to the left (Figs. 12-6C,E; 12-10A,C), appears to 
undergo a relative shift to the right14 (Fig. 12-11A,B), 
thereby allowing the right atrium to communicate di¬ 
rectly with the right ventricle via the future tricuspid 
opening (Fig. 12-11C). 

2. With the establishment of the pulmonary and 
aortic streams14 (Figs. 12-10E and 12-11), the left ven¬ 
tricle gains access to the conotruncus via an opening 
termed interventricular foramen 1 (Fig. 12-12). The 
separation of the right and left blood streams is asso¬ 
ciated with the appearance of septa at this time within 
the atria and the ventricles. 

Internal Differentiation of 
the Atria 

The sinus venosus soon comes to open into the right 
atrium only (Fig. 12-8B), through the sinu-atrial ori¬ 
fice12. This opening is guarded by right and left venous 

valves (Fig. 12-13A)12’13, which fuse rostrally as the 
septum spurium (Fig. 12-14B). The right valve consists 
of the tissue between the right atrium and the sinus 
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f lGURE 12 A. Outline of the myocardium. B. Reconstruction of the endocardium at 4 weeks11. The arrow in A indicates the 
interventricular sulcus. In B the trabeculated parts of the ventricles are evident. C. The course of the blood in series. Reconstruction 
by O.O. Heard, drawing by J.F. Didusch. 

venosus whereas the left valve is derived from the right 
atrium gene expression domain (Wessels et al., 2000). 
By now the sinus venosus receives the common car¬ 
dinal, umbilical, and hepatocardiac veins. Later, when 
the sinus and its right horn have become incorporated 
in the right atrium, this part of the heart receives the 
superior and inferior venae cavae and the coronary si¬ 
nus: the last-named vessel represents the left horn of 
the sinus (Fig. 12-8D). Different remains of the right 
venous valve constitute the variable valve of the infe¬ 
rior vena cava and valve of the coronary sinus. The 
atrioventricular canal, which originally was between 
the left atrium and left ventricle, opens (in a manner 
not fully agreed on) into both atria, so that now each 

atrium communicates with its corresponding ventricle 
(Fig. 12-13B)13-15. The inlet of the morphological right 
ventricle develops (is “excavated”) from the myocar¬ 
dium of the distal (ascending) limb of the ventricular 
loop. 

Atrial Septation 

The septum primum (SI) appears in the roof of the 
atrium as a sagittal fold (to the left of the septum spur- 
ium, Fig. 12-13A)12-13. It is derived from the left 
atrium gene-expression domain (Wessels et al., 2000). 
The subseptal opening between the atria, termed the 
foramen primum (FI), decreases as the septum pri- 

TABLE 12-2 Five (A-E) Terminological Systems for the Arterial Portions of the Heart" 

A B C D E (used here) 

Pr
im

ar
y 

ca
rd

ia
c 

tu
be

 

Aortic bulb Truncus Truncus arteriosus 

B
ul

bu
s 

co
rd

is
 

Truncus arteriosus 

C
on

ot
ru

nc
us

 

Truncus arteriosus 

O
ut

flo
w

 

Bulbus cordis 
Bull DUS Conus arteriosus Conus cordis Conus cordis 

V
en

tr
ic

le
 

Met-ampulla 
Ventricle 

Primitive RV Trabeculated part of RV 

Ventricle Pro-ampulla Primitive LV Trabeculated part of LV 

The last system (E) is that used in this book. It can be appreciated that the term bulbus should be avoided because it has been given 
three different meanings. The term conus arteriosus (not shown) should be reserved for the infundibulum of the right ventricle of the 
postnatal organ. The qualification primitive (omitted here) is overworked in embryology. 
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FIGURE 12-10. A. Reconstruction of the endocardium at 4Ya weeks13. B. The course of the blood in series. C and D. Reconstructions 
of the endocardium at 5 weeks15’16. E. The course of the blood in the in parallel arrangement. In C the spiraling aortic and 
pulmonary channels are indicated by * and t, respectively. In C a common atrioventricular canal is still present, whereas in D the 
endocardial cushions have fused, resulting in separate tricuspid and mitral passages (T and M). Reconstructions by 0.0. Heard, 

drawings by J.F. Didusch. 

mum grows, and it becomes closed when the septum 

fuses with the atrioventricular endocardial cushions 

(Fig. 12-13C)16~18. Immediately before this, however, 

another (and probably new) opening appears more ros- 

trally in the septum primum and is called the foramen 

secundum (F2, Fig. 12-13B)15-17. In this way, oxygen¬ 

ated blood can continue to pass from the right to the 

left atrium, which is essential prenatally. The foramina 

are termed ostia in some accounts. 
The septum secundum (S2) develops passively as 

a sagittal fold to the right of septum primum (Fig. 12- 

13C)18~21. Its free border remains as a sharp, crescentic 

edge or limbus, which bounds an interatrial opening 

termed the foramen ovale (FO), situated between the 

septum secundum and the septum primum (Figs. 12- 

14 and 12-15). The foramen ovale is a necessary right- 

to-left shunt prenatally. The highly oxygenated blood 

from the inferior vena cava (Fig. 12-16) is projected 

against the edge (crista dividens) of the septum se¬ 

cundum, most of it passing through the foramen 
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Figure 12-11. Sections 
through the heart at about 4‘/2, 
5, and 6 weeks. The common 
atrioventricular canal of A gives 
rise to mitral and tricuspid 
orifices in B and C. The course 
of the circulation is shown in 
the lower row. M, mitral valve; T, 
tricuspid valve. Based largely on 
Kramer. 

ovale. The septum primum forms a valve for the fo¬ 
ramen ovale, allowing a right-to-left passage only. In¬ 
creased pressure in the left atrium postnatally closes 
the valve, at first functionally and then anatomically 
(by adhesion of SI to S2) during the first two postnatal 
years. The valve (septum primum) forms a depression, 
the fossa ovalis, in the right atrium, bounded by the 
limbus fossae ovalis (septum secundum), as seen in 
the adult heart (Fig. 12-14F). In some people a small 
slit-like opening (part of the foramen ovale) remains 
in the interatrial septum but is without functional sig¬ 
nificance. This is termed “probe patency.” 

In summary, the succession of features involved 
in atrial septation is SI and FI; F2 and closure 
of FI; S2 (to the right of SI) and FO between S2 
and SI (Figs. 12-2, 12-13, 12-14). 

The sinus venosus and its right horn, which con¬ 
tain the sinu-atrial node or “pacemaker” of the heart, 
become incorporated in the right atrium. During this 
process the left venous valve (Fig. 12-17) regresses, 
whereas the right valve forms the crista terminalis, the 
intervenous tubercle, and the valves of the inferior 
vena cava and coronary sinus. The morphological right 

atrium is usually on the same side as the eparterial 
bronchus (to the upper lobe of the lung) and the liver. 

A single pulmonary vein has appeared in the dorsal 
wall of the left atrium (Fig. 12-8C) and it taps the 
pulmonary venous plexus. It becomes absorbed into 
(“swallowed up by”) the wall of the atrium, and so do 
its main tributaries, so that usually four pulmonary 
veins come to open separately into the left atrium (Fig. 
12-8D). 

The left horn of the sinus venosus forms the cor¬ 
onary sinus (which drains into the right atrium) and 
the oblique vein of the left atrium (Fig. 12-8D). The 
areas of the sinus venosus and adjacent veins that be¬ 
come included in, and thereby enlarge, the original 
atria are shown in Figure 12-13B. 

In summary, each atrium becomes enlarged by 
the incorporation of venous components (Fig. 
12-13B). The sinus venosus develops into a por¬ 
tion of the definitive right atrium, and the 
boundary between the smooth wall of the sinus 
and the trabeculated (by musculi pectinati) wall 
of the original atrium is the crista terminalis. On 
the other side, the smooth-walled stems of the 
four pulmonary veins become absorbed into the 
wall of the original left atrium, which develops 
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FIGURE 12-12. Reconstructions of the heart at 6 weeks17. A. The ventrocephalic part of the heart, showing the pulmonary and 
aortic channels, each of which seems still to arise from both ventricles. B. The dorsocaudal part of the same heart, showing the 
four chambers and the now separated atrioventricular valves (T and M). The superposable inset (above) indicates the course of the 
blood through the various valves. Reconstructions by O.O. Heard, drawings by J.R Didusch. 

musculi pectinati. The trabeculated parts, i.e., 
the original atria, become the appendages known 
as the right and left auricles, respectively. 

A possibility exists that the sinus venosus contrib¬ 
utes also to the left atrium and that this is the portion 
that originally receives the common pulmonary vein.* 

*See, with particular reference to avian embryos, M.C. DeRuiter, 
A.C. Gittenberger-de Groot, A.C.G. Wenink, et al., Anat. Rec., 23: 

84-92, 1995. 

Internal Differentiation of 
THE VENTRICLES 

The ventricles show trabeculation early (Figs. 12-9, 
12-10, 12-15, 12-17A); i.e., the luminal aspect of the 
myocardium resembles a sponge in structure. (Trabe¬ 
culation begins slightly later in the atria.) 

The Atrioventricular Canal and Valves 

The atrioventricular junction is at first connected to 
the future left ventricular portion of the cardiac tube 
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FIGURE 12-13. Atrial septation. The left-hand 
column shows sections through the heart at 
about 414, 5, and 6 weeks. The middle column 
consists of schematic views of the atrioventricular 
region as seen from the front and from the right. 
The righthand column shows right lateral views 
of the interatrial septum. A. Septum primum, 
foramen primum, and a common atrioventricular 
canal. B. Foramen secundum in septum primum; 
mitral and tricuspid orifices. C. Septum 
secundum appearing to the right of septum 
primum. In B, the approximate area of the sinus 
venousus and the territory derived from the 
pulmonary veins are stippled. Based on Patten; 
Taussig; and Hudson. 

(Fig. 12-8A)11. Then the crest of the interventricular 
septum subdivides the common atrioventricular canal 
into a larger left and a smaller right AV canal (Fig. 12- 
11A,B)15. In the atrioventricular canal, two areas of 
cardiac jelly form endocardial cushions14-18 (Fig. 12- 
17). The cushions are believed to be induced by assem¬ 
blies of proteinaceous molecules organized around a 
core of fibronectin, and they are thought to glue the 
central points of the atrioventricular junction to¬ 
gether. An epitheliomesenchymal transformation oc¬ 
curs whereby the endocardium of the cushions gives 
rise to mesenchyme, from which the fibroblastic com¬ 
ponent of the valves is derived. This process is under 
the control of growth factors. The cushions, ventral 
and dorsal (Fig. 12-18), project into the canal and soon 
fuse with each other (Fig. 12-19C), thereby dividing 
the single passage into right (tricuspid) and left (mi¬ 
tral) orifices (Figs. 12-11C and 12-20)18. The leaflets of 
the atrioventricular valves become scooped out (de¬ 
laminated) from the myocardium. 

Ventricular Septation 

Functional septation, i.e., separation of right and left 
blood streams before actual septa have become firmly 
established, occurs at 4-5 weeks13’14. As a result, the 
ventricular pumps no longer operate in series but 
rather in parallel (Fig. 12-10E), and the stream from 
the left ventricle spirals dorsally around that from the 
right ventricle (Fig. 12-11). Because the left and right 
ventricles arise in series, partitioning of a common 
ventricle does not occur. 

The interventricular septum (IVS) begins to de¬ 
velop early11-12 and is formed passively by apposition 
of the expanding ventricular walls (Figs. 12-11 and 12- 
13). The development of the septum is not quite sym¬ 
metrical in relation to the ventricles and a small part 
of it later becomes atrioventricular, between the right 
atrium and the left ventricle. 

The gap between the interventricular septum and 
the endocardial cushions is termed the primary inter¬ 

ventricular foramen (Fig. 12-19C: IVF1) and normally 
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A 
FIGURE 12-14, A. Front view of 
the heart at 8 weeks23. The arch 
of the aorta has been pulled 
cranially to show the ductus 
arteriosus (DA) more clearly. B. 
Right lateral view after the right 
atrium has been opened. C and 
D. Sections through the atria to 
show the valvar action of septum 
primum, which could close the 
foramen ovale if it were pressed 
against septum secundum. Right 
lateral views of the interatrial 
septum at 8 weeks (E), and in 
the adult (F). Conus art., conus 
arteriosus; CS, coronary sinus; 
L. aur., left auricle; LW, left 
venous valve; R. aur., right 
auricle; RPV, right pulmonary 
vein; SS, septum spurium; T, 
tricuspid valve. A and B based 
on Licata. 

is never obliterated. Later, this primary foramen be¬ 
comes the aortic vestibule of the left ventricle (Fig. 
12-20). The ventricles communicate with each other, 
however, further to the right, and this is the secondary 

interventricular foramen (Fig. 12-15: IVF2). The clo¬ 
sure of the secondary interventricular foramen is gen¬ 
erally attributed to proliferation from several adjacent 
areas: a conotruncal septum (Figs. 12-15 and 12-21), 
especially what is termed the right conotruncal ridge, 
and at least one of the fused atrioventricular cushions. 
The area of closure later becomes fibrous and consti¬ 
tutes the membranous part of the interventricular sep¬ 
tum (see later: Fig. 12-29D), with contributions from 
the crest of the muscular part. During the fetal period, 
the atrioventricular (RA/LV) part gives rise to the sep¬ 
tal leaflet of the tricuspid valve, which becomes un¬ 
dermined and separates the atrioventricular from the 
interventricular component of the membranous part. 

Originally only one interventricular foramen was 

described, but more recently the number has been 

increased to two or even three. There is scant jus¬ 

tification for including (as No. 1 in the 3-system) 

the interventricular part of the cardiac tube before 

the appearance of the interventricular septum11’12. 

Hence only two foramina will be considered here: 

IVF1 and IVF2 (equivalent to Nos. 2 and 3 in the 3- 

system). 

On the basis of immunohistochemical studies, 

a cellular ring (Fig. 12-22) has been identified be¬ 

tween the two limbs of the ventricular loop, in the 

myocardium of the primary interventricular fora¬ 

men and encircling what becomes the atrioventric¬ 

ular junction (Lamers et al., 1992; Wessels et al., 

1992). Rearrangement of the myocardium of the in¬ 

terventricular foramen (Fig. 12-1 IB) results in (1) 

an extension to the right, the right atrioventricular 

ring, and then (2) an extension to the left, which 

represents the region of the aortic vestibule of the 

left ventricle (Fig. 12-11C). The original opening, 

which persists for a time as the secondary interven¬ 

tricular foramen, becomes closed18-21. Moreover, the 

ventricular portions of the conducting system are 

derived from the cellular ring. 

The interventricular flange13 may be regarded as 
the internal representative of the externally situated 
interventricular sulcus. It is sometimes called the bul- 
boventricular or conoventricular flange (or the crista 
prima). Although the function of the flange is unclear, 
its mechanical properties may enable it to provide fi¬ 
brous continuity between the aortic and mitral valves. 

Each ventricle has three components: (1) the inlet, 
beginning at the atrioventricular valve (Figs. 12-17 
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SEM view of the left (septal) half 
of the right ventricle at 6 weeks18,19. The cavity 
of the right atrium can be seen at the left side 
of the photograph, and the foramen ovale and 
orifice of the inferior vena cava are discernible. 
The atrioventricular cushions (A-V) are fused. 
The future septal leaflet of the tricuspid valve 
(T) is visible. The trabeculae carneae (“ridges, 
bridges, and pillars”) of the ventricle are evident, 
as is interventricular foramen 2. The ventricular 
cavity can be followed to the pulmonary valve 
(SL, semilunar) and the pulmonary trunk. The 
aorticopulmonary (asterisk) and conotruncal 
septa are indicated in the key drawing. Courtesy 
of Dr. T. Pexieder, University of Lausanne. From 
T. Pexieder and P. Janecek. 1984. In: J.J. Nora 
and A. Takao (eds.). Congenital Heart Disease. 
Mount Kisco, New York: Futura. 

and 12-12) (mitral or tricuspid); (2) a trabeculated por¬ 
tion; and (3) the outlet, leading to a great artery: aorta 
or pulmonary trunk (Figs. 12-11C and 12-15). 
The right blood stream flows mainly into the left 6th 
aortic arch, and the left stream mostly into the left 4th 
arch. 

The Outflow Region or “Tract” 

In the conotruncus, cardiac mesenchyme appears to 

remain as two active conotruncal ridges (or as four 

cushions in avian embryos), which appear in a spiral 

arrangement and fuse together14-16. It may be, how- 
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FIGURE 12-16 A. Sagittal section at 6V2 weeks19 showing the inferior vena cava proceeding from the region of the liver and 
entering the right atrium through the valve of the inferior vena cava. This is the route by which oxygenated blood from the 
placenta, umbilical vein, and ductus venosus reaches the heart. B. Sagittal section at 7 weeks21 showing vessels injected with India 
ink. Arrows indicate the course of the blood as seen in adjacent sections. The ductus arteriosus conducts most of the blood from 
the right ventricle to the descending aorta during prenatal life, before the pulmonary arteries take over. 

FIGURE 12-17. General view of the heart in section at 7 weeks19. The foramen secundum is at the tip of septum primum (SI). 
The endocardial cushions are associated with the various cusps of the atrioventricular valves. The section is caudal to the secondary 
interventricular foramen. A basically similar “four-chamber view” of the heart can be obtained in vivo by ultrasound near the middle 
of prenatal life (Fig. 12-26) and permits diagnosis of severe cardiac abnormalities. A, anterior cusp of mitral valve; M, anterior 
papillary muscle; P and S, posterior and septal cusps of tricuspid valve. After M.H. Cooper and R. O’Rahilly. 1971. Acta Anat., 79: 

283, © S. Karger AG, Basel. Reproduced with permission. 
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ever, that the whole outflow region (Figs. 12-12 and 
12-21) owes its longitudinal septation primarily to the 
early separation of the spiral aortic and pulmonary 
blood streams13-14, which would allow cardiac mes¬ 
enchyme to fill in the area between the streams. Thus 
the helicoidal arrangement characteristic of the post¬ 
natal aorta and pulmonary trunk would not depend on 
an assumed torsion or countertorsion of the ridges, 
nor on an assumed conotruncal resorption (shorten¬ 
ing). On the other hand, it is maintained that between 
5 and 6 weeks15-19, “the junction of the outflow tract 
and the great arteries undergoes a rapid rotation,” per¬ 
haps caused by growth and elongation of the great 
arteries (Bostrum and Hutchins, 1988). 

From studies of the chick it has been suggested that 

external changes in the heart (such as the appear¬ 

ance of sulci) precede internal changes. Angulation 

during looping deforms circular cross sections into 

narrower ovals, causing growth of endocardial and 

subendocardial tissue along the long sides of the 

oval, resulting in protrusions into the lumen. Such 

projections represent a continuous system, the 

more evident parts of which are named atrial septa, 

AV cushions, and conal and truncal ridges, where 

fusion occurs after contact.* 

An epithelio-mesenchymal transformation occurs 
whereby the endocardium gives rise to the mesen¬ 
chyme of the conotruncal ridges. This mesenchyme 
forms the fibroblastic component of the semilunar 
valves. Neural crest cells are believed to migrate into 
each conotruncal ridge as a prong, and the two prongs 
are united distally by a bridge. The resulting Pi-shaped 
formation of bridge and prongs constitutes the aorti¬ 
copulmonary septum. The ventricles acquire separate 
arterial connections by the coordinated formation of 
conotruncal ridges and the aorticopulmonary septum. 

The aorticopulmonary septum (Fig. 12-15) is an 
area of compact extracardiac mesoderm derived from 
ectomesenchyme (neural crest).f In one interpretation 
(Pexieder, 1989) the valves arise at the distal end of 
the (cono)truncus, and the aorticopulmonary septum 
is involved with the separation of the extracardiac 
portions of the aorta and pulmonary trunk (the ven¬ 
tricular outlets being separated by the conotruncal 
septum). In another interpretation (Bartelings and 
Gittenberger-de Groot, 1988) the semilunar valves 
arise between the conus and the truncus; the aorti¬ 
copulmonary septum begins at the ventriculo-arterial 
junction and extends proximally (upstream), being 

*G. Steding and W. Seidl, Thorac. Cardiovasc. Surg., 28:386-409 
1980. 

Re the neural crest for the chick heart, see M.L. Kirby and T.L. 
Creazzo, Cardiology in Review, 1995, pp. 226-235. Also K.L. Waldo, 
C.W. Lo, and M.L. Kirby, Dev. Biol., 208:307-323, 1999. 

Figure 12-18. Position of the heart (dotted line) in an embryo 
of 5 weeks14,13. A. Left lateral view, orientated with the mid- 
thoracic region (T6) horizontal. B. An enlarged view of the 
heart. C. A sagittal section in the same orientation showing that 
the atrioventricular cushions are ventral (V) and dorsal (D). LL, 
lower limb bud; UL, upper limb bud. A and B based on recon¬ 
structions by Blechschmidt; C from Streeter. 

concerned with the separation of the right and left 
ventricular outlets. 

The initially circular cross section of the outflow 
region14 acquires an elliptical configuration16 (Yu and 
Hutchins, 1996) so that four cushions can form for 
the two semilunar valves (Fig. 12-23B). In the standard 
description, fusion of the ridges (1 and 3 in Fig. 12- 
23B) and the appearance of two intercalated swellings 
(2 and 4 in Fig. 12-23B) divide the common valvar area 
into narrow aortic and pulmonary lumina, which ap¬ 
pear as a double Y in section (Fig. 12-23C)16’17. Sub¬ 
sequent shifting of the relative positions of the aorta 
and the pulmonary trunk has the result that, in the 
adult heart in situ, the pulmonary valve possesses left, 
right, and posterior cusps, whereas the aortic valve has 
anterior, left, and right cusps (Fig. 12-23D). 

The terminology of the semilunar valves in adult 
anatomy is confused by naming the cusps, not accord¬ 
ing to their position in situ, but from their arrange¬ 
ment in an excised heart as it is usually examined: left, 
right, and anterior for the pulmonary valve; posterior, 
left, and right for the aortic (cf. Fig. 12-23C). 
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i! Right lateral view of the opened right atrium and right ventricle. A. Septum primum and foramen primum, dorsal 
(D) and ventral (V) endocardial cushions, atrioventricular canal, interventricular septum, and interventricular foramen 1. B. Septum 
secundum has begun to form on the right-hand side of septum primum. Foramen primum is smaller and foramen secundum has 
appeared in septum primum (here covered by septum secundum). C. Septum secundum continues to overlap septum primum, in 
which a small portion of foramen secundum can be seen. Foramen primum is virtually closed. The endocardial cushions are fusing. 
The arrows show the differing directions of growth of septum primum, septum secundum, and the interventricular septum. The 
three views show a schematic cardiac outline to facilitate comparisons. (Cf. Fig. 12-18, from the left side.) D and V, dorsal and 
ventral endocardial cushions. Based largely on Patten. 

Additional Features 

Descent of the Heart. The heart is initially ce¬ 
phalic to the somites, and the future ventricular region 
is cephalic to the future atrial region (Fig. 12-3)9’10. 
The atrial and ventricular portions then become dorsal 
and ventral, respectively11, and rapidly assume a ce¬ 
phalocaudal relationship12. The heart descends to the 
level of the upper somites12, the midthoracic level at 
8 postovulatory weeks, and is opposite the lower tho¬ 
racic vertebrae in the adult. 

The Coronary Arteries. The coronary arteries 
arise from proximal and distal precursors. Distally, a 
vascular plexus develops in the sulci and on the walls 
of the heart14,15. Proximally, endothelial buds develop 
from the aorta and form the origins of the left18 and 
right19 coronary arteries. (Initial continuity with the 
aortic lumen has been queried.) Fusion of the distal 
and proximal precursors follows rapidly, and the cor¬ 
onary vasculature is soon completed20. The cardiac 
veins appear at approximately the same time as the 
coronary arteries, probably independently of them, al¬ 
though this is disputed. 

The Conducting System. This comprises the sinu¬ 
atrial node and the atrioventricular node and bundle. 
These structures appear at 5 weeks14"16 and are well 
developed by 8 weeks23. It has been proposed that the 
conducting system of the ventricles arises from the 
cellular ring that surrounds the primary interventri¬ 

cular foramen (Fig. 12-22). The atrioventricular node 
arises from the myocardial wall of the atrioventricular 
canal, and the atrioventricular bundle and its branches 
develop from myocytes in the interventricular septum. 
An electrocardiogram said to be of adult type has been 
recorded from a 23 mm embryo. 

The Pericardial Reflections. The splanchnic me¬ 
soderm that covers the heart is the visceral layer of 
the pericardium, known also as the epicardium. It is 
directly continuous with the lining somatic mesoderm 
of the pericardial cavity, i.e., the parietal layer of the 
pericardium. The visceral and parietal layers are con¬ 
tinuous with each other along the root of the dorsal 
mesocardium. When the mesocardium breaks down10, 
the heart is left suspended mainly at its venous (sinus 
venosus) and arterial (truncus arteriosus) ends (Fig. 
12-24B)12. The incorporation of the stems of the four 
pulmonary veins into the left atrium results in an D- 
shaped pericardial reflection, the cul-de-sac of which 
is termed the oblique pericardial sinus (Fig. 12-24E). 
The transverse pericardial sinus is that between the 
venous and arterial ends of the heart, at the site of the 
former dorsal mesocardium. 

The pericardial cavity, which is a part of the coe¬ 
lom, has been described early in this chapter and will 
be discussed briefly again in Chapter 13. 

Later Development of the Heart. In later devel¬ 
opment, the cardiac chambers undergo a change of 
position (Fig. 12-25). The relatively balanced arrange- 
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Figure 12-20. Reconstruction of 
the heart at 6 weeks18, opened to 
show the interventricular septum, 
atrioventricular cushions, and 
conotruncal ridges. The aortic 
arches 3-6 are numbered. The 
aortic vestibule (interventricular 
foramen 1) is indicated by an 
asterisk; interventricular foramen 
2 is already closed. The 
superposable inset shows the 
course of the blood through the 
atrioventricular and semilunar 
valves. Reconstruction modified 
from Kramer (1942). 

Arch of aorta 

DA 

ment at 6 weeks18 becomes converted into a predom¬ 
inance of the right-hand chambers on the front of the 
heart and a shifting of the left atrium to the back. The 
ventricles are then situated ventral to the atria, so that 
a horizontal section (Fig. 12-17)19 corresponds ap¬ 
proximately to a coronal section of the adult organ 
(Fig. 12-26). 

At birth the heart is relatively large in proportion 
to the chest and is usually oval or globular in shape. 
It is situated at a high level and is more “transverse” 
than in the adult; the characteristic oblique lie is 
achieved between 2 and 6 years. It also beats more 
rapidly (120-140/min). The interatrial and interven¬ 
tricular septa are in line with each other at an angle 
of about 45° to the median plane. Hence the right 
chambers lie as much in front of the left chambers as 
they do to their right-hand side (Fig. 12-25). After 
birth the left ventricular wall grows more rapidly than 
the right and, at the end of the second year, is twice 
as bulky as the right. 

CONGENITAL CARDIAC 

ANOMALIES 

Congenital cardiac anomalies occur in at least about 
5:1000 to 10:1000 live births, and one-third of these 
conditions are severe. Because of spontaneous prenatal 
death, particularly in the presence of chromosomal ab¬ 
normalities, the prenatal incidence of congenital car¬ 

diac anomalies is probably much higher than the 
postnatal. 

Chromosomal abnormalities such as trisomy 18 
and trisomy 13 are associated with congenital cardiac 
malformations, and many syndromes include cardiac 
anomalies. Genetic causes may be more frequent than 
previously thought. Few instances are known to be pri¬ 
marily environmental in origin. Most cardiac anoma¬ 
lies involve multifactorial inheritance, whereby an in¬ 
dividual who is genetically predisposed to cardiac 
maldevelopment and to adverse reaction with an en¬ 
vironmental teratogen may, if the environmental in¬ 
sult occurs at a vulnerable time in cardiogenesis, 
develop a cardiac anomaly. Extreme examples of 
environmental influence are provided by thalidomide 
and rubella, which, with only a slight genetic predis¬ 
position, are capable of causing a high frequency of 
maldevelopment. In a small number of instances, some 
anomalies (e.g., interventricular and interatrial septal 
defects, persistent ductus arteriosus) may be caused by 
a paternal age of more than 30 years, possibly through 
dominant mutations. 

Pathogenesis. Many points in the normal devel¬ 
opment of the heart remain unclear. Indeed, the em- 
bryological basis of many cardiac anomalies is still 
largely speculative. The most vulnerable period for te¬ 
ratogens in regard to the major cardiac malformations 
is probably between 2 weeks (i.e., before visible car¬ 
diogenesis) and 8 weeks (i.e., the end of the embryonic 
period). 
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FIGURE 12-21 Scanning electron micrograph views of the right ventricle at (A) 8 and (B) 11 weeks. The tricuspid valve (T) leads 
to the cavity of the right ventricle, which can be followed to the pulmonary valve (SL, semilunar) and the pulmonary trunk. In A, 

a portion of the aortic valve (SL) and aorta can be seen, and the conotruncal septum is visible. The asterisks in B indicate the 
septomarginal trabecula (at one time called the moderator band), which contains the right branch (crus) of the atrioventricular 
bundle of conducting tissue. Courtesy of Dr. T. Pexieder, University of Lausanne. 

Cardiac morphogenesis and early cardiac function 
proceed in parallel, and one and the same cardiac mal¬ 
formation (phenocopy) can arise through more than 
one possible pathogenetic pathway. Hence congenital 
cardiac anomalies are sometimes classified according 
to some of the likely mechanisms (abnormalities of 

migration of neural crest, of apoptosis, of extracellular 
matrix, etc.). 

Because the neural crest is involved in the devel¬ 

opment of the outflow region, crest-associated 

anomalies are chiefly conotruncal defects. A char¬ 

acteristic asymmetrical, triangular facies may be 
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Figure 12 A-D. Schematic representation of an immunohistochemically defined interventricular cellular ring during the 
embryonic period. The ring in A acquires a second component (the right atrioventricular orifice) in B, and a third extension (the 
subaortic outflow region) in C. In D, the first component (the secondary interventricular foramen) has closed. In C and D, each 
ventricle possesses its own AV orifice; tricuspid or mitral. The arrows indicate the blood flow. Based on Wessels et al. and on Lamers 
et al. 

found. Ablation of the cardiac neural crest in the 

chick results in various malformations, including 

truncus arteriosus communis, double-outlet right 

ventricle, and the tetralogy. Neural crest-associated 

conditions that include cardiac anomalies, varying 

from septal defects to the tetralogy, may be grouped 

under the heading “CATCH-22” (cardiac defects, ab¬ 

normal facies, thymic hypoplasia, cleft palate, hy¬ 

pocalcemia, and 22qll microdeletions). 

The problem of the pathogenesis of congenital car¬ 
diac malformations needs to be integrative in which 
various parameters, such as cellular proliferation, ad¬ 
hesion, and cell death, are taken into account (T. Pex- 
ieder). Understanding of the pathogenesis at organ, tis¬ 
sue, cellular, subcellular, and molecular levels is 
necessary in the search for possible prevention, as well 
as for prenatal therapy (T. Pexieder). 

Clinical Considerations. Although the details of 
different surveys vary, probably more than half of the 
cardiac malformations seen at birth consist of the fol¬ 
lowing four: interventricular septal defects, interatrial 
septal defects, persistent ductus arteriosus, and pul¬ 
monary stenosis. The next most frequent would gen¬ 

erally include coarctation of the aorta, the tetralogy, 
and complete transposition. In one survey, however, 
hypoplastic left heart, atrioventricular canal defects, 
and tricuspid dysplasia ranked quite high. 

The diagnosis is made by listening to murmurs, 

electrocardiography, radiography, ultrasound, mag¬ 

netic resonance imaging, and, when necessary, car¬ 

diac catheterization and angiocardiography. Fetal 

echocardiography (ultrasound) and Doppler blood 

flow studies can be used to screen for many con¬ 

genital anomalies and also for the assessment of fe¬ 

tal well-being. An ultrasonic four-chamber view of 

the heart (Fig. 12-26) facilitates the detection of 

more than half of major cardiac defects, but not of 

a number of important conditions, including the te¬ 

tralogy. Surgical treatment generally depends on 

hypothermia and cardiopulmonary bypass. 

The interpretation of cardiac malformations is 
aided by considering successively the atrial, ventricu¬ 
lar, conotruncal, and great arterial components. 

The presence of a natural shunt is important be¬ 
cause, if the shunt is from right to left, cyanosis (i.e., 
a bluish discoloration of the skin) results and indicates 
inadequate oxygenation. Hence the presence or ab- 
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D Figure 12-23. Schematic 
representation of the development 
of the semilunar valves. A. Section 
through the truncus arteriosus, 
showing two ridges. B. Four ridges, 
two of which (arrows) will divide 
the common passage into two15. C. 
The position at 6 weeks17, showing 
the cusps (anterior, left, right, and 
posterior) and the origins of the 
right and left coronary arteries. D. 
The usual position of the cusps in 
the adult heart in situ. The aorta is 
posterior to, and to the right of, the 
pulmonary trunk. Based on Kramer. 

Arterial 
end 

Ao. 

FIGURE 12-24. Schematic presentation of development of pericardial reflections. A. Left lateral view of heart at 4 weeks12, showing 
venous and arterial ends of tube (sinus venosus and truncus arteriosus, respectively). B-E. Ventral views of dorsal wall of opened 
pericardial cavity with the heart removed. In B the position of the former dorsal mesocardium is shown by an interrupted line. C, 
D, and E possess 1, 2, and 4 pulmonary veins, respectively. E. The adult arrangement. Arrows indicate the two pericardial sinuses. 
The transverse sinus is between the venous and arterial ends of the heart. B-D based on Patten. 

Figure 12-25. Changes in relative 
position of cardiac chambers. A. 
Front view of the heart at 6 weeks18, 
showing more or less symmetrical 
distribution of the four chambers. 
The ductus arteriosus (DA) is evident. 
B. Left anterior oblique view of adult 
heart (i.e., as seen from the left and 
from in front), showing 
approximately symmetrical 
arrangement. C. Anterior view of 
adult heart, showing greater part of 
front surface formed by right atrium 
and right ventricle. The uppermost 
drawings show the heart considered 
as a tennis ball. The symmetrically 
arranged ball, which corresponds to 
A and B, can be rotated around the 
axis XY until the left atrium almost 
disappears, as in C. A after Vernall; 
“tennis balls” after Mainland. 
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Figure 12-26. The heart at 18 weeks, as if seen from behind, 
in the important “four-chamber view” used in ultrasonography. 
The gap between the two atria is the foramen ovale. In medical 
practice it is customary to turn such views so that the atria 
appear below and the ventricles above. Courtesy of Dr. Gurleen 
Sharland, MRCP, Guy’s Hospital, London. 

sence of (1) a shunt and (2) cyanosis can be used in 
classifying the conditions. Table 12-3 shows the more 
important anomalies that will be discussed here. As¬ 
plenia (absence of the spleen, which may be a persist¬ 
ence of embryonic bilaterality) is frequently accom¬ 
panied by cyanotic heart disease. 

No Shunt (Acyanotic) 

Anomalies of the Aortic Arches 

These are discussed separately under the aortic 
arches, later in this chapter. 

Coarctation of the Aorta 

Abnormal constriction of the aorta (Fig. 12-27A) oc¬ 
curs usually near the point of entry of the ductus ar¬ 
teriosus. Where the constriction is proximal to the 
ductus, the blood supply to the lower part of the body 
is from the right ventricle via the pulmonary trunk 
and through the ductus to the descending aorta. If the 
ductus becomes obliterated postnatally, however, the 
vascularization of the lower part of the body becomes 
compromised. When the constriction is at, or even be¬ 
low, the ductus, a collateral circulation to the trunk 
and lower limbs has to develop prenatally. It is accom¬ 
plished (Fig. 12-38C) by such vessels as the intercostal 

arteries (subclavian, internal thoracic, intercostal, 
aorta), which by their enlargement and tortuosity (Fig. 
12-27A) may cause radiographically visible notchings 
of the ribs. These “preductal” and “postductal” cate¬ 
gories are no longer referred to as infantile and adult 
types, respectively, but rather seem to be correlated 
with patency or closure of the ductus. 

In coarctation, an abnormally large expansion of 
ductal tissue occurs into the wall of the aorta and, by 
fibrosis, may exert a pull on that vessel, as well as 
interfering with subsequent growth of the aorta. This 
abnormal process is probably independent of, and oc¬ 
curs before, closure of the ductus. 

Coarctation of the aorta “is the flow divider of the 
branching of the ductus arteriosus” (Hutchins, 1971, 
1993). Blood flow through the ductus exceeds that 
through the aorta, so that a branchpoint develops 
whereby ductal blood ascends as well as descends from 
the ductal-aortic junction. The flow divider is on the 
dorsal aortic wall opposite the aortic end of the ductus. 
This part of the aorta, termed the isthmus, is normally 
narrow prenatally. If the flow divider of the ductal 
branchpoint obstructs the aortic flow, coarctation is 
found. This is secondary to a flow imbalance whereby 
the flow in the pulmonary trunk is greater than that 
in the aorta. Extension of “ductal tissue” into the wall 
of the aorta also needs to be taken into account. 

Coarctation is associated in some instances with 

early mortality, whereas in others the manifesta¬ 

tions occur late or are even absent. The condition 

is more common in the male, and its frequency is 

TABLE 12-3 Classification of Some Important 
Congenital Cardiac and Arterial Anomalies 

(a) No shunt (acyanotic) 

(1) Anomalies of aortic arches, e.g., 

Right arch of aorta 

Double arch of aorta 

Retro-esophageal right subclavian artery 
(2) Coarctation of aorta 

(b) Left-to-right shunt (usually acyanotic) 

(1) Persistent ductus arteriosus 

(2) Interatrial septal defects 

(3) AV canal defects 

(4) Interventricular septal defects 

(5) Congenitally corrected transposition of great 
vessels 

(6) Double-outlet right ventricle (DORV) 

(c) Right-to-left shunt (cyanotic) 

(1) Complete transposition of great vessels 

(2) Truncus arteriosus communis 
(3) Tetralogy 



CONGENITAL CARDIAC ANOMALIES 199 

COARCTATION 
OF AORTA 

PERSISTENT 
DUCTUS ARTERIOSUS 

Figure 12-27. A. Coarctation of 
the aorta. A collateral circulation 
has developed through the left 
subclavian, internal thoracic, and 
intercostal arteries. B. Persistent 
ductus arteriosus. The blood flow 
through the ductus is from the 
aorta to the pulmonary arteries, i.e., 
a left-to-right shunt. 

higher in XO (Turner) syndrome. Coarctation can 

be treated surgically by resection of the constricted 

region and anastomosis of the freed ends of the 

aorta. 

Left-to-Right Shunt (Usually 

acyanotic) 

Persistent Ductus Arteriosus 

The ductus arteriosus (Fig. 12-27B) is a muscular 
channel that develops, usually on the left side, from 
the distal portion of aortic arch 6 (Fig. 12-37D,E). The 
magnitude of shunting through it depends on its di¬ 
ameter, the pressure difference between the aorta and 
the pulmonary trunk, and the systemic and pulmonary 
vascular resistances. When the ductus arteriosus re¬ 
mains patent after its period of normal closure (func¬ 
tionally several hours or days after birth; structurally 
several weeks after birth), a left-to-right shunt takes 
place and may be heard as a “machinery” murmur. The 
magnitude of this shunt is important clinically. The 
condition can be associated with maternal rubella. The 
incidence is higher in infants with respiratory distress 
syndrome. In premature and newborn infants, an at¬ 
tempt is made to provoke ductal closure pharmacolog¬ 
ically by prostaglandins or by indomethacin. Surgical 
closure is accomplished by transection. 

Interatrial Septal Defects 

The normal prenatal right-to-left shunt through the 
foramen ovale ceases postnatally. Even when a small 
opening remains (probe patency of the foramen ovale, 
present in about 25% of people), the higher pressure 
in the left atrium postnatally usually prevents shunt¬ 

ing. Large single or multiple openings in the inter¬ 
atrial septum (Figs. 12-28 and 12-29A-C), however, 
may be found, and a left-to-right shunt may occur 
through them. The prevalence is about 1:1500 live 
births. Such defects can be closed surgically. Some¬ 
times, however, the diagnosis is made only late in adult 
life. Atrial defects may occur as isolated anomalies (in 
which chromosome 5q35 and transcription factor 
NKX2-5 may be involved) or as part of a more wide¬ 
spread complex (e.g., the Holt-Oram syndrome, at¬ 
tributed to mutant gene TBX5). 

Openings situated low on the septum are generally 
referred to as foramen primum in type. Such a defect 
is frequently combined with a common atrioventric¬ 
ular canal, and this is the most frequent cardiac anom¬ 
aly in trisomy 21 (Down syndrome). These various 
kinds of opening may actually be defects in atrioven¬ 
tricular septation. 

Openings situated higher up on the septum are 
usually at the site of the fossa ovalis and may be caused 
by excessive resorption of septum primum, resulting 
in a large foramen secundum. 

Openings at other sites are less frequent. They in¬ 

clude sinus venosus defects near the entry of the 

superior (or inferior) vena cava and probably are 

caused by anomalous connection of the right pul¬ 

monary veins to the sinual region. In a coronary 

sinus defect, that vessel may communicate abnor¬ 

mally with the left atrium. 

Atrioventricular Canal Defects 

A deficiency in the lower part of the interatrial sep¬ 

tum (foramen primum) is frequently accompanied 

by inadequate atrioventricular septation (a high in- 
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Figure 12-28 Composite drawing of 
some well-known atrial and ventricular 
defects illustrated in the opened right 
atrium and right ventricle of an adult 
heart. P, L, R, the posterior, left, and right 
cusps of the pulmonary valve (named as 
in situ)-, T, the posterior leaflet of the 
tricuspid valve. The anterior leaflet has 
been removed. 

Sinus venosus 

defect 

Foramen 2 type 

Foramen 1 type 

Coronary sinus 

defect 

Aorticopulmonary 
window 

Supracristal 
(subarterial) 

terventricular septal defect). The common atrioven¬ 

tricular valve may possess five leaflets. Suggested 

causes are a failure of the endocardial cushions to 

fuse and provide an atrioventricular septum and, al¬ 

ternatively, a defective septum that prevents fusion 
of the cushions. 

Interventricular Septal Defects 

An interventricular communication (Fig. 12-29E) is 
the most frequently encountered congenital cardiac 
anomaly. It may occur as an isolated defect or as part 
of a more widespread complex (e.g., the “VATER” as¬ 
sociation or trisomy 21). 

Several different types of defect may occur in the 
interventricular septum. Most of them involve the 
membranous part (perimembranous defects) and are 
attributed to failure of closure of the secondary inter¬ 
ventricular foramen. A left-to-right shunt occurs. 
Many close spontaneously, but closure can be accom¬ 
plished surgically when necessary. The size of the de¬ 
fect is important, as is also the resistance to blood flow 
through the lungs. 

Interventricular defects (Fig. 12-28) have been 
classified as (1) supracristal or subarterial, (2) 
(peri)membranous (including openings from left ven¬ 
tricle to right atrium), (3) atrioventricular canal type 
(beneath the septal leaflet of the tricuspid valve), and 
(4) muscular (in the main part of the septum and 
probably caused by apoptosis). Types 2 and 4 are the 
most frequent. Interventricular defects are closely re¬ 
lated to the atrioventricular bundle. 

Experimentally it has been found that increasedcel- 

lular death in the conotruncal region or decreased 

synthesis of extracellular matrix (cardiac jelly), 

caused by a teratogen, delays fusion and results in 

an interventricular septal defect. 

Congenitally Corrected Transposition 

In the congenitally corrected form of transposition 

of the great vessels (Figs. 12-30 and 12-31) (ana¬ 

tomically corrected malposition), sometimes termed 

levo- or L-transposition, the malposed aorta arises 

from the left (morphological right) ventricle, and 

the malposed pulmonary trunk arises from the right 

(morphological left) ventricle. The ventricles are in¬ 

verted (reversed right for left), although they are 

discordant with the atria; the conotruncus is non- 

inverted. The net result is a natural correction. The 

right atrium leads to a morphological left ventricle 

and the pulmonary trunk; the left atrium leads to a 

morphological right ventricle and the aorta. The 

blood flow is physiologically correct: RA, mitral 

valve, inverted LV, pulmonary trunk; and LA, tri¬ 

cuspid valve, inverted RV, aorta. An interventricular 

septal defect is almost always present. The embry- 

ogenesis is not clear but the condition has been at¬ 

tributed by some to the development of an L-loop 

(instead of a D-loop) combined with abnormality of 
the conotruncal septum. 

Right-to-Left Shunt (Cyanotic) 

Complete Transposition 

When the great vessels are completely transposed 

(Figs. 12-30B and 12-31), i.e., “placed across” in re¬ 

lation to the interventricular septum, sometimes 

termed dextro- or D-transposition, they arise from 

the “wrong” ventricles. In other words, the aorta 

arises from a morphological right ventricle; the pul¬ 

monary trunk arises from a morphological left ven¬ 

tricle. The atria and ventricles are concordant but 

they are discordant with the conotruncus and great 

arteries (ventriculo-arterial discordance). 

The two separate, parallel circulations must 

communicate after birth, and the communication is 
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INTERATRIAL SEPTAL DEFECTS 

Figure 12-29 Among the various 
types of interatrial septal defects 
are A, foramen primum type; B, 
foramen secundum type; and C, 
probe patency of the foramen 
ovale. D. The membranous and 
muscular parts of the 
interventricular septum. E. An 
example of a high (i.e., through 
the membraneous part) 
interventricular septal defect. In 
the defects shown, the shunt is 
from left-to-right. 

D 

Membranous 
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VENTRICULAR SEPTAL 
DEFECT 
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COMPLETE TRANSPOSITION 

FIGURE 12-30. A. Corrected transposition. The morphological left ventricle, which here receives deoxygenated blood, is “correctly” 
connected to the pulmonary trunk. The morphological right ventricle, which here receives oxygenated blood, is “correctly” con¬ 
nected to the aorta. An interventricular septal defect is frequently present. The shunt is from left to right. B. Complete transposition. 
Because the right ventricle is connected to the aorta, and the left ventricle to the pulmonary trunk, i.e., the shunt is from right 
to left, an interventricular septal defect is essential to allow a mixing of the blood streams. C. Scheme of the circulation. After 

Taussig. 
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SITUS SOLITUS 

concordance 

On RA 
right -< IVC 
side Liver 

Without 
ventricular 
inversion 

With 
ventricular 
inversion 

RA LA 

RV LV 

1 1 1 

RA LA 

LV RV 

1 1 1 
NORMAL COMPLETE TRUNCUS CORRECTED Without 

TRANSPOSITION ARTERIOSUS TRANSPOSITION transposition 
COMMUNIS (mirror image) 

_1_ 

LA RA 

RV LV 

With ventricular 
inversion 

' i 

LA RA 

LV RV 

Without ventricular 
inversion 

RA & RV: Morphological dextral atrium & ventricle 

LA & LV: Morphological sinistral atrium & ventricle 

Figure 12-31. Simplified scheme showing some examples of 
anomalies of cardiac alignment. Situs inversus is represented 
below the thick horizontal line. Based on de la Cruz and Nadal- 
Ginard. 

usually provided by one or more of the following: 

interatrial septal defect, ductus arteriosus, interven¬ 

tricular septal defect. A septal (interatrial and fre¬ 

quently also interventricular) defect is an essential 

component of the condition in that it allows 

crossing of the circulations, thereby helping to off¬ 

set the right-to-left shunt with its attendant cya¬ 

nosis. Persistent ductus arteriosus is common. Ox¬ 

ygen supply is deficient and the right and left 

ventricular workload is excessive. 

The embryogenesis, whereby conal inversion is 

associated with ventricular non-inversion, is ob¬ 

scure. According to one theory, the condition may 

be an abnormality of growth whereby the right ven¬ 

tricle “selects” the left fourth instead of the left 

sixth aortic arch (Moore and Hutchins, 1978). Most 

theories of this complicated and ill-understood 

anomaly are based on conal maldevelopment and/or 

truncal malseptation. In a further interpretation, a 

“mirror-image arrangement of the columns” of the 

aorticopulmonary septum may play a role (Bartel- 

ings and Gittenberger-de Groot, 1991). Develop¬ 

mental arrest15 has also been proposed. 

Transposition has been produced in the mouse 

embryo by maternal administration of retinoic acid. 

This resulted in abnormal cardiac looping, followed 

by development of hypoplastic conotruncal ridges 

and aorticopulmonary septum, and delayed fusion 

of the atrioventricular cushions (Pexieder). It has 

been suggested that transposition may be primar¬ 

ily a looping problem rather than a conotruncal 

anomaly. 

Surgical treatment is necessary. Palliatively a 

balloon inserted through the femoral or umbilical 

vein and across the foramen ovale is inflated in the 

left atrium and then withdrawn to rupture the sep¬ 

tum primum (Rashkind intervention), thereby im¬ 

proving the mixture of oxygenated and unoxygen¬ 

ated blood. The preferred surgical treatment (as 

soon after birth as possible) is an atrial switch 

within the right atrium, whereby caval blood is di¬ 

verted by a tunnel to the mitral (LV) valve, and pul¬ 

monary blood to the tricuspid (RV) valve. 

Truncus Arteriosus Communis 

Rarely a single great vessel leading to both the sys¬ 

temic and the pulmonary circulation will emerge 

from both ventricles (Fig. 12-32). An interventric¬ 

ular septal defect is always present. Usually the 

flow is mainly into arch 4, the ductus arteriosus 

being absent; less frequently into arch 6, the arch 

of the aorta being interrupted. The mixture of ox¬ 

ygenated and deoxygenated blood in the common 

trunk usually results in cyanosis. Various interpre¬ 

tations include a malposition of the ventricles that 

causes abnormal outflow relationships; it has been 

suggested that the defect is the result of deficient 

formation of the aorticopulmonary septum (Bartel- 

ings and Gittenberger-de Groot, 1991), or a failure 

or delay of the circular cross section of the outflow 

region to acquire an elliptical configuration, a de¬ 

velopmental arrest14 that results in failure of the 

four cushions required for the formation of two 

semilunar valves (Yu and Hutchins, 1996). Surgical 

treatment involves detachment of the pulmonary 

arteries and their attachment directly to the right 
ventricle. 

The Tetralogy * 

This is a common cardiac cause of cyanosis. The four 
main features of la maladie bleue were well described 
by E.L.A. Fallot in 1888: (1) pulmonary stenosis, (2) 
interventricular septal defect, (3) dextroposition of the 
aorta (overriding the interventricular septal defect), 

*In ordinary usage there is only one tetralogy, hence no need to 
add “of Fallot.” Similarly there is only one aqueduct in the brain 
and hence no need to add “of Sylvius.” 
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TRUNCUS ARTERIOSUS COMMUNIS Truncus arteriosus 
communis. A single great vessel 
leads to both the systemic and the 
pulmonary circulation. An 
interventricular septal defect is 
always present. The shunt is 
predominantly from right to left, 
usually resulting in cyanosis. In A 
the pulmonary arteries arise from 
the common truncus (TA). In B the 
blood to the lungs comes through a 
persistent ductus arteriosus. In C 
the blood to the lungs comes from 
a bronchial artery. 

and (4) right ventricular hypertrophy. An interatrial 
septal defect is often present (then the condition is 
known as the pentalogy). A right-sided arch of the 
aorta is frequent. The pulmonary obstruction may be 
caused by infundibular (RV), valvar, or truncal narrow¬ 
ing. Its severity determines the clinical picture. The 
pulmonary stenosis affects the shape of the heart (nar¬ 
row shadow of the great vessels), as seen radiograph¬ 
ically (coeur en sabot: Fig. 12-33). Deoxygenated blood 
from the right ventricle enters the aorta, resulting in 
cyanosis (right-to-left shunt). The tetralogy may occur 
as an isolated condition or in association with other 
anomalies (e.g., the DiGeorge sequence). 

The embryogenesis is not clear but, according to 
one interpretation (Moore et al., 1979), pulmonary ste¬ 
nosis is regarded as the primary lesion, resulting in 
the other features by abnormal mechanics, e.g., divi¬ 
sion of the ejection stream from the right ventricle, 
part passing through and maintaining an interventric¬ 
ular foramen, and the aorta migrating to the right, 
over the interventricular septum. The right ventricular 
hypertrophy is secondary. Some authors stress infun¬ 
dibular hypoplasia and malseptation. In a further in¬ 
terpretation the condition results from “anterior dis¬ 
placement of the columns” of the aorticopulmonary 
septum (Bartelings and Gittenberger-de Groot, 1991). 
Developmental arrest18 has also been proposed. In 

mice with trisomy 13, asymmetrical conotruncal sep- 
tation appears to be primary, and the pulmonary ste¬ 
nosis is secondary, caused by the decreased lumen of 
the pulmonary portion of the outflow region. 

Ultrasonography (echocardiography) and angiog¬ 

raphy are used for precise diagnosis. An ingenious 

operation to relieve pulmonary stenosis or atresia 

was the anastomosis of a systemic (e.g., left subcla¬ 

vian) to a pulmonary artery (Fig. 12-33D), forming 

an artificial ductus arteriosus and thereby directing 

some of the blood in the aorta to the lungs. Pros¬ 

taglandin is given to maintain patency of the ductus 

arteriosus preceding an operation. In intracardiac 

surgical correction under direct vision, the right 

ventricle is opened and the pulmonary stenosis re¬ 

lieved by excision of excess tissue. Complete surgical 

repair involves closure of the interventricular defect 

and enlargement of the infundibulum of the right 

ventricle. 

An aorta that overrides the interventricular 

septum may also be found without pulmonary ste¬ 

nosis (Eisenmenger complex). Cyanosis is variable. 

Double-Outlet Ventricle 

When both great arteries arise entirely or predom¬ 

inantly from the (morphological) right ventricle, 

the condition is termed double-outlet right ventri- 
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The tetralogy. A. The characteristic squatting position. Based on Taussig. B. The coeur en sabot caused by a narrow 
pulmonary trunk and hence a narrow radiographic shadow of the great vessels results. C. Because of the interventricular septal 
defect, blood from both ventricles enters the overriding aorta. The shunt is from right to left, resulting in cyanosis. The right 
ventricle becomes hypertrophic. D. The ingenious Blalock-Taussig operation (of 1945, now superseded) for pulmonary stenosis or 
atresia. A systemic artery (e.g., left subclavian) was joined to a pulmonary artery, thereby producing an “artificial ductus arteriosus.” 

cle (DORV). It is a further example of a conotruncal 

anomaly and may perhaps be a developmental ar¬ 

rest16 (Bostrum and Hutchins, 1988). The atrioven¬ 

tricular valves are frequently abnormal. An inter¬ 

ventricular septal defect is almost constant and is 

generally subaortic, but it may be subpulmonary. 

Cyanosis may be either slight or marked. In one 

type, the pulmonary trunk overrides the interven¬ 

tricular septum and is combined with a transposed 

aorta arising from the right ventricle (Taussig- 

Bing malformation). Maternal diabetes is associ¬ 

ated with an increased-risk of DORV and truncus 

arteriosus communis. It has been suggested that an 

overriding aorta in DORV is the continuation of a 

transitory step in normal development15, before the 

ventral part of the interventricular foramen has 

closed (Conte and Grieco, 1984). Studies with reti¬ 

noic acid in chick or mouse embryos indicate two 

types (interventricular septal defect or transposi¬ 

tion), differing in the interrelationships of the aorta 

and pulmonary trunk. 

Double-outlet left ventricle (DOLV), the origin 

of both great arteries entirely or predominantly 

from the (morphological) left ventricle, is one of the 

rarest of cardiac anomalies. 

Valvar Anomalies 

Pulmonary stenosis and atresia are variable degrees 

of fusion of the cusps of the pulmonary valve. They 

are thought to be caused by fetal infection. Pul¬ 

monary stenosis with a ventricular septal defect is 

discussed with the tetralogy. Aortic stenosis may be 

found proximal to, at, or distal to the aortic valve. 

Aortic atresia, proximal to the origin of the coro¬ 

nary arteries, may be a component of a hypoplastic 

left heart. Tricuspid atresia, an absence of develop¬ 

ment of the leaflets, results in cyanosis (right-to-left 

atrial shunt). Downward displacement of a deformed 

tricuspid valve into the right ventricle (Ebstein 

anomaly) may also cause cyanosis. The anterior leaf¬ 

let is attached to the annulus, but the septal and 

posterior leaflets are anchored to the ventricular 

wall. The condition has been attributed to abnormal 

development of the myocardium of the right ven¬ 

tricle. Mitral stenosis and atresia are rarely con¬ 
genital. 

Cardiac Malposition 

Dextrocardia is variously defined as a condition (1) 

in which the heart is predominantly in the right 
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hemithorax (dextroposition) or (2) where the apex 

or major axis points toward the right. The preva¬ 

lence of isolated dextrocardia is 1:7500 to 1:29,000. 

Ectopia cordis refers to a heart that is completely 

or partially outside the thorax. According to one 

(rather implausible) theory, rupture of the amnion 

may lead to oligohydramnios and compression of 

the embryonic body, keeping the heart extruded 

ventrally. 

Visceral Situs 

The term situs (Latin, site or position) is used with 
reference to natural visceral asymmetry and was dis¬ 
cussed in general in Chapter 9. Because what appears 
morphologically to be a right cardiac chamber may on 
rare occasions be found on the left side, and vice versa, 
it can be important to know the different character¬ 
istics of each of the four cavities. In the adult, each of 
the four cardiac chambers (two atria and two ventri¬ 
cles) has specific morphological features, irrespective 
of its position in relation to right or left side. Thus the 
term morphological right ventricle can be used for a 
chamber that shows the usual features of a right ven¬ 
tricle (e.g., trabeculated septal surface and inflow 
through a tricuspid valve) even when, under abnormal 
conditions, it may in point of fact be situated on the 
left side of the heart. The chief morphological char¬ 
acteristics of the cardiac chambers, irrespective of 
which side of the organ one of these cavities is actually 
situated on, are listed in Table 12-4. Situs solitus (Fig. 
12-31, the usual asymmetrical arrangement of the vis¬ 
cera, is characterized by a morphological (venous) 
right atrium, the suprahepatic segment of the inferior 
vena cava, and the greater lobe of the liver being on 
the right side. This relationship is termed hepato-cavo- 

atrial concordance. The heart normally develops a D- 

loop and, later, the apex points to the left. During car¬ 
diac development the position of the ventricles and of 
the great vessels may vary from the normal. Thus, the 
cardiac loop in situs solitus may be D or L. Hence the 
ventricles may be in their usual position (morpholog¬ 
ical right and left atria connected with morphological 
right and left ventricles respectively) or they may be 
inverted: in either case the great vessels may be in 
their usual position or transposed. Finally, the cardiac 
apex may point to the left or to the right. 

Situs inversus involving the heart is characterized 
by hepato-cavo-atrial concordance on the left side. The 
heart usually develops an L-loop and, later, the apex 
points to the right. However, the cardiac loop may be 
D or L, the ventricles may be inverted or not, the great 
vessels may be transposed or not, and the apex may 
point to the left or to the right. It has been proposed 
that in situs inversus the developmental control that 
normally determines situs solitus is absent, so that vis- 

TABLE 12-4 Morphological Characteristics of the 
Cardiac Chambers 

Dextral (“right”) atrium 

Usually on same side as eparterial bronchus (to upper 

lobe of lung) 

Limbus fossae ovalis 

Usually opening of inferior vena cava 

Abundant musculi pectinati 

Sinistral (“left”) atrium 

Septal remnants of septum primum 

Usually openings of pulmonary veins 

Dextral (“right”) ventricle 

Usually tricuspid atrioventricular valve 

Trabeculated septal surface 

Supraventricular crest, septomarginal trabecula, and 

conus arteriosus (infundibulum) of right ventricle 

Semilunar valve anterior 

Sinistral (“left”) ventricle 

Usually bicuspid atrioventricular valve 

Smooth septal surface; aortic vestibule 

No supraventricular crest 

Semilunar valve posterior 

ceral situs is then subject to chance, thereby account¬ 
ing for the circumstance that only one of monozygotic 
twins may show situs inversus. Situs ambiguus is 
where the visceral arrangement is uncertain. Hetero- 

taxy refers to a right-left arrangement of organs other 
than in situs solitus or situs inversus. Extreme ex¬ 
amples (isomerism) are two right or two left body- 
sides. A gene on the X chromosome may be respon¬ 
sible for some instances of unusual situs. 

m the blood vessels 

The vascular system develops when the embryo is no 
longer able to satisfy nutritional requirements by dif¬ 
fusion. Blood vessels develop as endothelial tubes (cap¬ 
illaries) that become surrounded by a connective tissue 
coat. The addition of smooth muscle cells from the 
surrounding mesenchyme converts certain capillaries 
into arteries and veins. The heart develops in a basi¬ 
cally similar way, but the muscular tissue of its wall 
becomes very thick and is specialized as cardiac mus¬ 
cle. (See Chapter 10.) 

Blood vessels develop first outside the embryo on 
the umbilical vesicle (yolk sac)6 as mesenchymal ag¬ 
gregations known as blood islands. It has also been 
proposed that the blood islands are endodermal in or¬ 
igin (Takashina). The marginal cells (angioblasts) of 
each blood island become endothelial and form a ves¬ 
icle, whereas the central cells become hemocytoblasts. 
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Hematopoietic and endothelial cells probably share a 
common origin. Fusion of adjacent vesicles establishes 
a network of extra-embryonic vessels, which grow to¬ 
ward the embryo. Blood vessels are also formed inde¬ 
pendently within the body of the embryo, from splanch- 
nopleuric mesoderm (intra-embryonic vessels)9. 

The development of blood vessels (vasculogenesis) 

may be divided into two main types, angioblastic and 
angiotrophic. 

1. Vasculogenesis is the differentiation of multi¬ 
potential mesenchymal progenitors (endothelial cell 
precursors, known as angioblasts) into blood vessels. 
It depends on differentiation into endothelium of in¬ 
trinsic mesenchyme (particularly “ventral” mesen¬ 
chyme, as in the gut, liver, and spleen). This process 
is found only during development. The angioblasts 
may arise in situ (e.g., for the dorsal aortae) or they 
may migrate to the appropriate site (e.g., for the cau¬ 
dal cardinal veins). 

Angioblasts (which are difficult to identify) are 
mesenchymal cells that are committed to the endo¬ 
thelial lineage. They probably appear first in the lateral 
splanchnic mesoderm. Endogenous precursors of an¬ 
gioblasts are found in all mesodermal tissue except the 
prechordal plate and the notochord. Angioblasts have 
been isolated from human peripheral blood. 

2. Angiogenesis (although etymologically it has 
the same meaning as vasculogenesis) is generally re¬ 
served for the extension of the vascular tree from pre¬ 
existing vessels, i.e., from an already differentiated en¬ 
dothelium and migration (sprouting) from an extrinsic 
source (particularly “dorsal” mesenchyme, as in the 
brain and kidney). The new channels are formed by 
budding and branching of proliferating endothelial 
cells, which become assembled into tubes that have 
tight cell-cell junctions and become supported by peri¬ 
cytes. Angiogenesis depends on many substances, e.g., 
endothelial cell growth factors and various receptor 
tyrosine kinases, and it is promoted by the hormone 
leptin, secreted by adipocytes. A number of angiogenic 
inhibitors have also been identified. Moreover, angi¬ 
ogenesis is very important for the growth and dissem¬ 
ination of tumors, and angiogenic inhibitors, includ¬ 
ing certain drugs, can block their progress, a 
treatment that is being investigated intensively. Angi¬ 
ogenesis occurs chiefly in the adult during healing of 
wounds and also in the maturation of the corpus 
luteum. 

A transient capillary plexus usually forms prior to 
the appearance of each major blood vessel. A “pre¬ 
ferred” channel, a future artery or vein, then enlarges 
and other pathways disappear. The vascular pattern de¬ 
pends on the local environment rather than on the 

endothelium, and hemodynamic factors are of major 
importance in the architectural development of the ar¬ 
terial tree: the progression of some branches and the 
regression of others are influenced by the blood flow. 
Biomechanical degenerative changes in the arterial 
wall occur prenatally as well as postnatally and have 
been attributed to hemodynamically induced fatigue. 
Intimal proliferaiton is thought to be the compensa¬ 
tory response to such mural changes. At first the 
movement of the blood is merely an ebb and flow11. 
The first connected circulatory system, however, is 
found before 4V2 weeks12. 

The Arteries 

Right and left aortae develop and are connected with 
the future arterial end of the heart9,10. Each passes 
around the lateral side of the pharynx as an aortic 
arch: at first one, later several. It then descends dorsal 
to the gut as the corresponding dorsal aorta. The right 
and left dorsal aortae fuse to form a median vessel (Fig. 
18-3E and Table 12-5), the descending aorta of adult 
anatomy12'13. 

The branches of the dorsal aorta can be arranged 
in three groups: 

1. Unpaired, ventral, visceral (splanchnic) 
branches are the celiac trunk and the superior and 
inferior mesenteric arteries, which supply the gut (Fig. 
13-30C). These vessels are at first paired and more 
numerous. 

2. Paired, lateral, visceral (splanchnic) branches 
supply the intermediate mesoderm and include supra¬ 
renal, renal, and gonadal (testicular or ovarian) arter¬ 
ies to retroperitoneal organs. 

The umbilical arteries (Fig. 12-34) arise from a 
vascular plexus situated at the caudal part of the paired 
aorta . They “wander caudally” and become connected 
with the fifth lumbar intersegmental arteries. The um¬ 
bilical artery gives off the sciatic artery to the lower 
limb and then a femoral branch. The umbilical trunk 
from the aorta to the femoral becomes the common 
iliac, the proximal part of the femoral becomes the 
external iliac, and the remainder of the umbilical 
trunk becomes the internal iliac (or hypogastric) ar¬ 
tery. Later the umbilical artery is represented by the 
superior vesical artery and by the obliterated portion 
that ascends to the umbilicus and forms the medial 
umbilical ligament. Blood flow velocity can be assessed 
in the umbilical and middle cerebral arteries by Dopp¬ 
ler studies. 

3. Dorsolateral parietal (somatic) branches are in¬ 
tersegmental vessels and include the intercostal and 
lumbar arteries on each side and, caudally, the median 
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TABLE 12-5 Appearance of Some Major Arteries 

mm 4 5 6 8 10 

Weeks 

15 

6 

Feature Stage 

Umbilical arteries 

Aortic arch 1 

Aortic arch 2 

Dorsal aortae fuse 

Aortic arch 3 

Celiac & superior & inferior mesenteric 

Aortic arch 4 

Aortic arch 5 

Vertebral & basilar 

Aortic arch 6 

Pulmonary arteries 

Posterior cerebral 

Subclavian 

Anterior & middle cerebral 

Brachiocephalic trunk & left common carotid 

“W” & “X” (ductus caroticus) &“Y” (right ductus arteriosus) gone 

“Z” gone (no aortic ring) 

Circulus arteriosus 

sacral artery. In the neck, a longitudinal anastomosis 
between the cervical intersegmental vessels forms the 
vertebral artery, which, on each side, comes to arise 
from intersegmental artery 6, the stem of the subcla¬ 
vian artery (Fig. 12-37E). Cranially, the right and left 
vertebral arteries unite to form the basilar artery. The 
development of the coronary arteries has been de¬ 
scribed already with the heart. Arteries to the limbs 
are discussed in Chapter 18 and those to the brain in 
Chapter 19. 

The Aortic Arches 

A scheme of the terminology is shown in Figure 12- 

35. The aortic arches are a series of vessels that con¬ 
nect on each side the aortic sac (Fig. 12-36) with the 
corresponding dorsal aorta. The aortic arches give rise 
to the branchial arteries in fishes (and temporarily in 
most amphibia), but in higher vertebrates they form 
the arch of the aorta and its chief branches. The neural 
crest is believed to be important in maintaining nor¬ 
mal development of the aortic arches. 

The aortic arches develop successively in the pha¬ 
ryngeal arches (Fig. 12-37 and Table 12-5)9-14 and are 
closely related to the pharyngeal pouches (Fig. 12-36), 

each of which develops at first between two successive 
aortic arches. Aortic arches 1 and 2 largely disappear 
by the time that arches 3 to 6 are present (Fig. 12- 

37B)14. 

The maxillary artery and the temporary stapedial ar¬ 

tery are derived from arches 1 and 2, respectively. 

The stapedial artery17, a branch of the internal ca¬ 

rotid, passes temporarily between the crura of the 

stapes (hence its name) and gives rise to the middle 

meningeal artery, which is later a branch of the 

maxillary. In addition, several caroticobasilar anas¬ 

tomoses are present early13 but soon regress 15-17, 

although one may occasionally persist into adult¬ 

hood as a trigeminal, an otic, or a hypoglossal 

artery. 

Aortic arch 3 forms the stem of the internal 

carotid (Fig. 12-37D). Left aortic arch 4 contributes 

to the arch of the aorta, and right arch 4 to the 

right subclavian artery (Fig. 12-37D,E). 

The so-called aortic arch 5 (Fig. 12-36C) is a 

variable and inconstant vessel that may connect 

temporarily the aortic sac or aortic arch 4 with arch 

6. It rarely persists between the ascending aorta and 

either the descending aorta or the pulmonary arch. 

The attentive reader will notice the terminological 

difference between an aortic arch (in the embryo) 

and the arch of the aorta (in the adult). 

Aortic arch 6, often called the pulmonary arch, 

is formed by the union of a ventral sprout13 from 
the aortic sac with a dorsal sprout from the dorsal 
aorta14-16 (Fig, 12-36C). The details are as follows. The 
pulmonary vascular plexus arises as part of a network 
around the lung buds, trachea, and esophagus13,14. In 
the rat the pulmonary plexus has been found to be 
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Figure 12-34. The umbilical artery. A. The caudal arteries of 
an embryo of 6y2 weeks19. Modified from Keibel and Mall. The 
complicated changes in the umbilical, iliac, and femoral arteries 
are described in the text. B. In the adult the umbilical artery 
is represented by the superior vesical artery and an obliterated 
portion, the medial umbilical ligament. Cl, common iliac; El, 
external iliac; F, femoral; II, internal iliac; S, sciatic. 

connected to the dorsal aorta by transient ventral seg¬ 
mental arteries, the most rostral of which becomes the 
pulmonary arch, in particular the future ductus arte¬ 
riosus. In the human, at about the same time as the 
appearance of the pulmonary plexus, the pulmonary 
arteries develop at first as caudal extensions (ventral 
sprouts) from the aortic sac immediately caudal to the 
beginning aortic arches 413 (Fig. 12-36). Dorsally, at 
this level, the pulmonary arch arises as a sprout from 
the dorsal aorta14, and this sprout joins the pulmonary 
artery14, thereby completing the pulmonary arch. The 
arch may now be regarded as aortic arch 6, and the 
pulmonary artery then appears to arise from it, and it 
descends to join the pulmonary vascular plexus. On 
the left side the dorsal sprout becomes the ductus ar¬ 
teriosus (Fig. 12-37D), whereas the ventral sprout fi¬ 
nally becomes the bifurcation of the pulmonary trunk 
into the right and left pulmonary arteries. The bron¬ 
chial arteries and veins, which belong to the systemic 
circulation, develop during the second half of prenatal 
life. 

The symmetrical pattern of the aortic arches is 
converted into an asymmetrical arrangement by the 
elimination of four connections (marked W, X, Y, Z in 
Fig. 12-37C). 

In the adult (Fig. 12-35), the arch of the aorta is 
derived from the left horn of the aortic sac, left aortic 
arch 4, and the left dorsal aortic root. The brachioce¬ 
phalic trunk and common carotid arteries represent 
the horns of the aortic sac, and the internal carotid 
artery includes aortic arch 3. The right subclavian 
arises from aortic arch 4, the right dorsal aortic root, 
and the sixth intersegmental vessel. The left subclavian 
artery is sixth (not seventh) intersegmental in origin. 
Variations in this complex pattern are to be expected, 
e.g., origin of the left common carotid from the bra¬ 
chiocephalic, or the presence of a brachiocephalic 
trunk on the left side. 

The internal carotid artery probably arises from 
aortic arch 3 (Fig. 12-37D). It ends by dividing into 
anterior, middle, and posterior cerebral arteries. The 
last-named later becomes the posterior communicat¬ 
ing artery, which reaches the basilar artery, from 
which the definitive posterior cerebral artery then 
arises. 

The nerves to the pharyngeal arches are closely 
related to the aortic arches (e.g., the glossopharyngeal 
nerve and aortic arch 3). The recurrent laryngeal nerve 
(a branch of the vagus) is caudal to aortic arch 6. 
When the distal portion of this arch on the right-hand 
side disappears (Y in Fig. 12-37C), the right recurrent 
nerve shifts cranially to wind around aortic arch 4, the 
right subclavian artery (Fig. 12-37E). On the left side, 
however, the recurrent nerve is retained by the ductus 
arteriosus and, in the adult, is caudal to (behind) the 
ligamentum arteriosum as it winds around the arch of 
the aorta (Fig. 12-37F). 

Table 12-6 summarizes the origins of arteries as¬ 
sociated with the aortic arches. 

The Ductus Arteriosus 

The distal part of aortic arch 6 on the left is a contin¬ 
uation of the pulmonary trunk that ends in the dorsal 
aorta and is known as the ductus arteriosus (Fig. 12- 
37D,E). It serves to reduce the total work load of the 
ventricles prenatally by ensuring that most of the flow 
is diverted away from the lungs and to the placenta by 
way of the right ventricle. Expression of Hoxb5 in the 
neural crest along the sixth aortic arch may be im¬ 
portant in instigating the differentiation of the ductus 
arteriosus (in the mouse). The ductus resembles a 
muscular artery in structure. Patency of the ductus 
arteriosus is maintained prenatally by the influence of 
prostaglandins that probably come from the placenta 
and by the p02 sensitivity of the smooth muscle cells 
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Figure 12-35. The aortic arches. A. Scheme to illustrate the terminology. B. The components that make up the various arteries 
of adult anatomy. C. The proximal (p) and distal (d) parts of the sixth aortic arches. The right distal part disappears. The right 
proximal part (Rp) is the origin of the right pulmonary artery (arrow). The left proximal part (Lp) forms the bifurcation of the 
pulmonary trunk and is also the origin of the left pulmonary artery (arrow). The left distal part (Ld) is the ductus arteriosus. 

Aortic 
sac 

Pulmonary a. 

Pulmonary 
plexus 

FIGURE 12-36. The aortic arches at weeks13. A. Ventral view showing symmetrical arrangement. B. Left lateral view emphasizing 
relationships to pharyngeal pouches. C. A summary of the formation of the pulmonary arch (aortic arch 6) from union of the 
ventral and dorsal sprouts, and the origin of the pulmonary artery from the arch. The dashed line indicates the site of a so-called 
aortic arch 5. Based on reconstructions by Congdon. 
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The aortic arches. A. Arches 1 and 2 are present before 4(4 weeks12. B. Arches 1 and 2 have disappeared and arches 
3, 4, and 6 have developed14. C. Four (shaded) segments (W, X, Y, Z) regress. D. Left lateral view at 6 weeks showing further 
details . An asterisk marks the site of the left recurrent laryngeal nerve. E. Ventral view showing the position (asterisks) of the 
recurrent laryngeal nerves in relation to aortic arches 4 and 6. F. The adult arrangement showing both recurrent nerves now 
related to aortic arch 4. D, dorsal sprout from dorsal aorta; DA, ductus arteriosus; EC, external carotid artery; IC, internal carotid 
artery; PA, pulmonary artery or arteries; V, ventral sprout from aortic sac. Based on Congdon and on Barry. 

in the ductal wall. At birth, the ductus is about 1 cm 
in length and 0.5 cm in diameter. The closure of the 
ductus arteriosus after birth is described later under 
Prenatal Circulation. 

Anomalies of the Aortic Arches 

Practically all the anomalies of the aortic arches arise 
as differences from the usual pattern based on the re¬ 
tention and/or disappearance of various arterial seg¬ 
ments (Fig. 12-38A). Their elucidation is an excellent 
example of applied embryology. 

Persistent ductus arteriosus (Fig. 12-38B; see also 
12-27B) is the presence of the distal part of left arch 
6. It has been discussed under Congenital Cardiac 
Anomalies. Rarely a ductus can be found on the right- 
hand side, if the distal part (Y) of right arch 6 persists 

(Fig. 12-38D). In general, the ductus arteriosus is usu¬ 
ally on the same side of the thorax as the upper part 
of the descending aorta. Although frequently termed 
patent ductus arteriosus, the ductus is by definition 
patent prenatally and also when it persists postnatally. 
When the ductus becomes obliterated, it is trans¬ 
formed into the ligamentum arteriosum. 

Coarctation of the aorta (Fig. 12-38C; see also 12- 
27A) is a constriction near the point of entry of the 
ductus arteriosus. It has been discussed under Con¬ 
genital Cardiac Anomalies. 

Double arch of the aorta, constituting an aortic ring 

(Fig. 12-38E), arises by the persistence of part Z 

(Fig. 12-38A). The ring surrounds the trachea and 

the esophagus, and may compress them. Double 

arch is the usual pattern in amphibians. 

TABLE 12-6 Probable Origin of Arteries Associated with the Aortic Arches 

Artery Source 

Ascending aorta Truncus arteriosus & aortic sac 
Descending aorta Left dorsal aortic root & unpaired dorsal aorta 
Arch of aorta Left horn of aortic sac, left aortic arch 4, & left dorsal aortic root 
Brachiocephalic trunk Right horn of aortic sac 
Common carotid arteries Right & left horns of aortic sac 
Beginning of internal carotid arteries Aortic arch 3 
Right subclavian artery Right aortic arch 4, right dorsal aortic root, & right 6th intersegmental artery 
Left subclavian artery Left 6th intersegmental artery 
Vertebral arteries Longitudinal anastomoses between cervical intersegmental arteries 
Ductus arteriosus Distal part of left aortic arch 6 
Pulmonary arteries Proximal part of aortic arch 6 
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Right arch of the aorta (Fig. 12-38D), basically 

a mirror image of the usual arrangement, is found 

when part Z persists and the corresponding segment 

of the left side disappears (Fig. 12-38A). The ductus 

arteriosus can be on the right and this condition is 

often associated with the tetralogy. Right arch of the 

aorta is the usual pattern in birds. 

Retro-esophageal right subclavian artery (Fig. 

12-38F) involves the loss of a long segment on the 

right-hand side combined with the persistence of 

part Z (Fig. 12-38A), which gives rise to the right 

subclavian artery. The origin of the right subclavian 

“migrates” cephalically, presumably by differential 

growth, and then approaches the level of the left 

subclavian artery. The anomalous artery usually 

passes behind both the esophagus and the trachea 

but seldom causes problems. Difficulty in swallow¬ 

ing (dysphagia) is rare. 

A non-recurrent laryngeal nerve, whereby the 

nerve proceeds directly to the larynx, is very rare. 

It is associated with an abnormal origin of the right 

subclavian artery, usually from the dorsal aspect of 

the arch of the aorta; the relationship of the artery 

to the trachea and esophagus is variable. The con¬ 

dition is thought to arise because of a failure in 

right aortic arch 4, allowing the nerve to be at a 

higher level. The anomalous right subclavian artery 

is presumably formed by persistence of part Z. 

Interrupted arch of the aorta may occur (A) at 

the isthmus, (B) between the left subclavian and the 

left common carotid arteries (Fig. 12-38G), or (C) 

between the left common carotid and the brachio¬ 

cephalic trunk. Type B, which is the most frequent, 

may be associated with the DiGeorge sequence 

(Chapter 17). A left-to-right shunt, such as that pro¬ 

vided by an interventricular or an interatrial septal 

defect, is essential for extra-uterine life. 

The veins 

The veins of the early embryo are arranged in three 
systems. 

1. The Omphalomesenteric System 

The left and right omphalomesenteric (vitelline) veins 
(Fig. 12-39) from the wall of the umbilical vesicle en¬ 
ter the septum transversum, where they form anasto¬ 
moses and break up into hepatic sinusoids. The right 
vein will form the terminal (or hepatic) part of the 
inferior vena cava, whereas the left one is transitory. 

Two ventral anastomoses and, in between them, 
one dorsal anastomosis, loop around the duodenum. 
As portions disappear, the preferred channels consti¬ 
tute the portal vein. 

2. The Umbilical System 

The left and right umbilical veins (Fig. 12-39) run 
from the chorionic villi, pass through the connecting 

stalk, enter the septum transversum, and end in the 
sinus venosus. In the liver, however, they become 
tapped by the hepatic sinusoids. The right umbilical 
vein disappears, so that all the oxygenated blood from 
the placenta enters the embryo through the left vein. 
A preferred channel, the ductus venosus, is selected 
through the hepatic sinusoids and drains into the right 
horn of the sinus venosus. Blood also passes to the 
veins (venae advehentes) that give rise to the hepatic 
sinusoids (and later form the branches of the portal 
vein), and then through collecting vessels (venae re- 

vehentes) that drain into the hepatic veins. After birth 
the left umbilical vein and the ductus venosus are 
obliterated, and their remains constitute the ligamen- 
tum teres and the ligamentum venosum, respectively. 
Cordocentesis has been described in Chapter 9 in con¬ 
nection with prenatal diagnosis. 

3. The Cardinal System 

This system is completely intra-embryonic and gives 
rise to the main systemic veins of the adult. 

Left and right precardinal veins drain the cephalic 
region of the early embryo. They unite with corre¬ 
sponding postcardinal veins, which drain the more 
caudal portions of the body, and the resultant vessels, 
the left and right common cardinal veins, enter the 
sinus venosus12 (Fig. 12-39). 

The precardinal veins give rise later to the cerebral 

veins and to the intracranial dural sinuses. They 

come to acquire the main (subclavian) veins that 

drain the upper limbs. The left and right precardinal 

veins become united by a transverse anastomosis in 

the neck (Fig. 12-40D). Drainage from both sides of 

the head and neck and from both upper limbs is 

then directed to the right precardinal and common 

cardinal veins, which form the superior vena cava. 

The cranial portions of the precardinal veins be¬ 

come the internal jugular veins (Fig. 12-40E). Ex¬ 

ternal jugular veins are added later. 

The left and right postcardinal veins (according 

to P. Griinwald) join corresponding sacrocardinal 

veins, which anastomose, thereby forming the com¬ 

mon iliac veins. The right sacrocardinal forms the 

caudalmost part of the inferior vena cava. Other rep¬ 

resentatives of the cardinal system include the root 

of the azygos vein (Fig. 12-40E). 

Left and right subcardinal veins, associated 

with the mesonephroi, appear medial to the postcar¬ 

dinal veins, with which they anastomose (Fig. 12- 

40A,B). A junction also forms between the left and 

right subcardinal veins. The subcardinal veins give 

rise to the renal segment of the inferior vena cava, 

as well as to the suprarenal, renal and gonadal (tes¬ 

ticular or ovarian) veins (Fig. 12-40D). 

Left and right supracardinal veins (Fig. 12- 

40B) appear lateral to the sympathetic trunk and 
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Esoph. 

' ■ The arch of the aorta and aortic anomalies. The uppermost drawings are views from above, the middle are from 
in front, and the lowermost figures show the likely mode of development. A. Normal pattern, in which W, X, Y, and Z have 
disappeared, and three main branches (A, B, C) arise: brachiocephalic, left common carotid, and left subclavian. B. Persistent ductus 
arteriosus on the left side. C. Coarctation of the aorta (arrow), showing collateral circulation through the internal thoracic artery 
and one of many tortuous intercostal arteries. y 
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RS 

DOUBLE ARCH 
OF AORTA 

RETRO-ESOPHAGEAL 
R. SUBCLAVIAN A. 

INTERRUPTED ARCH 
OF AORTA 

D. Right arch of the aorta with right ductus arteriosus. E. Double arch of the aorta, forming an aortic ring that encloses the 
trachea and esophagus (uppermost drawing). F. Retro-esophageal right subclavian artery, showing regression of right aortic arch 
4 and persistence of right dorsal aortic root (asterisk). G. Interrupted arch of the aorta (type B), in which some way must be found 
to convey oxygenated blood to the lower part of the body. Ao., aorta; BC, brachiocephalic trunk; DA, ductus arteriosus; LCC, left 
common carotid artery; LS, left subclavian artery; PT, pulmonary trunk; RCC, right common carotid artery; RS, right subclavian 

artery. 
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Sinu-atrial 

:-e 1 39. The formation of the ductus venosus and the portal vein. The hepatic parenchyma is stippled. A. The omphalo¬ 
mesenteric veins are entering the hepatic sinusoids13. B. Portions of the umbilical veins are disappearing and a channel, the ductus 
venosus (DV), is conveying oxygenated blood from the left umbilical vein to the sinus venosus (arrows). Dorsal and ventral om¬ 
phalomesenteric anastomoses related to the intestine are numbered 1 and 2. The portion between 1 and 2 on the right (asterisk) 
is disappearing. Anastomosis 1, which is retroduodenal, is the basis of the portal vein. C. The liver at 6 weeks: the branches of the 
portal vein enter the sinusoidal system of the organ, which is drained by the hepatic veins, thereby reaching the inferior vena cava 
The portal vein begins at the junction of the superior mesenteric (crossing in front of the duodenum) and splenic ( + ) veins D 
Dorsal view of adult liver showing the ligamentum teres (remains of the left umbilical vein) and the ligamentum venosum (remains 

Ma^j16 ductus venosus)- The Portal vein and the hepatic artery provide a double blood supply to the liver. B and C modified from 
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Figure 12-4I Successive phases (A-E) in the development of the main veins. The transformations of the cardinal, subcardinal, 
sacrocardinal, and supracardinal systems are indicated by appropriate shading. D and E. The main parts of the inferior vena cava 
are numbered: (1) sacrocardinal (according to Griinwald; supracardinal according to McClure and Butler), (2) subcardinal (divided 
by some into a renal part formed by a subcardinal-supracardinal anastomosis, and a prerenal part that is purely subcardinal), and 
(3) hepatic. Az., azygos vein; DV, ductus venosus. 

end in the postcardinal veins. By means of a cross 

anastomosis, the supracardinal veins give rise to the 

azygos and hemiazygos veins18,19. 

The inferior vena cava consists of the following 
developmental segments, from caudal to cranial: (1) 
postrenal, probably from the right sacrocardinal vein; 
some authors maintain that this caval segment arises 
from the right supracardinal vein; (2) renal and pre¬ 
renal, probably from the right subcardinal vein; and 
(3) hepatic, from the right hepatic (omphalomesen¬ 
teric) vein (Fig. 12-40D,E). 

The superior vena cava is formed from the right 
common cardinal and from the right precardinal vein 
as far rostrally as the intercardinal anastomosis (left 
brachiocephalic vein). The left superior vena cava nor¬ 
mally disappears21-23. 

The originally single pulmonary vein13 gains ac¬ 
cess to the atrium through the mesocardium (or a per¬ 
sisting cardiac “stalk”). Displacement into the left 
atrium is caused by the formation of the left venous 

valve (Bliss and Hutchins, 1994)14. Progressive absorp¬ 
tion of the vessel and of its four main tributaries into 
the wall of the left atrium18-20 results in the presence 
of usually four separate pulmonary veins (Fig. 12-8D). 
Failure of absorption of the common pulmonary vein 
into the left atrium results in a pulmonary chamber 
in addition to the left atrium; this condition is termed 
cor triatriatum. 

Anomalies of the Venae Cavae 

Persistence of the left superior vena cava (Fig. 12- 

41) is rare. That vessel, by means of a connecting 

intercostal channel, communicates with a patent 

and enlarged oblique vein of the left atrium and 

hence with the coronary sinus. The superior vena 

cava may be present bilaterally or only on the left 

side. Such anomalies are generally considered to be 

examples of developmental arrest. Associated con¬ 

ditions include malformations of the atrioventricu¬ 

lar canal, cor triatriatum, or mitral atresia. 
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Figure 12-41. Caval anomalies. A. Normal development. B. 
Bilateral superior vena cava and azygos veins. C. Normal de¬ 
velopment according to Grtinwald. D. Pre-ureteric vena cava 
caused by low subcardinal-sacrocardinal anastomosis. E. Nor¬ 
mal development according to McClure and Butler. F. Pre- 
ureteric vena cava based on persistence of subcardinal rather 
than supracardinal vein. Az., azygos vein. 

Left inferior vena cava. Bilateral or merely a 

left inferior vena cava is sometimes found. In other 

instances the hepatic segment is replaced by the 

caudal end of the azygos vein(s). 

Pre-ureteric vena cava is of urological importance. 
In this condition the right ureter passes behind and 
around the inferior vena cava (retrocaval ureter). In so 
doing, the ureter may become obstructed, resulting in 
dilatation of its upper end and hydronephrosis. Two 
views concerning the origin of the anomaly are shown 
in Figures 12-41D,F and 15-11. 

SUMMARY OF THE 

CARDIOVASCULAR 

SYSTEM 

The following points are worth special emphasis. 

1. The cardiovascular system in general begins 
bilaterally and symmetrically but soon loses its 
overall symmetry, although many components 
(such as the intercostal vessels) remain symmet¬ 
rically arranged. 

2. The cardiac tube10 arises directly from an en¬ 
dothelial plexus9. 

3. Cardiac symmetry is lost very early910, and a 
D-loop forms10. 

4. The major components of the heart are at first 
arranged “in series”11 and then “in parallel”13. 

5. Septation occurs in both the atria12,13 and the 
ventricles11'14. 

6. The right-hand portion of the sinus venosus 
becomes dominant12 and the main venous drain¬ 
age (as indicated by the venae cavae) is on the 
right. 

7. The left aortic arch 4 contributes to the arch 
of the aorta18, the left dorsal aortic root forms 
the descending aorta18, and the right dorsal aor¬ 
tic root largely disappears18. 

8. Some bilateral vessels fuse in the median 
plane to form single vessels, such as the dorsal 
aorta12 17 and the mesenteric arteries17'20. 

m the prenatal 

CIRCULATION 

The ebb-and-flow movement of the blood is soon 
transformed into a unidirectional circulation in which 
oxygenated blood from the placenta enters the embryo 
via the umbilical vein, and deoxygenated blood leaves 
via the umbilical arteries (Fig. 12-42)12. The prenatal 
circulation (Figs. 12-43 and 12-44) is arranged so as 
to take oxygen from the maternal circulation in the 
placenta, to direct most of the oxygenated blood to the 
head and neck, and to shunt deoxygenated blood past 
the lungs to the placenta. 

The prenatal circulation depends on various 
shunts and communications in the liver (ductus ve¬ 
nosus), heart (foramen ovale), and great vessels (duc¬ 
tus arteriosus). 

Oxygenated blood from the placenta (with a satu¬ 
ration of about 85-90%) passes through the umbilical 
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Figure 12-4 The course of the circulation at 4Vh weeks, when a connected vascular system is established12. The umbilical veins 
carry oxygenated blood to the sinus venosus (SV). Blood then passes to the right atrium (RA), left atrium (LA), atrioventricular 
canal (AV), left ventricle (LV), right ventricle (RV), conus cordis (CC), and truncus arteriosus (TA). From a dilatation of the truncus 
termed the aortic sac, blood passes by way of the aortic arches (1-3) to the dorsal aorta and ultimately leaves the body through 
the umbilical arteries. Also shown are the omphalomesenteric (vitelline) plexus and the cardinal system of veins. The sinus venosus 
receives the common cardinal vein, the umbilical vein, and (from the hepatic plexus) the hepatocardiac vein. IC, internal carotid 
artery; Opt., optic vesicle; Ot., otic vesicle. Based on Streeter. 

vein to the liver, where it is transferred by the ductus 
venosus and through the hepatic parenchyma to the 
inferior vena cava. The blood now contains less well- 
oxygenated additions from the caudal part of the body 
and from the portal vein. The inferior caval blood en¬ 
ters the right atrium, where it is divided by the free 
margin of septum secundum (the crista dividens) into 
two streams. One part of this well-oxygenated blood 
passes directly through the foramen ovale to the left 
atrium and thence to the left ventricle. The other 
stream of inferior caval blood joins the largely deoxy- 
genated blood from the superior vena cava and passes 
from the right atrium to the right ventricle. 

The well-oxygenated blood in the left ventricle 
passes through the aorta and, via the carotid and sub¬ 
clavian arteries, supplies chiefly the head, neck, and 
upper limbs. The poorly oxygenated blood in the right 
ventricle passes through the pulmonary trunk and 
ductus arteriosus to the descending thoracic aorta, 
where it joins the rest of the left ventricular blood and 
supplies the abdomen, pelvis, and lower limbs. Most of 

this blood, however, leaves in the umbilical arteries 
and so reaches the placenta. 

Although it increases as development proceeds, 
the lungs at first receive little blood from the right 
ventricle and return little to the left atrium. Pulmo¬ 
nary vascular resistance is high. Pulmonary circulation 
during the last few weeks of fetal life, however, is 
considerable. 

Six special vascular passageways operate prena- 
tally: the two umbilical arteries, the umbilical vein, 
ductus venosus, ductus arteriosus, and foramen ovale. 

Changes in the Circulation 

at Birth 

The transition from prenatal to postnatal circulation 
involves (1) the elimination of the placenta (interrup¬ 
tion of the umbilical circulation); (2) the transfer of 
gas exchange to the lungs, a decrease in pulmonary 
vascular resistance, and an increase in pulmonary 
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Scheme of the fetal, neonatal, and adult circulation. The systemic circulation is shown on the left, the pulmonary 
on the right. A is characterized by the presence of the placenta and two prominent shunts: the foramen ovale and the ductus 
arteriosus. In B, the neonatal period, the foramen ovale is functionally closed and the course through the ductus arteriosus is 
reversed. In C, the adult, both the above-mentioned shunts have been eliminated. A, M, P, T, aortic, mitral, pulmonary, and tricuspid 
valves. Based partly on Dawes and partly on Bischoff, Leyva, and Rice. 

blood flow; and (3) closure of the prenatal shunts, at 
first functionally and then structurally. 

The switch from fetal to adult type of circulation 
is not abrupt: a transient intermediate condition oc¬ 
curs neonatally. It is characterized by a decreased pul¬ 

monary vascular resistance and an increased pulmo¬ 
nary blood flow, increased volume of the left atrium, 
and increased systemic vascular resistance, as well as 
constriction of the ductus arteriosus and closure of the 
foramen ovale. Moreover, the heart becomes trans- 
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formed from two (right and left) pumps that have been 
functioning partly in parallel (Fig. 12-43A) to two 
pumps performing in series (Fig. 12-43B). 

1-3. The umbilical arteries and vein become con¬ 
stricted, largely because of active contraction of their 
muscular coat. Blood flow ceases when the umbilical 
cord is ligated. Obliteration of the vascular lumina of 
the umbilical vessels takes several weeks or even 
months after birth. The proximal parts of the umbilical 
arteries remain as the internal iliac (or hypogastric) 
arteries, whereas the distal parts are connected to the 
umbilicus as the medial umbilical ligaments. The um¬ 
bilical vein between the umbilicus and the liver be¬ 
comes the ligamentum teres in the falciform ligament. 

Catheterization of the umbilical vein in the neonate 

or in the fetus is used for exchange transfusion. 

Even in the adult, the umbilical vein can be reached 

in the falciform ligament through a median extra- 

peritoneal incision; the vein can then be opened and 

dilated, and a catheter passed to the portal vein for 

either diagnosis or treatment. 

4. The ductus venosus, which conveys portal and 
umbilical blood to the inferior vena cava, closes within 
a few hours after birth. The duct later becomes the 
ligamentum venosum in a fissure on the back of the 
liver (Fig. 12-39D). 

5. The ductus arteriosus, which is a direct con¬ 
tinuation of the pulmonary trunk into the dorsal aorta, 
has been described under The Arteries. Before birth, 
intimal cushions develop under the influence of cell- 
extracellular matrix interactions, and these cushions 
are necessary for subsequent closure of the ductus. 
After birth, in response to the greater peripheral re¬ 
sistance in the longer systemic route, aortic pressure 
gradually exceeds pulmonary pressure. Hence the 
shunt in the ductus arteriosus changes from right- 
left (pulmonary trunk to aorta) to left-right (aorta to 
pulmonary trunk). After birth the ductus constricts 
and functional closure is achieved between 1 and 4 
days. Closure is effected first by contraction of smooth 
muscle in its wall (tunica media), stimulated by in¬ 
creased oxygen saturation in the blood that accompa¬ 
nies postnatal respiration and perhaps because of a 
transmitter. Several weeks or months after birth, an¬ 
atomical closure of the lumen results from histological 
changes (obliterative endarteritis) that include a grad¬ 
ual proliferation of tunica media and tunica intima 
with fragmentation of the internal elastic membrane. 
The remaining fibrous cord is known in adult anatomy 
as the ligamentum arteriosum. The ductus is closed 
structurally by 2 weeks in one-third of infants, in 
nearly 90% 2 months after birth, and in 99% at the 
end of the first year. 

6. The foramen ovale closes functionally because 
of the increased amount of blood and increased pres¬ 
sure in the left atrium. Probe patency is present for 
several months after birth, during which time connec¬ 
tive tissue increases in the valve (septum primum). 
Near the end of the first postnatal year, the valve be¬ 
comes adherent to the limbus and thereby becomes an 
integral part of the interatrial septum. In about 20- 
25% of adults, fibrous adhesion of the valve is not 
complete, although functional closure has occurred. 

In summary: 

1 and 2. Umbilical arteries —> internal iliac 
arteries and medial umbilical ligaments 

3. Umbilical vein —> ligamentum teres of liver 
4. Ductus venosus —» ligamentum venosum 
5. Ductus arteriosus —> ligamentum arteriosum 
6. Foramen ovale -> becomes obliterated 

THE LYMPHATIC SYSTEM 

The lymphatic system includes lymphatic vessels and 
trunks, and various lymphatic organs. 

Lymphatic primordia probably arise as outgrowths 
from venous channels, although some maintain that 
they originate from mesenchymal spaces that become 
connected secondarily with the veins. The lymphatic 
system is established by fusion of many separate 
primordia. 

The first lymphatics are found at about 5 weeks 
near the confluence of the precardinal and postcardi¬ 
nal veins. These bilateral jugular lymph sacs commu¬ 
nicate with the adjacent veins. Within a few days, ax¬ 
illary lymph sacs develop and fuse with the jugular 
sacs; other primordia, such as mesenteric and lumbar 
lymphatic plexuses, appear. By the end of the embry¬ 
onic period proper, jugulo-axillary, mesenteric, and 
ilio-inguinal lymphatic sacs are discernible, as well as 
the thoracic duct and the primordium of the cisterna 
chyli (Fig. 12-45). Valves are developing in the lym¬ 
phatic pathways. 

The thoracic duct is formed between 6 and 8 
weeks by fusion and extension of a few separate pri¬ 
mordia. Its initial origin is probably from the postcar¬ 
dinal vein. The thoracic duct crosses the median plane 
from right to left, extends cranially, and communicates 
with the left jugulo-axillary sac. Caudally the thoracic 
duct communicates with a dilatation termed the cis¬ 
terna chyli. Because of the originally bilateral arrange¬ 
ment of the lymphatic vessels, many variations occur 
in the origin and termination of the thoracic and right 
lymphatic ducts. 
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FIGURE 12-4-i Development of lymphatic vessels. Graphic reconstructions of the lymphatic vessels from 6 weeks to 8 weeks. The 
separate jugular and axillary lymph sacs in A have united in B. In C, six bilateral sacs and vessels are indicated. Two median 
plexuses, the subtracheal and mesenteric, are not shown. The left thoracic duct is being superseded by the right, definitive thoracic 
duct, which is heading for the left jugular region. D. Left lateral view of the lymphatic system at 8 weeks23. A-C based on van der 
Putte (1975), D on Sabin in Keibel and Mali’s Manual (1912). 

Anomalies of the Lymphatic System 

Lymphangioma. Abnormal fluid-filled endothe¬ 
lium-lined lymphatic spaces may arise, particularly in 
the neck, where a swelling (cystic hygroma) may ap¬ 
pear. The most frequent sites are neck (Fig. 9-3), axilla, 
and groin, which are the junctional areas of the de¬ 
veloping lymph sacs. The cysts grow actively and fail 
to communicate with the normal lymphatic vessels, so 
that they may be a congenital benign neoplasm rather 
than a developmental anomaly. Cystic hygroma de¬ 
tected prenatally by ultrasonography sometimes dis¬ 
appears and is thought to be replaced by fibrosis and 
webbing of the neck, which is characteristic of certain 
syndromes, such as Turner (45, XO). 

Lymphatic Organs 

The lymphatic or lymphoid organs are classified as pri¬ 
mary, secondary, and tertiary: (1) bone marrow (Chap¬ 
ter 10) and thymus; (2) lymph nodes, spleen, and lym¬ 
phatic tissue associated with mucous membranes, e.g., 
tonsils and aggregated lymphatic nodules in the intes¬ 
tine; and (3) other sites, including the skin. 

The Thymus 

The thymus develops from pharyngeal pouch 3 (Fig. 
17-5E) as a result of epithelio-mesenchymal interac¬ 
tion. The epithelium is the endoderm of the pouch and 

perhaps also the ectoderm of pharyngeal cleft 3. (Two 
different types of thymic epithelium have been de¬ 
scribed: “reticular epithelium” and, from the most ros¬ 
tral part of pouch 3, “medullary duct epithelium.”) 

The mesenchyme that gives rise to the connective 
tissue framework probably comes from the neural 
crest. Moreover, ectomesenchyme may be necessary 
for the development from pharyngeal pouches of epi¬ 
thelium that can initiate and maintain the differenti¬ 
ation of lymphoid stem cells. 

The thymus descends (Fig. 17-5F,G), and the right 
and left thymic primordia come into apposition20, al¬ 
though fusion of the parenchymata does not occur. 
Mesoderm and surrounding blood vessels penetrate 
the epithelial organ and divide it into lobules23. By the 
end of the embryonic period the thymic epithelium 
expresses some MHC antigens. Differentiation into 
cortex and medulla is seen at the end of trimester 1. 

Early in the fetal period, the thymus attracts cells 
from the bone marrow, and these colonize it and give 
rise to (1) thymocytes, which are committed to the 
T-cell lineage, and (2) dendritic cells. The thymus also 
receives numerous macrophages from the bone mar¬ 
row. The primary function of the organ is the produc¬ 
tion of T cells and the development of the immune 
system. 

Lymphocytes are circulating cells of the immune 

system. As such they should not be responsive to 

self-antigens (i.e., those from the body that they are 
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protecting), but they should remain capable of re¬ 

sponding to foreign pathogens. During their devel¬ 

opment, B and T lymphocytes that react strongly to 

self-antigens are eliminated (“negative selection”). 

Nevertheless, during the maturation of T cells in the 

thymus, self-antigens serve also to resemble foreign 

pathogens and thereby aid in producing the final 

stock of appropriate T lymphocytes (“positive selec¬ 

tion”). This is required to prevent the accumulation 

in the body of T cells lacking binding affinity for the 

individual’s own major histocompatibility complex 

(MHC). Selection is also required to prevent or min¬ 

imize the production of lymphocytes capable of ini¬ 

tiating autoimmune disease. 

Development of T lymphocytes (i.e., thymus- 

dependent). (1) T cells develop in the bone marrow 

from precursors, but do not mature there. (2) They 

migrate to the specialized epithelial network 

(stroma) of the thymus, where they rearrange their 

antigen-receptor genes. (3) Immature T cells (thy¬ 

mocytes) proliferate and differentiate in the thymus 

and express various cell-surface proteins. (4) The 

cells are then selected positively for self-MHC re¬ 

striction, and negatively by elimination of those 

cells that are specific for self-MHC molecules. (5) 

Mature T cells leave the thymus and reach the 

spleen, lymph nodes, and the intestinal wall, where 

they may encounter foreign antigen. 

Development of B lymphocytes (i.e., bone 

marrow-dependent or avian bursa-equivalent). (1) 

B cells develop (in the liver and then in the bone 

marrow) from precursors that interact with stromal 

cells and rearrange their immunoglobulin genes. (2) 

Immature B cells develop antigen receptors (cell- 

surface IgM). (3) B cells mature, express IgD as well 

as IgM, and migrate to the periphery, where they 

may be activated by foreign antigen in the spleen or 

lymph nodes. (4) Activated mature B cells prolifer¬ 

ate and differentiate into either antibody-secreting 

plasma cells or “memory” B cells. 

The thymus is essential for the maturation of T 
lymphocytes, and mature T cells are present in the 
thymus early in the fetal period. Their maturation is 
dependent on lympho-stromal interactions between 
the T-cell receptor (TCR) expressed on a developing 
thymocyte and intrathymic MHC peptide. 

In trimester 2 the thymus delivers thymocytes to 
the peripheral lymphoid organs and may be regarded 
as functionally mature. Also during trimester 2, epi¬ 
thelial cells in the medulla become keratinized and 
form degenerate thymic corpuscles. Later in the fetal 
period the thymus is said to receive a contribution 
from pharyngeal pouch 4, at least in some fetuses. 

The “microenvironment” of the thymus consists 
of lymphoid (T lymphocytes) and non-lymphoid struc¬ 
tures. The chief non-lymphoid components of the thy¬ 
mus at birth are epithelium, fibroblasts, macrophages, 

and vascular endothelium as well as perivascular 
spaces. Postnatally, several different types of epithelial 
cells and several kinds of stromal cells have been 
identified. 

The thymus attains its greatest relative weight at 
the end of the fetal period. Postnatally it grows steadily 
and reaches its greatest absolute weight at puberty, 
after which it begins to regress (although thymic “at¬ 
rophy” at puberty has been denied). Much of its sub¬ 
stance is replaced by fat and fibrous tissue, but some 
thymic tissue remains. 

Thymic Anomalies 

Cervical Thymus. A cord of thymic or fibrous tis¬ 
sue may persist in the neck along the pathway of de¬ 
scent. Rarely the thymus, or at least its left-sided pri- 
mordium, may remain in the neck. 

Accessory Thymus. A portion of the thymus may 
become separated from the main mass during descent. 
Alternatively, accessory thymic tissue may arise from 
pharyngeal pouch 4 and become anchored to the su¬ 
perior parathyroid or become embedded in the thyroid 
gland. 

Status Thymolymphaticus. A large thymus is now 
known to be normal but was formerly thought to have 
been a cause of sudden death. 

Myasthenia Gravis. This autoimmune disease, 
caused by dysfunction of acetylcholine receptors, is 
benefited by thymectomy. 

Lymph Nodes 

Lymph nodes appear early in the fetal period as aggre¬ 
gations of lymphoblasts in the axillary and inguinal 
regions. Invaginations by connective tissue subdivide 
a lymph sac, converting it into a plexus. The cervical 
nodes probably arise from the jugular sac and from 
the associated plexus of lymphatic vessels. A capsule 
and a subcapsular sinus develop at the end of trimester 
1. Differentiation into cortex and medulla begins dur¬ 
ing trimester 2. The cortex will contain immunologi- 
cally inactive primary follicles and active secondary 
follicles (germinal centers) seeded by B cells, which 
can become either plasma cells or “memory B cells.” 
More deeply, the “paracortex” contains T cells, as well 
as vessels for circulating B and T lymphocytes that 
enter the lymph node. 

The Spleen 

The spleen is an intraperitoneal organ. It can first be 
detected as a localized mesenchymal condensation in 
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Figure 12-46 Situs solitus, showing the features in which symmetry in position or arrangement is most evident. Below, in 
bilateral right-sidedness and bilateral left-sidedness, some frequent but not invariable associations in splenic anomalies are indicated. 

the dorsal mesogastrium at 4V2 weeks13. The coelomic 
mesothelium contributes early to the splenic mesen¬ 
chyme. The organ soon bulges into the coelom16. The 
dorsal mesogastrium (Figs. 13-51B and 13-53) be¬ 
tween the dorsal body wall and the spleen, into which 
the dorsal pancreas grows, is said to fuse with the per¬ 
itoneum in front of the left kidney. A connection, the 
splenorenal (or lienorenal) ligament, is thereby formed 
and carries the splenic vessels (Fig. 13-53C). The dor¬ 
sal mesogastrium between the spleen and the stomach 
is the gastrosplenic (or gastrolienal) ligament. 

The spleen at first consists largely of mesenchymal 
cells. During trimester 1, numerous normoblasts, red 
blood corpuscles, and macrophages are situated in a 
network of mesenchymal cells and argyrophil fibers. 
Hematopoiesis is occurring. 

The splenic pulp is a filter and modifier of the 
blood. Early in trimester 2, splenic lobules form 
around central arteries, and red pulp develops at the 
periphery of the lobules. Lacunae in the reticulum 
form venous sinuses, the endothelium of which is dis¬ 
continuous (“open” vascularization). Also in trimester 
2, lymphocytes, monocytes, and macrophages accu¬ 
mulate around the central arteries, and the white pulp 
forms. The lymphocytes are T-precursor cells. By the 
middle of trimester 2, primary follicles are recogniz¬ 
able and contain B-precursor cells. 

Splenic corpuscles can be detected by the middle 
of prenatal life. Hemocytoblasts, proerythroblasts, 
megakaryocytic precursors, and, later on, lymphoid 
precursors have been identified morphologically. Al¬ 
though the embryonic spleen is generally considered 

to be a hematopoietic organ, the fetal spleen, when 
studied by immunohistological and cytochemical tech¬ 
niques, shows little evidence of hematopoiesis, and it 
has been suggested that immature hematopoietic cells 
found there have been trapped from the circulating 
blood. The capsule, trabeculae, and reticular frame¬ 
work develop from the mesenchyme. 

Splenic Anomalies 

Accessory Splenic Nodules. These occur in more 
than 10% of people and are usually near the hilum of 
the organ or embedded in the tail of the pancreas. 
They are attributed to failure of fusion of separate 
splenic masses in the dorsal mesogastrium. 

Polysplenia. Two or more almost equal-sized 
splenic masses are considered as multiple spleens. 
They may be associated with cardiac malformations 
and partial situs inversus (e.g., right-sided stomach). 
Some features, such as bilobar lungs and absence of 
the gallbladder, suggest what has been termed bilateral 
“left-sidedness,” the right lung being a mirror image 
of the normal left lung (Fig. 12-46). 

Asplenia. Congenital absence of the spleen is 
sometimes part of a syndrome that includes cardiac 
malformations (common atrioventricular canal, trans¬ 
position of the great vessels, or pulmonary stenosis) 
and partial situs inversus. Some features, such as sym¬ 
metrical lobation of the liver and trilobar lungs, sug¬ 
gest embryonic suppression of laterality, or what has 
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been termed bilateral “right-sidedness,” the left lung 
being a mirror image of the normal right lung (Fig. 
12-46). Asplenia and polysplenia are considered to be 
related conditions, in which genetic and mechanical 
factors are possibly involved. Suggestions as to the 
timing of onset of these anomalies within the embry¬ 
onic period have varied. 

Splenogonadal Fusion. The spleen develops adja¬ 
cent to the left gonad, and abnormal connections may 
develop between the two organs. These may take the 
form of a splenic cord, drawn out during descent of 
the testis. Other instances are characterized by merely 
the presence of splenic tissue in the (left) scrotum. A 
rare syndrome includes splenogonadal fusion, limb de¬ 
fects, and micrognathia. 

The Tonsils 

The palatine tonsil is generally thought to be derived 
from the proliferating endodermal lining of pharyngeal 
pouch 2 (Fig. 17-5), together with the adjacent mes¬ 
enchyme. Early in the fetal period, the mesenchyme is 
invaded by lymphoid cells (possibly lymphoblasts from 
the liver). T-cell and B-cell regions can be identified. 
The overlying epithelium forms shelves that become 
converted into tonsillar crypts. Primary lymphatic fol¬ 
licles develop in trimester 2, and secondary follicles 
with germinal centers appear postnatally. The intra- 
tonsillar cleft of the adult is commonly regarded as 
the remains of pharyngeal pouch 2. The palatine ton¬ 
sils are an example of lymphoid tissue associated with 
mucous membranes. Similar lymphatic aggregations 
develop elsewhere: tubal tonsil, lingual tonsil, and na¬ 
sopharyngeal tonsil (termed “adenoids” when en¬ 
larged). Together with the palatine tonsils, these form 
a lymphatic ring around the oropharynx. In the intes¬ 
tine, early in trimester 2, lymphocytes are present in 
the lamina propria, and aggregated lymphatic nodules 
develop. 
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c. H A P T E R 
warn 

The Digestive 
System 

his chapter will include the digestive system 

in the head and neck, the alimentary canal, 

liver, pancreas, coelom, mesenteries, and diaphragm. 

The face has been discussed in Chapter 8, and the nose 

and paranasal sinuses will be treated in Chapter 14. 

Rostrally, the ectoderm and the endoderm come 

together at the summit of the foregut as the oropha¬ 

ryngeal membrane10, which temporarily separates the 

gut from the amniotic cavity (Fig. 8-10B,C). The mem¬ 

brane ruptures at about \xk weeks11, at which time the 

main parts of the digestive system are present, and the 

foregut, midgut, and hindgut can be distinguished 

(Fig. 13-1). 
The appearance of various features in the early de¬ 

velopment of the digestive system is shown in Table 

13-1. 

■ THE PALATE, MOUTH, 

TONGUE, TEETH, AND 

PHARYNX 

The Palate 

The palate will separate the oral and nasal cavities, and 

so make sucking and breathing possible at the same 

time. The primary and secondary palates are regarded 

as different embryological entities, such that their clo¬ 

sure depends on different genetic and environmental 

factors. 
The primary palate or primary floor of the nasal 

cavity is derived from the medial nasal processes and 

receives contributions from the maxillary mesen¬ 

chyme. Contact between the medial nasal and maxil¬ 

lary processes results in an epithelial lamina termed 

the nasal fin16,17 (Fig. 14-2). The fin becomes replaced 

by a mesenchymal bridge or isthmus18’19 (Fig. 14-2F- 

H), which connects the medial nasal and maxillary 

processes and is crossed by fibers of the maxillary 

nerve. The primary palate is probably formed by the 

merging (rather than by the fusion) of right and left 

primary palatal processes adjacent to the nasal fin16. 

The primary palate represents the “premaxillary” por¬ 

tion of the hard palate in the adult, i.e., that part of 

the palatine processes of the maxillae that lies in front 

of the incisive fossa and behind the upper four incisor 

teeth. 

During the period from 6 to 7 weeks17-19, the fore¬ 

brain appears as if it were being pushed “upward and 

backward,” and the lower part of the face grows into 

the region between the brain and the thorax. The nasal 

region becomes elongated vertically and the maxillary 

processes grow forward (Figs 8-17 to 8-19). While the 

brain withdraws from between the facial prominences 

(Fig. 19-17X), the upper part of the face appears to be 

supported by the brain, and the two are closely related 

during further normal craniofacial development. 

The secondary palate forms most of the hard and 

soft palates. It develops from right and left palatal pro¬ 

cesses. At 6 weeks, approximately the same time as 

the primary palate is beginning, the maxillary meso¬ 

derm of each side begins to send a shelf medially, the 

secondary palatal process (Fig. 13-2)17. The palatal 

shelves adopt a vertical position, one on each side of 

the tongue18-22. They then become horizontal. The el- 

saspanasB 
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Median section through an embryo of about 4% weeks11. A. The formation of the foregut, midgut, and hindgut by 
incorporation of part of the umbilical vesicle within the body of the embryo. B. The termination of the foregut at the oropharyngeal 
membrane, which is breaking down and allowing communication with the stomatodeum. C. The expanded ending (cloaca) of the 
hindgut at the cloacal membrane, and the nearby entrance of the allantoic diverticulum. No proctodeum develops. The site of the 
rostral neuropore is indicated by an asterisk, and the caudal neuropore is marked by a cross. Based on Davis. 

evation of the shelves is accompanied by withdrawal 
of the tongue (Fig. 13-3). 

This involves active, differential craniofacial 
growth, especially rapidly increasing length of pharyn¬ 

geal cartilage 1. Many additional factors in this com¬ 

plicated process have been proposed, including intrin¬ 

sic shelf force. Prior to fusion and even to contact, 

preliminary epithelial changes occur in the palatal 

shelves. Contact between the right and left palatal 

shelves produces an epithelial seam that disappears, 

but probably not by cell death. It is more likely that 

the epithelium of the medial edge of each palatal shelf 

adheres to its counterpart, proliferates, and then be¬ 

comes transformed into mesenchyme. 

Fusion of the right and left palatal shelves begins 

at 8 weeks (Figs. 13-3C and 13-4)23 and continues into 

the fetal period. It occurs slightly earlier in the male. 

The fusion also includes the nasal septum, and cell 

death and alterations of the basal laminae are involved. 

As the fusion occurs, the choanae are transferred fur¬ 

ther caudally and finally come to lie on each side of 

the posterior border of the nasal septum in the adult. 

The uvula becomes a single median structure during 

trimester 2. The junction of primary and secondary 

palatal processes in the median plane is indicated in 

the adult by the incisive fossa, which is associated with 

a variable number of incisive canals and foramina. The 

soft palate and uvula probably develop by epithelial 

displacement caused by mesenchymal merging rather 

than by epithelial fusion of the entire palatal shelves. 

Bone that forms in the developing hard palate belongs 

to the maxillae and to the palatine bones. 

In summary, at 5 weeks the medial nasal pro¬ 

cesses15 (Fig. 13-2B) merge rostral to the site of 
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TABLE 13-1 Initial Appearance of Various Features of the Digestive System and Related Structures 

2 3 4 5 6 8 10 15 20 

Feature 

Foregut, hindgut, definitive cloacal membrane, 

intra-embryonic coelom 

Oropharyngeal membrane, thyroid & respiratory 

primordia, hepatic plate 

Pharyngeal arches, clefts, & pouches 

Oropharyngeal membrane ruptures, hepatocystic 

diverticulum 

Stomatodeum, copula, hepatic & cystic diverticula, 

hepatic sinusoids, dorsal pancreas, omental 

bursa begins 

Tuberculum impar, stomach, omphalo-enteric duct, 

diaphragmatic primordium 

Ventral pancreatic buds, pleuroperitoneal canals 

Intestinal loop, cecum, cystic & bile ducts, anal 

tubercles 

Adenohypophysial pouch, cervical sinus, esophagus, 

gall bladder 

Epiploic foramen may begin 

Primary palate, normal umbilical hernia begins 

Pancreatic components juxtaposed 

Pancreatic components fuse 

Secondary palatal shelves, duodenal lumen interrupted, 

vermiform appendix 

Dental lamina 

Cloacal membrane ruptures 

Rectal ampulla, anal columns 

Duodenal lumen restored, anal groove, pleuroperitoneal 

canals close 

Palatal shelves fuse 

25 30 

the future incisive fossa, thereby forming the pri¬ 
mary palate16 (Figs. 13-2S and 14-2F-G), the pri¬ 
mary nasal cavity (Figs. 13-2S and 14-2C), and 
the primary choanae (Figs. 13-2B and 14-2H)18. 
At 6 weeks the secondary palatal processes17 (Fig. 
13-2Z) develop caudal to the site of the future 
incisive fossa. They then meet23 (Figs. 13-3C and 
13-4Y) and, during the fetal period, fuse, thereby 
forming the secondary palate, the secondary na¬ 
sal cavity (by caudal prolongation of the primary 
cavity), and the definitive choanae. 

Cleft Lip and Cleft Palate 

These are among the most frequently encountered 
congenital anomalies. Although cleft lip (formerly 
called “hare-lip”) and cleft palate can occur alone, they 
are frequently combined and are found in many cra¬ 
niofacial syndromes (Figs. 13-5 to 13-7). Cleft lip, with 

or without cleft palate, is designated CL ± CP or, by 
some authors, CL(P). It occurs in about 1:1000 Cau¬ 
casian births (greater in Oriental, lesser in African, 
people). It is more frequent in males and is commonly 
associated with other anomalies. It is much more fre¬ 
quent in embryos than in newborns. 

Because abnormal development of the primary 
palate, leading to cleft lip, may interfere with the clo¬ 
sure of the secondary palate, cleft lip alone (CL) and 
cleft lip with cleft palate (CL + CP or CLP) seem to 
be causally related. CLP is mainly genetic in origin, 
and about half of instances are a component of a syn¬ 
drome or a sequence. Several hundred “syndromes of 
clefting” have been recorded. 

Cleft palate without cleft lip is designated CP and 
is a genetically different anomaly. CP occurs in about 
0.4:1000 births and is slightly more common in fe¬ 
males. It is much more frequent in embryos than in 
newborns. 
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Development of the palate. A. An embryo of 6 weeks18, to indicate the planes of section of X, Y, and Z. B. Inferior 
aspect of the palatal region, showing (1) the primary and (2) the secondary, palatal processes. The lowest part of the face and the 
tongue have been removed. S. Sagittal section along the plane indicated in B. X. Section through the primary palate. Y. Section 
through the junction of primary and secondary palates. Z. Section through the secondary palate, represented by right and left 
palatal processes. AH, site of adenohypophysial pouch; OMN, oronasal membrane; Ch., choana; LNP, lateral nasal process- 
M, (Meckel’s) cartilage of pharyngeal arch 1; Max., maxillary process; MNP, medial nasal process; N, nostril. Based mostly on 
Kraus et al. 

A 

: EleVat,i0" °! «? pa“ **lm-*- * 7 weeks”, the maxillary palatal processes (X and Y) are directed downward 
tongue is situated between them. B. Descent of the tongue on one side is accompanied by a shift of the corresponding 

Sd C areteed on Kraus°e‘tZa" P° ' b°th ^ SWveS (X and Y) have acppired a hori20nlal Potion l 
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Figure 13 Further development of the palate. A. An embryo of 8 weeks23, to indicate the planes of section of X and Y. B. 
Inferior aspect of the palatal region, showing (1) the primary and (2) the secondary palatal processes. The lowest part of the face 
and the tongue have been removed. The bilateral components of the soft palate appear posteriorly. X. Section through the primary 
palate. Y. Section through the secondary palate. C. Inferior aspect of fetal palate (50 mm). The mandible and tongue have been 
removed. D. Section through the fetal palate along the plane indicated in C. Epithelial remnants are visible in the median plane 
where the secondary palatal processes have fused. AH, adenohypophysial pouch; M, (Meckel’s) cartilage of pharyngeal arch 1; N, 
nostril. 

Both genetic and environmental factors probably 
contribute to most instances of cleft palate. The re¬ 
mainder include single mutant genes, chromosomal 
aberrations, and specific environmental agents (e.g., 
hydantoin). Prophylactic, prefertilizational multivita¬ 
mins, including folic acid, may help to prevent recur¬ 
rence. Discordance has been recorded in monozygotic 

and even in conjoined twins. Extensive experimental 
work on cleft palate has been undertaken in mouse 
embryos (e.g., induction by cortisone), but some of the 
results are not applicable to the human. 

Cleft lip and cleft palate are conveniently classified 
according to their relationship to the incisive fossa, 
which is the point of junction between primary and 
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rlGURE 13-5. The palate. A. The developing palate 
seen from below, showing the sites of cleft lip (L), 
alveolus (A), hard palate (H), and soft palate (S) 
indicated by their initial letters (the LAH3HAL system 
of Kriens). The inferior edge of the nasal septum 
(white) is visible between the two letters H. B. The 
adult palate seen from below, showing the 
“permanent” successional (white) and accessional 
(stippled) teeth. The primary and secondary 
components of the palate are marked 1 and 2 
respectively. 

Prolabium 

Premaxilla 

secondary palates (Fig. 13-5). Thus clefts involving the 
lip, premaxilla, and primary palate are anterior to the 
incisive fossa; clefts of the secondary palate are pos¬ 
terior; and a third category consists of both types 
combined. 

Cleft lip (cheiloschisis) usually occurs at the junc¬ 
tion between the central and lateral parts of the upper 
lip (Fig. 13-6A,A'). CL is more frequently unilateral 
than bilateral, and more frequent on the left than on 

the right side. The cleft may be restricted to the upper 
lip or it may extend more deeply into the maxilla and 
primary palate. If one accepts the derivation of the 
upper lip from medial nasal as well as maxillary pro¬ 
cesses (M.W.J. Ferguson does not), then failure of 
merging of the medial nasal and maxillary processes 
at 6 weeks18, on one or both sides, would be expected 
to result in CL. If this were to impair the subsequent 
fusion of the palatal shelves, the CL would be accom- 

Figure I 3-6. Cleft lip and palate. A, A'. Unilateral (left) cleft lip. B, B'. Cleft secondary palate. C, C'. Bilateral cleft lip and cleft 
palate. The central part of the upper lip (prolabium) overlies the premaxilla. 
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Figure 13- Bilateral cleft lip and cleft palate. Courtesy of Sterling K. Clarren, M.D., Seattle, Washington. 

panied by CP. Cleft lip is generally ascribed to insuf¬ 

ficient mesenchymal proliferation, although it is not 

regarded as a simple developmental retardation. Defi¬ 

cient growth of the mesenchymal bridge between 

these prominences has been shown in embryos with 

cleft lip. Growth of the maxillary processes, formation 

of the nasal fin, and mesenchymal replacement of the 

nasal fin are delayed. Insufficient growth of ectomes- 

enchyme (from neural crest) in the maxillary processes 

may be important. Other theories include abnormal or 

inadequate development of the nasal fin. Atypical va¬ 

rieties of CL include a median cleft of either the upper 

or the lower lip. Oblique facial clefts are generally 

considered to be disruptions caused by amniotic bands. 

Such clefts may involve an eyelid or the palate. 

Cleft palate (uranoschisis) is a partial or total lack 

of fusion of the palatal shelves (Fig. 13-6B',C'). It 

could arise in a number of ways, e.g., defective growth 

of the palatal shelves, failure of the shelves to attain a 

horizontal position, lack of contact between the 

shelves, and rupture after fusion. It is believed that a 

threshold exists, beyond which delayed movement of 

the palatal shelves would not allow closure to take 

place, resulting in cleft palate. Retarded development 

of the palatal shelves has been ascribed to deficient 

vascularization; incomplete dissolution of the nasal fin 

is stressed by some authors. The shape of the embry¬ 

onic face has been proposed as a factor. Children with 

cleft palate usually show underdevelopment in the 

growth of the mid-face and frequently a reduction in 

the size of the mandible. Swallowing and speech are 

affected. Bifid uvula is a lesser form of CR Hidden 

(submucous) types of CP or palatopharyngeal incom¬ 
petence may still impair speech. 

The velo-cardio-facial (Shprintzen) syndrome is 

characterized by cleft secondary palate, cardiac 

anomalies (e.g., interventricular septal defect, right 

arch of the aorta, or tetralogy), and a long face with 

a narrow nose. It is autosomal dominant and is be¬ 

lieved to be one of the neural-crest-associated con¬ 

ditions that frequently have microdeletions in 

22qll. 

The Mouth 

The Lips. The medial nasal processes are thought 

by some to contribute the median part of the upper 

lip (this is disputed), the premaxillary part of the upper 

jaw and its gum, and the primary palate. The medial 

nasal and maxillary processes appear to merge at 6 

weeks18, so that a continuous upper lip is formed. The 

lower lip develops by the union of the mandibular 

processes. 

The primary mouth is a facial depression known 

as the stomatodeum or stomodeum (Fig. 13-1A)12. At 

first the foregut ends blindly at the oropharyngeal 

membrane10. The membrane then ruptures, providing 

continuity between the stomodeum (and hence the 

amniotic cavity) and the foregut11. The ectodermal- 
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Figure 13-8. Development of the tongue (schematic). A. The floor of the pharynx at about 414 weeks13, seen from the inside (cf. 
Fig. 13-9). Lateral lingual swellings arise from pharyngeal arch 1. The origin of the thyroid gland (future foramen cecum) lies 
immediately caudal to a median swelling termed the tuberculum impar. Further caudally, the hypopharyngeal eminence is concerned 
with the formation of the epiglottis. B. The adult tongue (dorsal surface), derived mainly from pharyngeal arches 1 and 3. C. The 
general sensory innervation of the tongue is from the nerves of arches 1 and 3, cranial nerves 5 and 9. Taste fibers travel in cranial 
nerves 7, 9, and 10. 

endodermal junction is shifted caudally, however, and 
soon becomes obscured. 

The cranial part of the foregut gives rise to part 

of the mouth, most of the pharynx, and the lining of 

the respiratory tree. The foregut is bounded laterally 

by pharyngeal mesenchyme, which soon becomes seg¬ 

mented into a series of pharyngeal arches on each side. 

The Salivary Glands 

The salivary glands arise as solid buds from the oro¬ 

pharyngeal epithelium by epithelio-mesenchymal in¬ 

teraction. The factors required for branching appear to 

be different from the mesenchymal inductive effect of 

acinar differentiation. The submandibular gland, 

which is probably endodermal, forms in the groove 

between the tongue and the future lower jaw18. It be¬ 

comes an epithelial cord, which branches in the sur¬ 

rounding mesenchyme and later begins to acquire a 

lumen23. Serous acini appear early, and mucous acini 

develop postnatally. The parotid and sublingual glands 

arise in a similar manner, but the parotid is probably 

ectodermal. Early in the fetal period the parotid duct¬ 

ules begin to grow around the facial nerve and its 

branches, like “a creeper weaving itself into the 

meshes of a trellis-work fence” (J. McKenzie), but a 

division of the gland into two lobes by the facial nerve 

has been denied (Guizetti and Radlanski, 1996). 

The development of the lacrimal gland from the 

conjunctival epithelium resembles that of the sublin¬ 
gual gland. 

The Tongue 

The tongue is derived from stomodeal ectoderm, oro¬ 

pharyngeal endoderm, pharyngeal mesoderm, and oc¬ 

cipital somites. Lateral lingual swellings (Fig. 13-8A) 

arise in the floor of the mouth from pharyngeal arch 

1, and, together with a median swelling termed the 

tuberculum impar13, form the anterior two-thirds (fu¬ 

ture oral part) of the tongue. The thyroid gland arises 

immediately caudal to the tuberculum, and its point 

of origin frequently persists as the foramen cecum of 

the tongue. Caudal to the tuberculum and the origin 

of the thyroid gland, an area of fusion formed chiefly 

by the second pharyngeal arches is known as the cop¬ 

ula (Fig. 13-9). Papillae begin to develop during the 

embryonic period and later acquire taste buds, which 

develop from the lingual epithelium at the end of the 

embryonic period and under the influence of ingrow¬ 

ing nerve fibers. Taste pores develop early in trimester 

2, when gustatory function begins. The posterior third 

(future pharyngeal part) of the tongue is associated 

mainly with the mesenchyme of pharyngeal arches 3, 

which probably overgrow arches 2 and exclude their 

mesenchyme from the tongue. The tongue is limited 
caudally by the hypopharyngeal eminence.* 

Innervation. The general sensory innervation of 

the tongue (Fig. 13-8C) is from the nerves of pharyn- 

*The term hypopharyngeal eminence, which should not be con¬ 
fused with the hypopharynx of the adult, is used for what was for¬ 
merly referred to as the hypobranchial eminence. 
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Lateral lingual swelling 

FIGURE 13-9 Scanning electron micrographs of the floor of the oral and pharyngeal cavities, seen from inside after removal of 
the roof. A. The bilateral lingual swellings and the tuberculum impar, formed by pharyngeal arch 1 at weeks14. B. At 6 weeks17 
the tuberculum impar and the lingual swellings have grown further and will form the anterior two-thirds of the tongue. Courtesy 
of Prof. Dr. K. V. Hinrichsen, Bochum, and Springer-Verlag. 

geal arches 1 and 3, i.e., cranial nerves 5 (trigeminal) 

and 9 (glossopharyngeal). Taste fibers, however, travel 

in cranial nerves 7, 9, and 10. The chorda tympani of 

nerve 7, which travels via the lingual nerve of 5, sup¬ 

plies the oral part of the tongue, whereas the glosso¬ 

pharyngeal (9) supplies practically all of the pharyn¬ 

geal part, as well as the vallate papillae. Hence the 

sulcus terminalis, which is behind the vallate papillae, 

is not strictly a developmental boundary, at least with 

reference to innervation. 

Musculature. The musculature of the tongue is 

derived from the four occipital somites and is supplied 

by cranial nerve 12 (hypoglossal). The muscles arise 

from the dermatomyotomes of the occipital somites, 

whereas the connective tissue comes from neural crest 

of the rhombomere (Rh.D) at the same level (Table 10- 

2 and Fig. 18-19). The migrating cells form a hypo¬ 

glossal cell cord and arrive in the pharyngeal floor14 a 

little before the hypoglossal nerve reaches the region15. 

Shortly after arriving in the target area, the myoblasts 

begin to differentiate and myofilaments can be ob¬ 

served by electron microscopy. 

In summary, the surface of the tongue develops 

mainly from pharyngeal arches 1 and 3, supplied 

respectively by cranial nerves 5 and 9; the gus¬ 

tatory innervation is through nerves 7, 9, and 10; 

the musculature arises from occipital somites 

and is supplied by cranial nerve 12. 

Anomalies of the Tongue 

Ankyloglossia (“tongue-tie”) arises when the fren¬ 

ulum (connecting the under surface of the front of 

the tongue to the floor of the mouth) is too short 

and the tongue not sufficiently free. This condition, 

however, only rarely requires surgical correction. 
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Macroglossia, an excessively large tongue, usu¬ 

ally indicates a more serious underlying condition, 

such as cretinism or trisomy 21 (Down syndrome). 

Lingual thyroid and thyroglossal cysts are dis¬ 
cussed in Chapter 17. 

The Teeth 

The dentition consists of variously shaped, serially 

homologous elements. The primary or deciduous 

(“milk”) teeth are five in each quadrant: two incisors 

(A, B), one canine (C), and two molars (D, E) (Fig. 13- 

10D). The secondary or so-called permanent teeth are 

eight in each quadrant: two incisors (1, 2), one canine 

(3), two premolars (4, 5), and three molars (6, 7, 8). 

The first five (1-5) permanent teeth are “succes- 

sional”; i.e., they are preceded by the five deciduous 

teeth. The permanent molars (6-8), however, have no 

deciduous predecessors and hence are “accessional.” 

Each tooth is composed of a specialized connective 

tissue, the pulp, covered by three calcified tissues: den- 

tin(e), enamel, and cement(um). 

Two ectodermal thickenings, arranged as parallel 

arches, appear in the underlying mesenchyme in each 

of the future upper and lower jaws (and may share a 

common precursor with the rugae of the palate). The 

external is the vestibular band, the labiogingival lam¬ 

ina, or the lip-furrow band, and the internal is the 

dental lamina (Fig. 13-10B,E)18. The vestibular band 

becomes converted into a sulcus (the vestibule) be¬ 

tween the lip and the gum. The dental lamina, which 

is the ectodermal component of the teeth, arises by 

epithelio-mesenchymal (ectomesenchymal in this 

case) interaction between oral epithelium and the mes¬ 

enchyme of the first pharyngeal arch under the influ¬ 

ence of the underlying ectomesenchyme. The epithe¬ 

lium will synthesize enamel, whereas the mesenchyme 

will synthesize (pre)dentin. It is generally maintained 

that nerves in the vicinity influence and may even ini- 

Figure 13-10. Development of the teeth. A. The dental lamina (D) of the future upper and lower jaws. B. Tooth buds or germs 
of the future upper and lower jaws, and the corresponding labiogingival laminae (L). C. A tooth germ of the lower jaw. D. Lower 
dental arch showing the sites of the deciduous teeth (A-E). The arrow points to the enamel organ of a medial incisor E An enamel 
organ at the cap phase. F. An enamel organ at the bell phase. The asterisk indicates the primordium of the corresponding permanent 
tooth. G. Three-dimensional view of a deciduous molar (tooth E) and the overlying dental lamina, which will form the successional 
permanent premolar (tooth 5). The first permanent molar (tooth 6) can be seen in an accessional position at the left D dental 
lamina; L labiogingival lamina; M, mandible; P, dental papilla. A, C, E, and F are based on Manley, Brain, and Marshland B is 
based on Ooe, G is modified from Rose. 
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Figure 13-11. Development of a tooth. A. Sagittal section at 21 weeks (200 mm) showing medial incisors at bell phase. B. Lower 
incisor showing beginning formation of dentin and enamel, seen at higher magnification in D. The asterisk indicates the primor- 
dium of the permanent enamel organ. C. Scheme to show the derivation of the main components of a tooth. Arrows are devel¬ 
opmental sequences. The double lines indicate inductive interactions. D. Highly magnified view of area marked by rectangle in B. 
Ameloblasts and enamel are shown in red; dentin and odontoblasts in blue. A and B are based on Orban; C is based largely on 
Hall. 

tiate the development of teeth. Innervation of the den¬ 

tal papilla has been recorded in cap-shaped tooth buds. 

Thickenings that appear in the dental lamina dur¬ 

ing the embryonic period are the beginning of the en¬ 

amel organs (Fig. 13-1 IB), of which five, representing 

the deciduous teeth, have formed in each quadrant by 

9 weeks. 

Each organ grows around a mesenchymal prolif¬ 

eration termed the dental papilla (future pulp) (Fig. 

13-1 IB) and the combination is known as a tooth 
germ or tooth bud. The cap-shaped enamel organ be¬ 

comes bell-shaped (Fig. 13-12) and consists of external 

and internal enamel epithelia, separated by a stellate 
reticulum (Fig. 13-1 IB). 

The internal enamel epithelium possesses a basal 

lamina that separates it from the dental papilla and 

represents the amelodentinal junction, i.e., the bound¬ 

ary between the future enamel and dentin. The ecto- 

mesenchymal cells of the dental papilla are influenced 

by bone morphogenetic proteins and other growth fac¬ 

tors that stimulate mesenchymal proliferation. A layer 

of cells termed odontoblasts is thereby formed (Figs. 

13-1 ID and 13-13). These are highly polarized, secre¬ 

tory cells that are responsible for the deposition of a 

proteinaceous dentin matrix. The odontoblasts persist. 

The remaining cells of the dental papilla form the pulp 

of the tooth, which has been invaded by vessels and 

nerves. The internal enamel epithelium becomes a 

layer of tall columnar cells termed ameloblasts, which, 

under an organizing influence of dentin, form enamel 

(Fig. 13-11C,D). Enamel is laid down in successive cal¬ 

cified layers internally. Where the external and internal 

enamel epithelia come together in the deepest part 

FIGURE 13-12. A developing tooth at the bell phase and still 
connected with the dental lamina (at about 11 weeks, 63 mm). 
The enamel organ embraces the dental papilla and is covered 
by the dental sac. The epithelial projection adjacent to the tooth 
is the site of the future vestibule of the mouth. 
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Figure 13-12 A developing tooth at 26 weeks, showing the enamel organ. A. From above downward: (1) the dental lamina for 
the permanent teeth, (2) the stellate reticulum, (3) the dental pulp, and (4) the osseous tissue of the mandible. B. Enlargement of 
the tip of the enamel organ. From above downward: (1) external enamel epithelium, (2) stellate recticulum, (3) internal enamel 
epithelium, (4) ameloblasts, (5) enamel prisms, (6) dentin, (7) predentin, and (8) odontoblasts. Cf. Fig. 13-ID. From Bucher and 
Wartenberg, Cytologie, Histologie und mikroskopische Anatomie des Menschen, 12th ed., courtesy of Prof. Dr. med. H. Wartenberg 
and Verlag Hans Huber, Bern. 

(root sheath) of the tooth, the formation of the root is 

begun. Finally the ameloblasts disappear. 

The permanent teeth develop in a manner similar 

to that of the deciduous teeth (Figs. 13-10G and 13- 

14B,C). The enamel organs arise from those of the 

corresponding deciduous teeth. Those of the perma¬ 

nent molars come from posterior extensions of the 
dental laminae on each side of both jaws. 

An ectomesenchymal condensation, the dental sac 

or follicle, comes to surround the combined dental 

papilla and enamel organ (Figs. 13-10F, 13-11C, and 

13-15). It forms the periodontium (the so-called peri¬ 

odontal ligament), and anchors the tooth in its alve¬ 

olus (socket). Its internal cells, adjacent to the tooth, 

form cementum around the dentin. The term perio¬ 

dontium may be used to include also alveolar bone and 

gingiva. Odontoblasts, dental pulp cells, cemento- 

blasts, osteoblasts of alveolar bone, and fibroblasts of 

the periodontal “ligament” are ectomesenchymal in 

origin. Calcification begins in the deciduous teeth be¬ 

fore the middle of prenatal life and shows in the 

crowns at birth. The teeth erupt (are “cut”) into the 

oral cavity from V2 until 2V2 years (Fig. 13-14C). 

Calcification begins in the permanent teeth from 

birth until 10 years. The teeth erupt into the oral cav¬ 

ity from 6, the “6-year molar” (i.e., the first molar), 

until 12, “the 12-year molar” (i.e., the second molar), 

with the exception of the third molar (“wisdom 
tooth”), which is highly variable. 

The change from the temporary to the permanent 

dentition begins with resorption of the roots of the 

milk teeth by multinucleated odontoblasts that resem¬ 

ble osteoclasts. The resorption proceeds from the ena¬ 

mel to the dentin to the cementum. Premature loss of 

a milk tooth encourages early eruption of the subja¬ 
cent permanent tooth. 

Anomalies of the Teeth 

Variations in number, size, shape, position, and 

eruption are frequent. For example, an incisor may 

erupt prematurely and be visible at birth. Some den¬ 

tal disturbances are hereditary, and defects are fre- 
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Succession of teeth. A. Right lateral view of the mandible at birth. The sites of the unerupted deciduous teeth (A— 
E) and the first permanent molar (tooth 6) are shown. The angle of the mandible is very obtuse. Based on Spalteholz. B. Unerupted 
permanent and deciduous teeth at 9 months after birth. C. Unerupted permanent tooth and erupted deciduous tooth at 2 years. 

Figure 13-15 Sagittal section through the oropharyngeal region at the middle of prenatal life. An upper and a lower incisor at 
the bell stage are evident. The enamel organ and dental papilla are visible, as well as the dental lamina and primordium of the 
permanent tooth. Cf. Fig. 13-10F. Also shown are (Meckel’s) cartilage of pharyngeal arch 1 (arrow), above which is the sublingual 
gland, and, farther to the right, the floor of the mouth (mylohyoid muscle or diaphragma oris), and the lesser (a) and greater (b) 
horns of the hyoid, as well as the thyroid cartilage (c). 
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quent in a number of abnormal conditions, e.g., 

congenital ectodermal dysplasia and cleidocranial 
dysostosis. 

Anodontia. Absence of teeth may be total or, 

more frequently, partial, and may involve the tem¬ 

porary or the permanent teeth. 

Polyodontia. Supernumerary teeth develop 

when extra tooth buds differentiate from the dental 

lamina. The additional teeth may be complete (e.g., 

a median tooth between the upper central incisors), 

or a tooth may merely show supernumerary parts 

(e.g., an additional cusp). 

Enamel hypoplasia. Defects in the formation of 

enamel can be caused by prenatal or postnatal sys¬ 

temic disturbances that result in degeneration of 

the ameloblasts. Excessive ingestion of fluoride can 

cause mottled enamel. Administration of tetracy¬ 

clines can affect both enamel and dentin, resulting 

in discoloration of the teeth. 

Congenital syphilis may result in dental defor¬ 

mities, such as notched permanent incisors (Hutch¬ 

inson teeth), caused by degeneration of ameloblasts 

and odontoblasts. 

The Pharynx 

The pharynx of adult anatomy arises from a relatively 
more extensive embryonic cavity, which includes 
much of the future oral and nasal cavities, as well as 
the origin of the respiratory tree (Fig. 13-16A). The 
embryonic pharynx, which is the rostralmost part of 

the foregut, is bounded laterally and ventrally by the 
pharyngeal arches. The definitive pharynx comprises 
three divisions: nasal, oral, and laryngeal. 

With the formation of the palate and nasal septum, 

the nasopharynx is separated from the nasal cavities 

at the choanae and is continuous with the orophar¬ 

ynx at the level of the soft palate. The oropharynx 

is separated from the oral cavity at mucosal pillars, 

termed the palatoglossal arches, and is continuous 

with the laryngopharynx at the level of the epiglot¬ 

tis. The pharynx becomes continuous with the 

esophagus at the level of the lower border of the 

cricoid cartilage (Fig. 13-16B,C). 

An important feature of the developing pharynx is 
a series of pharyngeal arches and pouches, which will 
now be discussed; associated with them are such or¬ 
gans as the thyroid and parathyroid glands (Chapter 
17) and the tonsils and thymus (Chapter 12). 

The Pharyngeal Arches 

The pharyngeal arches illustrate the “tendency for 
[vertebrate] development to proceed from a common 
starting point and work toward different goals by mod¬ 
ifying and manipulating a common fund of develop¬ 
mental operations” (T.W. Torrey). This is the region in 
which aquatic vertebrates develop gills, but the term 
“branchial,” which is inaccurate and inappropriate 
when applied to other forms, should not be used in 

Figure 13-16. Development of the subdivisions of the pharynx. A. Median section at 6 weeks18, showing the continuous space 
formed by the nasal and oropharyngeal cavities. B. Median section at birth, showing the separation of the nasal (red) and oral 
(stippled) cavities by the palate, the three parts (blue) of the pharynx, the larynx (yellow), and the trachea and esophagus (gray). 
C. Scheme showing the various cavities seen in the adult. L, laryngopharynx; N, nasopharynx; 0, oropharynx. C is modified from 
Braus. 
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mammalian embryology. It needs to be stresssed that 
branchial structures are not present in the human 
embryo at any stage of development. 

The pharyngeal arches are a series of bars, sepa¬ 
rated by pharyngeal clefts, which appear ventrolater- 
ally on the head and neck between 4 and 5 weeks (Figs. 
13-17 and 13-18)10-13. Four pairs are visible externally 
at 4V2 weeks13 and are separated from each other by 
three clefts (Fig. 13-19A). More caudally, the arrange¬ 
ment is not as clear-cut but, from the point of view of 
internal structure, it is customary to label a fifth and 
even a sixth arch. The externally situated clefts are 
matched internally by pharyngeal pouches, i.e., out- 

pocketings of the pharyngeal endoderm (Fig. 13-20). 
The ectoderm of each cleft comes into contact with 
the endoderm of each pouch, forming a pharyngeal 
membrane. In aquatic vertebrates, these membranes 
break down to form gill-slits. 

Pharyngeal arch 1, often called the mandibular 

arch, divides on each side into a maxillary and a man¬ 
dibular process, and these form the upper and lower 
jaws, respectively. They bound the stomatodeum, or 
primary mouth (Fig. 13-1). Pharyngeal arch 2 is often 
called the hyoid arch, and pharyngeal arch 3 is some¬ 
times termed the glossopharyngeal arch. Hox genes 
are expressed in the embryonic human pharyngeal 

Figure 13-17, Scanning electron micrographs showing pharyngeal arches 1 to 3. A. At 4V2 weeks13. The mouth is visible between 
the frontal prominence and the blending first pharyngeal arches. The foregut and neural tube are visible in section below. B. At 5 
weeks15. The nasal pit is evident between lateral and medial nasal processes, and the maxillary process (asterisk) is clearer. The 
auricular hillocks are developing on each side of pharyngeal cleft 1 (arrow). The foregut and hindbrain are visible in section below. 
Asterisk, maxillary process; arrows, pharyngeal cleft 1. Courtesy of Prof. Dr. K. V. Hinrichsen, Bochum, and Springer-Verlag. 
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Pharyngeal and 
aortic arches as seen in 
transverse sections at 4x/2 
weeks. A. Pharyngeal arches 1 
to 312. Aortic arches 2 and 3 
are clearly visible. B. Some 2 
days later14. Pharyngeal arch 3 
is receding from the surface, 
resulting in the cervical sinus. 
The plane of the sections is 
shown in the key drawings. 
Di., diencephalon; M, 
mesencephalon; Ph., pharynx; 
R., respiratory diverticulum. 

arches 1 to 3 and in the rhombomeres of the hind¬ 
brain, especially at 4 weeks13. 

Ectodermal thickenings of the pharyngeal arches, 
the epipharyngeal discs, contain highly active, dividing 
cells that participate in the formation of the ganglia of 
cranial nerves 5 to 10 and probably also in the pro¬ 
duction of arch mesenchyme (Fig. 19-19). 

The Pharyngeal Clefts 

The dorsal portion of pharyngeal cleft 1 becomes 
transformed into the external acoustic meatus and the 
external layer of the tympanic membrane. The re¬ 
maining clefts become largely obliterated. The former 
site of cleft 2 in the adult probably extends from the 

mastoid process to the hyoid bone. As the surrounding 
parts increase in size, arches 3 and 4 become partly 
covered over, and the resulting depression is known as 
the cervical sinus (Fig. 13-19B)14. Arch 2 fuses with 
the cardiac swelling. 

Ectodermal Derivatives 

The ectodermal covering of the pharyngeal arches 
forms a part of the ectodermal ring (Fig. 18-23A). The 
epithelium overlying pharyngeal arch 1 forms the epi¬ 
dermis of the ventral half of the auricle, cheeks, lips, 
jaws, and the lining of the vestibule of the mouth, 
palate, much of the tongue, and also the enamel of the 
teeth and some of the salivary glands. The covering of 
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Figure 13-19, A. Section through the pharynx at 472 weeks13. The pharyngeal clefts, arches, and pouches are numbered. Each 
arch contains an artery (aortic arch) and will later include a nerve and a skeletal element. The origin of the thyroid primordium 
is visible in the floor of the pharynx. Not., the notochord. A'. The plane of section of A. B. A further phase of the pharyngeal wall, 
based on studies of the mouse embryo. Rapid growth of pharyngeal arch 2 remodels the more caudal region, resulting in a deep 
groove, the cervical sinus (CS). Arch 2 fuses with the cardiac swelling (C) and compresses arch 3. 

FIGURE 13-20. Pharyngeal pouches and thyroid diverticulum at 472 weeks13. A. Oblique, right lateral view showing the roof of the 
pharynx (on which the notochord would “lie”) and the (cut) oral cavity (black slit). B. Left lateral view showing the continuity of 
the pharynx with the respiratory diverticulum (lung buds) and the alimentary canal. The features of the hepatic region are identified 
in Figure 13-26D. AH, adenohypophysial pouch; M, mesencephalon. Ph., pharynx; R., respiratory diverticulum; Tel., telencephalon. 

Based largely on reconstructions by Blechschmidt. 
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arch 2 provides the epidermis of the dorsal half of the 
auricle and the upper part of the neck. The more cau¬ 
dal clefts are believed to contribute to the lower part 
of the neck. Thus the transformations undergone by 
the pharyngeal arches and clefts result in the neck, 
i.e., a region that separates the area of the jaws from 
that around the heart. 

Mesenchymal Derivatives 

The mesenchyme of the pharyngeal arches (Table 13- 
2) develops from a core of paraxial mesenchyme that 
is believed to be derived very early from the primitive 
node and later is joined by ectomesenchyme (neural 
crest), as well as perhaps by material from epiphar¬ 
yngeal discs. The mesenchyme gives rise to various 
skeletal elements and muscles. In addition, a blood 
vessel (aortic arch) develops in each pharyngeal arch. 

Mesenchyme of arch 1 contributes to the dermis 
of the face, and hence the skin of the face receives its 
sensory innervation from the trigeminal nerve (oph¬ 
thalmic, maxillary, and mandibular divisions of cranial 
nerve 5). The mesenchyme of the maxillary process 
later gives rise to the maxilla (including the “premax¬ 
illa”), zygomatic bone, and the squamous part of the 
temporal bone. The mesenchyme of the mandibular 
process gives rise to the mandible (Fig. 13-21). 

Pharyngeal arch 1 is usually said to give rise to 
the incus and malleus, and arch 2 to the stapes. This 
may be an oversimplification, and the view of Anson 

and his coworkers is adopted in this book. (See Chap¬ 
ter 21.) 

Even in the adult, a succession can be traced from 
the incus to the malleus and its anterior process and 
ligament, and then by the sphenomandibular ligament 
(sheath of the cartilage of pharyngeal arch 1) to the 
mandible. A similar succession, but involving pharyn¬ 
geal arches 2 and 3, extends from the styloid process 
to the stylohyoid ligament, lesser horn, and then body 
and greater horn of the hyoid bone. 

Aortic Arches. The aortic arches are a series of 
vessels that connect the aortic sac (a dilatation of the 
truncus arteriosus) with the corresponding dorsal 
aorta on each side (Fig. 12-36). (The right and left 
dorsal aortae fuse caudally to form the single aorta of 
the adult.) The aortic arches have been described in 
Chapter 12. 

The Pharyngeal Pouches 

The floor and lateral walls of the foregut become mod¬ 
ified by the appearance of a series of pharyngeal 
pouches situated between the pharyngeal arches (Figs. 
13-19, 13-20, and 17-5). These transitory, endodermal 
evaginations represent a common, functionally impor¬ 
tant step in vertebrate development and are not a “re¬ 
capitulation” of ancestral features. Fish elaborate their 
pharyngeal pouches into gill-slits, whereas reptiles, 
birds, and mammals convert them into other struc- 

TABLE 13-2 The Cores of the Pharyngeal Arches 

Arch Skeleton Musculature Motor Innervation (SVE) Aortic Arches 

1 Body and short crus of incus 
Head of malleus 
Anterior ligament of malleus 
Sphenomandibular ligament 
Part of mandible 

Muscles of mastication 
(masseter, temporalis, 
pterygoids) 

Mylohyoid and anterior 
belly of digastric 

Tensor veli palatini 
Tensor tympani 

Mandibular (division 3 
of nerve 5) 

Maxillary artery 

2 Handle of malleus 
Long crus of incus 
Head and crura of stapes 
Styloid process 
Stylohyoid ligament 
Lesser horns of hyoid 

Muscles of facial expression 
(including epicranius, 
buccinator, and platysma) 

Stylohyoid and posterior 
belly of digastric 

Stapedius 

Facial (7) Stapedial artery 
(temporary) 

3 Body and greater horns 
of hyoid 

Stylopharyngeus Glossopharyngeal (9) Stem of internal carotid 
artery 

4-6 Thyroid cartilage 
Other cartilages of larynx 

Muscles of pharynx and 
larynx 

Vagus (e.g., superior and 
recurrent laryngeal 
branches) (10 and 
fibers of 11) 

Arch of aorta 
Right subclavian artery 
Pulmonary arteries 
Ductus arteriosus 
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Figure 13-21 The dental lamina adjacent to the mouth and 
tongue23. The cartilage (Meckel) of pharyngeal arch 1 appears 
circular in cross section and, lateral to it, the mandible shows 
as a Y-shaped plate of intramembranously forming bone (blue). 
The gap in the lateral limb of the Y is the mental foramen, 
occupied by the mental nerve. Many osteoblasts are visible. 

tures, such as the parathyroid glands (Chapter 17) and 
the thymus (Chapter 12). Pharyngeal pouches 1, 2, 3, 
and 4 appear at about 4 weeks9,10,10,11. 

Pharyngeal pouch 1 lies between pharyngeal 
arches 1 and 2. It is probably no longer distinguishable 
when the tubotympanic recess arises from the oro¬ 
pharynx, so that reservations are necessary regarding 
the common theory that the recess, which is the fore¬ 
runner of the cavity of the middle ear, is a derivative 
of pharyngeal pouch 1. 

Pharyngeal pouch 2, between arches 2 and 3, un¬ 
dergoes proliferation of its endodermal lining, which, 
with the adjacent mesenchyme, is generally thought 
to form the palatine tonsil bilaterally (Chapter 12). 

Pharyngeal pouch 3 is commonly said to form par¬ 
athyroid gland 3 (Fig. 17-5E) and the thymus, but the 
gland may be ectodermal rather than endodermal. The 

pouch becomes gradually separated from the pharynx 
and descends. The parathyroid gland becomes distinct 
from the thymic rudiment16 and the latter continues 
to descend, reaching the thorax (Fig. 17-5G). The thy¬ 
mus is considered in Chapter 12, the parathyroid 
glands in Chapter 17. 

Pharyngeal pouch 4 (Fig. 17-5A,B) is commonly 
said to form parathyroid gland 4 (Fig. 17-5G), but the 
gland may be ectodermal rather than endodermal. 
Pouch 4 is associated with the more caudally placed 
ultimopharyngeal body, and the two form part of what 
is termed the “caudal pharyngeal complex” (Fig. 
17-5A,B). This interpretation has been queried, and it 
has been claimed that the ultimopharyngeal body is 
derived from a fifth pharyngeal pouch, which is colo¬ 
nized by cells from the caudalmost part of the epicar- 
diac (pharyngeal) disc14,15. To what extent a contribu¬ 
tion to the thymus and the thyroid gland is provided 
is disputed. 

Anomalies of the Pharyngeal Clefts and Arches 

Various types of fistulae, external sinuses, internal si¬ 

nuses, and cysts (Fig. 13-22) have been attributed to 
the pharyngeal arch system, but probably only some 
of them have been assigned a correct origin. 

Cleft 1. The dorsal end of pharyngeal cleft 1 is rep¬ 

resented by the external acoustic meatus, whereas 

its ventral end is normally obliterated. It may per¬ 

sist, however, and form an epithelium-lined sinus, 

cyst, or fistula. Such a fistula would extend from an 

opening in the neck, below the auricle, ascend 

through the parotid gland with variable relationship 

to the facial nerve, and open into the external 

acoustic meatus (Fig. 13-22A). 

Cleft 2. When the ventral part of pharyngeal 

cleft 2 persists, a fistula may extend from the skin 

of the neck below the jaw, pass over the hypoglossal 

and glossopharyngeal nerves, run between the ex¬ 

ternal and internal carotid arteries, and open into 

the pharynx near the palatine tonsil. The deep re¬ 

lationships of fistulae, rather than the site of the 

external opening, provide clues for the correct nu¬ 

merical assignment to clefts 2, 3, or 4 (Fig. 13-22B). 

Cleft 3. A fistula may extend from the lower 

part of the anterior border of the sternomastoid 

muscle, cross the hypoglossal nerve superficially, 

pass deep to the carotid arteries, pierce the thyro¬ 

hyoid membrane, and open into the piriform recess 

of the pharynx. 

Cleft 4. Extremely rarely, a fistula may extend 

from the lower part of the anterior border of the 

sternomastoid, curve around the right subclavian 

artery or the arch of the aorta on the left, ascend 

in the neck, pass over the hypoglossal nerve and 

deep to the carotid arteries, and open into the lower 

end of the pharynx. 
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Anomalies of 
pharyngeal clefts and pouches. 
A. Fistula of pharyngeal cleft 1. 
In this example the fistula 
extended from the external 
acoustic meatus (EAM) to the 
neck, and passed superficial to 
the facial nerve (7). The site of a 
cyst is also shown. Based on Bill. 
B. Fistulae of pharyngeal clefts 
and pouches 2 and 3, shown here 
in one patient merely so that 
their differing courses can be 
compared. 9, glossopharyngeal 
nerve; 12, hypoglossal nerve. B'. 
The approximate area (rectangle) 
depicted in B, where the 
sternomastoid muscle has been 
removed. Based on Simpson. 

Figure 13-23. Relationship of 
rhombomeres17 (D, and 7 to 2) to cranial 
nerves 12, 10, 9, 7 (with chorda tympani), 
and 5. The regions chiefly affected in various 
pharyngeal arch syndromes are indicated. 
Ot., otic vesicle. Based on reconstructions by 
the authors. 

1st pharyngeal arch ' 
Goldenhar 
Treacher Collins 

syndromes 

Moebius syndrome 
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Figure 13-24 Facio-auriculo-vertebral spectrum (Goldenhar 
syndrome) showing facial asymmetry and microtia. This non- 
random association of anomalies is attributed to abnormal mor¬ 
phogenesis of pharyngeal arches 1 and 2. Courtesy of Sterling 
K. Clarren, M.D., Seattle, Washington. 

Cervical cysts. Lateral cervical cysts have fre¬ 
quently been assumed, probably incorrectly, to arise 
from the pharyngeal arch system. It is more likely that 
they are lympho-epithelial in origin, their precursors 
being lymph nodes, and they may be acquired rather 
than congenital. Median cervical cysts are usually of 
thyroglossal origin (Chapter 17). 

Some of the more frequent arch syndromes, as 
well as their relationship to specific arches and nerves, 
are listed in Figure 13-23. 

Arch 1. “First arch syndrome” is a term used for 
a variable collection of congenital abnormalities af¬ 
fecting the face, upper lip, palate, and ear. A hereditary 
component is found. It has been suggested that the 
stapedial artery may be important in the development 
of at least some of the manifestations. 

Mandibulofacial dysostosis (Treacher Collins syn¬ 

drome) is found in about 1:50,000 live births. It is 
characterized by clefts and involves chiefly structures 
formed from pharyngeal arch 1, although it is highly 
variable in its manifestations. It can affect the eye 

(sloping palpebral fissure and cleft lower eyelid), the 
external and middle ear (with conductive hearing loss), 
the facial bones (cleft zygomatic bone and small man¬ 
dible: micrognathia), and the palate (high or cleft pal¬ 
ate). Interference with migration of neural crest cells 
into arch 1, possibly caused by an altered intercellular 
matrix, has been proposed as the basis of the condi¬ 
tion. It is probable that derivatives of mesencephalic 
and rhombencephalic neural crest are involved. Mal¬ 
formations of the hindbrain and associated nerves are 
found in a third of the affected newborns. Autosomal 
dominant inheritance is frequent, but many instances 
are sporadic. The mutated gene has been mapped to 
chromosome 5q 32-33.1. 

Robin sequence includes micrognathia (smallness 
of the lower jaw), which interferes with descent of the 
tongue, which in turn interferes with fusion of the 
palatal shelves, resulting in a U-shaped cleft palate. Af¬ 
ter birth the tongue may prolapse into the pharynx 
(glossoptosis) and cause obstruction to the airway 
with difficulties in breathing. The Robin sequence is 
frequently a part of other mandibular disorders, such 
as hereditary arthro-ophthalmopathy (Stickler syn¬ 
drome). It has been proposed that a general defect of 
connective or neuromuscular tissue is involved and 
that the mandibular hypoplasia may be a result of pre¬ 
natal hypomotility. However, it is also maintained 
that the defects are associated with abnormalities of 
rhombomeres 6 to 8 (Fig. 13-23), and a cardiac (cono- 
truncal) malformation is present in one-quarter of 
instances. 

Facio-auriculo-vertebral spectrum (Goldenhar syn¬ 

drome) is a non-random association of anomalies of 

pharyngeal arches 1 and 2 (Fig. 13-24). It may in¬ 

clude hypoplasia of the maxillary and mandibular 

regions, small auricles (microtia) with tags or pits, 

and sometimes hemivertebrae. 

Pharyngeal diverticulum (Fig. 13-25) is a dorsal 
protrusion of mucosa that sometimes occurs, generally 
between the oblique (thyropharyngeal) and transverse 
(cricopharyngeal) fibers of the inferior pharyngeal con¬ 
strictor, or sometimes below that muscle. The diver¬ 
ticulum is usually attributed to a structurally weak 
point, probably congenital, in the muscular wall of the 
pharynx. Neuromuscular dysfunction is believed to be 
important in the causation. 

1 THE ALIMENTARY CANAL 

The Caudal Part of 

the Foregut 

The alimentary canal (Fig. 13-26) can be considered 
basically as the folding of splanchnopleure (endoderm 
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Anomalies of the pharynx and esophagus. A, B. A pharyngeal diverticulum seen from behind. In A it is situated 
between the thyropharyngeal and cricopharyngeal parts of the inferior constrictor; in B it emerges between the constrictor and 
the esophagus. C. Median section showing a pharyngeal diverticulum (asterisk). D. Right lateral view of normal esophagus (stippled) 
and trachea and right bronchus (white) at 5 weeks15. The bifurcation of the trachea is shown as a small oval. E. Postulated abnormal 
communication between trachea and esophagus, representing probable timing of the anomaly shown in F. F. Esophageal atresia 
and tracheo-esophageal fistula. A-C are based on Lallement; D-F, on O’Rahilly and Muller. 

and splanchnic mesoderm) into a tube. The mucosal 
epithelium of most of the digestive system develops 
from endoderm, whereas the connective tissue and 
muscular coats are derived from splanchnopleuric 
mesoderm. Epithelio-mesenchymal interaction is im¬ 
portant. Typically four coats are found, from internal 
to external: mucosa (mucous membrane), submucosa, 
muscularis, and serosa (or, in some regions, adventi¬ 
tia) (Figs. 13-27B and 13-28). As the head fold forms, 
the cranial part of the umbilical vesicle (yolk sac) be¬ 
comes enclosed within the embryonic body (Figs. 8- 
10A and 13-26A) and constitutes the foregut9. A little 
later the caudal portion of the umbilical vesicle be¬ 
comes similarly enclosed and forms the hindgut (Fig. 
8-lOB)9,10. The attachment of the allantoic diverticu¬ 
lum also becomes incorporated within the embryo 
(Fig. 8-lOC)10. The midgut, which is not as clearly de¬ 
limited, lies between the foregut and hindgut, where 
the umbilical vesicle remains outside the embryo 
(Figs. 13-1A and 13-26A). The communications be¬ 
tween foregut and midgut, and between midgut and 
hindgut, are known as the cranial and caudal intesti¬ 
nal portals, respectively (Fig. 13-1A). The foregut, mid¬ 
gut, and hindgut correspond approximately to impor¬ 
tant vascular territories that become defined later. 

The stomatodeum, or primary mouth, is a shallow, 
ectodermal depression bounded by the forebrain and 
by the maxillary and mandibular processes (Fig. 13- 
1B)12. At the caudal end of the embryo (Fig. 13-1C), 
although a very slight pit may appear, no depression 

(proctodeum) comparable to the stomodeum develops. 
At first the digestive tube ends blindly, both cranially 
at the oropharyngeal membrane and caudally at the 
cloacal membrane. These membranes, which consist 
of ectoderm and endoderm in contact, soon break 
down: the oropharyngeal first (Fig. 13-1)11 and then 
the cloacal (Table 13-1)19. 

Beyond the pharynx, the foregut gives rise to the 
esophagus, stomach, and part of the duodenum. 

The Esophagus 

Below the opening of the respiratory diverticulum, the 
alimentary canal forms the esophagus14, which ends in 
the dilatation known as the stomach. It is straddled in 
front by the primary bronchi (Fig. 13-26D)15. Mesen¬ 
chymal condensations appear for the circular muscle 
layer16 and, externally, for the longitudinal layer20-22. 
The muscular layer is striated above and smooth mus¬ 
cle below. At first very short, the esophagus lengthens 
both prenatally and postnatally (Fig. 13-29). The epi¬ 
thelium is stratified columnar in the embryonic pe¬ 
riod, when epithelial bridges are present. It becomes 
cuboidal and shows vacuoles19, which become exten¬ 
sive, but temporary obliteration of the lumen (as in 
the duodenum) is thought not to occur. The epithe¬ 
lium becomes ciliated in fetal life, and changes to 
stratified squamous. Swallowing of urine and some 
tracheal fluid begins during trimester 1 and usually 
occurs during fetal breathing. 
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FIGURE 13-26. The alimentary canal from 4 ¥2 to 5 weeks. A. AT 4'A weeks11 the foregut, midgut, and hindgut are delineated. The 
midgut is continuous with the umbilical vesicle. B. Two days later12 diverticula are evident ventrally for the future thyroid gland, 
respiratory system, liver, and gallbladder, and dorsally for the dorsal pancreas. The left mesonephric duct is projected onto the 
median section. C. At 4'A weeks13 the stomach is visible. In this left lateral view, pharyngeal membranes 1 to 3 are indicated as 
shaded areas. D. At 5 weeks15 the adenohypophysial pouch is apparent, the lobar buds are visible on the bronchi, the ventral 
pancreas has appeared, and the intestine has begun to loop ventrally. E. A few days later16, the ventral and the dorsal pancreas are 
apposed. F. Further caudally, the pelvis of the ureter (U) is dividing into cephalic and caudal poles. AH, adenohypophysial pouch; 
B, bladder, Cyst., cystic primordium; DP, dorsal pancreas; GB, gallbladder; Hep., hepatic primordium/ducts; M, mesonephric duct; 
R, respiratory evagination; St., stomach; Thyr., thyroid primordium; U, ureter, UV, umbilical vesicle and stalk (omphalo-enteric 
duct); VP, ventral pancreas. 

Esophageal Anomalies 

Esophageal and anorectal anomalies are combined 
more frequently than would be expected, and such in¬ 
fants tend to be born early. 

Esophageal stenosis is generally acquired but 
some instances of narrowing are congenital. 

Esophageal atresia is found in nearly 0.3:1.000 
births. It is usually accompanied by tracheo-esophageal 

fistula (Chapter 14). The various types may be different 
entities with different causes. Nearly half have associ¬ 
ated malformations, mostly those of the “VATER” as¬ 
sociation. Although several theories have been pro¬ 
posed, the fistula is probably an abnormal epithelial 
connection between two originally separate tubes: the 
trachea and the esophagus14. 

Esophageal diverticulum. The most frequent site 
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A B 
Mesentery 

FIGURE 13-2 Histogenesis of the intestine. A. At 5 weeks. B. 
At 9 weeks. C. The small intestine of the adult. D. The large 
intestine of the adult. 1, mucosa; 2, submucosa; 3, muscularis; 
4, serosa; C, circular layer of muscularis; L, longitudinal layer 
of muscularis; M, myenteric plexus of autonomic nervous sys¬ 
tem; S, submucous plexus of autonomic nervous system. 

of a diverticulum is at the junction with the pharynx, 
where it is termed a pharyngeal diverticulum (Fig. 13- 
25A-C). 

Congenital short esophagus, caused by failure of 

complete descent of the stomach, is rare. More com¬ 

monly the stomach may herniate secondarily into 

the thorax, forming a hiatal hernia (see later: Fig. 
13-55D). 

Ectopic gastric mucosa is sometimes present 

in the esophagus, usually in the upper end. The 

presence of gastric glands in the lower end is at¬ 

tributed to rests of gastric mucosa left during faulty 
descent. 

Esophageal duplication, the presence of two 

parallel tubes, is perhaps the result of two separate 

channels forming through the epithelial bridgework 

of the developing organ. 

Dorsal enteric cysts (sometimes referred to as 

esophageal duplications) arise early from the fore¬ 

gut and are situated in either the posterior or the 

superior mediastinum, commonly within the mus¬ 

cularis of the esophagus. They are lined by various 

types of epithelium, e.g., gastric, esophageal, or in¬ 

testinal. About half of instances are accompanied by 

a vertebral body defect. 

The Stomach 

Caudally the esophagus enters a fusiform dilatation 
known as the stomach (Figs. 13-26, 13-30, and 13- 
31)13, which is attached by dorsal and ventral mesen¬ 
teries. Intrinsic growth changes result in greater and 
lesser curvatures15’16, and the dorsal and ventral me- 
sogastria come to be attached to these borders respec¬ 
tively. The gastric wall grows more on the left than on 
the right, clefts appear in the related mesenchyme, and 
adjacent organs such as the liver undergo significant 
changes. The combination of these events results in an 
apparent “rotation” of the stomach (Nebot-Cegarra et 
al., 1999). As the coelom extends to the left, behind 
the stomach, the omental bursa is formed (see later: 
Figs. 13-50 and 13-51). As the liver develops in the 
septum transversum, the gastrohepatic part of the ven¬ 
tral mesogastrium becomes the lesser omentum (Fig. 
13-50D). The fundus arises from the body of the 
stomach17. 

A mesenchymal condensation for the internal 
muscular layer appears early18, and myofibrils can 
soon be detected22. Nerve fibers become identifiable16. 
Gastric pits22 and glands appear during trimester 1, 
and the parietal cells are the first to be differentiated 
from the stem cells. The fetus has the potential to 
produce gastric acid intrinsic factor (parietal cells) at 
the end of trimester 1, and to produce gastrin (G cells) 
from the middle of trimester 2. Gastric emptying 
seems to begin at midterm. Hydrochloric acid can be 
detected by the middle of trimester 3. The contents of 
the stomach are almost neutral at birth, but gastric 
acid is detectable within a few hours. 

Gastric Anomalies 

Infantile hypertrophic pyloric stenosis (a better term 
than congenital pyloric stenosis) gives rise to vomiting 
and weight loss and involves hypertrophy of the cir¬ 
cular musculature of the pyloric canal and reduction 
of the lumen (Fig. 13-32A). Although it has been at¬ 
tributed to absence of longitudinal muscle in the py¬ 
loric canal, most now believe that it is not a congenital 
malformation but rather a functional disorder of the 
pyloric sphincter that is present at or soon after birth. 
A defect in ganglion cells is not found, and the cause 
is unknown. A diminution of nitric oxide in the gut 
has been proposed. 

Heterotopic gastric mucosa. Heterotopia, the 
presence of tissue in an abnormal location, may occur 
in any part of the alimentary canal proximal to the 
ileocolic junction. It may be superficial (substitution 
by a mucosal area foreign to that part) or deep (af¬ 
fecting any part of the thickness of the wall). Hetero¬ 
topic gastric mucosa may be found in the esophagus, 
intestine, a diverticulum ilei (where it may ulcerate), 
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FIGURE 13-28 Sections at 6V2 weeks19 through (A) the esophagus and (B) the stomach showing (1) the mucosal epithelium 
(endoderm), (2) the submucosa, and (3) the dense tissue of the muscularis. In the section of the stomach, at the right-hand side, 
the mesothelium of (4) the serosa, and also the peritoneal cavity and a portion of the liver, are clearly visible. Cf. Fig. 13-27B. 

Separation point 

FIGURE 13-29. Important developmental changes in the trachea and esophagus. A. In the embryonic period, the separation point 
between the respiratory and digestive tubes remains at a more or less constant vertebral level (and does not ascend, as generally 
claimed). On the other hand, the tracheal bifurcation, i.e., the caudal end of the trachea, descends (and does not remain at a 
constant level, as usually assumed). The esophagus can be seen to grow more rapidly than the trachea. Based on O’Rahilly and 
Muller. B. During the fetal period and postnatally, the esophagus continues to grow and it descends with reference to the level of 
the upper gums or teeth. The type of epithelium in the esophagus is indicated below. Based on the prenatal data of Bossy et al. 

and on the postnatal data of Jackson. 
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FIGURE 13-30. The major divisions of the alimentary canal, and the major vascular territories. A. The foregut, midgut, and hindgut 
at 4V2 weeks11. The midgut is continuous with the umbilical vesicle, which has been sectioned. The foregut and hindgut do not 
yet communicate with the exterior. B. At 5 weeks15 the portion of intestine (midgut) that is continuous with the stalk of the 
umbilical vesicle has become extremely narrow. X represents the middle of the duodenum, and Y corresponds to a point near the 
left colic flexure. These points serve to delineate the portions of the alimentary canal supplied by the celiac trunk, superior 
mesenteric artery, and inferior mesenteric artery. C. These arteries are shown at 7 weeks20. The superior mesenteric artery proceeds 
to the summit of the (normally) herniated intestinal loop. App., vermiform appendix; OE, omphalo-enteric duct; St., stomach- UC 
umbilical cord; UV, umbilical vesicle. 

i ■ tn The omPha|o-enteric duct. A. Left lateral view of embryo of 6 weeks17, showing stomach and intestine. The midgut 
bop ,S in the umbilical cord and the remains of the omphalo-enteric (vitello-intestinal) duct can still be seen. B. The normal 
umbilical hernia at 8 weeks. C. The hern,a has been reduced by 9 weeks. D-C. Anomalous remains of omphalo-enteric duct D 

omphalo-enteric fistula, E omphalo-enteric cyst, F, omphalo-enteric cord, G, diverticulum ilei. C, cecum; LL. lower limb- St' 
stomach; UL, upper limb; UV, umbilical vesicle. B and C after Cullen. ’ ’ 
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Figure 13-32 Some anomalies of the stomach and intestine. A. Infantile hypertrophic pyloric stenosis in longitudinal section. 
A'. Transverse section showing hypertrophied muscle (M). A". After surgical incision (myotomy) the mucosa bulges outward. B. 
Congenital omphalocele (exomphalos). C. Congenital megacolon. D. The basis of congenital megacolon: 1, dilated, hypertrophied 
segment, which is innervated normally; 2, spastic, aganglionic segment. 

or even in the gallbladder or pancreas. It has been 
suggested that these examples are endodermal trans¬ 
formations (metaplasia) during development, perhaps 
arising in temporary diverticula. Physical displacement 
of gastric cells may account for heterotopia in the 
esophagus. 

Heterotopic pancreatic tissue may be found in the 
gastric submucosa. It is attributed either to metaplasia 
(tissue transformation) or to translocation of pancre¬ 
atic cells. 

Gastric duplication is extremely rare. Some of the 

larger examples are thought to result from faulty 

separation of endoderm and notochordal plate at 

about 3 weeks. 

The Duodenum 

The duodenum develops partly from foregut and partly 
from midgut, and the hepatic and pancreatic rudi¬ 
ments arise at or near the junction. The duodenal ep¬ 
ithelium proliferates between 4 and 7 weeks, so that 
the lumen becomes greatly reduced and may be inter¬ 
rupted17. The lumen becomes reestablished by coales¬ 
cence of vacuoles21. The migration of the biliary open¬ 
ing from a ventral position to the left side (medial 
wall) of the duodenum (Fig. 13-26D,E) is thought to 
be related to epithelial proliferation. Duodenal glands 
are found early in trimester 2. 

Rotation is unlikely in the duodenum, and 
changes in mesenteric attachment are probably caused 
by extension of the peritoneal cavity around the duo¬ 
denum and into its mesentery, and not to so-called 
retention bands. The duodenum becomes largely ret¬ 
roperitoneal as a result of increase in the surrounding 
mesenchyme. The mesentery of the midgut crosses the 
horizontal part of the duodenum ventrally (Fig. 13-33) 
and fuses with it, thereby probably accounting for the 
retention of the duodenum inside the abdomen. 

The suspensory muscle of the duodenum descends 
from near the origins of the celiac and superior mes¬ 
enteric arteries to the region of the duodenojejunal 
flexure. It develops at the beginning of trimester 3. 

Duodenal Anomalies 

Duodenal stenosis and atresia are probably caused 

by a failure of recanalization after temporary occlu¬ 

sion during development. Duodenal duplication is 

rare and its mechanisms are obscure. 

Duodenal diverticula, which are usually on the 

concave side of the second or third part, may be 

caused by persistence of normally occurring tran¬ 

sitory diverticula that are present in the embryo. (In 

the last fortnight of the embryonic period, tempo¬ 

rary epithelial diverticula into the antimesenteric 

mesenchyme are common in the small intestine.) 

Some maintain that the third part of the duo¬ 

denum, in the angle between the superior mesen- 



256 Chapter 13 THE DIGESTIVE SYSTEM 

Small intestine 

A simplified scheme to show the usual interpretation of the rotation of the intestine. A-D. The intestinal loop has 
been sectioned near its base and moved slightly away. A. Left ventrolateral view of the intestine before rotation. The umbilical loop 
is sagittal; the common dorsal mesentery has right and left surfaces. The loop will rotate in an anticlockwise direction around an 
axis represented by the superior mesenteric artery. B. A rotation of 90° has occurred, so that the mesentery is now transverse. 
Anticlockwise rotation will continue. C. Further rotation has been completed, so that the mesentery is again sagittal, but with its 
surfaces the reverse of those shown in A. D. Rotation has been completed by continued shifting of the duodenojejunal junction. 
The duodenum, which is now C-shaped, crosses below and behind the superior mesenteric artery, whereas the colon crosses above 
it. The transverse colon crosses ventral to the second part of the duodenum. 2,3,4: parts of the duodenum. E. The colon is 
elongating. The descent of the cecum suggested here between E and F has more recently been denied. F. The final arrangement 
of the mesenteries is shown. The stomach is attached by the lesser and greater omenta (1, 2), the jejunum and ileum by the 
mesentery proper (3), the transverse colon by the transverse mesocolon (4), and the sigmoid colon by the sigmoid mesocolon (5). 
The areas indicated by asterisks are the parts of the common mesentery that have become largely “fused” to the posterior abdominal 
wall. A-D are based on Fredet in Poirier and Charpy. 

teric artery and the aorta (overlying the lumbar ver¬ 

tebrae), can become compressed by the artery, 

resulting in obstruction in either adults or children. 

The term superior mesenteric artery syndrome is 

used. Congenital factors, such as a short mesentery, 

or a narrow angle between the artery and the aorta, 

have been proposed but are far from clear. 

The Midgut 

The embryonic midgut is that portion of the early em¬ 
bryonic gut that is open ventrally to the umbilical ves¬ 
icle, whereas the anatomical midgut is that portion of 
the intestine (later in development and in the adult) 

supplied by the superior mesenteric artery. The ana¬ 
tomical junction of the foregut (supplied caudally by 
the celiac trunk) and the midgut (supplied by the su¬ 
perior mesenteric artery) is at the middle of the second 
part of the duodenum (Fig. 13-30). 

The midgut (which includes part of the duodenum 
and much of the colon) develops from the roof of the 
umbilical vesicle (yolk sac) between the cranial and 

caudal intestinal portals (Figs. 13-30A and 19-7). The 

wide communication with the umbilical vesicle11 be¬ 
comes relatively reduced in size and forms the om- 

phalo-enteric (or vitello-intestinal) duct13. The midgut 
is attached to the dorsal abdominal wall by the dorsal 
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mesentery (see later: Fig. 13-52A). As the midgut in¬ 
creases in length, it forms a loop that possesses cranial 
(proximal) and caudal (distal) limbs (Fig. 13-30B)15. 
Because of their relationship to the superior mesen¬ 
teric (omphalomesenteric) artery, these limbs are also 
called pre-arterial and postarterial, respectively. The 
omphalo-enteric duct is attached to the apex of the 
loop (the future ileum) (Fig. 13-31A), and the loop is 
supplied by the superior mesenteric artery (Fig. 13- 
30C). The loop then herniates into the umbilical 
cord16. A complicated series of events involving intes¬ 
tinal rotation and fixation follows, and these will be 
described shortly. 

The Small Intestine 

The duodenum, jejunum, and ileum compose the 
small intestine (Fig. 13-33). Intestinal villi begin to 
appear in the small intestine during the embryonic 
period; the circular musculature appears and bidirec¬ 
tional peristalsis occurs. Regulatory peptides and 
brush-border enzymes are detectable. Absorptive, gob¬ 
let, and enterochromaffin cells become visible during 
trimester 2, and several disaccharidases are present. 
Transport of glucose occurs. 

In addition to villi, intestinal glands (crypts), the 
longitudinal musculature, the myenteric plexus, and 
circular folds can be detected during trimester 1, and 
they become well developed during trimester 2. The 
submucous plexus develops during trimester 2, at 
which time the enteric nervous system grows from 
both rostral and caudal ends to the middle of the in¬ 
testine (ileum). By trimester 3, peristalsis has become 
unidirectional (esophageal-anal). The muscularis mu¬ 
cosae appears before the middle of prenatal life, and 
aggregated lymphatic nodules, which are the antigen¬ 
sampling site of the gut (and contain the precursors 
of plasma cells), appear in the submucosa. Lympho¬ 
cytes are found within the epithelium of the small in¬ 
testine during trimester 1. The competent but inactive 
fetal immune system is subjected to antigenic stimu¬ 
lation (enteral feeding) in the newborn, when the in¬ 
testine has to adapt to a non-sterile environment. En¬ 
docrine cells develop early in the stomach and 
intestine, and probably participate in the regulation of 
the differentiation and growth of the alimentary canal. 
Several peptide hormones that have trophic, secretory, 
and motor effects on the intestine are secreted at mid¬ 
term. Enterochromaffin cells, which are present from 
the lower end of the esophagus to the rectum, prob¬ 
ably develop from the endoderm and not from neural 
crest. The small intestine, like the mesonephros, is 
probably involved in the biosynthesis of ornithine cy¬ 
cle intermediates. 

Each gland in the small intestine and in the colon 

(in the mouse) probably contains (at least) one ac¬ 

tive, pluripotent stem cell that can give rise to four 

principal cell lineages: enterocytes, goblet cells, 

entero-endocrine cells, and acidophil exocrine (Pa- 

neth) cells. These cells are replaced every few days. 

The Large Intestine 

The cecum and appendix, the colon (ascending, trans¬ 
verse, descending, and sigmoid parts), and the rectum 
and anal canal compose the large intestine (Fig. 13- 
33). The colon is at first narrower than the small in¬ 
testine. Villi and glands appear in the colon early in 
the fetal period, so that the prenatal development of 
the colon resembles that of the small intestine: tem¬ 
porary villi appear during trimesters 1 and 2, some 
biochemical and functional similarities exist, and the 
colon is important in nutrition neonatally. Colonic 
villi, however, disappear before birth. Digestive en¬ 
zymes are present by the end of trimester 1. Early in 
the fetal period the hindgut shows muscular layers and 
the ganglion cells of the myenteric plexus. Teniae and 
sacculations (haustra) appear in the colon during tri¬ 
mester 1. 

Meconium, which first becomes evident during tri¬ 

mester 2, is a dark green material formed mainly of 

glandular secretions, bile (which gives it its color), 

and swallowed amniotic fluid and vernix caseosa. It 

continues until a few days after birth. The intestinal 

contents are sterile until feeding by mouth begins. 

The cecum appears early as a dilatation of the 
large intestine15 (Fig. 13-33D) and serves as a useful 
landmark. It becomes conical, and the vermiform ap¬ 
pendix* can be seen to arise from its apex (Fig. 13- 
33E)17. By the middle of prenatal life, the appendix is 
attached to the medial side of the cecum. The idea that 
the appendix is a vestigial or atavistic structure is 
outmoded. 

The common claim that the cecum descends is not 
supported. On reduction of the normal umbilical her¬ 
nia, the cecum “passes promptly to the right lower 
quadrant and undergoes no subsequent change in po¬ 
sition during fetal life” (Fitzgerald et al., 1971). The 
precise distinction between the ascending colon and 
the transverse colon is at first unclear. As the intestine 
increases in length postnatally, however, the ascending 
colon is seen to elongate progressively. 

*A viewpoint contrary to the usual account is that the vermiform 
appendix arises from the remains of the omphalo-enteric stalk, and 
that a diverticulum ilei is produced by traction (K. Welvaart, 1965). 
Although this fits better with the vascular supply, the apex of the 
midgut loop (and hence the termination of the superior mesenteric 
artery) is still clearly visible at a time when the cecum14,15 and even 
the appendix17 have been identified on the caudal limb of the loop. 
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An acute left-sided appendicitis in situs inversus 
viscerum presents diagnostic difficulties because pain 
may begin on the right side. 

Intestinal Anomalies 

Stenosis of the intestine refers to a narrowing of the 
lumen, e.g., in the duodenum from an annular pan¬ 
creas (see later: Fig. 13-46B). It is rare. 

Atresia of the intestine refers to an interruption 
in the continuity of the lumen. The prevalence is 
1:1250 to 1:20,000 births. The most frequent type is a 
diaphragm formed by mucosa and submucosa (Fig. 13- 
34C). In other instances, a segment of intestine may 
be represented by a fibrous cord (Fig. 13-34D) or may 
be completely absent (Fig. 13-34E). Common sites are 
the duodenum, ileum, and jejunum. Vomiting and ab¬ 
dominal distension are frequent. 

Causation. Various theories, embryonic and fetal, 
have been proposed for atresia, the causes of which 
may differ with the type and from one instance to an¬ 
other. The chief suggestions are as follows. (1) Defects 
of the axial mesoderm. (2) Failure of recanalization 
after a temporary occlusion during development, es¬ 
pecially in the duodenum. Duodenal atresia may be a 
genetic defect (e.g., in trisomy). (3) A vascular disrup¬ 
tion in utero, e.g., thrombosis, especially in the jeju¬ 
num and ileum. (4) Various fetal mishaps, e.g., intus¬ 
susception (an internal intestinal prolapse), intestinal 
perforation, snaring of an intestinal loop in the um¬ 
bilical ring, inflammation affecting the intestine. (5) 
In (especially monozygotic) twins, the death of one 
twin followed by embolism. (Atresia occurs more 
frequently in twins than in singletons.) (6) Some ex¬ 
amples of jejunal atresia have been attributed to the 
use of methylene blue in second trimester amnio¬ 
centesis. 

Figure 13 34 Some anomalies of the intestine. A. Partial du¬ 
plication. B. Stenosis. C-E. Three types of atresia. F. A diver¬ 
ticulum. The horizontal shading represents the lumen. 

Heterotopia is the seeming capability of endoder- 
mal cells from any site in the embryonic gut of form¬ 
ing an epithelium that is characteristic of any other 
portion. Gastric epithelium and pancreatic tissue are 
the most frequently found examples of heterotopia in 
the gut. 

Duplications can occur at any level and are very 

variable in their extent, type, and causation. Some 

severe types may arise very early as a consequence 

of ectodermal-endodermal adhesions12, resulting 

also in vertebral anomalies. 

Enteric cysts are believed to be caused by a 

failure in the detachment of the notochord from the 

endoderm, such that endodermal cells freed from 

the roof of the foregut form cysts. It has been sug¬ 

gested that the cysts may even be produced from 

ecto-endodermal adhesion prior to and interfering 

with the development of the notochord. The most 

frequent site is the small intestine. The various 

causes probably include remnants of the postanal 

gut, persistence of temporary diverticula, and early 

adhesion between endoderm and ectoderm prior to 

the formation of the notochord, resulting, because 

of differential growth, in an endodermal prolonga¬ 

tion. Large cysts of similar enteric origin may pass 

through the diaphragm and be found in the thorax. 

They are generally attached to the vertebral column 

or to the spinal cord. 

Diverticulum ilei* (Fig. 13-31G) is the partial per¬ 
sistence of the omphalo-enteric duct on the antimes- 
enteric border of the ileum. The intestinal end of the 
duct has normally disappeared by about 5 weeks. Di¬ 
verticulum ilei, which is probably the most frequent 
intestinal anomaly, arises commonly about 40-50 cm 
from the ileocolic valve (a better term than ileocecal 
valve); it is 3-6 cm in length and about 2 cm in di¬ 
ameter. It keeps pace with the growth of the ileum. 
Very approximately, the prevalence of diverticulum ilei 
is 2%, the diverticulum is about 2 inches in length, 
and it is formed roughly 2 feet from the ileocolic valve. 
Most instances are without clinical manifestations. The 
diverticulum contains all the layers of the intestine, 
frequently includes some gastric mucosa (which may 
ulcerate and bleed), and rarely includes pancreatic tis¬ 
sue. Occasionally the tip of the diverticulum is at¬ 
tached to the abdominal wall or to the umbilicus. 
Other varieties of omphalo-enteric anomaly (Fig. 13- 
31) include a solid cord between the umbilicus and 
the ileum or a patent connection (fistula) between the 

*Generally associated with the name of Meckel the younger (1809), 
the diverticulum ilei was clearly described earlier, e.g., by John 
Hunter (1763) as a “process passing out from the small gut, and I 
believe always from the ileum .. . about one foot and a half from 
the caecum.” 
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umbilicus and the ileum (which may result in fecal 
discharge at the umbilicus). 

Exomphalos, or omphalocele, is a common, rela¬ 
tively large (sometimes enormous) umbilical defect of 
the anterior abdominal wall through which intestine 
protrudes into the extra-embryonic coelom of the um¬ 
bilical cord. The area is covered by a membranous sac 
(intact or ruptured) composed of amnion externally 
and parietal peritoneum internally. Omphalocele may 
be considered as a persistence of the body stalk in a 
region normally occupied by somatopleure. It is a type 
of umbilical hernia attributed to failure of the intestine 
to return to the abdomen (Figs. 13-32B and 13-35), 
although a much earlier error of growth may be at 
fault. The intestine is in the extra-embryonic coelom 
and is covered by a sac formed by the umbilical cord. 
The abdominal cavity is, probably secondary to the fail¬ 
ure of intestinal reduction, too small to receive the 
extruded intestine, which may have to be returned in 
a two-stage operation. The prevalence of exomphalos, 
in both stillborn and liveborn, is thought to be 1:2000 
to 1:4000 births. Associated anomalies (including 
chromosomal abnormalities) are frequent. 

Although herniae through a weak umbilical scar 
may be found in children, herniation in adults is 
through the linea alba above (or below) the umbil¬ 
icus (para-umbilical hernia). 

Gastroschisis, an unsatisfactory term, means lit¬ 
erally a cleft stomach. The word stomach, however, 
needs to be understood here as referring not to the 
specific organ, but in its general sense to the belly or 
abdomen. Gastroschisis is a rare, relatively small para¬ 
umbilical defect of the anterior abdominal wall 
through which viscera, including intestine, protrude 
into the amniotic cavity rather than into the extra- 

FlGURE 13-35. Omphalocele (exomphalos) containing small 
and large intestine. This was combined with macroglossia and 
other features (Beckwith-Wiedemann syndrome). Courtesy of 
Joseph R. Siebert, Ph.D., University of Washington, Seattle. 

embryonic coelom. The protruded loops are edema¬ 
tous and have a fibrous coating. A hernial sac is not 
present, suggesting a rupture of the wall. The umbil¬ 
icus and umbilical cord are not involved. It has been 
proposed that premature atrophy (or even abnormal 
persistence) of the (usually) right umbilical vein may 
cause mesenchymal damage and associated lack of 
skin in the developing abdominal wall. An alternative 
suggestion is intra-uterine disruption of the right om¬ 
phalomesenteric artery. Gastroschisis probably devel¬ 
ops within the embryonic period, but the fibrous coat¬ 
ing of the intestine appears much later, during 
trimester 3. The condition is generally regarded now 
as quite distinct from omphalocele, although this is 
still queried by some. Environmental teratogens and 
maternal dietary inadequacy are possible factors. 

A segment of intestine may become trapped in a 
fossa and later produce intestinal obstruction called 
congenital internal hernia. A variable number of 
probably congenital peritoneal pockets are present 
normally, especially near the duodenum, where they 
are known as paraduodenal fossae. 

Congenital megacolon or aganglionic colon 
(Hirschsprung disease) (Fig. 13-32C) is a neurocris- 
topathy of the enteric nervous system. A segment of 
intestine, usually the rectum and the adjacent part of 
the sigmoid colon, is aganglionic (no parasympathetic 
ganglion cells in the intramural submucous and 
myenteric plexuses), or at least hypoganglionic, re¬ 
sulting in a functional intestinal obstruction, caused 
by absence of peristalsis in the involved segment. The 
intestinal contents are not moved distally, and consti¬ 
pation and abdominal distension are found after birth. 
The part of the colon proximal to the affected segment 
is normally innervated but, because of the obstruction, 
becomes dilated and hypertrophied (megacolon) (Fig. 
13-32D). The aganglionosis is attributed to failure of 
proliferation and migration of ganglion cells from the 
neural crest to the intestinal wall. (Normally, ganglion 
cells reach the rectum and colon by 11 weeks.) The 
aganglionosis can probably occur at any phase (migra¬ 
tion, colonization, maturation) of enteric neural de¬ 
velopment. Vagal (excitatory) fibers seem to have de¬ 
scended normally, but the ganglion cells from the 
neural crest fail to accompany the fibers. Moreover, the 
intrinsic (non-adrenergic inhibitory) innervation of 
the normal colon is absent, resulting in a lack of re¬ 
laxation of the internal sphincter, with consequently a 
functional obstruction. Moreover, it is possible that the 
congenital megacolon may perhaps be caused by an 
altered microenvironment of the enteric neurons 
rather than by an arrest of neuronal migration. The 
transitional zone is aganglionic, and not normal, co¬ 
lon. The region caudal to the dilated segment is said 
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not to be constricted, and it has been proposed that 
the megacolon may be caused by defective propulsive 
reflexes mediated by the enteric nervous system. Al¬ 
though most instances are sporadic, some are genetic, 
and the long arm of chromosome 10 may be involved. 
The disease is associated with mutation in the RET 
proto-oncogene. Studies on in vitro expression dem¬ 
onstrate that the mutation results in loss of function 
of the mutant RET tyrosine kinase (RET = rearranged 
during transfection). Estimates of prevalence of con¬ 
genital megacolon range from 1:1000 to 1:30,000 
births. Familial cases (autosomal and sex-linked) are 
common, and the condition is four times more fre¬ 
quent in the male. 

Intestinal Rotation 

The herniation of the midgut loop into the umbilical 
cord16 is followed by a complicated series of events 
involving intestinal rotation and fixation. These are 
generally subdivided into three phases. 

1. Herniation. The small intestine becomes bowed 
ventrally14 and the elongating ileal part forms the in¬ 

testinal loop14,15. The apex of the loop is attached to 
the omphalo-enteric duct (Fig. 13-31A) and is in the 
line of the superior mesenteric artery. The loop un¬ 
dergoes a counterclockwise rotation (as seen from in 
front) and generally said to be around the superior 
mesenteric artery (Fig. 13-33A,B), whereby the origi¬ 
nally proximal (cranial or pre-arterial) limb moves to 
the right and the distal (caudal or postarterial) limb 
to the left16. The amount of this preliminary rotation 
is disputed. The loop is now situated in the coelom of 
the body stalk (Fig. 13-31A), thereby forming a normal 
umbilical hernia. The proximal limb undergoes exten¬ 
sive elongation and coiling (Fig. 13-30C). The colon 
remains in the median plane and the cecum appears 
as a definite enlargement15. 

2. Reduction. The intestine returns rapidly to the 
abdomen, i.e., the umbilical hernia is reduced, at 9 
weeks (40 mm) (Fig. 13-31C). The factors involved are 
obscure. Further counterclockwise rotation occurs as 
the proximal limb enters first, followed by the colon. 
The precise order in which the coils return is some¬ 
what in dispute, but it is agreed that the cecum re¬ 
turns late. 

3. Fixation. At the beginning of trimester 2 and 
continuing until after birth, the colon comes to adopt 
its final position and the mesenteries their definitive 
arrangement. The transverse colon crosses ventral to 
the duodenum (which never left the abdomen). 

Anomalies of Intestinal Rotation 

The development, the topographical arrangement, 

and the classification of these anomalies are very 

complicated. 

Mobile cecum, present in about 10% of per¬ 

sons, results from incomplete fixation of the as¬ 

cending colon. 

Retroperitoneal cecum is thought to be pro¬ 

duced by rotation around its longitudinal axis, with 

the formation of an overlying peritoneal membrane. 

Congenitally high cecum (a better term than sub- 

hepatic cecum) is possibly caused by early failure of 

the cecum to reach the right lower quadrant, or by 

an intrinsic growth defect in the ascending colon 

(Fitzgerald et al., 1971). 

Non-rotation or incomplete (“mixed”) rotation 

(Fig. 13-36) (sometimes called malrotation) of the 

midgut can cause either the distal part of the ileum 

or the colon to return first to the abdomen. The 

cecum and colon then occupy an abnormal position 

on the left (left-sided colon). Twisting (volvulus) 

of a part of the intestine is found frequently in 

such cases and causes obstruction. Some instances 

of non-rotation, however, remain symptomless 

throughout life. 

Situs inversus (as opposed to situs solitus) is 

basically a mirror-image disposition of such viscera 

as the liver and gallbladder, stomach and appendix. 

Usually both thoracic and abdominal viscera are in¬ 

volved but not necessarily so. The prevalence of 

both complete and incomplete situs inversus is 

probably 1:5000 to 1:20,000 individuals. The con¬ 

dition is of surgical importance in that only about 

half of instances are recognized before operation. 

Situs inversus of the abdominal viscera arises at the 

first phase of intestinal rotation but is probably de¬ 

termined much earlier. 

The Hindgut 

The anatomical junction of the midgut (supplied by 
the superior mesenteric artery) and the hindgut (sup¬ 
plied by the inferior mesenteric artery) is at the left 
part of the transverse colon (Fig. 13-30). 

The hindgut develops from the umbilical vesicle9,10 
and it receives the allantoic diverticulum. Its dilated 
terminal part is termed the cloaca, and this continues 
past the cloacal membrane as the temporary postanal 
gut (Fig. 15-2B)13, which arises from the caudal emi¬ 
nence and disappears at 5 weeks15. The cloaca is joined 
on each side by the mesonephric duct (Fig. 15-2A,B)12. 
The term urorectal septum is used for the increasingly 
marked line of passive separation between the allantoic 
diverticulum and the hindgut. The septum (Fig. 15- 
2A-D) is a condensation of the extra-embryonic meso¬ 
derm around the allantoic diverticulum and the hind¬ 
gut rather than a fusion of lateral folds or a coronal 
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FIGURE 13-36 Some anomalies of intestinal rotation. A. Simplified scheme of normal arrangement. B. Non-rotation. The colon 
is on the left and the small intestine on the right. The duodenojejunal flexure is absent, the cecum is on the left, and the ileum 
enters the right side of the colon. C. Incomplete (“mixed”) rotation. The congenitally high cecum lies in front of the duodenum 
and is fixed to the posterior abdominal wall. 

partition, as generally stated. As a result, the cloaca 
now becomes divided into a ventral part, the primary 

urogenital sinus15, and a dorsal part, the anorectum. 

The septum does not reach the cloacal membrane. 
When the cloacal membrane breaks down19, the anal 
orifice becomes exposed behind the tip (future perineal 
area) of the urorectal septum (Fig. 15-2D). 

Mesenchyme from the caudal eminence passes 
along each side of the cloacal membrane and forms 
the primary or superficial perineum, as well as the 
genital tubercles (Fig. 16-19C)16. From this mesen¬ 
chyme are also derived the ischial and pubic parts of 
the hip bone, and the cloacal sphincter from which 
the perineal muscles develop. The termination of the 
urorectal septum deep to the cloacal membrane ex¬ 
pands to form the perineal body of the secondary or 
deep perineum. 

The Anorectum 

In the adult, the anal canal extends from the level 

of the upper aspect of the pelvic diaphragm to the 

anus. The lower part of the canal shows differences 

in the nerve supply, the venous and lymphatic 

drainage, and, to some extent, the type of epithe¬ 

lium. The junction is at or near the pectinate line, 

which is the lower limit of the anal valves (Fig. 13- 

37). Because of possible shifting during develop¬ 

ment, this junction does not necessarily correspond 

precisely to the early development of the anal canal. 

After rupture of the cloacal membrane20-23, the an¬ 
orectal canal is temporarily closed (van der Putte, 
1986) by adhesion of its walls and by an epithelial plug, 
which is probably what was formerly termed the anal 

membrane (Nievelstein et al., 1998). Because the uro¬ 
rectal septum does not reach the cloacal membrane, 
separate urogenital and anal membranes do not de¬ 
velop. Recanalization of the anal orifice occurs at 8- 
9 weeks. 

Externally, hillocks termed anal tubercles (Fig. 16- 
19B) develop14 and fuse with each other15. These, to¬ 
gether with the primary perineum formed from the 
enlarging end of the urorectal septum, produce an 
anal pit at 7 weeks (Fig. 16-19C). The ectodermal lin¬ 
ing of the pit becomes the stratified squamous epithe- 

DEVELOPMENT ADULT 

FIGURE 13-37. Scheme of the rectum and anal canal to show 
probable development and adult features. The dotted (so-called 
white) line is at the anus. The external and internal sphincters 
have been omitted. 
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ANORECTAL AGENESIS RECTO-URETHRAL FISTULA RECTOVESICAL FISTULA RECTAL ATRESIA 

8. Examples of anorectal malformations. The inset shows normal median sections. The abnormalities 
subdivided into low (A, B), intermediate (C-F), and high (G-J). 

are commonly 

lium of the anus. Thus, the ectodermal-endodermal 
junction is probably at the lower limit of the pecten 
and the upper limit of where hairs and sebaceous 
glands appear. Longitudinal mucosal folds termed anal 
columns develop late in the embryonic period. 

Anorectal Anomalies 

Anorectal anomalies (exclusive of a temporary anal ste¬ 
nosis in the newborn) are encountered in about 1:3500 

to 1:5000 births. Associated anomalies are frequent, 
especially those involving the lumbar and sacral ver¬ 
tebrae (e.g., partial sacral agenesis), and the urogenital 
(e.g., renal) system (Fig. 13-38). Anorectal malforma¬ 
tions are accompanied by tracheo-esophageal fistula 
more frequently than would be expected. 

Causation. The origin of the various types of an¬ 
orectal malformation is highly speculative. It is usually 
maintained that a failure in the development of the 



THE ALIMENTARY CANAL 263 

anorectum is combined with incomplete partition of 

the cloaca, resulting in fistulae. Anal stenosis, covered 

anus, and anorectal and rectal atresia may be merely 

caudally situated examples of intestinal stenosis and 

atresia in general, although other theories are not 

lacking. For example, anorectal agenesis has been at¬ 

tributed to excessive proximal obliteration of the post- 

anal gut and the adjacent portion of the cloaca, re¬ 

sulting proximally in a blindly ending intestine. 

It has been suggested that anorectal malforma¬ 

tions are the mildest, and symmelia the most severe, 

expression of the caudal regression syndrome (Duha- 

mel). In a different approach, it is held that most an¬ 

orectal malformations are caused by an early appear¬ 

ing defect of the dorsal part of the cloacal membrane 

(van der Putte, 1986), resulting in an ectopic anal or¬ 

ifice (situated too anteriorly) and an abnormal com¬ 

munication or “fistula” (Nievelstein et al., 1998). A 

malformed or occluded anus in a normal position may 

have a later origin, having been caused by defective 

recanalization of the normally occluded anal orifice 

(ibid.). 

Classification. Several rather complicated and de¬ 

tailed classifications of anorectal malformations have 

been proposed. The emphasis now is on the relation¬ 

ship to the puborectal part (the chief muscle of con¬ 

tinence) of the levator ani. Thus the anomalies are 

subdivided into (a) high, above the levator and more 

serious, (b) intermediate, with a complex relationship 

to the levator (the gut ending above the levator and a 

fistula within the levator), and (c) low, at or below the 

levator. A further important distinction is made be¬ 

tween “communicating” defects, in which the intestine 

communicates with the perineum or with the urogen¬ 

ital system (allowing the passage of meconium), and 

“non-communicating,” in which the intestine ends 

blindly. Some thirty types of anorectal anomaly have 

been described; only the most frequent and best 

known will be mentioned here. 
Although some anomalies are common to both 

male and female, others are distinctive, so that male 

and female conditions are better described separately. 

• A. In the male. The most frequent anorectal mal¬ 

formations in the male are anorectal agenesis with 

recto-urethral fistula, anocutaneous fistula (cov¬ 

ered anus), anal stenosis, and anorectal agenesis 

without fistula. 

(a) High abnormalities are deep malformations that 

involve the secondary or deep perineum and it has 

been proposed that they are various possibilities 

resulting from abnormal caudal regression 

(Duhamel). 

Anorectal agenesis with recto-urethral fistula 

(Fig. 13-38H) is the most frequent anorectal mal¬ 

formation in the male, accounting for nearly one- 

third of instances. The fistula, which enters the 

prostatic urethra, is very fine, so that the infant 

presents with intestinal obstruction and distension. 

Rectovesical fistula (Fig. 13-381) is rare. Anorectal 

agenesis without fistula (Fig. 13-38G) is common. 

It has been attributed to regression of the postanal 

gut beyond the urorectal septum, whereby the de¬ 

ficient rectum no longer communicates with the 

urogenital sinus. The rectum usually reaches the 

upper surface of the pelvic floor, and the anal canal 

is generally absent. Rectal atresia (Fig. 13-38J) is an 

interruption in the rectum in the presence of a nor¬ 

mal anal canal and anus. It is probably caused by a 

vascular deficiency. High rectal atresia in which the 

perineum is not involved may be merely a type of 

general intestinal atresia. 

(b) Intermediate abnormalites. Recto-urethral 

fistula (Fig. 13-38D) at the intermediate level is 

rare. The fistula enters the spongy urethra, usually 

at the intrabulbar fossa. Anal agenesis without fis¬ 

tula (Fig. 13-38C) includes a blindly ending rectum. 

(c) Low abnormalities. Anocutaneous (i.e., be¬ 

tween the anal canal and the skin surface) fistula is 

the most frequent anal malformation. The distinc¬ 

tion, however, between a fistula and an anus may 

not always be clear. Anocutaneous fistula is the 

main type of covered anus (Fig. 13-38B), a term 

based on the idea that the genital folds close over 

the anal orifice and that the anal tubercles fuse pre¬ 

maturely. Anal stenosis (Fig. 13-38A) refers to a 

narrowed, partially covered anal orifice at the nor¬ 

mal anal site. Complete anal occlusion, which is 

rare, may be caused by defective recanalization of 

the occluded anal orifice. 

• B. In the female. The situation in the female is 

complicated by the arrival of the paramesonephric 

ducts between the urogenital and intestinal pas¬ 

sages. The most frequent anorectal malformations 

in the female are anorectal agenesis with rectovag¬ 

inal fistula, anovestibular fistula, anocutaneous fis¬ 

tula (covered anus), and anterior perineal anus. 

(a) High abnormalities. Anorectal agenesis with 

rectovaginal fistula, which may also be intermediate 

(Fig. 13-38F), is characterized by the opening of the 

rectum into the portion of the urogenital sinus that 

is believed to become the lower part of the vagina. 

In some instances it is a component of a cloacal 

malformation, and in others a rectocloacal fistula is 

present. Anorectal agenesis without fistula resem¬ 

bles that in the male (Fig. 13-38G). Rectal atresia 

and rectovesical fistula are both rare. 

(b) Intermediate abnormalities. Rectovestibu¬ 

lar fistula (Fig. 13-38E) is a long, narrow commu- 
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nication between the anorectal canal and the ves¬ 

tibule (between the labia minora). Rectovaginal 

fistula (Fig. 13-38F) is basically similar to that 

found as a high malformation, mentioned already. 

Anal agenesis without fistula includes a blindly end¬ 
ing rectum. 

(c) Low abnormalities. Anovestibular fistula, 

which may perhaps be more properly termed an in¬ 

termediate anomaly, is a short communication be¬ 

tween the anal canal and the vestibule (between the 

labia minora). Anocutaneous fistula is the main 

type of covered anus and is similar to that in the 

male. The opening, although it is in front of the 

normal anal site, does not extend as far as the ves¬ 

tibule. Anal stenosis resembles that in the male. 

Cloacal malformation is a term used when the 

intestine and the urinary and reproductive systems 

end in a common channel that empties on the per¬ 

ineum by a single orifice. The most serious exam¬ 

ples are those associated with vaginal obstruction, 

resulting in the accumulation of fluid in the uterus 

and vagina (hydrometrocolpos). Such conditions 

are usually assigned to faulty subdivision of the 
cloaca. 

■ THE LIVER 

The first indication of the liver is an endodermal thick¬ 

ening (the hepatic plate) in the roof of the midgut (but 

soon incorporated into the foregut) at about 4 weeks10. 

This prehepatic endoderm, derived originally from the 

primitive streak, is believed to be induced by meso¬ 

derm in the cardiac area. An appropriate mesenchyme 

seems to be necessary (in the chick) for the hepatic 

endoderm (epithelio-mesenchymal interaction). 

A hepatocystic diverticulum appears11 and two 

parts can soon be distinguished: hepatic and cystic di¬ 

verticula12. These develop from the endodermal plate 

and invade the splanchnic mesoderm of the septum 

transversum (Fig. 13-39A). The hepatic diverticulum 

gives rise to cellular masses that intermingle with si¬ 

nusoids. These are usually termed “cords,” but the he¬ 

patic cells are more probably arranged as plates. 

Hepatic Cells 

Hepatic stem cells are derived from endoderm and give 

rise to hepatoblasts, which form hepatocytes and also 

the “ductal plate,” described below. An additional ori¬ 

gin of hepatic parenchyma from the lining of the coe¬ 

lom has not met with general acceptance. 

Hepatocyte growth factor, which is expressed in 

epithelial tissues, is involved in many cells other than 
hepatocytes. 

Hepatic Regeneration 

The adult liver contains putative stem cells at the junc¬ 

tion between hepatocytes and the small ductules of the 

biliary tree. These cells can generate hepatocytes and 

intrahepatic biliary branches. Indeed, the liver may 

well consist of a slowly renewing tissue like the intes¬ 
tine and skin. 

Early development of the liver. A. Median section showing hepatic and cystic diverticula before 4y2 weeks12 Sinu 
soids are visible within the hepatic epithelium. B. Further growth of the liver at 4>/2 weeks13. C. The ductal system at 5 weeks15 
The gallbladder and the ventral pancreas are now evident. D. Ventral view of the ductal system at 6 weeks17 BD bile duct- Cvst' 
cystic diverticulum; D2, duodenum (2nd part); DP, dorsal pancreas; GB, gallbladder; Hep., hepatic diverticulum’and/or ducts- R 
respiratory diverticulum; St., stomach; SV, sinus venosus; VP, ventral pancreas. 
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It has been shown that abnormally short telomeres 

in hepatocytes predispose to cirrhosis, which can be 

relieved (in rats) by restoring telomerase activity. 

After partial hepatectomy the liver regains its orig¬ 

inal mass within weeks or months. The source of the 

hepatocytes that participate in regeneration is not en¬ 

tirely clear. Stem cells were mentioned above, but ma¬ 

ture hepatocytes in the adult can proliferate when 

stimulated to do so, e.g., after most injuries to the 

liver. It has been proposed that such cells dedifferen¬ 

tiate under the influence of hepatocyte growth factor 

and other factors, and then redifferentiate. Prolifera¬ 

tion of non-parenchymal cells follows: biliary epithelial 

cells, fenestrated endothelial cells, sinusoidal macro¬ 

phages (of Kupffer), and stellate cells (of Ito). 

Hepatic Vasculature 

The capillaries of the developing liver become the he¬ 

patic sinusoids, which arise from closed vesicles (Fig. 

13-40A). The hematopoietic elements, stellate macro¬ 

phages (of Kupffer), and fibrous tissue are derived 

from the splanchnic mesoderm of the septum trans- 

versum. It has also been proposed, however, that the 

lining of the sinusoids may arise from undifferentiated 

sinusoidal stem cells. The sinusoids unite to form a 

network that becomes connected with the omphalo¬ 

mesenteric veins. 

As the liver grows laterally, the umbilical as well 

as the omphalomesenteric veins become incorporated 

into it (Fig. 13-40B). A large venous trunk develops 

among the sinusoids and shunts oxygenated blood 

from the (left) umbilical vein to the inferior vena cava. 

This vessel is the ductus venosus (Fig. 12-40B,C), 

which atrophies after birth and remains as the liga- 

mentum venosum (Fig. 12-40D). 

INTRAHEPATIC DUCTAL SYSTEM 

The hepatic diverticulum branches to form hepatic 

ducts14, which arise from a stem termed the common 

hepatic duct (Fig. 13-39C)15. The common hepatic and 

cystic ducts converge at the bile duct, which com¬ 

municates with the duodenum (see later: Fig. 13- 

44B)14. 

The biliary canaliculi arise from the juxtaposition 

of two or more adjacent parenchymal cells, and they 

become sealed by junctional complexes that separate 

them from the perisinusoidal space (of Disse). Short 

intercalated ductules (canals of Hering) connect the 

canaliculi with the interlobular bile ducts in the portal 

areas. 

Ductal plate is a term used for a sheath of biliary 

epithelium that develops from hepatoblasts in the mes¬ 

enchyme along the branches of the portal vein (Table 

13-3). The intrahepatic biliary ducts (biliary canaliculi 

Cardinal vv 

FIGURE 13-40. The changes undergone by the omphalomesenteric (vitelline) and umbilical veins in the region of the liver. The 
liver (shaded) is shown as if transparent. A. Ventral view of the liver at about 4V2 weeks. The omphalomesenteric veins drain into 
the hepatic sinusoids and thence into the sinus venosus. Three cross-anastomoses between the omphalomesenteric veins encircle 
the gut. Anastomosis 2 (the future portal vein) passes dorsal to the duodenum (inset). The umbilical veins drain into the sinus 
venosus but will soon be tapped by the hepatic sinusoids. B. Ventral view of the liver at about 6 weeks. Basically, the right 
omphalomesenteric vein has become the portal vein caudally and hepatic veins cranially. The right umbilical vein has disappeared, 
whereas the left umbilical vein has enlarged and carries oxygenated blood via a new, diagonal route (the ductus venosus) through 
the sinusoids and on to the inferior vena cava. 1,2,3 cross-anastomoses; IVC, inferior vena cava; SV, sinus venosus. B is based largely 

on Mall. 
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TABLE 13-3 The Ductal System of the Liver 

E 
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d 
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d 
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Hepatic 

diverticulum 

Cystic 

diverticulum 

. Stem cells 

Hepatoblasts \ 
Hepatocytes 

“Ductal plate" 

INTRA- 
HEPATIC 

EXTRA-' 
HEPATIC 

Biliary canaliculi 

Biliary ductules 

Interlobular ductules 

Hepatic ducts- 

Cystic duct 

Gallbladder 

& 

and ductules, portal and interlobular hepatic ductules) 

are now believed to arise from the ductal plate (Vijayan 

and Tan. 1997). A solid ductal phase is denied, so that 

no joining up of the extra- and intrahepatic systems is 

required: they are in luminal communication during 

prenatal as well as postnatal life. 

Certain parts of the ductal plate become elimi¬ 

nated. whereas those retained are transformed into an 

anastomosing system of biliary conduits (as seen in the 

adult) and acquire cvtokeratin 19 in doing so. This 

process begins at the porta hepatis early in the fetal 

period, and then spreads to the periphery of the liver, 

where it may perhaps continue even after birth. 

Lobules 

Although the liver appears to develop as a compound 

tubular gland, its architecture becomes dependent on 

its peculiar vascular pattern. Numerous lobules of var¬ 

ious kinds develop within the liver (Fig. 13-41). (1) 

Secretory or portal lobules are arranged around the 

biliary’ ductules within the liver. These are situated in 

portal areas, each of which contains a branch of the 

portal vein, a branch of the hepatic artery, and a biliary 

ductule. (2) Vascular lobules are arranged around the 

central veins, which are tributaries of the hepatic 

veins. Portal areas are situated on the periphery of a 

vascular lobule. (3) Acini are centered around the ter¬ 

minal branches of the hepatic artery’ and portal vein. 

Lobes 

The liver can be divided into right and left anatomical 
lobes (Fig. 13-42A), which are demarcated on the di¬ 

aphragmatic surface by the attachment of the falciform 

Figure 13-41 Types of lobulation in the liver. Based partly on 
Ham. More recently, it has been maintained that the (porcine) 
vascular lobule may be pentagonal rather than hexagonal. 

ligament, and on the visceral surface by the fissure for 

the ligamentum venosum behind and the fissure for 

the ligamentum teres in front. The right anatomical 

lobe includes smaller subdivisions termed the caudate 
and quadrate lobes. 

"The liver is right-sided from its first ap¬ 

pearance”11, a greater volume being found to the right 

of the median plane (Hutchins and Moore, 1988). The 

liver grows very rapidly during the embryonic period 

and is relatively at its maximum at the beginning of 

the fetal period, when it fills the greater part of the 

abdomen. As its growth rate diminishes, the left lobe 

is more affected, thereby accentuating the domination 
of the right anatomical lobe. 

The liver is actually a symmetrically structured bi¬ 

lateral organ that consists of right and left halves 

known as functional lobes. The plane of division be¬ 

tween them extends forward from the gallbladder and 

inferior vena cava, somewhat to the right of the fal¬ 

ciform ligament and the median plane (Fig. 13-42B). 

The right and left functional lobes receive, respec¬ 

tively, the right and left branches of the portal vein 

and of the hepatic artery proper, and give rise to the 

right and left hepatic ducts. The functional lobes are 
nearly equal in weight. 

Large vascular regions known as hepatic segments 

become established during trimester 1 and are based 

on portal and ductal distribution within the lobes. 

Attachments 

The mesenchyme of the septum transversum (1) in 

relation to the diaphragm and ventral abdominal wall 

forms ligamentous attachments of the liver: coronary, 

triangular, and falciform ligaments; (2) surrounding 

the liver becomes the hepatic capsule; and (3) in re¬ 

lation to the foregut develops into the lesser omentum. 
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To R atrium 

Figure 13-42. Types of lobation in the liver. A. Visceral (inferior) surface of adult liver showing right and left anatomical lobes, 
separated by an (interrupted) line of division. The right lobe is much larger and includes the caudate and quadrate lobes. The porta 
hepatis is the hilum of the liver. B. Right and left functional lobes (based on vessels and ducts) separated by a different (interrupted) 
line of division, situated more to the right. C. Liver showing fetal circulation. Oxygenated blood from the placenta is carried 
successively by the left umbilical vein, the ductus venosus, and the inferior vena cava to the right atrium. Postnatally, part of this 
pathway becomes the ligamentum teres and the ligamentum venosum. The ligamentum teres lies within the falciform ligament. 
The portal vein and the hepatic artery (not shown) provide a double blood supply to the liver; the blood is distributed by the 
sinusoids within the liver and is drained by the hepatic veins into the inferior vena cava. CL, caudate lobe; DV, ductus venosus; 
GB, gallbladder; IVC, inferior vena cava; QL, quadrate lobe. 

As the liver projects from the caudal aspect of the sep¬ 
tum transversum, it can be considered to be within 
the ventral mesentery (see below: Fig. 13-50). The liver 
is largely surrounded by visceral peritoneum, except 
where it maintains contact with the remains of the 
septum transversum (future diaphragm), which is 
known as the bare area of the liver. 

Prenatal Function 

At 5-6 weeks the liver begins its hematopoietic activ¬ 
ity (see also Chapter 10). This function reaches its 
maximum near the end of trimester 2 and then de¬ 
creases rapidly before birth, although the liver of the 
newborn still contains much hematopoietic tissue. The 
hematopoietic cells, which are situated extravascularly 
and in close contact with the hepatic cells, may be 
descendants of the proliferating mesothelium or be 
transformed hepatic cells. The red blood corpuscles 
and leukocytes pass through the wall of the sinusoids 
and enter the circulation. 

Enzymes of the orinithine cycle become expressed 
early14 in the human liver (compared with the rapidly 
growing rodent embryo, which seems not to be a suit¬ 
able animal model). Many specific enzymes appear in 
the liver at specific times (in functional “enzyme clus¬ 
ters”), both pre- and postnatally. The profile of specific 
proteins changes during development, and some of the 
enzymes are synthesized de novo at appropriate times. 
The human embryonic liver probably obtains much of 
its metabolic energy from acid catabolism. It has been 
postulated that the liver changes from a primarily gly¬ 
colytic role in trimesters 1 and 2 to a gluconeogenic 
role shortly before birth. 

Glycogenesis and the formation of bile (which col¬ 
ors the meconium) begin early in trimester 2. Hyper¬ 
bilirubinemia is very common in the neonate. 

The Gallbladder 

The gallbladder and the extrahepatic ductal system 
arise from the cystic diverticulum (Fig. 13-39A and 
Table 13-3)12 and become recognizable as a localized 
dilatation (Fig. 13-39C)14 in continuity with the de¬ 
veloping cystic and bile ducts. The lumen of the gall¬ 
bladder is reported to become solid and then, reesta¬ 
blished at the end of trimester 1. The gallbladder 
acquires a muscular coat early in the fetal period. The 
sphincter of the bile duct probably arises indepen¬ 
dently from surrounding mesenchyme (which also 
contributes a sphincter for the pancreatic duct), and 
apparently it is not continuous with the musculature 
of the duodenum. 

Variations and Anomalies of 

the Liver and Gallbladder 

Variations in the ducts and blood vessels near the hi¬ 
lum of the liver (porta hepatis) are of surgical impor¬ 
tance. The right and left hepatic ducts unite, generally 
outside the liver, to form the common hepatic duct 
(Fig. 13-43A). Variations of the hepatic ducts are fre¬ 
quent. The bile duct and the main pancreatic duct 
arise in common and at first enter the duodenum to¬ 
gether at the hepatopancreatic ampulla. Growth of the 
duodenum tends to absorb some of the ampulla, so 
that the ducts may open separately. Variations of the 
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FIGURE 13- Examples of ductal variations and anomalies. A. Extrahepatic union of right and left hepatic ducts. B. Intrahepatic 
union of right and left hepatic ducts. C. Absence of common hepatic duct. D. Accessory hepatic duct. E. Low union of cystic and 
common hepatic ducts. F. Absence of bile duct. G. Duplication of gallbladder. H. Extrahepatic biliary atresia. D2, second part of 
duodenum; GB, gallbladder. 

bile duct are also frequent. The gallbladder may rarely 

be absent, rudimentary, bilobed or duplicated (Fig. 13- 

43G). The cystic duct may be extremely short, or du¬ 

plicated, or atretic. Variations of the hepatic and cystic 
arteries are common. 

Biliary atresia is the absence of intrahepatic biliary 

ductules (biliary canaliculi are present) and/or extra¬ 

hepatic ducts, such as the hepatic ducts and the bile 

duct (Fig. 13-43H). The prevalence is about 1:10,000 

to 1:12,000 live births, and it is the most frequent 

cause of persistent jaundice in the newborn. A com¬ 

mon type involves a fibrous bile duct at the porta 
hepatis. 

Extrahepatic biliary atresia is characterized by 

proliferation of interlobular biliary ductules and neo¬ 

natal hepatitis (viral?). The atresia commonly involves 

the bile duct and the cystic duct, and sometimes the 

gallbladder. Theories of origin have included failure of 

recanalization of solid epithelial cords. Some consider 

the cause to be an acquired hepatitis (viral?) rather 

than a developmental malformation. 

Intrahepatic biliary atresia (a deficiency of inter¬ 

lobular biliary ductules) has an obscure relationship to 

the extrabiliary form. Intrahepatic may be an extension 

of extrahepatic atresia (based on a common origin for 

the entire biliary tree), but some consider it to be ac¬ 

quired rather than developmental. The most widely 

held theory of intrahepatic atresia is a failure of the 

transformation of the ductal plate into the biliary 
ducts. 

Surgical relief of biliary obstruction in infants is 

generally by hepatic proto-enterostomy and, if unsuc¬ 
cessful, hepatic transplantation. 

I THE PANCREAS 

The pancreas develops from two endodermal primor- 

dia: dorsal and ventral (Fig. 13-44), each derived from 

endoderm. A trophic stimulus from the associated 

mesenchyme is required (epithelio-mesenchymal in¬ 

teraction). The dorsal pancreas is seen as a diverticu- 
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lum of the foregut before 4 weeks (Fig. 13-44A,B)12, 

and it grows into the dorsal mesentery. The ventral 

pancreas appears as an evagination from the bile duct 

(at the biliary-duodenal angle) between 4V2 and 5 

weeks (Fig. 13-44C)13~15. In at least some cases, it may 

be bilobed or even multiple. Associated with the 

growth changes occurring in the duodenum, the dor¬ 

sal and ventral components come together16 and fuse 

promptly (Figs. 13-45 and 13-44G-I)17. Secondary 

branchings result in the typical glandular arrangement 

of the organ into ducts and acini. Both acini and islets 

are derived from ductal tissue, and regeneration of 

both occurs after partial removal. It is likely that a 

population of stem cells in the ducts produces a slow 

but continuous turnover of cells. The development of 

the acini from terminal ductal cells begins early in the 

fetal period, when enzymes can be detected. The con¬ 

nective tissue component arises from splanchnic me¬ 

soderm; it decreases during childhood. Cells of the 

neural crest colonize the foregut and are believed to 

enter the pancreas (in the rat) and form ganglia that 

are part of the enteric nervous system. The develop¬ 

ment of the pancreas (according to Delmas, 1939) is 

summarized below. 

The pancreas consists of a head, a body, and a 

tail. The anterior part of the head is probably 

derived from the dorsal component, whereas the 

posterior part of the head (including the tuber 

omentale and the uncinate process) arises from 

the ventral pancreas (Fig. 13-44K,L). The body 

and tail are part of the dorsal pancreas. 

PANCREATIC DUCTS 

From the body of the organ, the dorsal duct comes to 

be tapped by the ventral duct (Fig. 13-44M), which 

opens into the hepatopancreatic ampulla at the greater 

duodenal papilla. The main pancreatic duct is thereby 

formed. Its opening is generally in common with that 

of the bile duct (Fig. 13-44K). The original termination 

of the dorsal duct, now called the accessory pancreatic 

duct, drains more proximally into the duodenum at 

the lesser duodenal papilla. The dorsal and ventral 

ducts usually continue to open separately into the duo¬ 

denum, but in some cases the accessory duct (original 

termination of the dorsal duct) fails to persist. Less 

frequently, the main drainage of the organ is by way 

of the accessory duct. Fusion of the dorsal and ventral 

ducts at two points is said to be a frequent variation. 

The arrangement of the pancreatic ducts, the bile duct, 

and the sphincters (choledochal, ampullary, and pan¬ 

creatic) in relation to the duodenum is very compli¬ 

cated, and variations and anomalies are common.* 

Varying degrees of suppression of either the main or 

the accessory pancreatic duct may be found, and a lack 

of connection between the two ducts (termed isolated 

ventral pancreas) is not unusual. 

Pancreatic Islets 

The islets, i.e., the endocrine cells of the pancreas, be¬ 

gin to differentiate early in the fetal period or even in 

the embryonic period. Two generations are described. 

The cells are of various types and contain glucagon (A 

cells), insulin (B cells), and somatostatin (D cells). 

They arise as cellular buds from the endodermal tu¬ 

bules and later mostly sever their ductal connections. 

They are not believed to be of neural crest origin. All 

the various protein/peptide-secretory cells, both exo¬ 

crine and endocrine, probably arise from the same plu- 

ripotent stem cells of endodermal origin. The terminal 

ductal cells give rise to (1) the endocrine cells, (2) the 

acinar cells, and (3) the definitive ductal epithelium. 

Transitions between ductal and islet cells are found. 

Secretory activity probably becomes established in the 

pancreas during trimester 2, although this has been 

disputed. 

Pancreatic Anomalies 

Heterotopic pancreatic tissue (sometimes including is¬ 

lets) may be found embedded in the alimentary canal, 

especially in the stomach or duodenum, or in a diver¬ 

ticulum ilei. This heterotopia is attributed to metapla¬ 

sia (pancreatic differentiation of pluripotent endoder¬ 

mal cells), to abnormal transplantation of pancreatic 

cells during development, or, in the duodenum, to 

pancreatic differentiation of submucosal glands. 

Annular pancreas (Fig. 13-46B) is a condition in 

which the organ encircles the second part of the duo¬ 

denum and may constrict it. Associated anomalies, in¬ 

cluding trisomy 21 (Down syndrome), are frequent. 

The mode of development is unknown, but several un¬ 

convincing theories have been proposed. According to 

one, an extension or hypertrophy of the ventral pan¬ 

creas might hook around the future right side of the 

duodenum and fuse in front with the dorsal pancreas. 

This theory is compatible with the most frequent duc¬ 

tal pattern found in annular pancreas. 

Cystic fibrosis (mucoviscidosis) is a serious dis¬ 

ease of secretory epithelia, and one of the most fre- 

*The qualifying adjective “common” for the bile duct is unneces¬ 

sary, because the duct is formed by the union of the cystic and 

common hepatic ducts. The confusing and totally unnecessary 

eponyms for the pancreatic ducts are Wirsung for the main, work¬ 

ing duct, and Santorini for the supplementary, accessory duct. 
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Figure 13-45 Reconstruction of the pancreas and biliary system at 6 weeks17. Drawing by Mr. James F. Didusch of a reconstruction 
by Mr. Osborne 0. Heard. 

quent fetal genetic disorders. The pancreas is one of 

the major sites. Decrease in fluid and salt secretion 

results in blockage of exocrine outflow from the pan¬ 

creas, which is usually small and may be cystic. Mucus 

accumulates in the airways, causing chronic pulmo¬ 

nary disease. Failure of chloride secretion and in¬ 

creased sodium absorption occur in the lung and lead 

to dry secretions and impaired clearance of thick mu¬ 

cus. Combined with chronic bacterial inflammation, a 

fatal result from respiratory insufficiency is likely. 

Electrolytes are increased in sweat. The sudoriferous 

(sweat) glands show abnormal secretion and reabsorp¬ 

tion, and their high salt content provides a sweat test 

for cystic fibrosis. Intestinal obstruction (;meconium 
ileus) may occur and is caused by a thick meconium 

from abnormal pancreatic mucus. The primary defect 

is in chloride transport: chloride channels are plugged, 

and water is taken up by the cells, resulting in thick, 

dry mucus. 

The condition is inherited (autosomally recessive) 

and the gene is in chromosome 7. In most instances 

the mutation is similar (a deletion, designated 

AF508), although several hundred mutations, 

mostly point mutations, have been identified. The 

gene encodes a protein, the cystic fibrosis trans¬ 

membrane (conductance) regulator (CFTR), con¬ 

cerned with the chloride channel. The genetic lesion 

is expressed in the airway and in many other epi¬ 

thelial cells, in which chloride cannot leave through 

the plugged chloride channel. Instances have been 

recorded in which two copies of the cystic fibrosis 

mutation have been inherited from only one parent 

(uniparental disomy for chromosome 7), i.e., ex¬ 

pression of an autosomal recessive disorder when 

only one parent is a carrier. The prevalence, about 

<s--- 

FIGURE 13-44 Development of the pancreas. A-C. The dorsal pancreas (blue) appears first12 and then15 the ventral pancreas 
(yellow). D. Transverse sections at the levels shown in C. E-H. Scheme (looking distally down the duodenum) to show the 
appearance of the ventral pancreas (in F) on the side of the duodenum (D) opposite the dorsal pancreas. The ventral component 
approaches the dorsal (in G) so that the two can fuse (in H). I. The constitution of the pancreas at 6 weeks17, according to Delmas. 
J. The ductal system showing that the dorsal duct opens proximally and the ventral duct (in common with the bile duct) distally 
into (part 2 of) the duodenum. K, L. Anterior and posterior views of the adult pancreas showing probable embryonic components 
according to Delmas. M. Three common patterns of the ductal system in the adult. Usually (uppermost drawing) the dorsal duct 
is tapped by the ventral duct to open distally at the greater duodenal papilla. Obliteration of the accessory duct (middle drawing) 
is also frequent. Occasionally contact is lacking between the dorsal and ventral ducts (lowest drawing). Another variation (not 
shown) is a descending loop (ansa) formed by the dorsal duct. BD, bile duct; Cyst., cystic primordium; D, duodenum; DP, dorsal 
pancreas; GB, gallbladder; Hep., hepatic primordium/ducts; P, greater duodenal papilla; St., stomach; T.o., tuber omentale; UP, 

uncinate process; VP, ventral pancreas. 
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FIGURE 13-4 Anomalies of the pancreas. A. Rare example of 
an adult pancreas in which the dorsal and ventral components 
remained separate. After Bossy. B. Annular pancreas showing a 
ring of pancreatic tissue completely surrounding the second 
part of the duodenum. DP, dorsal pancreas; VP, ventral pan- 
crease. From Theodorides, reproduced by Gray and Skandalakis. 

1:2000, varies from 1:620 to 1:90,000 in different 

parts of the world. 

Treatment includes thoracic physiotherapy and 

antibiotics. Much attention is now being given to 

gene therapy, such as the introduction of a normal 

copy of the gene into the defective cells using either 

a retroviral vector (transferred directly into arterial 

walls) or liposomes (inhaled aerosols). 

I THE COELOM, 

MESENTERIES, AND 

DIAPHRAGM 

The Coelom 

The coelom* is a walled-off, fluid-filled space in the 

extra-embryonic and intra-embryonic mesoderm. 

Because of the importance of its walls, the intra- 

embryonic coelom (body cavity) has been considered 

as a tubular blastema that contributes to various tho¬ 

racic organs. 

Small spaces appear bilaterally in the lateral plate 

mesoderm and fuse, thereby forming the intra-embry¬ 

onic coelom, which is at first a horseshoe-shaped 

(pericardial) cavity in the cardiac region (Fig. 13- 

47A)9. Next it communicates caudolaterally with the 

extra-embryonic coelom (Fig. 13-47B)10, which has ap¬ 

peared a week earlier. The pericardial cavity is contin¬ 

uous on each side with the more caudally situated part 

of the coelom, namely the future peritoneal cavity 

(Fig. 13-47C). These bilateral communications, which 

pass dorsal to the septum transversum, are known as 

the pericardioperitoneal canals or ducts (Figs. 13-47C' 

*Coelom (Greek, koilia, a cavity) should be distinguished from 

Greek, kele, a hernia, as in omphalocele. 

Development of the coelom. A. Dorsal view of semitransparent embryo at 3V2 weeks9, showing horseshoe-shaped 
pericardial coelom. A'. Cross section indicating the cardiogenic plate ventrally. B. T\vo days later10, the pericardial cavity is more 
extensive and the dorsal mesocardium is evident. In B' the layers of the heart can be seen: endocardial tube, cardiac jelly, and 
myocardial mantel. In B (through somite pair 8) the communication between the intra- and the extra-embryonic coelom is visible 
C. At 414 weeks , showing further enlargement of the coelom. C' is a section through the pericardioperitoneal canals C" shows 
the midgut and its mesentery projecting into the peritoneal cavity. D. At 5 weeks16, showing the three components of the coelom- 
pericardial, pleural, and peritoneal. D' is through the hindgut and its mesentery. All., allantoic diverticulum; Ao aorta- RA and 
LA, RV and LV, right and left atria and ventricles; S8, somite 8; Umb. a. and v„ umbilical artery and vein 
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FIGURE 13-48 Scheme to summarize the development of the coelom. A. The intra- and extra-embryonic components, and the 
bilateral communication between them. B. The pericardial and peritoneal cavities are becoming defined, and they communicate 
with each other through the pericardioperitoneal canals (a). C. The pleural cavities have begun to develop, and they communicate 
with the previous cavities through the pleuropericardial (b) and pleuroperitoneal (c) canals, a, pericardioperitoneal canal; b, pleuro¬ 
pericardial canal; c, pleuroperitoneal canal. 

and 13-48B). Each becomes invaginated from the me¬ 

dial side to receive the developing lung bud13, and the 

coelom consists of three serous cavities: pericardial, 

pleural (paired), and peritoneal (Fig. 13-49C). The dor¬ 

solateral part of the septum transversum forms a fold 

for the common cardinal vein. This pleuropericardial 

membrane bounds the pleuropericardial canal laterally 

(Fig. 13-49A.B). The septum transversum is connected 

to the mesonephros by a fold. This pleuroperitoneal 

membrane (Fig. 13-49A.C) bounds the pleuroperito¬ 

neal canal laterally and probably contributes slightly 

to the diaphragm. Finally, at 6 weeks, the peritoneal 

cavity will become closed off from the extra-embryonic 

coelom at the umbilicus. 

Each of the serous cavities derived from the intra- 

embryonic coelom possesses a parietal (somatopleuric) 

Schemes to 
show the subdivision of the 
coelom. A13. The pericardial, 
pleural, and peritoneal portions 
of the coelom are still in 
communication (arrows). B13. 
Horizontal scheme showing the 
pleuroperitoneal canals. C15. 
The pericardial is separated 
from the pleural cavity but the 
pleural and peritoneal cavities 
still communicate (arrow) 
medial to a shelf termed the 
pleuroperitoneal membrane. 
The liver is projecting further 
into the peritoneal cavity 
(arrow). The phrenic nerve is 
shown descending to the 
septum transversum (future 
diaphragm). D. Horizontal 
scheme showing the expansion 
of the lungs and pleural 
cavities laterally into the 
thoracic wall. Modified from 
various sources. 
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layer and a visceral (splanchnopleuric) layer (Fig. 18- 

3B). A film of fluid lies between the layers and is in 

contact with the mesothelial lining of the coelom. Cer¬ 

tain organs (e.g., the lungs) project into the serous 

cavities (e.g., the pleural) but are always covered by 

the visceral layer (e.g., the visceral pleura), which 

forms an integral part of the covering of the organ. 

Organs that do not project noticeably into the peri¬ 

toneal cavity (e.g., the kidney) are described as 
retroperitoneal. 

The peritoneal cavity is the part of the intra- 

embryonic coelom caudal to the septum transversum 

(Fig. 13-49), but it receives contributions from the 

extra-embryonic coelom also. The right and left halves 

of the peritoneal cavity are on either side of the gut 

and its mesentery, but they communicate across the 

median plane both caudal11 and cranial12 to the 

omphalo-enteric duct (Fig. 13-50A,C). 

The lesser sac of the peritoneal cavity, similar to 

the rest of the coelom, develops by the coalescence of 

small spaces. It begins on the right-hand side between 

the lung bud and the stomach (Fig. 13-51A,B)13. This 

pneumato-enteric recess soon becomes related to (the 

future caudate lobe of) the liver as the hepato-enteric 

recess (Fig. 13-51C). A similar pneumato-enteric re¬ 

cess on the left side is of short duration. A space, the 

omental bursa proper, develops dorsal to the stomach 

and communicates with the hepato-enteric recess. The 

recesses together with the omental bursa form the 

lesser sac of the peritoneal cavity. The opening be¬ 

tween the lesser and greater sacs is known as the epi¬ 

ploic foramen (Fig. 13-51E). It has been identified by 

some workers as early as 4V2 weeks12’13, whereas others 

have not acknowledged it until the fetal period. The 

(right) hepato-enteric recess becomes the superior re¬ 

cess of the lesser sac; the part of the omental bursa 

that extends into the greater omentum is the inferior 

recess (Fig. 13-51E). The apex of the (right) hepato- 

enteric recess remains above the diaphragm, where it 

may occasionally be found in the adult as the infra¬ 
cardiac bursa. 

The Mesenteries 

The double peritoneal layer that anchors an organ, 

especially the intestine (Greek, enteron) in the mid¬ 

dle (Greek, mesos) of the abdomen, is termed a mes¬ 

entery. The form meso- is combined with the organ 

in question: mesogastrium, mesoduodenum, the 

mesentery (proper) for the jejunum and ileum, me¬ 

socolon, and mesorectum. (By extension, the term 

meso-esophagus is sometimes used for the dorsal 
part of the mediastinum.) 

The alimentary canal, from stomach to rectum, is 

attached to the dorsal body wall by the dorsal mes¬ 

entery, which, at the level of the stomach and duo¬ 

denum, is termed the dorsal mesogastrium and dorsal 

mesoduodenum respectively (Fig. 13-50A-C). After 

Liver 

Coelom 

Notochord 
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mesogastrium 

0 Greater omentum 
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Lesser 
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Development of dorsal and ventral mesenteries. A. Left lateral view of the alimentary canal and liver The coelom 
(peritoneal cavity) is interrupted by the liver above but communicates widely from side to side below. B. Horizontal section through 
stomach and liver. C. Horizontal section more caudally, showing a dorsal, but no ventral, mesentery. D. Scheme to show the adult 
arrangement whereby the stomach is attached dorsally by the greater omentum (cf. Fig. 13-53) and ventrally by the lesser omentum 
liver, and falciform ligament. ’ 
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FIGURE 13-51 Development of the lesser sac of the peritoneal cavity. A. Ventral view of the gut at 472 weeks13 showing appearance 
of the right pneumato-enteric recess. The recess communicates with the coelom, and the opening (asterisk) may represent the future 
epiploic foramen. B. Horizontal section through the stomach. C. A day or so later14, the recess is becoming wrapped around the right 
aspect of the stomach. D. Horizontal section showing how the recess extends behind the stomach. This is the lesser sac (omental 
bursa). E. Scheme of the form of the lesser sac in the adult as seen from in front. Superior and inferior recesses are evident, and the 
lesser and greater sacs communicate by the epiploic foramen. Ao., aorta; St., stomach. A and C are modified from Broman. 

the spleen has begun to appear13, the tissue between 

the organ and the wall of the stomach becomes the 

greater omentum toward the end of the embryonic 

period (Fig. 13-52A,B). The dorsal mesogastrium is at 

first attached to the dorsal surface of the stomach but, 

by the fetal period, is anchored to the greater curvature. 

The greater omentum fuses with the transverse colon 

and mesocolon early in trimester 2 (Fig. 13-52B). 

The dorsal mesentery is represented in the adult 

(Fig. 13-53) by the greater omentum (from stomach 

to posterior abdominal wall), the mesentery (for the 

jejunum and ileum), transverse mesocolon (for the 

transverse colon), and sigmoid mesocolon (for the 

sigmoid colon). The intervening portions of intes¬ 

tine, namely, the duodenum, ascending colon, de¬ 

scending colon, and rectum, seemingly become 

fixed to the posterior abdominal wall; i.e., they be¬ 

come basically retroperitoneal (Fig. 13-53J,K). The 

beginning of the duodenum, however, remains free 

and moves with the stomach. The part of the dorsal 

mesogastrium in which the pancreas develops also 

becomes fixed to the dorsal abdominal wall, thereby 

rendering most of the pancreas retroperitoneal (Fig. 

13-53B). The lines of attachment of the mesenteries 

to the dorsal abdominal wall (Fig. 13-52C) shift con¬ 

siderably during development.* 

*A number of details in the standard account have been queried. 
For example, the embryonic “sagittal mesentery cannot be regarded 
as the anlage of the adult mesentery, in the sense that the latter 
develops out of the former by displacement or rotations” (Seidl, 
1976). The adult arrangement can be considered “as a uniform 
folding process of the embryonic serosa, without reference to as 
yet unproved secondary adhesions of the peritoneal layers” (ibid.). 
Furthermore, the greater omentum is thought to develop as an 
independent structure in close relation to the spleen [between the 
spleen and stomach wall] and not as a “fold of the dorsal mesogas¬ 
trium” (Liebermann-Meffert, 1970). 
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Figure 13-5 A, B. Development of greater omentum and transverse mesocolon in sagittal schemes. In A the dorsal mesogastrium 
is descending to form the greater omentum (arrow). B shows the final arrangement, in which the posterior layers of the greater 
omentum have fused with the transverse mesocolon, thereby giving the appearance that the transverse colon is surrounded and 
suspended by the greater omentum. C. Posterior abdominal wall at the beginning of trimester 3. The peritoneal reflections are 
essentially those of the adult. C, caudate lobe of liver; D, duodenum; P, pancreas; SI, small intestine; SR, superior recess of lesser 
sac; St., stomach; TC, transverse colon. Based on Seidl. 

The tissue between the stomach and duodenum 

and the liver is the only ventral mesentery, namely, 

the ventral mesogastrium and ventral mesoduo- 

denum. These are represented in the adult by the gas- 

trohepatic and hepatoduodenal ligaments, which con¬ 

stitute the lesser omentum. This comes to present its 

free border to the right, and this free edge contains 

the bile duct and forms the anterior boundary of the 

epiploic foramen (Fig. 13-53C). The liver, which de¬ 

velops in splanchnic mesoderm (the septum transver- 

sum), becomes enclosed in the ventral mesentery. The 

continuation of the ventral mesentery beyond the liver 

becomes the falciform ligament, which is the “mes¬ 
entery” of the umbilical vein. 

The Diaphragm 

The septum transversum is situated at first rostral to 

the somites10. It is a mesodermal bridge between the 

pericardial cavity and that of the umbilical vesicle11. 

Despite its name, the septum transversum is not a dis¬ 

crete septum with definite limits, and it is oblique 

rather than transverse (Fig. 13-39A). The liver grows 

into it. Its cranial part becomes covered by pericar- 

Schemes to show the fixation of various abdominal viscera during development. Some are interpretations from 
studies of the adult and should not be regarded as specific developmental phases. A, B. Transverse sections through the stomach 
and lesser sac before fixation (A) and after fixation (B). In B the body of the pancreas has become anchored to the posterior 
abdominal wall. C. A section to show (1) the course of the splenic artery via the splenorenal (lienorenal) ligament, and an extension 
(the left gastro-epiploic artery) via the gastrosplenic ligament; and (2) the bile duct, portal vein, and hepatic artery in the free 
border of the lesser omentum. D, E. Through the head of the pancreas and the duodenum (part 2). In E both these organs have 
become anchored to the posterior abdominal wall. The portal vein is visible at the back of the pancreas. F-H. Changing disposition 
of the duodenum. In F the mesoduodenum, containing the head of the pancreas, is sagittal. The remainder of the intestine has 
been removed for clarity. G and H show further development at two levels. The duodenum lies nearer the posterior abdominal wall. 
G is above the origin of the superior mesenteric artery. In H, below the origin of that vessel, the duodenum is sectioned twice 
(parts 2 and 4). The common mesentery comprises an ascending mesocolon and the mesentery proper. I-K. Changing disposition 
of the colon. In I, after rotation, the common mesentery is spread out in front of the posterior abdominal wall. Both the ascending 
colon and the descending colon are free. In J, both parts of the colon are becoming anchored to the posterior abdominal wall. In 
K the adult condition has been attained. Ao., aorta; D2 and D4, duodenum (parts 2 and 4); IVC, inferior vena cava; LK, left kidney; 
RK, right kidney; St., stomach. Based on Fredet in Poirier and Charpy. 
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dium and pleura, whereas its ventral part is a sagittal 

mesentery that contains the expanding liver13. The 

septum transversum gives rise to most of the dia¬ 

phragm. It descends from a cervical13 to a thoracic 

level during the embryonic period16-23 (Fig. 15-8A). 

The diaphragm is derived from several sources 

(Fig. 13-54), chiefly the septum transversum, the mes¬ 

enchyme of the body wall, and probably small areas 

representing the pleuroperitoneal membranes. Precise 

limits between these sources have not been estab¬ 

lished. The pleuroperitoneal canals close21, perhaps be¬ 

ing crowded out by subjacent organs, such as the liver 

and suprarenal glands. The skeletal muscle of the di¬ 

aphragm is probably derived in situ from the body wall 

and also by migration from cervical myotomes. (The 

phrenic nerve, which supplies the diaphragm, consists 
of cervical fibers: CN 3, 4, 5.) 

Variations and Anomalies of the Diaphragm 

Vertebrocostal trigone (Fig. 13-55A) is a defective area 

between the costal and lumbar attachments of the di¬ 

aphragm, particularly on the left side. It varies in ex¬ 

tent but is usually present. It does not correspond to 

the site of closure of the pleuroperitoneal membrane. 

It may become encompassed by a posterolateral defect 
(see below). 

Congenital diaphragmatic hernia is a displacement 

of abdominal organs into the thoracic cavity through 

a weak area or a defect in the diaphragm. It is a serious 

condition, not well understood, and its treatment is 

not always effective. The prevalence is about 0.3 to 2.4: 

1000 births. Congenital diaphragmatic hernia is much 

more frequent on the left than on the right side; it is 

encountered in about 1:2200 births. When polyhy¬ 

dramnios is present, it can be used as a prenatal 

marker for diaphragmatic hernia. Pulmonary hypopla¬ 

sia is found and accounts for a fatal pulmonary insuf¬ 

ficiency because of inability to support extra-uterine 

life. The hypoplasia is generally attributed to the pres¬ 

sure of the abdominal viscera in the thorax. It has been 

suggested, however, that the pulmonary hypoplasia 

may be primary, hence able to hinder the pleuroperi¬ 

toneal canal from closing. Intestinal malrotation fre¬ 

quently accompanies diaphragmatic hernia. 

The most frequent types of diaphragmatic hernia 

seen in infants are left posterolateral, sternocostal, and 
hiatal. 

Posterolateral hernia on the left side (Fig. 13-55A) 

is the most frequent type, although its origin has not 

been clearly established. Commonly it is said to begin 

in the pleuroperitoneal canal and/or the vertebrocostal 

trigone. The pleura and peritoneum are usually con¬ 

tinuous, although sometimes a hernial sac is found. 

The chief content is small intestine, but stomach, co¬ 

lon, and spleen are frequently involved (Fig. 13-55B). 

Posterolateral hernia on the right side is very rare, 

possibly because of protection by the liver. Open sur¬ 

gery in utero is now being performed, but so far the 

rate of success is low. 

Sternocostal hernia is a parasternal hernia through 

the sternocostal triangle, usually on the right-hand 

side. The actual herniation through this weak area 

more usually results from trauma in adult life. A 

hernial sac forms, but it may rupture and disappear. 

Septum 

transversum 

Pleuro¬ 

peritoneal 

membranes 

Body 

wall 

Figure 13-54 Scheme showing the probable origin of the diaphragm. Sharp boundaries are not justified The vertebrocostal trigone 
does not mark the closure of the pleuroperitoneal canal, a, caval foramen; b, esophageal hiatus; c, aortic hiatus. Based on findings 
of Wells. 
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B Heart 

Figure 13-55 Diaphragmatic anomalies. A. the sites of (1) a posterolateral defect, (2) a hiatal hernia, (3) a parasternal defect, 
and (4) the vertebrocostal trigone, which is usually present. B. Herniated abdominal viscera that have passed through a postero¬ 
lateral defect and into the thorax. After Arey. C. Coronal scheme of a hiatal hernia showing the gastro-esophageal junction displaced 
rostrally. D. Sagittal scheme of a para-esophageal hiatal hernia, in which a portion of the stomach is displaced cephalically, ventral 
to the esophagus. 

Hiatal hernia is the protrusion of a portion of the 

stomach into the mediastinum by way of the esopha¬ 

geal hiatus (Fig. 13-55A), between the crura of the di¬ 

aphragm. A hernial sac forms. A possible cause is a 

delay in the elongation of the esophagus and hence in 

the descent of the stomach, resulting in the formation 

of the hiatus around the stomach rather than the 

esophagus. This would predispose to herniation later 

in life, an effect believed to be accentuated by obesity. 

Several types of hiatal hernia exist. 

1. Sliding hiatal hernia, by far the most frequent, 

allows free movement of the esophagus and a part of 

the stomach through the esophageal hiatus and into 

the thorax. Normally the esophagus ascends slightly 

on swallowing, and a part of the stomach invades the 

thorax during esophageal peristalsis. The elasticity of 

the phreno-esophageal membrane brings the stomach 

down again (Fig. 13-55C). 

2. Para-esophageal hiatal hernia (Fig. 13-55D) is 

the passage of the fundus and greater curvature of the 

stomach through the hiatus beside or anterior to the 

esophagus. It is probably usually combined with a slid¬ 

ing hernia. 

3. Congenital short esophagus, a self-explanatory 

term, has nevertheless been a diagnosis of considerable 

debate. 
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Scheme of the 

anterior abdominal wall at 7 
weeks21. A. The normal 
contributions (arrows) from (1) the 
caudal eminence, (2) the thoracic 
somites, and (3) the umbilical ring. 
The recti are still considerably 
separated, one from the other. B. 
Exstrophy of the bladder (ectopia 
vesicae). Mesenchymal movement 
and median fusion have been 
hindered, resulting in exposure of 
the interior of the bladder. Cf. 
Figure 15-15C. 

Umbilical 
ring 

The Anterior Abdominal Wall 

The body wall of the embryo is very thin at first, 

when it consists merely of somatopleure (ectoderm 

and parietal mesoderm). It becomes thicker with 

the formation of additional mesenchyme. The ab¬ 

dominal musculature begins when mesenchymal 

muscular plates of the thoracic somites advance 

ventrally14-16. The muscular primordia are pene¬ 

trated by somatopleural connective tissue. Four 

main blastemata develop bilaterally and these give 

rise to the three oblique muscles and the rectus 

abdominis, which by 7 weeks19,20 already show an 

adult-like arrangement, except for a broad transpar¬ 

ent area at the umbilical ring between the as yet 

widely separated recti. The somatopleure is replaced 

by the definitive body wall early in the fetal period. 

In the infra-umbilical part of the anterior ab¬ 

dominal wall, the muscular components are derived 

from (1) lateral plate mesoderm from the caudal 

eminence sweeping around the margins of the cau¬ 

dal part of the cloacal membrane and contributing 

to the abdominal musculature and the muscular 

coat of the bladder, and (2) lower thoracic somites, 

which provide a later contribution. In addition, it 

has been proposed that cellular deposition occurs at 

the umbilical ring, where the surface ectoderm de¬ 

posits ectodermal cells into the mesodermal com¬ 

partment (Fig. 13-56). 
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The Respiratory 
System 

he respiratory system consists of a conducting 
portion (nose, pharynx, larynx, trachea, bron¬ 

chi, and bronchioles) and a respiratory portion proper 
(respiratory bronchioles, alveolar ducts, alveolar sacs, 
and alveoli). The exchange of gases between the blood 
and air takes place in the respiratory portion. The 
pharynx was discussed in connection with the diges¬ 
tive system (Chapter 13). This chapter is concerned 
with the nose, larynx, trachea, bronchi, and lungs and 
phases in the development of the lungs. 

In the chick embryo it has been possible by means 
of autoradiographic mapping to delineate areas of 
endoderm and mesoderm that presage the future 
respiratory system; these early events probably 
correspond to 2V2 weeks in the human embryo6 '. 
Bronchial mesenchyme is required for normal 
branching of the bronchial epithelium, and epithelio- 
mesenchymal interaction is necessary for the nor¬ 
mal development of airways in the lung. 

The respiratory system, from the larynx caudally, 
develops as a ventral outgrowth of the foregut. When 
the foregut becomes established9, it includes the em¬ 
bryonic pharynx, which shows a median groove inter¬ 
nally and a corresponding keel externally (Fig. 14-1A). 
The median pharyngeal groove, in turn, includes a 
slightly more defined laryngotracheal sulcus (Fig. 19- 
7B), which terminates caudally in the respiratory pri- 
mordium10. This primordium, which includes the fu¬ 
ture larynx, trachea, and bronchi, is situated between 
the pharyngeal pouches rostrally and the future liver 
caudally. The respiratory primordium, which may be 
bilateral in origin, is largely surrounded by mesen¬ 

chyme that is believed to determine the pattern of 
growth and the branching of the endodermal compo¬ 
nent. The mesenchyme will later give rise to the con¬ 
nective tissue, cartilage, and musculature of the bron¬ 

chial tree. 
The appearance of various features in the early 

development of the respiratory system is shown in 

Table 14-1. 

1 THE NOSE AND 

PARANASAL SINUSES 

The nasal plates or discs (Figs. 8-17 and 14-2A)* ap¬ 
pear as thickenings of the surface ectoderm on each 
side11,12. Proliferation of the surrounding (Fig. 14-2B) 
mesenchyme results in depression of the plates. The 
nasal pits (Fig. 14-2B) so formed open on the stomo- 
deal margin between lateral and medial nasal pro¬ 
cesses (Fig. 8-19A)15. Deepening of the nasal pits con¬ 
verts them into nasal sacs (Fig. 14-2D), which open 
on the surface at the nostrils (nares).1 The sacs are the 

future nasal cavities. 

*The term placode (Greek, plate-shaped) is commonly used for lo¬ 

calized ectodermal thickenings that appear on the surface of the 

head and neck in embryonic life. Although most of them (otic or 

auditory; nasal or olfactory; epipharyngeal) are concerned directly 

with sensory perception, the lens plate is not neural. The broader 

term disc (Greek, the discus), which is used for a plate-like struc¬ 

ture in general, is preferred here. 

fit should be noted that nares (Latin) are nostrils and hence by 

definition are external openings. There are no “internal” or “pos¬ 

terior” nares. 

285 
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Figure 14 1 Early development of the respiratory system. A. Median section of an embryo at 4 weeks10 and transverse section 

showing the laryngotracheal keel and sulcus. B. Left lateral view superimposed on median section at 4V2 weeks13 showing the 

respiratory diverticulum. The transverse sections pass through (X) the pharynx, (Y) the respiratory diverticulum, floor of pharynx, 

and pharyngeal cavity, and (Z) the right and left lung buds and the esophagus. C. The respiratory apparatus at 5 weeks15 showing 

how the lobar buds embrace the esophagus. D. The larynx at 6 weeks18. The astrisk is on the epithelial lamina. St., stomach; 1, 2, 

3, pharyngeal arches. The interpretation of the sections in B is that of Zaw-Tun. 

Neurons that produce luteinizing-hormone-releas- 

ing-hormone (LHRH) develop from the medial parts 

of the nasal pits16 and probably earlier from the na¬ 

sal discs13. These cells are transported19 by fibers of 

the vomeronasal nerve and the nervus terminalis to 

the olfactory bulbs and to the forebrain septum (Fig. 

14-3). In an inherited hypogonadal (Kallmann) syn¬ 

drome, LHRH-expressing cells fail to migrate and 

remain in the nasal area. 

The adjacent surfaces of the lateral and medial na¬ 
sal processes merge to form an epithelial wall known 
as the nasal fin (Fig. 14-2E, F)16. This septum then 
regresses, except caudally, where it persists as the 
oronasal membrane, which consists of periderm (Fig. 
14-2G). Mesenchymal merging separates the nasal sac 
from the oral cavity. This primary palate is formed by 
premaxillary and maxillary mesenchyme (Fig. 14-2F- 
H). The oronasal membrane soon ruptures, allowing 
the nasal sac to communicate with the oropharyngeal 
cavity by the primary choana (posterior nasal aperture) 

on each side (Fig. 14-2H)19. The nasal sacs remain sep¬ 
arated by a part of the frontonasal prominence that 
contributes to the nasal septum18, in which cartilage 
and bone will later develop. A groove visible on the 
medial wall of the nasal cavity represents the vome¬ 

ronasal organ18, which becomes a small pouch that 
opens on the ventro-inferior part of the nasal septum 
and is usually found in the adult. The function of the 
vomeronasal organ is disputed, but it has been pos¬ 
tulated that it may be involved in the reception of spe¬ 
cial olfactory cues and pheromones. 

At 7 weeks, shelves termed nasal conchae begin to 
appear on the lateral wall of each nasal cavity (Fig. 13- 
4Y). Conchal cushions first appear, and then proliferate 
and fuse, thereby reducing the size of the nasal cavity. 
This is followed by evaginations of the cavity and some 
disintegration of the nasal cartilage. The depression 
beneath each concha is termed a meatus. A fourth con¬ 
cha is said to be frequent in the newborn. When the 
oronasal membrane breaks down, ectodermal cells 
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TABLE 14-1 Initial Appearance of Various Features of the Respiratory System 

Feature 

mm 

Weeks 

Stage 

Foregut 
Respiratory primordium (keel & sulcus) 
Pharyngeal arches, clefts, & pouches 
Nasal discs 
Lung bud 
Terminal-vomeronasal crest, right & left lung buds, 

pulmonary capillaries, single pulmonary vein 
Pleuroperitoneal canals 
Arytenoid swellings, epithelial lamina of larynx, trachea, 

right & left lung sacs 
Pulmonary arteries 
Nasal pits, lobar buds embracing esophagus 
Nasal sacs, nasal fins, lobar bronchi 
Hyoid & cricoid condensations 
Epiglottis 
Primary palate 
Secondary palatal shelves, segmental buds in lungs 
Vomeronasal organ, oronasal membrane, nasolacrimal 

duct, hyoid chondrification, some subsegmental 
buds in lungs 

Primary choanae 
Two or more pulmonary veins 
Cartilage in wall of trachea 
Pleuroperitoneal canals close 
Nasal conchae & meatuses, right & left leaves of 

epithelial lamina begin to separate 
Palatal shelves fuse 

2 3 4 5 6 8 10 15 20 25 30 

4 5 6 7 8 

proliferate rostrally in the nasal sacs, so that the nos¬ 
trils and adjacent part of the nasal cavity become filled 
by an epithelial plug22,23. The plug is resorbed early in 
trimester 2, allowing the vestibule and limen nasi to 
be formed. The nasolacrimal duct appears approxi¬ 
mately along (but independently of) the line of merg¬ 
ing of the maxillary and frontonasal prominences18. It 
grows distally and opens into the inferior meatus of 

the nose. 
Neural crest (known as terminal-vomeronasal 

crest) forms in relation to the nasal plate and pit13 and 
develops into the terminal-vomeronasal nerve (Chap¬ 
ter 19). Nerve fibers, the future olfactory nerve, 
emerge from neurons in the nasal epithelium and en¬ 
ter the wall of the brain16 at the site of the future 

olfactory bulb. 
The paranasal sinuses (Fig. 14-4A) develop in fetal 

life from the cartilaginous nasal capsule and early in 
postnatal life as diverticula from the lateral wall of the 
nasal cavity. Hence they all drain into the nasal cavity, 

either directly or indirectly. The sinuses invade the 
surrounding bones during childhood. The largest is 
the maxillary sinus, which arises from the middle me¬ 
atus of the nose at the end of the embryonic period or 
at the beginning of fetal life. Most of the expansion of 
the paranasal sinuses takes place postnatally. The fron¬ 
tal sinus, which may be regarded as an enlarged an¬ 
terior ethmoidal air-cell, invades the frontal bone after 
birth. The sphenoidal sinus invades the sphenoid bone 
during childhood. 

Anomalies of the Nasal Region 

Congenital choanal atresia, which may be unilateral 

or bilateral, is a rare occlusion of the posterior ap- 

erture(s) of the nose. It is usually attributed to per¬ 

sistence of the oronasal membrane, but misdirec¬ 

tion of ectomesenchymal cells has also been 

proposed. Complete atresia may result in fatal as¬ 

phyxia, although adaptation to oral ventilation re¬ 

mains a possibility. 
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Figure 14-2. Development of the nasal cavity. A. The nasal 
plate with (terminal-vomeronasal) neural crest (stippled) be¬ 
tween it and the brain wall at 4Y2 weeks14. B. The formation of 
the nasal pit15. C. The folds bordering the nasal pit approach 
each other15. D. The folds fuse16, forming a blind nasal sac. The 
epithelium of the fused area is the median nasal fin, which is 
shown in sagittal section in E. The nasal sac is closed ventrally 
by the primary palate, and caudally by the nasal fin16. F. The 
nasal cavity is developing and the nasal fin is diminishing17. 
The left-hand small arrow is at the nostril. The primary palate 
is marked 1. G. The nasal fin has become reduced and consti¬ 
tutes the oronasal membrane18. H. The membrane has broken 
down and the nasal cavity (arrow) communicates (by the pri¬ 
mary choanae) with the oropharyngeal cavity18. 

Figure 14-3. The tip of the nasal pit at 7 weeks20 showing 
neural crest cells leaving the nasal epithelium and migrating 
through the mesenchyme in the direction of the basal region 
of the prosencephalon. 

The so-called CHARGE association is a rare 

combination of coloboma, heart defect, atresia of 

the choanae, retardation of growth (of scant diag¬ 

nostic value), genital anomaly, and ear defect with 

deafness. The defective development is thought to 

occur during embryonic weeks 5 and 6. 

■ THE LARYNX 

The larynx is the most rostral component of the res¬ 
piratory tree and may be considered developmental^ 
as a diverticulum of the (future laryngo-) pharynx, 
with which it continues to communicate in the new¬ 
born as in the adult (Fig. 13-16B). The possible rela¬ 
tionships of the developing larynx to the pharyngeal 
arches and pouches remain obscure. It is known that 
the hyoid bone is derived from the cartilaginous ele¬ 
ments of pharyngeal arches 2 and 3, and the thyroid 
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Figure 14-4 Development of the paranasal sinuses. A. The 
maxillary and frontal sinuses in the newborn (black), at 12 years 
(gray), and in the adult (white). After Torrigiani. B. A 1-year 
infant and the 26-year-old mother, with the height of the right 
maxillary sinus indicated by two dots in each. The floor of the 
sinus is well above the nasal floor in the infant, whereas it is 
below it in the mother. After Lockhart. 

and other cartilages of the larynx seem to be associated 
with more caudally situated arches. 

The larynx begins its differentiation at 4V2-5 
weeks14,15. The ventrolateral walls of the pharynx form 
arytenoid swellings (Figs. 14-5A and 14-6A) and be¬ 
come apposed in the median plane, thereby constitut¬ 
ing an epithelial lamina (Figs. 14-ID and 14-7). 
Shortly after the appearance of a hypopharyngeal em¬ 

inence (Fig. 13-9B), the epiglottis can be demarcated 
from the developing tongue. Condensations for the 
future hyoid bone and cricoid cartilage are apparent 
by 6 weeks, when the larynx is clearly defined (Fig. 
18-6)17. 

Lateral expansions of the epithelial lamina form a 
transverse cleft (Figs. 14-ID and 14-5A). The laryngeal 
cavity is now T-shaped in section, and both limbs 
(transverse and median) correspond to the vestibule of 
the adult organ. The rostral end of the tracheal lumen 
is continuous with the infraglottic cavity. Laryngeal 
muscles begin to develop, and condensations for the 
laminae of the future thyroid cartilage appear. The 
ventricles develop as laterally projecting epithelial 
buds (Fig. 14-5B). 

By the end of the embryonic period proper23, the 
right and left leaves of the epithelial lamina are begin¬ 
ning to separate, and the pharyngeal lumen is contin¬ 
uous with the infraglottic cavity and hence with the 
trachea. The laryngeal cavity, as in the adult, com¬ 
prises (1) the vestibule, (2) the ventricles and the space 
between them, and (3) the infraglottic cavity. Aryte¬ 
noid cartilages have appeared. All the infrahyoid and 
most of the major laryngeal muscles are present at the 
end of the embryonic period23, and their innervation 

clearly follows the adult pattern. The histological de¬ 
velopment of the intrinsic laryngeal muscles, however, 
is less advanced during the embryonic period than that 
of the adjacent muscles of the neck. Moreover, the ary- 
epiglottic, thyro-epiglottic, and vocal muscles com¬ 
plete their formation only during the fetal period. The 
existence of a sphincter laryngis (or two such sphinc¬ 
ters) has not been confirmed. The inlet (aditus) of the 
larynx is bounded by the epiglottis and the arytenoid 
swellings (Figs. 14-5 and 14-6). 

Fetal and Postnatal Development. During the fe¬ 
tal period, the thyroid laminae become united, the vo¬ 
cal and then the vestibular folds develop, the epiglottis 
begins to chondrify, and the hyoid cartilage begins to 
ossify. The larynx descends during prenatal life. 

At the time of birth the lower border of the larynx 

is high (cervical vertebra 4: Fig. 13-16B). The epi¬ 

glottis is so close to the soft palate that these two 

structures, by pressing against each other, can close 

off the oral cavity. In other words, the airway is 

sealed from the food passages. This is important 

during long-lasting periods of suckling, when 

breathing and drinking have to occur simultane¬ 

ously. The milk passes from the oral cavity by way 

of the piriform recesses to the esophagus. Breathing 

in the newborn is generally nasal. During infancy, 

however, extension of the neck lifts the soft palate 

and allows oral ventilation to occur. The tip of the 

epiglottis, the body of the hyoid, the glottis, the in¬ 

ferior margin of the cricoid, and the tracheal bifur¬ 

cation all descend in level during infancy and child¬ 

hood. After birth, more rapid descent of the inferior 

margin of the cricoid compared with that of the 

epiglottis and glottis results in elongation of the 

larynx. 

Laryngeal Anomalies 

Laryngeal atresia is generally a supraglottic failure 

in canalization. Complete atresia resembles the nor¬ 

mal embryonic larynx18. 

Laryngeal web probably arises by incomplete 

separation of the leaves of the epithelial lamina. 

Laryngeal stenosis is generally infraglottic and 

may be caused by thickening of the subglottic struc¬ 

tures. Some examples may be produced by defor¬ 

mities of the cricoid cartilage. Stenosis is a frequent 

cause of airway obstruction in infants. 

Laryngeal clefts are defects in the posterior 

wall of the larynx. Interarytenoid clefts develop from 

lack of interarytenoid muscles. Clefts of the cricoid 

lamina arise from incomplete fusion of the limbs of 

the single, ventral chondrific center. Complete clefts 

involve the trachea and probably develop during 

tracheo-esophageal separation13. 
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Figure 14-5. Horizontal sections through the larynx at 8 weeks23. A. The U-shaped pharyngeal and T-shaped laryngeal lumina, 
and the arytenoid condensations. B. The epithelial lamina and the cartilaginous framework of the larynx, shown at a lower level. 

ABC 
Epiglottis 

Figure 14-6 Dorsal views of the larynx. Based on Soulie and 
Bardier. A. At 8 weeks23 the laryngeal inlet (aditus) is a com¬ 
bination of transverse and sagittal slits that lead to the vesti¬ 
bule. B. During trimester 3, the inlet has been assuming its 
postnatal appearance. C. Indirect laryngoscopy in the adult. Co., 
corniculate cartilage; Cu., cuneiform cartilage; P, piriform 
recess. 

Laryngomalacia, a flaccidity of the epiglottic re¬ 

gion, causes partial supraglottic obstruction but the 

cause is unclear. 

■ THE TRACHEA 

Immediately after the appearance of the right and left 
lung buds (see below), the trachea can be recognized 
as a hollow endodermal stalk (Fig. 14-1B)13,14. Its point 
of bifurcation into the main bronchi (Fig. 14-1C) soon 
begins to descend from its originally cervical level to 
an upper thoracic level23, and, in the adult, reaches 
the midthoracic region. At the end of the embryonic 
period proper, the surrounding mesenchyme is giving 
rise to cartilaginous rings and muscle. Mucosal glands 
develop from the epithelium. 

Tracheal Anomalies 

Tracheo-esophageal fistula is the most important 
anomaly involving the trachea. By far the most fre- 
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FIGURE 14- An almost median section at 6V2 weeks19 showing 
the epithelial lamina of the larynx below and behind the epi¬ 
glottic area and in front of the future cricoid region. A carti¬ 
laginous condensation for the future hyoid bone can be de¬ 
tected. Part of the wall of the trachea can be followed downward 
and, behind it, the muscular coat of the esophagus is clearly 
visible. The vertebral centra are evident and, above them, a por¬ 
tion of the notochord can be seen as it enters the base of the 
skull. 

quent type is proximal esophageal atresia accompanied 
by a distal tracheo-esophageal communication (Fig. 
13-25F). This is probably caused by an abnormal epi¬ 
thelial connection between two originally separate 
tubes14. Misdirection of ectomesenchymal cells has 
also been proposed. Less frequent varieties include 
esophageal atresia without tracheo-esophageal fistula, 
and tracheo-esophageal fistula without esophageal 
atresia. Tracheo-esophageal defects are characterized 
clinically by excessive salivation, coughing, choking, 
cyanosis, partial regurgitation, and dysphagia. Verte¬ 
bral anomalies, especially the presence of extra verte¬ 
brae, are frequent and suggest an early origin of the 
condition. Additional anomalies are present in about 
half of the affected infants (e.g., anorectal malforma¬ 

tions, persistent ductus arteriosus, single umbilical ar¬ 
tery). The prevalence of tracheo-esophageal fistulae is 
probably about 1:1000 to 1:4500 births, and no definite 
sexual preponderance has been shown. 

The “VATER” association includes vertebral de¬ 

fects, anal atresia, tracheo-esophageal fistula, esoph¬ 

ageal atresia, and renal or radial limb defects. The 

“VACTERL” association includes additionally car¬ 

diac defects (and the L stands for limb defects). 

When one characteristic feature of the “VATER” or 

the “VACTERL” association is found, it is advisable 

to search for the others. 

Supernumerary bronchi may arise from the 

trachea, especially on the right-hand side. Usually 

they supply a part of the upper lobe of the lung, to 

which they may be either additional or replacing 

one of the regular segmental bronchi. 

Other tracheal anomalies, such as atresia, ste¬ 

nosis, and diverticula, are rare. 

THE BRONCHI AND 

THE LUNGS 

The endodermal respiratory primordium appears 
rounded and is generally known as the lung bud (Fig. 
14-8B)12. By 4V2 weeks the main bronchi are repre¬ 
sented by right and left lung buds (Figs. 14-1B and 14- 
8C13, which shortly are seen to arise from a stalk, 
namely, the trachea (Fig. 14-8C,D)13,14. The mesen¬ 
chyme between the respiratory and digestive tubes can 
be regarded as a type of tracheo-esophageal “septum” 
(but not in the sense of a supposed fusion between 
internal folds in the wall of the foregut). The idea that 
the tracheo-esophageal “septum” grows caudoros- 
trally is incorrect: the separation point between tra¬ 
chea and esophagus remains at a constant vertebral 
level during the embryonic period, whereas the tra¬ 
cheal bifurcation descends (Fig. 13-29A). Pulmonary 
arteries and veins are developing. 

The paired lung buds become elongated lung sacs, 

and the right one is usually longer and directed more 
caudally than the left (Fig. 14-8D)14, as are the cor¬ 
responding bronchi in the adult. (Foreign bodies enter 
the right bronchus more frequently than the left.) The 
sacs curve dorsally to embrace the esophagus, and lo¬ 

bar buds begin to appear: usually three on the right 
and two on the left (Fig. 14-8E,F)16. Segmental buds, 

i.e., those associated with the bronchopulmonary seg¬ 
ments, appear at 6 weeks (Fig. 14-8G)17. Further di¬ 
visions occur shortly, and the lungs grow laterally, 
although they have not yet curved ventrally. Epithelio- 
mesenchymal interaction takes place between the en- 
doderm and the bronchial mesenchyme. As in the liver 
and pancreas, the pulmonary branching pattern is be- 
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FIGURE 14 Development of the respiratory tree. A-F. Successive stages seen in right lateral and ventral views: A, the respiratory 
primordium at 4V2 weeks11, B, the lung bud12, C, the right and left lung buds13, D, the lung sacs14, E, the lobar buds15, and F, the 
appearance at 5 weeks16. G. The outlines at 4y2, 5, and 6 weeks14,16,17 have been superimposed. The 10 segmental buds are present 
on each side, corresponding to the segmental bronchi in the adult (H). Diagonal hatching, right and left main bronchi; stippling, 
lobar bronchi. The dot in the ventral views in C and D indicates the original point of separation between respiratory and digestive 
tubes. This separation point maintains its level, although the tracheal bifurcation descends. Cyst., cystic primordium; Es., esophagus; 
Hep., hepatic primordium; St., stomach; Tr., trachea. Based mainly on Streeter and on Boyden. 

lieved to be controlled by the mesoderm, whereas ep¬ 
ithelial cytodifferentiation is thought to be controlled 
intrinsically by the endoderm. The changes in the 
bronchial tree are brought about by mitosis, cell death, 
and cell migration, and division and growth take place 
in areas of low resistance within the mesenchyme. The 
branching is more or less dichotomous, and fibroblast 
growth factor is necessary. 

The right and left lungs grow laterally and then 
also ventrally, and they expand into their respective 
pleuroperitoneal canals (future pleural cavities) (Fig. 
13-49B,D). When the pleuroperitoneal canals become 
closed, separate right and left pleural cavities are es¬ 
tablished21. The interval between the two pleural cav¬ 
ities, which is filled with mesenchyme, is known as 
the mediastinum, and it comes to contain the esoph- 
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■ Overlapping phases in the development of the lung according to current thought. 

agus and thoracic aorta posteriorly, and the pericar¬ 
dium and heart anteriorly. 

Phases in the Development of 
the Lungs 

An acinus is defined as a terminal bronchiole and all 
its branches, which, in the adult, include respiratory 
bronchioles, alveolar ducts, alveolar sacs, and alveoli. 
The alveoli are outpouchings of an alveolar duct or sac. 
Their surface in the intact state is said to be an ag¬ 
glomeration of gas bubbles. It has been suggested that 
the proximal part of the respiratory bronchiole may 
belong to the conducting system, whereas only the dis¬ 
tal part is alveolar (respiratory) (A.A.W. Ten Have- 
Opbroek). 

The developmental events can be considered in 
several phases (Fig. 14-9). 

1. Pseudoglandular phase. The initial develop¬ 
ment of the lung resembles that of an exocrine gland. 
That is, each lung starts as an epithelial tree: the 
branches become bronchi and bronchioles, corre¬ 
sponding, in a gland, to interlobular and intralobular 
ducts. This pseudoglandular phase of the lung begins 
in the embryonic period and continues to about 17 
weeks (Fig. 14-10A), at which time the number of gen¬ 
erations (about 16-25) of bronchi and bronchioles 
may be complete (although this is disputed). The pri¬ 
mordial tubular system is at first lined by columnar 
epithelium. Early in the fetal period, the proximal, 
conducting part lined by columnar cells is followed by 
a distal, respiratory part lined by a cuboidal epithelium 
composed of what are termed type 2 alveolar cells (or 
pneumonocytes) or their precursors (as determined by 
immunological techniques). Endocrine cells (contain¬ 
ing serotonin and bombesin) appear early and may 
stimulate the proliferation of the undifferentiated en- 
doderm. Other (“preciliated,” “presecretory,” and “pre- 
basal”) cells also develop during the pseudoglandular 
phase. Developing bronchopulmonary epithelium se¬ 
cretes fluid, which contributes to the amniotic fluid. 

Late in the pseudoglandular phase, the branching 
reaches the future alveolar ducts (i.e., portions of the 
future gas-exchanging components are already 
present). 

2. Canalicular phase. The development of the fu¬ 
ture conducting components continues into the next 
period, the canalicular phase, which probably extends 
from about 13 to about 25 weeks. During this phase, 
two important events occur: (1) “canalization,” by 
which is meant the invasion of the cuboidal epithelium 
of the future airways by capillaries, beginning at about 
17 weeks, and (2) the formation of respiratory units 
termed acini (Fig. 14-10B). The capillaries grow closer 
to the epithelium until a blood-air barrier can be said 
to be present (Figs. 14-11 and 14-12C). The barrier 
consists of thin processes of type 1 pneumonocytes, a 
basement membrane in common, and thin processes 
of the endothelial cells. The acinar tubules are lined 
by type 2 alveolar cells, from which type 1 alveolar 

cells (or pneumonocytes) begin to be derived at about 

A B C D 
Terminal 

bronchioles 

FIGURE 14-10. Pulmonary acini, A, during trimester 2 (about 
16 weeks), and postnatally at B, 2 days, C, 2 months, and D, 7 
years. Alveoli are arising by the time of birth and alveolar ducts 
soon become distinguishable. Modified from Boyden. 
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Figure 14-11. Sections of a fetal lung (17 weeks) at the canalicular phase. A. Several acini, showing a dividing termial bronchiole 
(at left), which gives rise to numerous prospective respiratory bronchioles. B. Higher-powered view showing capillary invasion of 
the cuboidal epithelium at the prospective blood-air barrier (arrows). Some compact buds still in the pseudoglandular phase are 
visible above. Courtesy of the late Professor A.E. Boyden and the American Journal of Anatomy. 

19 weeks. The canalicular phase, which becomes es¬ 
tablished during trimester 2, is essential for viability. 

3. Saccular phase. This period, which probably ex¬ 
tends from about 25 weeks to birth, is characterized 
by the ending of the tree in clusters of saccules (Fig. 
14-10B). The acinus now consists of a terminal bron¬ 
chiole, future respiratory bronchioles, transitional 
ducts, and saccules. The saccules are considered to be 
temporary large, thin-walled spaces lined by a flat ep¬ 
ithelium, and they become transformed postnatally 
into alveolar ducts. The epithelial lining, as seen by 
electron microscopy, is a continuous layer. Types 1 and 
2 alveolar cells are present. At birth the saccules are 
already giving rise to alveoli (Fig. 14-10C). 

The future air spaces are filled with liquid, which 
is produced by the lungs. The amount of fluid secreted 
and that enters the amniotic cavity is considerable, and 
perhaps about half of it is swallowed. A number of 
prenatal tests for pulmonary maturity, based on anal¬ 

ysis of amniotic fluid, are available. An example is the 
lecithin/sphingomyelin ratio, which increases with 
prenatal age. 

The saccular phase, which begins at about two- 
thirds of the way through prenatal life, is associated 
with viability, i.e., the capability of continuing life ex 
utero by means of breathing air. This depends on the 
number of functionally ready alveoli, with their blood- 
air barriers, and on the stability of the air spaces guar¬ 
anteed by sufficient surfactant. As in the adult, the 
blood-air barrier consists of alveolar epithelium, 
basal lamina, and capillary endothelium (Fig. 14- 
12C). At the onset of air-breathing, the pulmonary 
fluid begins to be absorbed. 

Pulmonary surfactant, which is synthesized by 
type 2 pneumonocytes, consists of glycerophospho- 
lipids, specific proteins, neutral lipids, and cholesterol. 
Its production is regulated by hormones and other fac¬ 
tors, including retinoic acid. The timing of surfactant 
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1 '1 Electron microscopic studies of human lung. A. Pseudoglandular phase showing tall columnar cell rich in glycogen. 
B. A cell becoming cuboidal; the capillary is now closer. C. Canalicular phase showing types 1 and 2 alveolar cells. The blood-air 
barrier has formed. BL, basal lamina; Cap., capillary; Mes., mesenchymal cell. Modified from Campiche et al. 

production is paralleled by antioxidant enzymes, which 
are the primary defense against postnatal hyperoxia. 
Surfactant is believed to be immunoregulatory, but its 
main function is to diminish the tension of the alve¬ 
olar surface to near zero. This tension tends to hold 
interalveolar walls together and to cause the alveoli to 
collapse during expiration. Its reduction is accom¬ 
plished by the formation of monolayers at the alveolar 
interface. Surfactant also increases pulmonary com¬ 
pliance. Although inclusions (lamellar bodies) are 
present after the middle of prenatal life, only during 
the second half of trimester 3 is functionally active 
material adequate for the reduction of surface tension. 
Glucocorticoids and mesenchymal cells are important 
in the biochemical maturation of the alveolar epithe¬ 
lium. The production of surfactant increases with ad¬ 
vancing pulmonary maturation, and, aided by fetal res¬ 
piratory movements, it enters the amniotic cavity. 

Respiratory movements begin and soon (at about 

11 weeks) become episodic (“practice” movements). 

They are dependent on respiratory centers in the 

brain stem. The respiratory movements become 

marked during trimester 3 and are believed to be 

important for the development of the future air¬ 

ways. “Fetal breathing movements are usually par¬ 

adoxical. Every contraction of the diaphragm causes 

an inward movement of the thorax and a simulta¬ 

neous movement of the abdomen outward” (H.F.R. 

Prechtl). Furthermore, “no amniotic fluid enters 

the lungs during breathing movements” {ibid.). 

The lungs at birth show no postnatal changes that 
have not begun prenatally. Three significant systems, 
however, must be prepared for drastic change and 
must be ready to function effectively at birth: pulmo¬ 
nary, cardiovascular, and nervous control of ventila¬ 
tion. 

If air has been breathed and the infant dies, the 

lungs removed at autopsy should float in water, and 

this is used as a medicolegal test in distinguishing 

live from stillbirth. Postnatal aeration, however, is 

not inflation of collapsed alveoli but rapid replace¬ 

ment of liquid by air. 

4. Alveolar phase. Identification and interpreta¬ 
tion of the various features of the developing lung 
present problems, and the existence of “true” adult- 
type alveoli and “true” respiratory bronchioles in the 
lung at birth has been disputed. In some studies, res¬ 
piratory bronchioles, saccules, and alveoli were found 
as early as 29 weeks, and it is claimed that one-third 
or more of the 300 million alveoli of the adult are 
present at birth. Because a clear distinction between 
prenatal saccules and later alveoli has been denied, 
some authors combine the saccular and alveolar 
phases. The development of alveoli proceeds centrally 
from the periphery, successively along the saccules, al¬ 
veolar ducts, and respiratory bronchioles. The alveoli 
increase greatly in number, especially during the first 
two postnatal years, and they grow at a slower rate up 
to at least 8 years (Fig. 14-10D). Thereafter the alveoli 
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increase in diameter and the lungs grow merely in 
size. 

The lecithin/sphingomyelin ratio in amniotic fluid 
is used to assess functional pulmonary maturity in 
utero. 

Pulmonary maturation in the human is interme¬ 
diate between that of precocial animals that can act as 
miniature adults at birth (e.g., horse, cow, monkey) 
and altricial animals that are comparatively helpless at 
birth (e.g., mouse, cat, dog). 

Pulmonary Variations 

and Anomalies 

Variations in the pulmonary fissures and/or in bron¬ 
chial pattern are of little functional significance. Oc¬ 
casionally, supernumerary bronchi are found arising 
from the trachea. Variations in the asymmetry of the 
lungs associated with splenic anomalies have been dis¬ 
cussed in Chapter 12. 

Bronchogenic cysts (sometimes referred to as tra¬ 

cheal duplications) arise from the foregut and are 

situated in the mediastinum. 

The lobule of the azygos vein is the occurrence of 
a portion of the apex of (nearly always) the right lung 
medial to the arch of the azygos vein. It has been de¬ 
tected in 0.1-0.3% of radiographic films of the chest. 
Parietal pleura extends into the fissure with the vein, 
resulting in an anomalous, four-layered pleural “mes¬ 
entery” (mesoazygos). The origin of the condition is 
unclear, but persistence of the right postcardinal vein 
has been proposed. 

Pulmonary agenesis refers to absence of the entire 

lung and bronchial tree, although partial or com¬ 

plete presence of the tree may be found associated 

with absence of alveoli. The condition is usually uni¬ 

lateral and hence compatible with life. It has been 

attributed to a lack of balance between the right and 

left lung buds rather than merely to arrested 

development. 

Congenital pulmonary cysts are obscure and 

confusing. They may be multiple (giving a honey¬ 

comb appearance) or solitary, their lining cells may 

be bronchial or alveolar in type, and they may or 

may not communicate with an adjacent bronchus. 

Cysts of the lung probably have various ill-under- 

stood causes, genetic factors seem to be involved in 

some instances, and not all cases are congenital. 

Pulmonary sequestrations are congenital bron¬ 

chopulmonary foregut malformations. They consist 

of masses of non-functioning lung parenchyma, ei¬ 

ther within the lung or separate from the lung. In- 

tralobar sequestrations, which are more frequent, 

are usually not diagnosed until adulthood. Extralo- 

bar sequestrations, which frequently communicate 

with the esophagus or stomach, are usually associ¬ 

ated with other congenital anomalies, and are rec¬ 

ognized during the first postnatal year. Both types 

are thought to arise when an accessory lung bud 

develops from the foregut. 

The respiratory distress syndrome (RDS) arises 
when the production of surfactant is inadequate, re¬ 
sulting in increased alveolar surface tension. It is a 
leading cause of death in newborns, especially those of 
low birth weight. It occurs within the first 6 hours 
after birth and is manifested by increased respiratory 
rate, retraction of the lower ribs and sternum on in¬ 
spiration (in an attempt to expand poorly compliant 
lungs), and a short expiratory grunt. Histologically, the 
pulmonary parenchyma shows numerous zones of ate¬ 
lectasis (incomplete expansion), interstitial edema, and 
cellular necrosis. In some instances the bronchioles 
and alveoli are lined by an eosinophil hyaline material 
(hyaline membrane disease). 

The respiratory distress requires intensive care 
with oxygen and mechanical ventilation. A reduction 
in the number of premature births would allow greater 
pulmonary maturation to occur. In addition, pulmo¬ 
nary maturation in utero is promoted by giving to the 
mother certain substances that cross the placental 
membrane, e.g., glucocorticoids and thyrotropin¬ 
releasing hormone. Substitutional treatment with ex¬ 
ogenous surfactant involves three main types: (1) nat¬ 
ural human surfactant from amniotic fluid, (2) 
modified natural surfactants from animal (e.g., bovine) 
lungs, and (3) artificial surfactants that are synthe¬ 
sized. Work is being undertaken on treatment by new 
genes coded for the production of n-l antitrypsin (to 
inhibit the protein breakdown of RDS) introduced by 
positively charged liposomes (aerosol spray) into the 
lungs. 

Sudden infant death syndrome (SIDS) is the sud¬ 
den and unexpected death of an infant for which no 
apparent cause is found despite postmortem exami¬ 
nation. It occurs in about 1:500 infants under 1 post¬ 
natal year of age. Significantly delayed myelination has 
been found. The causes of SIDS are unknown, but sug¬ 
gestions include suffocation by fatal rebreathing from 
sleeping face down, sleep apnea (breath-holding) as¬ 
sociated with fluctuations in cardiac rate, and cardio- 
ventilatory abnormalities from hypoplasia of the ar¬ 
cuate nucleus in the medulla oblongata. The presence 
of tobacco smoke may be contributory. 
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The Urinary 
System 

he urinary and reproductive systems are 
closely associated in their development and in 

their anomalies and are frequently grouped as the uro¬ 
genital system. The urinary system consists of the kid¬ 
neys, ureters, urinary bladder, and urethra. 

I THE URETER AND KIDNEY 

The kidney is best regarded as a unit (the holo- 

nephros), although temporally and spatially two devel¬ 
opmental components are involved: the mesonephros 
and the metanephros (Fig. 15-1). These constituents 
act, respectively, as temporary and permanent excre¬ 
tory organs. 

At the level of the rostral somites, although the 
intermediate mesoderm becomes hollowed (as nephro- 
tomes and nephrocoels), tubules do not form, and “the 
concept of the pronephros ... does not apply to the 
human embryo” (T.W. Torrey). 

In the development of a kidney, committed mes¬ 
enchymal cells, under the influence of signals (such as 
extracellular matrix proteins), become a polarized ep¬ 
ithelium that adopts the form of tubules. The tubules 
establish continuity with a filtering capillary network 
at one end, and with a collecting system at the other. 

The appearance of various features is summarized 
in Table 15-1. 

The mesonephros 

The intermediate mesoderm (Figs. 18-3B and 19-7D)10 
gives rise to the nephrogenic cord (Fig. 15-2), from 

which the mesonephric duct develops as a solid rod11. 
The duct lies close to the surface ectoderm (possibly 
an additional source of the duct) and soon opens into 
the cloaca (Fig. 15-2A)13. The tissue of the nephrogenic 
cord develops into mesonephric vesicles (Figs. 15-2A 
and 15-3A), which are connected by mesonephric tu¬ 

bules with the mesonephric duct (Fig. 15-3B,C)n. The 
number of mesonephric vesicles is increased by pro¬ 
gressive caudal differentiation of the nephrogenic 
cord. 

Within the nephrogenic cord, glomeruli (Figs. 15- 
3D and 15-4) (tufts of capillaries) develop and the me¬ 
sonephric tubules become S-shaped13. Capsular, secre¬ 
tory, and collecting parts become distinguishable14 in 
each tubule (Figs. 15-3D and 15-5A). The capsule and 
the glomerulus constitute a corpuscle; a corpuscle and 
its associated secretory tubule constitute a nephron. 

The mesonephros begins to produce urine at 6 
weeks17. The right and left mesonephroi project as lon¬ 
gitudinal organs from the dorsal body wall (Fig. 15-6). 

As more and more nephrons are differentiating 
caudally, the more cranially situated nephrons degen¬ 
erate. By the beginning of the fetal period, few intact 
mesonephric tubules remain. Some of the caudal ones, 
however, persist to become the efferent ductules of the 
testis. Late in trimester 1 or early in trimester 2 the 
mesonephros ceases to be functional, and excretion is 
taken over by the metanephros. The mesonephric duct 
becomes the duct of the epididymis and the ductus 
deferens. 

In summary, a multitude of vesicles become S- 
shaped tubules that communicate with the me- 
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FIGURE 15-1. Components of the mesonephros and metanephros. The level of fusion is shown by an interrupted line. The secretory 
tubule of the metanephros will include the proximal convoluted tubule, the loop, and the distal convoluted tubule of adult histology. 

sonephric duct. The tubules acquire a capsule 
and a capillary tuft (glomerulus). A corpuscle 
(glomerulus and glomerular capsule) and its se¬ 
cretory tubule constitute a nephron, which 
drains into a collecting tubule. 

The Metanephros 

The metanephros may perhaps be regarded initially as 
comparable to one mesonephric unit in which a long 
tubule (the future ureter) extends from the mesoneph¬ 
ric duct (Fig. 15-2B). The metanephros arises in a zone 
of reduced pressure from (1) the ureteric bud14 and its 
branches and (2) the mesenchyme, or metanephric or 
metanephrogenic blastema13, which is derived from 
the nephrogenic cord. Epithelio-mesenchymal inter¬ 
actions are important in renal development. The epi¬ 
thelial component is the ureteric bud (see below) and 
is derived from the caudal part of the intermediate 
mesoderm. It induces the development of the tubules 
(nephrons) in predetermined mesenchyme. This inter¬ 
action is generally thought to be necessary for the de¬ 
velopment of a kidney and, in its absence, apoptosis 
occurs. The metanephric mesenchyme proliferates and 
then differentiates, giving rise to stroma and to the 
nephrons (glomeruli, capsules, and secretory tubules). 
Transitions between mesenchyme and epithelium oc¬ 
cur during renal development. For example, cells of 

the nephric mesenchyme are converted into the epi¬ 
thelial cells of the nephron. 

The ureteric bud* branches to form the ureter and 
its pelvis,1 the calices, and the collecting tubules (Fig. 
15-1). It arises as a diverticulum from the mesonephric 
duct, and it is largely surrounded by a metanephric 

cap. The part of the mesonephric duct near the cloaca 
now serves as a common excretory duct, i.e., for both 
mesonephros and metanephros (Figs. 15-2B and 15- 
6). Although the ureter is at first permeable13-17, it 
becomes solid temporarily18"20 but soon becomes re¬ 
canalized21. The tip of the ureteric bud becomes ex¬ 
panded, and the bud divides dichotomously about 15 
times. Each branch of the later generations shows an 
expanded end, the ampulla (Fig. 15-3E). Where the 
ureter joins the kidney, it is expanded as the embry¬ 

onic pelvis (propelvis) of the ureter (Fig. 15-6)15. Sub¬ 
divisions leading off from the pelvis are the embryonic 

calices (pseudocalices). As the ureteric bud branches, 
the surrounding mesenchyme is transformed into the 
epithelial cells of the nephrons. 

*The adjective ureteric is preferable to ureteral, which is too similar 
to urethral. 
What is generally termed the renal pelvis is basically the upper 

expanded end of the ureter and it is usually situated partly outside 
(medial to) the renal sinus. Hence the term “pelvis of the ureter” 
is preferable. 
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TABLE 15-1 Initial Appearance of Various Features of the Urinary System 

mm 

Weeks 

4 5 6 8 10 15 20 

Feature Stage 9 10 11 12 13 14 15 16 17 18 19 20 21 

Hindgut & definitive cloacal membrane 

Intermediate mesoderm & nephrogenic cord 

Mesonephric duct & nephric vesicles 

Mesonephric duct ends in cloaca 

Glomeruli & S-shaped tubules 

Urorectal cleavage 

Ureteric bud; metanephric cap 

Primary urogenital sinus 

Urethral folds & groove 

Mesonephros produces urine 

Vesico-urethral canal; definitive urogenital sinus 

Collecting tubules 

Cloacal membrane is ready to rupture 

Kidneys have ascended to lumbar level 

S-shaped tubules in metanephros 

Glomerular capsules in metanephros 

HP 

■ 
%%% 

m 

fH ip 

ilH * 

Pax2 is required for multiple steps during the dif¬ 
ferentiation of the intermediate mesoderm and 
Pax8 is needed in renal development. Also involved 
are cell-adhesion proteins and various growth 
factors. 

Each ampulla induces the formation of a vesicle 
from the adjacent mesenchyme (Fig. 15-3E), and this 
then fuses with the ampulla (Fig. 15-3F,G). The vesicle 
becomes S-shaped and differentiates into a secretory 

tubule and a glomerular capsule (Fig. 15-3H-J). The 
capsule and the glomerulus constitute a renal corpus¬ 

cle. The intracapsular cavity of the glomerulus prob¬ 
ably arises as a cleft in the epithelium of the devel¬ 
oping nephron. As the tubule becomes longer, a loop 
is formed (Fig. 15-3K,L). 

Each glomerulus receives an afferent arteriole, 
which breaks up into a capillary tuft within the glo¬ 
merular capsule (Fig. 15-31). The tuft does not “invag- 
inate” the blind end of the renal tubule. The capillaries 
of the glomerulus develop from a vessel of the meta- 
nephric mesenchyme, and not independently. The ef¬ 
ferent vessel that leaves the glomerulus breaks up into 
a capillary network around the tubule, and collecting 
veins drain into the cardinal system. Glomeruli prob¬ 
ably continue to form during at least part of trimester 
3, and their growth continues even during childhood. 

Fusion of tubules during the development of the 
kidney (Figs. 15-1, 15-3F, and 15-5B) occurs only be¬ 
tween the vesicles (future secretory tubules) and the 
ampullae (collecting tubules), and this communica¬ 
tion is essential in order to provide a series of contin¬ 

uous urinary pathways from the renal corpuscles to 
the exterior. It is usually stated that, in the adult, the 
site of former fusion corresponds to the junction be¬ 
tween the distal convoluted and the collecting tubules. 
On the basis of immunohistological studies, however, 
it is now maintained that the adult site of the junction 
between a branch of the ureteric bud and the induced 
nephron (metanephric blastema) is at the “distal” end 
of a connecting piece between the collecting tubule 
and the developing S-shaped tubule (Howie et al., 
1993). 

Later development. The renal structures (e.g., pelvis 
and calices) formed during the embryonic period 
are believed (by Inke, 1988) to be transient; i.e., they 
do not persist in recognizable form but are incor¬ 
porated into adult structures. The permanent struc¬ 
tures appear during the fetal and postnatal periods. 
In trimester 1, four protolobes are formed and 
these, by later subdivision, give rise to approxi¬ 
mately 8 renal lobes. The parenchyma becomes or¬ 
ganized into cortex and medulla. At first there is 
probably only one renal papilla but, by the time of 
birth, about 8 papillae are present, and the adult 
number ranges from 4 to 19. The surface of the 
developing kidney has a lobar appearance (Fig. 15- 
7), which is an expression of the internal structure 
(protolobes and lobes). 

Among other substances, the kidney produces 
erythropoietin and probably osteogenic protein, 
which may be why the bones of children with renal 

disease fail to grow. 
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Figure 15- Mesonephric (A-D) and metanephric (E-L) development. The mesonephric vesicle (A) joins the mesonephric duct 
(B) and becomes an S-shaped tubule (C), which acquires a capsule and a glomerulus (D). The metanephric vesicle (E) joins the 
ampulla (F,G) and becomes an S-shaped tubule (H), which acquires a capsule and a glomerulus (I,J,K). Some of the features of 
the adult nephron have appeared in L. The arrows in J,K, and L indicate approximately the junction between the derivatives of the 
ureteric bud and those of the metanephric blastema according to immunohistological studies (by Howie et al.) A-D are based on 
Shikinami; E-L on Potter. 

The urine eliminated by the metanephros reaches 
the bladder and is passed into the amniotic cavity. Part 
of it is then swallowed and reabsorbed by the intestinal 
epithelium. The fetal urine is a major source of am¬ 
niotic fluid, especially in the latter half of pregnancy. 
At term, urinary flow is about 500-600 ml per diem. 

A normal fetus is said to void urine approximately 
every hour. Conditions that interfere with the produc¬ 
tion of urine or prevent its entry into the amniotic 
cavity result in oligohydramnios. 

Renal ascent is the change whereby the meta- 
nephroi, which are at first sacral in level, ascend to a 

<—--- 

FIGURE 15-2 Development of the urogenital system from to 7 weeks. A. The mesonephric duct entering the cloaca12. B. 
Beginning of the metanephros14; the arrow near the gut indicates approximately the future junction between small and large 
intestine. Beyond the cloacal membrane the postanal gut is extensive. The cloaca is stippled in A and B. C. The two parts of the 
definitive urogenital sinus are indicated18. The cloacal membrane is ready to rupture (white arrow). The ureter now opens into the 
bladder cephalic to the mesonephric duct. D. The cloacal membrane (interrupted line) has ruptured, exposing the opening of the 
urogenital sinus and the anal orifice20. E. Ventral view showing the mesonephros, metanephros, and gonad20. The paramesonephric 
ducts are approaching each other. A window is cut out from the bladder, exposing the trigone inside. E is after Hunter, modified 
by Hamilton and Mossman. A, allantoic diverticulum. CM, cloacal membrane. OED, omphalo-enteric duct. UGS, urogenital sinus. 
An asterisk indicates the urorectal septum. The mesonephric components are shown in red, the metanephric in yellow. 
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Figure 15-4 A mesonephric corpuscle showing the parietal 
and visceral layers of the glomerular capsule, and (below) the 
continuity of the capsular space with the cavity of a secretory 
tubule15. 

lumbar level by the end of the embryonic period 
proper (Figs. 15-8A and 15-9). The ascent is perhaps 
caused largely by a straightening of the body. At 5 
weeks the kidneys are very close to each other15. As it 
ascends, the kidney “taps” segmental blood vessels at 
increasingly more cranial levels (Fig. 15-8D), and the 
last vessels to be tapped become the renal arteries. The 
renal hilum is at first situated ventrally but soon 
comes to occupy a medial position (Fig. 15-8B,C). This 
may be caused by increased growth of the lateral lip 
of the hilum rather than by “rotation.” 

In summary, the mesonephros and metanephros, 
although they differ in time and position, develop 
in a basically similar manner to a holonephros. 
A multitude of vesicles become S-shaped tubules 
that communicate with a duct (mesonephric 
duct/ureter). The tubules acquire a capsule and 

a capillary tuft (glomerulus). A corpuscle (glo¬ 
merulus and glomerular capsule) and its secre¬ 
tory tubule constitute a nephron, which drains 
into a collecting tubule. The mesonephros pro¬ 
duces urine from 6 to about 12 weeks, and the 
metanephros from about 8 weeks onward. 

Ureteric and Renal Anomalies 

Renal agenesis may arise from failure of a ureteric bud 
to form (Fig. 15-10A). Other possibilities include fail¬ 
ure of the bud to make contact with the metanephric 
blastema, absence of the blastema, or regression of the 
ureteric bud. Congenital urogenital malformations, 
such as renal agenesis, are frequently accompanied by 
malformations of the external ears. Bilateral renal 
agenesis is usually associated with decreased amniotic 
fluid (oligohydramnios), a distinctive, flat-nosed facies 
(from fetal compression), and pulmonary hypoplasia 
(from compression of the lungs) (Potter sequence). 

Severe instances may include non-separation of the 
lower limb buds (symmelia). Bilateral renal agenesis is 
compatible with prenatal, but not with postnatal, life. 
Renal hypoplasia refers to a kidney that is smaller than 
normal. 

Renal dysplasia is a term used where the histolog¬ 

ical differentiation is abnormal, as is usually the 

case when the ureter ends distally at an abnormal 

(ectopic) site. 

Ureteric valves are mucosal folds that may be 

found in any part of the ureter of the newborn. They 

usually disappear. 

Ureteric duplication (Fig. 15-10B,Y,Z) arises from 
doubling of the ureteric bud or from an accessory ure¬ 
teric outgrowth from the mesonephric duct. In most 
instances of double ureter, the two ureters cross each 
other, and that from the higher ureteric pelvis enters 
the bladder lower down. Supernumerary kidney arises 
when duplicated ureteric buds diverge and reach the 
metanephric mesenchyme at some distance from each 
other. 

Renal ectopia refers to a kidney that is not in the 
lumbar fossa and is not subject to ptosis. It arises usu¬ 
ally as a failure of ascent, and its vascular pattern is 
that of the level at which ascent ceased. A pelvic kidney 

(Fig. 15-10C) is one that has failed to ascend out of 
the pelvis. The lower the kidney, the less it will have 
“rotated,” and the more numerous will be its blood 
vessels. In crossed renal ectopia (Fig. 15-10D), it has 
been proposed that one kidney “wanders” to the con¬ 
tralateral side and its ureter crosses the median plane. 
Frequently the ectopic and the normal kidney are 
united and may have arisen from a common blastema. 
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Figure 15-5 Sections through the kidney. A. A mesonephric nephron (renal corpuscle and secretory tubule), its collecting tubule, 
and the mesonephric duct15. B. A metanephric nephron23. The general site of fusion (Fig. 15-3J to L) between the two sources 
(ampulla from the ureteric bud and secretory tubule from the metanephric blastema) is beyond the tip of the leader. 

Although theories have been advanced, the condition 
is not clearly understood. 

Horseshoe kidney (Figs. 15-10E and 15-11) is be¬ 
lieved to arise by fusion while the kidneys are near 
each other in the pelvis at 5 weeks15, or even earlier 
by migration of nephrogenic cells across the primitive 

FIGURE 15-6. Left lateral view at 5 weeks showing mesoneph¬ 
ros and mesonephric duct (red), and metanephros and ureter 
(yellow). The common excretory duct opens into the cloaca. 

streak. It has been proposed that fusion is valid only 
when the isthmus is fibrous, whereas most examples, 
in which the isthmus is parenchymal, are caused by 
abnormal migration. Mechanical effects of the umbil¬ 
ical and inferior mesenteric arteries are no longer con¬ 
sidered to play a role. 

Anomalies of “rotation” include ureteric pelves that 

face ventrally, ventromedially, laterally, or dorsally. 

A ventrally facing kidney indicates absence of so- 

called rotation, whereas dorsal and lateral varieties 

Figure 15-7. Kidney and suprarenal gland during fetal life (A- 
D) and at birth (E). Note the lobated appearance of the kidney, 
even at birth. After Patten. 
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Figure 15-8 A. Graph showing descent of the heart and the diaphragm, and the ascent of the kidney (metanephros) during the 
embryonic period. The kidney, initially at the level of SV2, ascends to LV2. B. Three simplified views of the prenatal ascent of the 
kidneys. The pelvis of the ureter can be seen to change (the so-called renal rotation) from (1) anterior to (2) anteromedial and (3) 
medial in position. C. Horizontal section illustrating this “rotation.” The interrupted line indicates the median plane. D. Those 
mesonephric arteries that come to supply the kidney (metanephros) at 6-7 weeks (18-19 mm). The definitive renal artery will be 
formed by one of the more rostral vessels. As the kidneys ascend, they become more “rotated” medially, and they lose more of 
their originally numerous blood vessels. When one or more of the caudally situated arteries persists, these are normal rather than 
“accessory” vessels. A is based on the data of Muller and O’Rahilly; B and C are modified from Kelly and Burnam; D is based on 
Felix in Keibel and Mall. 

are said to be caused by hyperrotation and reversed 

rotation, respectively. The cause of “malrotation,” 

however, is more likely to be asymmetrical growth. 

Persistent fetal lobation is the continued ex¬ 

ternal manifestation of renal lobes. 

Cystic renal diseases. The kidney is subject to 

the formation of cysts, solitary or multiple, unila¬ 

teral or bilaterally. Most are congenital but their 

causes are highly debated. 

Polycystic renal disease is a heritable disorder 

characterized by numerous fluid-filled cysts of epi¬ 

thelial origin in the renal parenchyma and leading 

to loss of function and renal failure. Alterations in 

the basement membranes and increased epithelial 

cell proliferation are found. Difficulties arise be¬ 

cause of (1) variable terminology, (2) the coexis¬ 

tence of hepatic lesions, and (3) variations in ex¬ 

pression of the condition. The infantile type is 

recessive (a gene on chromosome 6). An autosomal 

dominant type depends on genes on chromosomes 
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FIGURE 15-9. Urinary organs. A. The ductal system, showing the three main tubes (Fig. 16-8) at about 8 weeks. B. The organs in 

situ at about 8 weeks. The mesonephros and the gonad are still elongated in form. C,D. Male and female fetuses of approximately 
11 weeks. C and D after Kollmann. 

16pl3.3 or 4q21-23. The prevalence is about 1:3500 

to 1:10,000 live births. 

Cysts are present in the kidneys before the end 

of trimester 1, they grow slowly and later destroy 

the functional tissue. The theory of failure of 

nephrons to unite with the collecting tubules fr^m 

the ureteric bud, and subsequent cystic enlarge¬ 

ment of the blind nephrons, is no longer accepted 

because the abnormality arises after differentiation 

of the metanephros. Other theories include the per¬ 

sistence of rudimentary nephrons, hyperplasia of 

collecting tubules, and inadequate development of 

collecting tubules. 

Congenital nephrotic syndrome is caused by 

mutation in a gene that encodes essential proteins. 

Their absence results in defects in the filter (“slit 

diaphragm”) formed by the podocytes in the renal 

glomeruli. 

Dysencephalia splanchnocystica (Meckel-Gruber 

syndrome) is a lethal autosomal recessive disorder 
characterized by polycystic kidneys, proliferation of 
biliary ductules in the liver, usually encephalocele, and 
frequently polydactyly. An underlying defect in stromal 
organization has been proposed. The primary lesion 
probably occurs very early in embryonic life, although 
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FIGURE 15-10. A-E. Renal and ureteric anomalies in the adult. X-Z. The development of ureteric duplications. X. Normal ureteric 
bud at 4V2 weeks14. Y,Z. Two degrees of ureteric duplication. The extra bud is marked by an asterisk. In Y, the ureteric bud has 
bifurcated. In Z, two ureteric buds emerge from the mesonephric duct. 

the more variable features of the syndrome may be 
secondary. 

Nephroblastoma (Wilms tumor) is one of the two 
most frequent neoplasms in children. (The other is 
retinoblastoma.) It contains mixed types of cells and 
tissues (including striated muscle), although all these 
are thought to arise from the multipotent embryonic 
stem cells of the kidney (the mesodermal nephric blas¬ 
tema). In addition, differentiated cells (e.g., muscle or 
cartilage) are sometimes found. Most instances are 
sporadic, but a few are familial. Wilms tumor may be 
combined with aniridia (bilateral absence of the iris), 
genito-urinary abnormalities, and mental retardation 
(WAGR syndrome). In hereditary instances the tumor 
locus {WT1) is on chromosome llpl3, and a second 
locus (WT2) is on llpl5. A tumor suppressor gene 
(wtl) is thought to halt blastemal cell proliferation and 
to initiate epithelial differentiation in the kidney. 

Variations of the renal arteries are generally 
caused by incomplete reduction of the originally mul¬ 
tiple arterial supply; i.e., “aberrant” or “accessory” ves¬ 
sels are normal segmental arteries (Fig. 15-8D). A ves¬ 
sel that passes from the aorta to the lower pole of the 
kidney may compress the ureter and cause urinary dis¬ 
tension of the pelvis and calices (hydronephrosis). 

Hydronephrosis, the most frequent cause of a neo¬ 
natal abdominal mass, can arise in utero, e.g., from 
ureteric obstruction. The most frequent site of ob¬ 
struction is the junction of the ureteric pelvis with the 
remainder of the ureter. One of the various causes pro¬ 
posed is a solid phase in the development of the ureter. 

Congenital hydronephrosis (from whatever cause) 
can be treated surgically before birth by drainage, fol¬ 
lowed by replacement of the fetus in utero. “Retrocaval 
ureter,” which should be thought of as a pre-ureteric 
vena cava (Fig. 15-1 IB), was discussed in Chapter 12. 
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FIGURE 15-1 Renal anomalies as seen in the adult. A. Horse¬ 
shoe kidney, showing ureters, aorta (white), inferior vena cava 
(blue), and suprarenal glands (gray). The renal junction, which 
is usually between the lower poles, is below the inferior mes¬ 
enteric artery. A modified from G. Tondury. B. Pre-ureteric vena 
cava (blue) or “retrocaval ureter.” B from J.C.B. Grant. 

BK THE BLADDER AND 

URETHRA 

The cloaca (a Roman sewer) is the expanded end of 
the hindgut, which receives the allantoic diverticu¬ 
lum11 and then the mesonephric ducts12 (Figs. 15-2 
and 15-12). The cloaca, which is common to the uro¬ 
genital and the digestive systems, becomes divided pas¬ 
sively by the urorectal septum, which is the fused 
extra-embryonic mesoderm of the allantoic diverticu¬ 
lum and the umbilical vesicle (Fig. 15-2A)13. (Previous 
theories of the formation of the urorectal septum in¬ 
cluded a descending coronal septum and/or median 
fusion of two lateral folds.) The cloaca then consists of 
the primary urogenital sinus ventrally and the 
(ano)rectum dorsally (Fig. 15-2B)15. The points of en¬ 
try of the mesonephric ducts into the primary urogen¬ 
ital sinus are used to subdivide that cavity into the 
vesico-urethral canal (future bladder and urethra) ce- 
phalically and the definitive urogenital sinus caudally 
(Fig. 15-2C)17. The definitive urogenital sinus now 
consists of a pelvic part proximally and a phallic part 
distally. The cloacal membrane then ruptures from 
apoptosis and urinary pressure (Fig. 15-2D)20. 

The urinary Bladder 

The bladder arises from the vesico-urethral canal (Fig. 
15-2C). Its origin resembles that of the other compo¬ 

nent of the cloaca, the rectum, in that the epithelium 
is endodermal and the muscular coat is from splanch- 
nopleuric mesoderm. 

The common excretory duct, i.e., the mesonephric 
duct distal to the origin of the ureteric bud, seems to 
become absorbed into the dorsal wall of the vesico¬ 
urethral canal. As a consequence, the mesonephric 
ducts and the ureters come to open independently into 
the vesico-urethral canal (Fig. 15-2C,D)18. Further 
complicated growth changes result in a cephalocaudal 
reversal of the ureteric and mesonephric openings 
(Fig. 15-2D,E)20. The ureteric openings seem to be¬ 
come shifted cephalolaterally, whereas the openings 
of the mesonephric ducts appear to migrate caudo- 
medially. 

The resulting triangular area, known as the trigone 
(Fig. 15-2E), is thought by many to be of meso¬ 
dermal origin, i.e., derived from the mesonephric 
ducts. It is possible, however, that endoderm from 
the urogenital sinus spreads onto the trigone. This 
triangular area of the bladder extends between the 
ureteric openings and the internal urethral orifice. 
The trigonal musculature appears to be different 
from that elsewhere in the bladder. The bladder is 
now clearly distinguishable from the urethra (Fig. 
15-2D)20. The ureters are blocked by closing mem¬ 
branes during most of the embryonic period. Dur¬ 
ing trimester 2, the epithelial lining of the bladder 
becomes transitional in type, i.e., urothelium. In in¬ 
fancy the bladder is almost entirely abdominal 
(rather than pelvic) in position. 

The urachus is a fibrous cord formed by regression 
of the apical part of the bladder, which continues into 
the allantoic diverticulum (Fig. 15-2E). Hence the ur¬ 
achus is considered to be probably vesical (i.e., cloacal) 
in origin rather than allantoic (Begg, 1927). At birth 
the urachus is attached to the umbilicus by a remnant 
of the allantoic diverticulum. After birth the bladder 
begins to descend and takes the urachus with it. In 
the adult the urachus is rarely more than 5 cm in 
length, and it does not reach the umbilicus, to which 
it is attached, however, by the median umbilical liga¬ 
ment. The urachal lumen remains patent, at least in 
part throughout life, and it may communicate with 
that of the bladder. 

The Urethra 

The urethral component of the vesico-urethral canal 
forms most of the female urethra and the proximal half 
of the prostatic urethra in the male (Fig. 15-12). The 
definitive urogenital sinus (Fig. 15-13A) gives rise to 
the distal half of the prostatic urethra and to the mem¬ 
branous urethra. 
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duct 

Figure 15-12. Scheme of the cloaca and related structures. 

The proximal half of the prostatic urethra gives ducts. Urethral and para-urethral glands in the female 

origin to urethral glands. Additionally, a number of correspond to the prostate. Bulbo-urethral and ure- 

glands of the prostate develop from the complex epi- thral glands in the male develop from the spongy ure- 

thelium covering the colliculus seminalis and may thra, the development of which is described in the next 

possibly be of mesonephric or paramesonephric origin. chapter. Corresponding structures in the female 

The distal half of the prostatic urethra is the source of (greater and lesser vestibular glands) develop from the 
the prostatic ducts and it receives the ejaculatory vestibule. 
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Figure 15-13. A. Schematic median section of the urogenital organs at 9 weeks. Asterisk indicates position of rectovesical pouch. 
Based on Keibel. Opening of right ureter shown as a black dot. B. Section through the phallus to show the urethral plate. C. 
Surface view of external genitalia at a reduced scale. D. Ventral view of interior of urogenital sinus. E. Dorsal view of ducts. UGS, 

urogenital sinus. 

The sinual tubercle (associated with the name of J. 

Muller), and seen at 7-8 weeks, is a ventral projec¬ 

tion of the dorsal wall of the urogenital sinus be¬ 

tween the openings of the mesonephric ducts (Fig. 

15-13D)22. The tubercle is best regarded as the site 

at which sinual, mesonephric, and paramesonephric 

epithelia meet and very likely mingle. In the male, 

the sinual tubercle forms the colliculus seminalis 

(verumontanum), which is part of an internal crest 

on the dorsal wall of the prostatic urethra. A small 

diverticulum termed the prostatic utricle opens 

onto the colliculus seminalis. The cephalic part of 

the utricle is derived from the paramesonephric 

ducts, and the caudal part from the mixed epithelial 

covering of the colliculus. The utricle probably cor¬ 

responds to the uterus and perhaps to the vagina. 

The mesonephric ducts, which open on each side of 

the colliculus, become the ductus deferentes, and 

the seminal vesicles arise from the distal end of each 

ductus deferens (Fig. 16-14). In the female, the sin¬ 

ual tubercle declines and disappears. 

The Prostate 

The prostate (Fig. 15-14) begins late during trimester 

1 as a series of solid endodermal buds and tubules 

from the future prostatic urethra (i.e., the vesico¬ 

urethral canal and the definitive urogenital sinus). 

Both estrogens and androgens in the presence of tes¬ 

ticular interstitial cells are necessary for prostatic de¬ 

velopment. Androgen-independent luminal formation 

at the end of trimester 1 is followed by androgen-de- 

pendent expression of secretory proteins. The mesen¬ 

chyme into which the prostatic buds grow is impor¬ 

tant, and later differentiates into the fibromuscular 

tissue of the organ. 

Lobation. Based on the arrangement of clusters of 

epithelial buds that arise from the urethra at the end 

of trimester 1, five fetal lobes were described by Lows- 

ley (1912): (1) a distinct middle lobe (between the ure¬ 

thra and the ejaculatory ducts), (2 and 3) large right 
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Figure 15-14 A-D. Posterior view, 
coronal section, horizontal section, and 
median section, respectively, based 
mainly on the adult prostate, but 
indicating the fetal lobes of Lowsley: 
lateral, middle, posterior, and anterior. 
The three openings on the colliculus 
seminalis in B (which is on the posterior 
wall or “floor” of the prostatic urethra) 
are the two ejaculatory ducts and, in the 
median plane, the prostatic utricle. E. 
Schematic median section, showing 
McNeal’s interpretation of the adult 
prostate. The notch in the posterior wall 
of the urethra represents the colliculus 
seminalis. F. Right lateral view of a 
reconstruction of urethral epithelium and 
associated structures in a male fetus of 
15 weeks (130 mm). F is based on 
Johnson and on Broman. 

and left lateral lobes, (4) a limited posterior lobe, and 

(5) a less marked anterior lobe. The arrangement of 

fetal lobes is obscured in postnatal life and the normal 

adult prostate shows no external signs of lobation. In¬ 

ternally, the organization of the ductal system and 

septa is still present but, according to C.P. Wendell- 

Smith (personal communication), (1) and (4) are prob¬ 

ably represented by bilateral superomedial lobules 

(central zone of J.E. McNeal), and (2) and (3) by bi¬ 

lateral inferolateral and inferoposterior lobules (pe¬ 

ripheral zone and the site of carcinoma). Benign pros¬ 

tatic hypertrophy produces secondary lobation in the 

prostate and primarily affects the bilateral anterome¬ 

dial lobules (transitional zone) and the peri-urethral 
glandular zone. 

Vesical and Urethral 

Anomalies 

Cloacal malformation, which usually results in a 

rectovesical or a recto-urethral fistula or, in the fe¬ 

male, a rectovestibular fistula, was discussed in 

Chapter 13 under Anorectal Anomalies. 

Urachal anomalies (Fig. 15-15) arise from failure 

of regression. Urachal cysts (Fig. 15-15A) may arise 

from the epithelial lining of the urachal lumen. Com¬ 

munication with the bladder would result in a vesical 

diverticulum (Fig. 15-15B), whereas an umbilical si¬ 

nus (Fig. 15-15C) would presumably be caused by a 

lack of allantoic regression. Rarely, the allantoic diver¬ 

ticulum and the urachus may be patent throughout. 

Vesico-umbilical fistula (Fig. 15-15D) is found 

when the bladder fails to descend and continues (via 

the allantoic diverticulum) to reach the umbilicus. Its 

upper end may become narrow, but a normal urachus 

does not form. In the presence of such a fistula, urine 

may flow from the umbilicus. 

Vesico-ureteric reflux is a flow of urine from the 

bladder to the ureter. It may occur prenatally as a 

result of any disturbance of the ureter, e.g., from 

obstruction of the vesical outlet. If the volume of 

amniotic fluid decreases, decompression of the 

distended bladder can be achieved by establishing 

a vesico-amniotic shunt or by a suprapubic vesi¬ 
cotomy. 

Ectopic ureteric orifices are those found out¬ 

side the trigone, e.g., in the prostatic urethra or the 

seminal vesicle, or in the female urethra, vestibule, 

or vagina. Most instances appear to be caused by 

failures in the absorption of ureteric and meso¬ 

nephric ducts into the bladder. 

Ureterocele is a cystic dilatation of the lower 

end of the ureter, projecting into the vesical cavity. 

It is secondary to obstruction of the ureteric orifice, 

which is probably caused by persistence of a tem¬ 

porary, normally occurring membrane in the ure¬ 

teric lumen. Failure of canalization of the ureteric- 

vesical junction has also been proposed. 
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Figure 15-15, Anomalies of the 
urachus. 

Urethral valves of disputed origin may be found 

posteriorly in the proximal part of the urethra, near 

the neck of the bladder. They can cause urinary ob¬ 

struction. Most are considered to be extreme forms 

of normal folds in the urethral wall. 

Hypospadias (Figs. 15-16B,C and 15-17A) is char¬ 

acterized by opening of the urethra on the underside 

of the penis, on the scrotum, or on the perineum. Its 

prevalence is 1:150 to 1:2000, and it is much more 

frequent in the male. Dominant transmission is noted 

in some instances and the condition is sometimes as¬ 

sociated with chromosomal abnormalities. In severe 

examples genital abnormalities are usual. Hypospadias 

results from failure of formation of the urethral folds, 

or from failure of their closure distally, i.e., a devel¬ 

opmental arrest. The resulting sulcus is probably the 

primary urethral groove (cutaneous ectoderm), which 

had not yet been deepened by the secondary urethral 

groove (endoderm of urethral plate, Fig. 16-20). The 

pathogenesis of hypospadias, however, is characterized 

by “more questions than answers” (D. Kluth). 

The normal female urethral opening is in a sense 

hypospadiac but may, abnormally, be situated further 

posteriorly. 

Epispadias (Figs. 15-16D and 15-18B), which is 

rare and is also more frequent in the male, is char- 

FlGURE 15-16. A. Normal 
urethra. B, C. Hypospadias. D. 
Epispadias. E. Exstrophy. 

EPISPADIAS EXSTROPHY & EPISPADIAS 
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Figure 15-17 Examples of urinary anomalies. A. Hypospadias in a male infant with ambiguous genitalia (bilateral scrotal folds, 
hypoplastic and undescended testes, hypoplastic vagina) and congenital diaphragmatic hernia. B. Cloacal exstrophy (exstrophia 
splanchnica) in an 11-day-old girl showing exomphalos, prolapsed ileum, and exstrophy of the bladder. Courtesy of Joseph R. 
Siebert, Ph.D., University of Washington, Seattle. 

acterized by opening of the urethra on the dorsum of 

the penis or through a bifid clitoris. In severe exam¬ 

ples, the pubic bones are separated and urinary incon¬ 

tinence occurs. According to one theory, epispadias is 

caused by a caudal shift of paired primordia of the 

genital tubercle, forcing the urethra to form dorsal to 

the corpora cavernosa. A similar effect could result 

from a cloacal membrane that extended too far cra- 

nially, blocking the fusion of paired primordia of the 

genital tubercle. It has been suggested also that lack 

of median fusion of the mesenchyme of the infra- 

umbilical part of the abdominal wall near the genital 

tubercle may lead to rupture of the phallic portion of 

the urogenital sinus dorsally. The corpora cavernosa 

can approach each other only below this hiatus. Epi¬ 

spadias and exstrophy (described below) form a varia¬ 

ble spectrum of anomalies. 

Exstrophy of the bladder (ectopia vesicae) (Figs. 

15-16E, 15-17B, and 15-18C) usually includes epispa¬ 

dias, separation of the pubic bones, and exposure of 

the mucosa of the posterior wall of the bladder. It is 

more frequent in the male. The chief theories men¬ 

tioned above for epispadias are those also proposed for 

exstrophy, namely (1) an early caudal displacement of 

Umbilical A B C 

Figure 15-18. A. Normal relations at end of embryonic period. B. Hypothetical development of exstrophy and epispadias. C. Intact 
ventral view of exstrophy showing interior of bladder exposed to the exterior. The cross sections of the phallus show the corpus 
cavernosum and the corpus spongiosum. (A and B after Patten and Barry.) 
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paired primordia of the genital tubercle, resulting in 

defective mesodermal growth cephalic to the cloacal 

membrane (Patten and Barry, 1952), and (2) excessive 

development of the cloacal membrane, hindering mes¬ 

enchymal movement and median fusion in the abdom¬ 

inal wall (Muecke; see Marshall and Muecke, 1968). 

Failure to reach the median plane would be followed 

by a breaking down of the ectodermal-endodermal 

contact, resulting in a communication between the 

body surface and the interior of the urogenital sinus. 

Cloacal exstrophy or ectopia cloacae (Fig. 15-17B), 

sometimes called vesico-intestinal fissure, is a severe 

form of the spectrum of epispadias and exstrophy of 

the bladder. It is believed to be caused by abnormal 

migration of neural crest cells in the caudal area. The 

intestinal mucosa, usually that of the ileum, is exposed 

ventrally and in continuity with the exposed vesical 

mucosa on each side. A large part of the colon is miss¬ 

ing. Vertebral malformations (e.g., sacral spina bifida) 

and neural tube defects (e.g., myelocystocele) are con¬ 

stant, as are also diastasis of the pubic symphysis and 

imperforate anus. 

The condition arises earlier than exstrophy of the 

bladder, before urorectal subdivision of the cloaca has 

taken place. It has been attributed to a failure of mes¬ 

enchyme from the caudal eminence to cover the infra- 

umbilical abdominal wall. It has also been proposed 

that the intestinal malformation is acquired and is of 

vascular origin. 

Abdominal muscular deficiency, commonly 

known as the prune-belly syndrome, consists of a 

triad: defective abdominal wall, urinary anomalies 

(e.g., mega-ureters from obstruction), and cryptor- 

chism (undescended testes). At most 5% of instances 

are female. Many theories have been proposed, mostly 

involving an early mesodermal defect. According to 

one view, however, the muscular deficiency is a defor¬ 

mation resulting from abdominal distension, caused 

by urinary dilatation, rather than a primary mesoder¬ 

mal defect. Moreover, the enlarged bladder (megaves¬ 

ica) can be emptied prenatally one or more times, and 

then a normal situation is found in the newborn. 
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The Reproductive 
System 

he reproductive organs consist of gonads, a 

ductal system, and external genitalia. Of the 

various components of sexual differentiation, some ap¬ 

pear during the embryonic period, others during the 

fetal period, and still others postnatally (Fig. 16-1). 

Whether embryos have an XX or an XY chromosomal 

complement, they are each capable of producing either 

a female or a male reproductive system. 

Sexual differentiation can be considered in several 

phases. (1) Genetic sex can be detected by the presence 

of sex chromatin (chromosomal sex) in the nuclei of 

female cells, first extra-embryonically6,7 and then 

within the embryonic disc8. (2) Gonadal sex (deter¬ 

mined by the Y chromosome) refers to histological dif¬ 

ferences that become apparent first in male embryos 

at 6 weeks18,19 and then in female embryos at 7 

weeks20. (3) Phenotypical (or somatic) sex is brought 

about by the sexual differentiation of the ductal system 

and of the external genitalia, which begins early in the 

fetal period (trimester 1). (4) Later, other aspects be¬ 

come important: assigned sex at birth and adopted sex 

(usually the same as the assigned sex) postnatally. 

The primordial germ cells (PGCs) are segregated 

early (Table 16-1), precisely when and whence are un¬ 

known. They arise extragonadally from endoderm, but 

probably indirectly from epiblast. It is believed, how¬ 

ever, that (in the mouse) early blastomeres have the 

potential to produce both somatic and germ cells, and 

that a continuous germ cell line may not exist in 

mammals. The PGCs are first clearly detectable in the 

wall of the umbilical vesicle10,11 from which, by various 

active and passive movements, about a thousand of 

them migrate to the gonads. They can be identified 

__ Si HHMMMi 

successively in the hindgut12, mesonephric ridges13, 

and gonadal ridges (Figs. 16-2 and 16-3)14. Germ cells 

that fail to reach the gonads usually disappear but may 

perhaps give rise to teratomata. 

From studies of chimeric mice, it is believed that 

both male and female urogenital organs, with the ex¬ 

ception of the uterine glands, develop from two or 

more progenitor cells. 

1 THE GONAD 

Agreement has not yet been reached concerning a 

number of details of the developing gonads. Before the 

gonad can be identified as a testis or an ovary, it is 

termed indifferent. 

The Indifferent Gonad 

(4V4-6 WEEKS14-17) 

The term indifferent is used here in the meaning of 

histologically indistinguishable as a male or a female 

gonad. 
A thickening of the coelomic epithelium overlies 

a mesodermal proliferation termed the gonadal ridge 

at the ventromedial aspect of the mesonephros (Fig. 

16-4)14. Mesonephric cells are thought to induce the 

formation of the gonadal primordium. Primordial 

germ cells enter the coelomic epithelium of the go¬ 

nadal ridges, and temporary loss of the basement 

membrane allows the epithelium to contribute to the 

gonadal blastema. Cortex and medulla are not yet dis¬ 

tinguishable. Cellular plates17, which become cylindri- 

317 
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10 20 30 40 50 60 70 80 90 mm in length 

5 6 7 8 9 10 11 12 Postfertilizational weeks 

Figure 16-1. Scheme of prenatal development of reproductive system in relation to embryonic/fetal length and age. The following 
periods can be distinguished: A, phase of chromosomal sex; B, indifferent phase; C, gonadal differentiation; D, ductal differentiation; 
E, differentiation of external genitalia. Modified from Jean D. Wilson. 

TABLE 16-1 Initial Appearance of Various Features of the Reproductive System 

Feature 

mm 

Weeks 

Stage 

Primordial germ cells (PGCs) migrating from umbilical vesicle to hindgut 
PGCs in wall of hindgut 
Mesonephric duct opens into cloaca 
PGCs migrate to gonadal ridges 
Primary urogenital sinus 
Paramesonephric ducts; urethral folds and groove 
Vesico-urethral canal and definitive urogenital sinus 
Testicular cords; genital tubercle (phallus) and swellings; primary urethral folds 

and groove 
Cloacal membrane disintegrates 
Absence of testicular cords noticeable in ovary 
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Figure 16-3 Transverse section at 4V2 weeks13 showing the 
intestine and mesentery, and a mesonephric vesicle on each 
side. Primordial germ cells can be seen in the endoderm of the 
intestine and in the coelomic epithelium. 

cal cords, develop and they contain both germ cells 

and somatic cells. 

The cells in the gonad are primordial germ cells 

that become transformed into oogonia or spermato¬ 

gonia (Chapter 3), and several varities of somatic cells. 

The origin of the somatic cells is in dispute, but one 

or probably more of the following may be involved: (1) 

cells of mesonephric origin, (2) the local mesenchyme, 

Mesonephric 

Figure 16-4. Mesonephros and developing gonad at about 4- 
5 weeks. The four possible cellular sources of the gonad are the 
primordial germ cells (PGCs), the coeomic epithelium, the local 
mesenchyme, and the mesonephros (gray arrow). 

and (3) the superficial (coelomic) epithelium, which in 

itself is not a “germinal epithelium,” as was thought 

at one time. The coelomic epithelium and the coe¬ 

lomic cords derived from it, however, probably act 

mainly as a scaffolding. It is now claimed that the chief 

cells of the gonad arise from the mesonephros (Satoh, 

1991), which gives origin to gonadal cords, as well as 

to the sustentacular and interstitial cells. The mesen¬ 

chyme may also be involved in the production of the 

interstitial cells. Seeding of the genital ridges by pri¬ 

mordial germ cells, which occurs independently of 

SRY, is necessary for fertility, although not for testic¬ 

ular differentiation and functioning. Ovaries, however, 

in the absence of seeding, form streak gonads and do 

not produce female sex steroids at puberty. 

As the gonad becomes prominent and more sepa¬ 

rated from the mesonephric ridge, a gonadal “mesen¬ 

tery,” the mesorchium or the mesovarium (Fig. 16- 

5C,E), becomes defined in the region of the future 

hilum. The mesovarium later provides the attachment 

of the ovary to the broad ligament of the uterus. The 

cranial end of the ovary is anchored by the suspensory 

ligament of the ovary (derived from the mesonephros), 

and the caudal end by the ovarian ligament proper. 

Between 6 and 7 weeks the morphologically indif¬ 

ferent gonads begin to become either testes or ovaries. 

These two “disymmetrical” routes of gonadal devel¬ 

opment, although comparable, arise differently. The 

modification into ovaries is at first a passive continu¬ 

ation of the indifferent phase, whereas the transfor¬ 

mation into testes is an active process that depends on 

certain factors. 

The Ovary 

The ovary has both an exocrine function (the matu¬ 

ration and cyclic emission of oocytes) and an endo¬ 

crine function (the hormonal control required for fer¬ 

tilization and implantation), which is regulated by 

hypophysial gonadotrophins (FSH and LH). According 

to the theory of disymmetrical gonadal development, 

the genetically determined female gonad continues its 

indifferent phase by growing further until ovarian fol¬ 

licles are formed early during trimester 2. The ovary 

is believed to be identifiable at 7 weeks20, at first 

merely by the absence of testicular cords (Fig. 16-6B). 

In other words, the earliest ovarian development ap¬ 

pears as an extension of the indifferent phase. Oo- 

gonial meiosis, however, can be detected at about 8 

weeks, whereas a comparable process will not be ob¬ 
served in the testis until puberty. 

The blastemal cells are of mesonephric and per¬ 

haps of mesenchymal origin, but a coelomic contri¬ 

bution has been queried. The gonadal cords become 

displaced peripherally as the medulla develops, and 
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Figure 16-5. Development of the gonad. A. The coelomic epithelium becomes stratified. B. Cells from the mesonephros are 

incorporated in the gonad and form gonadal cords. The gonad projects into the coelomic cavity, and the coelomic epithelium 

becomes flattened. C, D. In the testis, the gonadal cords give rise to seminiferous cords (future tubules). E. In the ovary, gonadal 

cords show a similar distribution. F. The gonadal cords become larger and then become displaced to the periphery. G. The medulla 

becomes clearer and the gonadal cords become folliculogenous, later giving rise to the follicular cells. D and G show the site of 

the rete testis and of the rete ovarii, respectively. Tubules develop at these sites and, in the male, will later act as the union between 

the seminiferous tubules and the efferent ductules (derived from the mesonephros). Modified from Satoh. 

they differentiate into folliculogenous cords (Satoh, 

1991), which give rise to the follicular cells. In the 

human ovary, the cortex develops toward the end of 

the embryonic period and involves a rearrangement 

within the primary gonadal blastema. The cortex con¬ 

tains many germ cells. It grows by the addition of dark 

(mesonephric) cells that migrate centrifugally and 

light (possibly coelomic?) cells that pass centripetally. 

The medulla is believed to be formed from a dense, 

central core of cells (Figs. 16-5G and 16-6B) and from 

the blastema of the rete ovarii. Medullary cords can be 

seen in the ovary by the end of the embryonic period. 

They do not normally develop lumina and they dis¬ 

appear during trimester 3. As in the testis, the central 
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Figure 16-6 Electron micrographs of embryonic gonads. A. Testis at about 6 weeks. The gonadal cords, which are surrounded 
by a basal lamina, are giving rise to seminiferous cords (future seminiferous tubules). The cords are not continuous with the 
coelomic epithelium. B. Ovary a little later in the embryonic period. The gonadal cords, although not as distinct, have a similar 
distribution to that of the testis. They are contiguous to the mesonephros, they branch as they extend peripherally, and they are 
not continuous with the coelomic epithelium. Courtesy of Dr. Masahito Satoh, Tokyo. From Journal of Anatomy, 1991; 177:85— 
107. 

gonadal blastema is thought to be a pool that supplies 
somatic cells to the gonad. 

Although a rete ovarii (i.e., tubules) can be found 

at mid-term, it is not well developed and does not 

normally communicate with the mesonephric tu¬ 

bules. Thus, the mesonephric duct is not used for 

the female reproductive pathway, and the follicles 

with mature oocytes have to break through the sur¬ 

face of the ovary. 

A tunica albuginea, i.e., a subepithelial connec¬ 

tive tissue layer, is described for the ovary during 

trimester 2. It consists of collagenous fibers and fi¬ 

broblasts beneath the basement membrane. 

The chief cells found in the developing ovary are 

germ and supporting cells, and temporary interstitial 

cells. 

1. Primordial germ cells (PGCs) are small and 

spherical and have ill-defined outlines. They become 

distributed among the somatic elements and they tend 

to occupy the most superficial (cortical) region of the 

ovary. They proliferate by mitosis and, at the beginning 

of the fetal period, they form oogonia, which are linked 

together by intercellular bridges. 

Differentiation of the ovary includes triggering of 

the oogonium to enter meiosis, arrest of the oocyte at 

diplotene of the meiotic prophase, and enclosure by 

somatic cells to form ovarian follicles (Chapter 3). 

Oogenesis and folliculogenesis (Figs. 3-5 and 16-2; 

Table 16-2). Early in the fetal period oogonia pro¬ 

liferate rapidly by mitosis and give rise to primary 

oocytes, a process termed oogenesis. Toward the end 

of trimester 1, these cells enter meiotic prophase, 
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in which some of them may remain for as long as 

40 years. Oocytes at leptotene, zygotene, pachytene, 

and diplotene gradually become more numerous. 

The number of germ cells reaches a maximum 

(nearly 7 million) at 20 weeks and then declines 

because of cessation of mitotic division and because 

of degeneration of germ cells. About 2 million re¬ 

main at birth and half show signs of atresia. 

It is usually maintained that no increase in the 

number of primary oocytes occurs beyond those 

originally laid down when the ovary is formed; i.e., 

the stock of oocytes is finite. Oogenesis generally 

ceases during trimester 3. 

Near mid-term, oocytes at the diplotene phase 

become surrounded by flattened, somatic cells 

termed follicular or granulosa cells, which probably 
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TABLE 16-2 Oogenesis, Spermatogenesis, and Embryogenesis 
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c, number of chromatids (data of Holstein given in Hinrichsen's Humanembryologie). 

arise from the rete ovarii and the coelomic epithe¬ 
lium. Granulosa cells are thought to be of two types, 
meiosis-preventing and meiosis-inducing, in rela¬ 
tion to the germ cells. A primary oocyte and its 
flattened enveloping cells constitute a primordial 

ovarian follicle (Fig. 3-5). Near birth, the cortex of 
the ovary is filled with primordial follicles, many of 
which are undergoing atresia. The appearance of 
secondary oocytes and of various phases of more 
mature follicles (Chapter 3) is delayed until puberty. 
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FIGURE 18-7 Section through the testis at 8 weeks23 showing 
numerous testicular cords (future seminiferous tubules) and, 
centrally, dark areas comprising the rete testis. The liver shows 
at the upper left, the metanephros at the right. After Gillman. 

An ovarian follicle is equivalent to a testicular cord 

in the sense that both structures enclose germ cells 

and separate them from their environment. 

2. Supporting cells. In the ovary there are two 

different components of the blastema: (1) dark fu¬ 

siform cells that arise from the regressing meso¬ 

nephros and enter the ovary via the rete blastema, 

and (2) light epithelioid cells that some claim arise 

from the coelomic epithelium. These supporting 

cells regulate the differentiation of the female germ 

cells. 

3. Interstitial cells, of steroid-producing type 

but independent of follicles, have been detected in 

the human ovary during the first half of trimester 

2. They probably develop either from fibroblasts in 

the medulla or possibly from mesonephric cells. Al¬ 

though secretion of estrogen begins as early as 8- 

10 weeks (Fig. 16-1), and perhaps even before his¬ 

tological differentiation of the ovary, the level is very 

low and its origin is uncertain. The chief steroid- 

producing cells differentiate later, in relation to 

ovarian follicles, and the granulosa and internal the¬ 

cal cells become the main endocrine component of 

the ovary. The ovary produces estrogen, progester¬ 

one, and androgen, and LH and FSH have been de¬ 

tected before the middle of pregnancy. 

The Testis 

According to the theory of disymmetrical gonadal de¬ 

velopment, testicular organization is imposed actively 

under genetic control, in the absence of which the 

gonad would acquire an ovarian structure; i.e., the ba¬ 

sic developmental trend is essentially female, and the 

male phenotype has to be induced. 

The indifferent gonad is converted into a testis 

probably under the influence of the sex-determining 

region of the Y chromosome (SRY), which triggers the 

genital ridges to form testes rather than ovaries. Testes 

can develop, however, in XX individuals, some of 

whom, for example, may carry the short arm of the Y 

(although others apparently do not). 

The Y chromosome contains male-determining 

genes, which (irrespective of the number of X chro¬ 

mosomes present) transform the gonad into a testis. 

Subsequent male differentiation is caused by the ac¬ 

tion of testicular hormones and their metabolites. In 

mutational absence of androgen or androgen receptor, 

a female phenotype develops, even in the presence of 

a Y chromosome and testes. At least three genes are 

involved in testicular differentiation and they are lo¬ 

cated on the Y chromosome, the X chromosome, and 

an autosome, respectively. 

The testis becomes identifiable at 6 weeks, when 

gonadal cords begin as sheets in the gonadal blastema 

and differentiate into testicular cords (Fig. 16-5D), 

which are the precursors of the seminiferous tubules. 

The cords consist of tightly packed germ cells (pro- 

spermatogonia) and somatic (presumptive sustentac- 

ular) cells. The cords are separated from the superficial 

epithelium by a layer of connective tissue termed the 

tunica albuginea19-21. The primary tunica albuginea is 

a lamina of dark cells. At the hilum the blastema of 

the rete testis, which receives contributions from the 

mesonephros, develops and soon fills the center of the 

medulla. This central gonadal blastema is thought to 

be a pool that supplies somatic cells to the testis. The 

mesonephros exerts a feminizing effect, which is 

blocked by a rapid diminution of the connection be¬ 

tween the testis and the mesonephros. A section 

through the testis at 8 weeks23 is shown in Figure 

16-7. 
Early during trimester 2, the testicular cords grad¬ 

ually develop a lumen; i.e., they become seminiferous 

tubules, lined by sustentacular cells. Two types of tu¬ 

bule, straight and convoluted, are found. The definitive 

tunica albuginea develops. 
Although the site of the rete testis is identifiable 

in the embryonic period, the actual urogenital union 

between the mesonephric and the seminiferous tu¬ 

bules does not begin until the middle of prenatal life 

and is not completed until puberty. The tunica albu¬ 

ginea gives off septula toward the interior of the testis, 

and lobules become demarcated. 

The testes contain three chief types of cell: germ, 

supporting, and interstitial. 

1. Primordial germ cells (PGCs) at first congre¬ 

gate close to the superficial (coelomic) epithelium 

(Fig. 16-4) and subsequently become lodged in the tes- 
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ticular cords. These primordial cells can be found until 

early in the fetal period. They proliferate by mitosis 

and form prospermatogonia (or prespermatogonia), 

which are connected by intercellular bridges. Matu¬ 

ration to spermatogonia begins probably at about 10- 

12 years. 

Spermatogenesis (Figs. 3-1 and 3-3, and Table 16- 

2). The transformation of spermatogonia into sper¬ 

matozoa is termed spermatogenesis. Three phases 

can be distinguished. (1) Spermatogonia (44 + XX 

or 44 + XY) divide by mitosis and finally form sper¬ 

matocytes (spermatocytogenesis). (2) Primary are 

converted into secondary (22 + X or 22 + Y) sper¬ 

matocytes, which in turn give rise to spermatids 

(meiosis 1 and 2). Male germ cells, however, do not 

begin meiosis during embryogenesis. (3) Sperma¬ 

tids, which are embedded in the tips of sustentac- 

ular cells, lose that contact (spermiation) and 

become transformed into spermatozoa (spermio- 

genesis). The mature spermatozoon (Fig. 3-4) con¬ 

sists of a head, neck, middle piece, tail proper, and 

tail end, and the structural details of these segments 

have been greatly clarified by electron microscopy. 

2. Sustentacular cells probably arise from the su¬ 

perficial (coelomic) epithelium and the mesonephros 

at 7 weeks. Light cells become incorporated into the 

testicular cords late in the embryonic period. A second, 

dark type of sustentacular cell appears early in the fetal 

period, and it has been proposed that these two types 

are meiosis-preventing and meiosis-inducing, respec¬ 

tively, in relation to the germ cells. The light and dark 

cells intermingle throughout both the central and the 

peripheral part of the testis. The sustentacular cells 

(Figs. 3-3 and 16-2) are in permanent communication 

with the germ cells and are polarized in such a way 

that products directing mitosis are secreted basally, 

whereas products for meiosis are secreted apically. In 

addition, the sustentacular cells are the source of (1) 

an inhibiting protein (antiparamesonephric factor) 

that is responsible for fetal regression of the parame- 

sonephric ducts in the male, and (2) inhibin, which 
inhibits the secretion of FSH. 

3. Interstitial cells* probably arise from the meso¬ 

nephros. They develop outside the cords and can be 

recognized at 8 weeks (Figs. 3-3A and 16-1), when syn¬ 

thesis of testosterone begins. Testosterone is important 

in sexual differentiation, spermatogenesis, and the reg¬ 

ulation of gonadotropin. Testosterone secreted by the 

testis at the beginning of the fetal period (8-10 weeks) 

is responsible for the further development of the me¬ 

sonephric ductal system. Interstitial cells begin to pro¬ 

*In the nineteenth century the sustentacular cells of the testis were 
described by Sertoli in Italy, and the interstitial cells by Leydig in 
Germany. 

duce testosterone under the influence of human cho¬ 

rionic gonadotropin (hCG) secreted by the placenta. 

The gonadotropin stimulates enzymes that catalyze 

the conversion of cholesterol to testosterone, which is 

then transported by the sustentacular cells to the lu¬ 

men of the seminiferous tubules, thereby gaining ac¬ 

cess to the mesonephric duct and initiating male 

differentiation. 

Testosterone is converted by 5a-reductase to a re¬ 

duced form, dihydrotestosterone, which is an impor¬ 

tant androgen during development. It causes differ¬ 

entiation of structures formed from the urogenital 

sinus and genital tubercle (external genitalia). Testos¬ 

terone and dihydrotestosterone are essential for the 

development of the male phenotype. Androgens pro¬ 

duced by the testis control the differentiation and 

growth of the internal and external genitalia, and also 

prime male differentiation of the brain. Many of the 

interstitial cells degenerate later in the fetal period. 

1 THE REPRODUCTIVE 

PATHWAY 

Sexual differentiation of the reproductive pathway 

(Fig. 16-1) begins early in the fetal period (35 mm) 

and is attributed to the influence of gonadal hor¬ 

mones. The paramesonephric ducts are allowed to pro¬ 

gress in the female, whereas the fetal testis produces 

not only a masculinizing hormone but also a para¬ 

mesonephric inhibitor. As a result, the mesonephric 

ducts become dominant in the male fetus (Fig. 16-8). 

In the absence of fetal testes, however, the female se¬ 

ries of ducts would prevail. Normally the unwanted 

(heterologous) ducts in each sex mostly regress, but 

remnants are found and can be of clinical importance, 
e.g., by forming cysts. 

The Female Ductal System 

The paramesonephric ducts* (Fig. 16-9) arise as coe¬ 

lomic invaginations in the mesonephros16, at a site 

that represents the future abdominal ostium of the 

uterine tube. Their formation is believed to be induced 

by the mesonephric duct. The paramesonephric ducts 

grow caudally (Figs. 16-10B,C and 16-11) and may re¬ 

ceive contributions from the mesonephric ducts. Both 

the mesonephric and the paramesonephric ducts are 

enclosed in peritoneal folds (Fig. 16-12A-C) that later 

^Caspar Friedrich Wolff (of Berlin) described the mesonephros and 
its duct in 1759, and Johannes Muller (of Koblenz) found the para¬ 
mesonephric duct in 1830. The Mullerian ducts are not as impor¬ 
tant in men, and the Wolffian ducts are not as important in women. 
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Figure 16-8 A scheme to illustrate the three urogenital tubes 
that develop on each side of the embryo. The numerals 1-3 
indicate their order of appearance. The ureter is a derivative of 
the mesonephric duct. The paramesonephric duct is of great 
importance in the female, whereas the mesonephric duct is 
more important in the male. 

give rise to the broad ligaments of the uterus (Fig. 16- 

12D). 

The paramesonephric ducts approach each other 

(Fig. 16-12B)22 and begin to fuse even before they 

reach the urogenital sinus (Fig. 16-10C-E). The cav¬ 

ities become a single genital canal caudally (Fig. 16- 

10D,E) and fusion is usually complete by 10 weeks. 

The unfused portions of the paramesonephric ducts 

develop into the uterine tubes (Fig. 16-10G), whereas 

the fused parts form the uterus and at least part of the 

vagina. The mature uterine tube consists of four parts, 

from lateral to medial: infundibulum, ampulla, isth¬ 

mus, and uterine part. 

The Uterus 

The uterus can be said to be present at the beginning 

of the fetal period, and the body (corpus) and cervix 

begin to be distinguishable (Fig. 16-101). The mucosa 

(endometrium), muscularis (myometrium), and serosa 

(perimetrium) differentiate, and the fundus then ap¬ 

pears (Fig. 16-13, inset). The uterine wall is already 

very thick by 12 weeks. The cervix is generally believed 

to be of paramesonephric origin but it has been 

claimed that its mucosa is derived from the urogenital 

sinus. Both the corpus and the cervix acquire glands. 

Near birth, the corpus becomes anteverted upon the 

cervix, and the cervix may be indistinctly anteflexed 

upon the vagina. In the newborn, the uterus reaches 

above the level of the pelvic inlet, and the cervix is at 

least twice the length of the corpus. The growth of the 

uterus is slow until puberty. In the adult the corpus is 

approximately twice the length of the cervix. 

Paramesonephric epithelium, which lines the un¬ 

fused and fused portions of the paramesonephric 

ducts, includes tubal, endometrial, and cervical (prob¬ 

ably endocervical and possibly ectocervical) epithelia, 

part of the prostatic utricle, and the appendix testis. 

The Vagina 

The development of the vagina has long been in dis¬ 

pute. Bilateral proliferations (perhaps of the meso¬ 

nephric ducts) are commonly said to unite with the 

solid tip of the paramesonephric ducts. These sinuvag- 

inal bulbs appear in the region of the sinual tubercle 

(Fig. 16-10C,D) and they may be derivatives of the uro¬ 

genital sinus or possibly of the mesonephric ducts. At 

the end of trimester 1, the developing vagina becomes 

occluded by a cellular mass termed the vaginal plate 

(Fig. 16-101). According to one interpretation, the 

bulbs form the lowermost part of the vaginal plate, 

most of which develops from the paramesonephric 

ducts. In another view, however, the plate is believed 

to contain paramesonephric and mesonephric com¬ 

ponents. The cells of the vaginal plate desquamate dur¬ 

ing trimester 2 and the vaginal lumen is thereby es¬ 

tablished (Fig. 16-10J). The lower end of the vagina 

“slides down” along the urethra to its separate opening 

into the vestibule (Fig. 16-10K). The fornices (Fig. 16- 

10J,K) become hollow and the genital canal gains ac¬ 

cess to the exterior by the middle of prenatal life. The 

origin of the epithelium of the vagina is still contro¬ 

versial but one or more of the following three are in¬ 

volved: sinual, mesonephric, and paramesonephric 

cells. Species differences are believed to be important. 

The hymen (Fig. 16-10K) is the partition that per¬ 

sists to a varying degree between the dilated, can¬ 

alized, fused sinuvaginal bulbs and the urogenital 

sinus. Its origin is in dispute but it is thought to be 

formed passively by invagination of the dorsal wall 

of the urogenital sinus, and to consist of vaginal, 

mesenchymal, and sinual layers. The hymen usually 

becomes perforated shortly before or shortly after 

birth. 

The paramesonephric ducts are suspended by 

“mesenteries” on which the ovaries are located medi¬ 

ally. These peritoneal folds become the broad liga¬ 

ments of the uterus, to which the ovaries (meso- 

varium), uterine tubes (mesosalpinx), and uterus 
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Figure 16-9. Scheme of the development of the gonads and of the reproductive pathway. 

(mesometrium) are attached (Fig. 16-12D). Between 

the broad ligament and the dorsal body wall, the peri¬ 

toneal cavity forms the recto-uterine pouch, from 

which the rectovaginal septum extends to the peri¬ 

neum. Similarly in front, the uterovesical pouch (Fig. 

16-12D) develops. 

The mesonephric ducts largely disappear in the 

female. The caudal part may persist, embedded in the 

lateral wall of the uterus and vagina (duct of the epo- 

ophoron, Fig. 16-18B and Table 16-3). Mesonephric 

remnants may appear as tubules or cysts in the adult 

cervix. Mesonephric structures may be seen also in the 
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Figure 16-10. Prenatal development of female reproductive system. A. Ductal system at 7 weeks20. B-E. The approach and fusion 
of the paramesonephric ducts at (B) 7 weeks20, (C, D) 8 weeks22'23, and (E) 914 weeks (48 mm). The solid tip of the fused para¬ 
mesonephric ducts (D,E) becomes related to the sinual tubercle. F,G. Median section and ventral view at 914 weeks (50 mm). H,I. 
Reconstructions at 10 and 13 weeks (63 and 100 mm, respectively). In I the vaginal plate is well developed. J,K. Median recon¬ 
structions at 17 and 18 weeks (151 and 162 mm, respectively). The asterisk in J and K indicates the future vaginal fornices. UGS, 
urogenital sinus. A and G based on Hunter, B-F and H-K on Koff. 
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Figure 16-11. Median section through the pelvis of a female 
embryo at about 7 weeks21. The cloacal membrane has ruptured 
so that the urogenital sinus and the anorectum communicate 
with the exterior (the amniotic cavity). Behind the bladder, the 
fused paramesonephric ducts are making contact with the uro¬ 
genital sinus, behind which a portion of the coelom can be seen. 
Also visible are the genital tubercle, the median sacral artery 
(injected), sacral and coccygeal centra traversed by the noto¬ 
chord, and the termination of the neural tube. Cf. Fig. 15-13. 

broad ligament (the epoophoron and paroophoron, 

Fig. 16-18B). These various remnants are frequently 

given confusing and unnecessary eponyms (Table 

16-4). 

Anomalies of the Female Ductal System 

These anomalies, which are frequently associated 

with reproductive dysfunction, can conveniently be 

classified into several groups (Fig. 16-13). Many 

uterine anomalies depend on incomplete fusion of 

the paramesonephric ducts early in the fetal period. 

Such conditions, however, are generally not merely 

developmental arrests: a differentiated uterus with 

two horns and two cervices (Fig. 16-13B), for ex¬ 

ample, is not a normal phase in human develop¬ 

ment. Imaging techniques, including MRI, are used 

in diagnosis, but transitions between certain types 

are found, e.g., uterus arcuatus, uterus bicornis un- 

icollis, and uterus subseptus. 

1. Uterine aplasia results when the parameso¬ 

nephric ducts do not progress sufficiently caudally. 

Uterine hypoplasia, i.e., an underdeveloped organ, is 

common. 

2. Uterus unicornis unicollis, i.e., presenting a 

single horn, occurs when one paramesonephric duct 

fails to develop adequately. Associated renal anomalies 

(e.g., ispilateral agenesis) are frequent. 

3. Uterus didelphys (Greek, delphys, uterus. The 

opossum, didelphis, has a double uterus) occurs when 

the paramesonephric ducts retain their duality. The 

appearance is that of two unicornuate uteri. A vaginal 

septum is common. 

4. Uterus bicornis bicollis shows a minimal 

amount of fusion, so that it resembles closely uterus 

didelphys. Uterus bicornis unicollis is characterized by 

fusion in the cervical region. Although uterus arcu¬ 

atus, which shows an indentation resulting from de¬ 

fective external fusion in the fundus, is generally listed 

in this group, it is better considered as a normal 

variation. 

5. Uterus septus bicollis shows retention of more 

or less the entire internal median septum between the 

fusing paramesonephric ducts. Uterus subseptus (un¬ 

icollis) contains only a part of the septum. The exter¬ 

nal uterine contour is normal. Surgical resection of 

the septum is indicated because spontaneous abortion 

is frequent. 

6. Uterine hypoplasia of specific origin may occur 

in the daughters of mothers who took diethylstilbes- 

trol (DES) during pregnancy. The uterus is commonly 

T-shaped. 

Endometriosis is the presence of ectopic tissue 

that possesses the histological structure (endometrial 

glands and stroma) and the menstrual cyclicity of uter¬ 

ine mucosa. The cyclic changes occur because the foci 

are affected by ovarian hormones. Pelvic pain and in¬ 

fertility are the chief indications for laparoscopy, which 

allows the direct visualization of peritoneal implants. 

The prevalence of endometriosis is uncertain: 2-5% 

of women of reproductive age has been suggested. 

The chief site of extra-uterine endometrium is the 

ovary (80%) and the various sites are shown in Table 

16-5. The origin of the condition has long been dis¬ 

puted, and no uniform pathogenesis can be given. Pos¬ 

sibilities are indicated in Table 16-5, but some of these 

proposed theories do not agree well with the patients’ 

age and the anatomical distribution of endometriosis. 

Moreover, convincing experimental data are few. 

The possibility that environmental toxins may be 

involved in the production of endometriosis is sug¬ 

gested from a study of rhesus monkeys in which 

they were exposed to dioxin. 

Several anomalies concern the vagina specifi¬ 

cally. 

Agenesis of the vagina is usually accompanied 

by uterine and urinary abnormalities. Absence or 

atresia of the vaginal lumen is attributed to a failure 

of the canalization that normally occurs during the 

fetal period. Vaginal septa and vaginal stenosis are 

probably formed in a similar manner. 

Postpubertal vaginal adenosis (glandular epi¬ 

thelium in the vaginal wall) can be associated with 

maternal diethylstilbestrol (DES), which was used 

in the prevention of spontaneous abortion and pre- 
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Figure Ib-Lu Transverse sections through the female reproductive organs at A-C, 8 weeks23 and D, 9 weeks (180 mm). A-C are 
sections through the same embryo at three levels and show how, as the paramesonephric ducts are traced caudally, they approach 
and fuse. Their mesentery will become the broad ligament on each side of the uterus, as can be seen in D. Each ovary is then 
attached by its mesovarium to the back of the broad ligament. 

mature delivery. The synthetic hormone is consid¬ 

ered to be a transplacental teratogen. Its use is 

thought to increase slightly the likelihood of cer¬ 

vical and vaginal carcinoma in offspring who have 
been exposed in utero. 

Imperforate hymen results in an accumulation 

of fluid within the reproductive organs (hydro- 

(metro)colpos) and, after the menarche, of blood 

(hemato(metro)colpos). 

The Male Ductal System 

The male reproductive pathway consists of eleven 

named components (Fig. 16-14C), most of which be¬ 

long also to the urinary (mesonephric and metaneph- 

ric) system. Developmentally, the rete testis is the 
genito-urinary connection. 

Some of the mesonephric tubules near the testis 

become the efferent ductules, which form conical 

masses (lobules or cones of the epididymis). These, to¬ 

gether with the adjacent part of the mesonephric duct 

(duct of the epididymis), constitute the epididymis. 

Some mesonephric tubules may persist as the para¬ 

didymis (Fig. 16-18A and Table 16-3), and the cephalic 

tip of the mesonephric duct is thought possibly to be¬ 

come the appendix of the epididymis. The main part 

of the mesonephric duct becomes invested by smooth 

muscle and forms the ductus deferens (Fig. 16-15A). 

Near the urogenital sinus, the two ductus deferentes 

give rise to dilatations termed the seminal vesicles 

(Fig. 16-14B). The pathway continues as the ejacula¬ 

tory ducts, which open into the prostatic urethra. The 

prostate, which begins as endodermal buds from the 

urethra at 10 or 11 weeks (Fig. 16-14B), was described 
in Chapter 15. 

The paramesonephric ducts in the male begin to 
regress at the beginning of the fetal period, under the 

influence of fetal testicular antiparamesonephric hor¬ 

mone.* The hormone is produced exclusively by go¬ 

nadal somatic cells: immature sustentacular cells in 

the prenatal male, and granulosa cells in the postnatal 

female. The main function of the hormone is to cause 

regression of the paramesonephric ducts, but other 

possible roles are in gonadal differentiation, meiosis, 

pulmonary maturation, and testicular descent. The 

gene for the antiparamesonephric hormone has been 

cloned. The paramesonephric-inhibiting factor, which 
has been localized to chromosome 19, can act as a 

powerful masculinizing agent of the female reproduc¬ 

tive system, as illustrated by freemartins (bovine fe¬ 

males connected to a male twin by placental anas¬ 
tomoses). 

The paramesonephric ducts form the cephalic part 
of the prostatic utricle (Fig. 16-15A), which corre¬ 

sponds developmentally to the uterus and perhaps to 

the vagina. The cephalic end of the paramesonephric 

duct is believed to form the appendix testis (Fig. 16- 

18A). It is uncertain, however, whether the appendix 

epididymidis (an extra “id” is required in the genitive 

case) is of mesonephric or paramesonephric origin. 

*The paramesonephric-inhibiting factor is commonly known as the 
Mullerian-inhibiting substance (MIS) or factor (MIF), or the anti- 
Mullerian hormone (AMH). These ridiculous terms are scarcely 
complimentary to the memory of the eminent nineteenth-century 
anatomist and physiologist, Johannes Muller of Koblenz. 
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Figure 16-13 Examples of uterine anomalies. In the drawing of the normal, the isthmus is the so-called internal os, and the 
letters A, H, and 0 indicate the levels of the anatomical and histological limits of the isthmus, and the ostium uteri (or so-called 

external os), respectively. 

DESCENT OF THE GONADS 

Ovarian Changes 

The gubemaculum ovarii becomes attached to the de¬ 

veloping uterovaginal canal at its junction with the 

uterine tube. Although the round ligament and the 

ovarian ligament (Fig. 16-18B) are said to represent 

the gubemaculum (Table 16-3), the situation is com¬ 

plex. The round ligament (ligamentum teres uteri) de¬ 

velops partly within the broad ligament and is derived 

partly from the abdominal wall of the inguinal region. 

It does not constitute a single structure with the ovar¬ 

ian ligament proper, which arises from the peritoneal 

covering of the mesonephros (Van der Schoot, 1996). 

A small processus vaginalis forms in the female but is 

usually obliterated by birth, although occasionally it 

persists in the adult. Rarely, an ovary may descend 

through the inguinal canal and proceed toward the 

labium majus. 

Testicular Descent 

The transfer of the testis from the abdomen to the 

scrotum is termed its descent, or descensus. 

The gubemaculum (Latin, a helm or rudder) testis 

(Fig. 15-9C) was described by John Hunter in 1762 as 

a substance from the lower end of the testis to the 

scrotum. How much to include under the term is still 

unclear (Van der Schoot, 1996). Basically, the guber- 

naculum is a gelatinous cylinder of undifferentiated 

mesenchyme that is attached at its cephalic end to the 

testis and epididymis and extends to the inguinal re¬ 

gion. It develops during the embryonic period proper. 

The mesenchyme of the gubemaculum forms the in¬ 

guinal canal and persists to form a cord, which is later 

penetrated by the processus vaginalis. The testis de¬ 

scends rapidly through the preformed inguinal canal, 

after which the gubemaculum has no firm caudal at¬ 

tachment, nor does it possess extensions (“tails,” as 
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TABLE 16-3 The Components of the Developing Urogenital System and Their Probable Derivatives 

Component Male Female 

Gonad Testis3 Ovary3 

Mesonephric tubules Efferent ductules 

Aberrant ductules* 

Paradidymis* 

Tubules of epoophoron* 

Aberrant ductules 

Paroophoron* 

Mesonephric duct Duct of epididymis 

Ductus deferens 

Appendix of epididymis?* 

Seminal vesicle 

Ejaculatory duct 

Trigone? 

Part of prostatic urethra? 

Duct of epoophoron* 

Appendices vesiculosae of epoophoron* 

Trigone? 

Part of urethra 

Part of vagina? 

Paramesonephric duct Appendix testis* (hydatid) 

Part of prostatic utricle* 

Hydatid cyst* of uterine tube? 

Uterine tube, uterus, and part of vagina 

Ureteric bud Ureter, pelvis, calices, and collecting tubules As in male 

Metanephric cap Nephrons As in male 

Urogenital sinus Bladder 

Part of prostatic urethra 

Prostatic glands 

Membranous urethra 

Spongy urethra 

Bulbo-urethral glands 

Urethral glands 

Bladder 

Part of urethra 

Para-urethral glands 

Vestibule 

Greater vestibular glands 

Lesser vestibular glands 

Part of vagina 

Genital tubercle Penis Clitoris 

Genital swellings Scrotum Labia majora 

Urethral folds Floor of spongy urethra Labia minora 

Gubernaculum Gubernaculum testis Ovarian ligament* and round ligament of uterus* 

a The features marked with an asterisk are represented in Figure 16-18. 

formerly claimed). Hence it does not pull the testis 

into the scrotum, but the interpretation of the role of 

the gubernaculum in descent of the testis is 

controversial. 
Early in the fetal period, the testis is in the iliac 

fossa (Fig. 16-15A). It is abdominal during the first half 

of prenatal life, and it enters the inguinal region dur¬ 

ing the latter part of trimester 2 (210-250 mm). 

It has been proposed that testicular descent occurs 

in two phases (Hutson et al., 1996). 

1. The transabdominal phase (Fig. 16-16A) 

consists of movement to the inguinal region. It be¬ 

gins early in the fetal period and is probably con¬ 

trolled by antiparamesonephric hormone. It in¬ 

volves gubernacular swelling caused by deposition 

of extracellular matrix. The testis is thereby an¬ 

chored near the future inguinal canal. Fetal andro¬ 

gens aid by causing regression of the cranial sus¬ 

pensory ligament. The gubernaculum does not 

extend to the bottom of the scrotum prior to the 

second phase. This first phase is absent in persistent 

paramesonephric ductal syndrome (as also in the 

female), although the second phase is present. 

2. The inguinosacral phase (Fig. 16-16B) con¬ 

sists of passage through the inguinal canal and to 

the scrotum. It begins at the end of trimester 2 and 

is controlled by androgens. It involves migration 

and/or lengthening of the gubernaculum, probably 

under the influence of intra-abdominal pressure. 

The processus vaginalis becomes elongated within 

the gubernaculum, which descends together with 

the testis. It has been further proposed that the di- 
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TABLE 16-4 List of Unnecessary Eponyms in the 
Urogenital System 

Bartholin Greater vestibular glands 
Cowper Bulbo-urethral glands 
Fallopius Uterine tube 
Gartner Duct of epoophoron 
Giraldes Paradidymis 
Haller Ductuli aberrantes 
Kobelt Paroophoron 
Littre3 Urethral glands 
Morgagni Appendix testis; appendices vesiculosae 
Muller Paramesonephric duct 
Naboth Distended mucous glands of cervix 
Nuck Processes vaginalis in female 
Rosenmiiller Epoophoron 
Skene Para-urethral glands 
Wolff Mesonephros and mesonephric duct 

aNot Littre. 

rection of the migration depends on the release of 
a neurotransmitter (calcitonin gene-related peptide) 
from the genitofemoral nerve, the genital branch of 
which supplies the cremaster, gubernaculum, and 
scrotum. Contraction of the cremaster may guide 
the tip of the gubernaculum toward the scrotum. 

In an alternative view, the gubernaculum is be¬ 
lieved not to migrate but rather to develop within 

TABLE 16-5 Distribution and Theories of Origin 
of Endometriosis 

Site Probable or Possible Pathogenesis 

Ovary Serosal metaplasia (abnormal 
differentiation of coelomic 
epithelium covering the ovary) 

Pelvic peritoneum 
and ligaments 
of uterus 

Retrograde menstruation (endometrium 
regurgitated through the uterine 
tubes and becoming implanted 
on the peritoneum) 

Rectovaginal 
septum 

Metaplasia resulting in rectovaginal 
adenomyomata 

Umbilicus and 
surgical scars 

Accidental implantation during a 
surgical operation 

Lungs and skin 
(rare) 

Lymphatic and hematogenous 
dissemination 

Limbs (rare) Possibly misdiagnosis 

In the male Paramesonephric endometrial cell 
rests in prostatic utricle activated 
during high-dose estrogen therapy 
for metastatic prostatic carcinoma 

the scrotum and then regress (or perhaps merely 
change its location), providing a space into which 
the testis descends. 

Important factors in the descensus include an 
unobstructed inguinal canal, an intact infra-umbilical 
abdominal wall, and an intact hypothalamo-pituitary- 
gonadal axis for the secretion of fetal pituitary 
gonadotropin. 

Finally, from about 26 weeks (250 mm) onward, 
the testis reaches the scrotum (Fig. 16-15A,B). Descent 
may be delayed, however, until the first postnatal year. 

The processus vaginalis is a peritoneal diverticu¬ 
lum, which, together with muscular fibers (the cre¬ 
master) and the mesonephric duct (ductus deferens), 
accompanies the descending testis. As the testis “slides 
down” the processus, it invaginates it (Fig. 16-17A,B). 
The upper part of the processus usually becomes oblit¬ 
erated at or shortly after birth, whereas the lower por¬ 
tion persists as the tunica vaginalis testis (Fig. 16- 
17C), which consists of parietal and visceral layers. 

The border of the communication between the peri¬ 
toneal cavity and the processus vaginalis becomes 
reinforced by connective tissue (future fascia trans- 
versalis) and constitutes the deep inguinal ring. 
(The superficial inguinal ring is an opening in the 
external oblique aponeurosis.) 

The scrotum consists of skin that is lined by 
thinned-out muscular and fascial layers continuous 
with those of the ventral abdominal wall, deep to 
which is the peritoneum of the processus vaginalis. 

Anomalies of Testicular 
Descent and of the 
Inguinal Region 

Cryptorchism (Greek, hidden testis). One or both tes¬ 
tes may fail to descend and so remain in the abdomen 
or, more commonly, in the inguinal canal and hence 
be impalpable. The prevalence is about 1:30 full-term 
newborn males and 1:150 adult males. The condition 
is a component of many syndromes. An undescended 
testis does not produce mature spermatozoa. Crypt¬ 
orchism may involve the testis (dysgenesis or agene¬ 
sis), the testicular vessels, or ductus deferens (insuf¬ 
ficient growth), or delayed descent as a result of 
prematurity, or damage to the CNS (causing suppres¬ 
sion of pituitary gonadotropins). Insufficient produc¬ 
tion of androgen is frequently regarded as a cause of 
undescended testes. Potential dangers of cryptorchism 
include increased likelihood of tumor and infertility 
from impaired spermatogenesis. 

Ectopia testis refers to an organ that descends to 
an abnormal site, i.e., outside the normal route of 
descent, such as the pubic region, thigh, or peri- 
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Figure 16-1 Right lateral view of the bladder and urethra at 8 weeks (A) and 11 weeks (B). In A a rectangular window has been 
cut in the urethral wall. The bulbo-urethral glands arise as buds from the dorsal wall of the urogenital sinus. In B the structure 
between the right and left ductus deferentes represents the involuted, fused paramesonephric ducts. C. The 11 components of the 
male reproductive pathway. A is based on Chwalla, B on Johnson. 

Postovulatory weeks 

Figure 16-15. Later development of the gonad. A. Fetal testes. The left testis has descended. B. Graph showing percentage of 
descended testes plotted against prenatal age. Based on Heyns. C. Fetal ovaries. From the lower pole of the ovary, the ovarian 
ligament can be seen descending to the uterus, and from this region the round ligament proceeds to traverse the inguinal canal 
and reach the labium majus (not shown). These two ligaments constitute the gubernaculum in the female. 
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FIGURE 16-16. Testicular descent: A, transabdominal phase. B, 

inguinoscrotal phase, C, after descensus. Modified from Hutson 

and Beasley (1992). 

neum. Local fibrosis that blocks normal descent is 

probably the most important factor. 

Congenital hydrocele (Fig. 16-17F) is a collection 
of fluid in a patent processus vaginalis. Encysted hy¬ 

drocele (Fig. 16-17G) is associated with the spermatic 
cord: the processus has closed both above and below 
the swelling. In the female, hydrocele is associated 
with the round ligament (Fig. 16-18B) of the uterus 
in the inguinal canal. 

An indirect inguinal hernia (Fig. 16-17D,E) tra¬ 
verses the inguinal canal; i.e., it takes an oblique (in¬ 
direct) route. It is commonly believed that, irrespective 
of age of appearance, it occurs into a preformed sac, 
namely a patent processus vaginalis. The site of the 
swelling ranges from the inguinal canal to the scro¬ 
tum, depending on the degree of patency of the 
processus. 

■ THE EXTERNAL 

GENITALIA 

The Indifferent External 

Genitalia 

The cloacal membrane, which changes in orientation 
from facing the umbilicus (Fig. 13-1C)11"13 to facing 
caudally18, comes to lie in a slight pit formed by the 
urethral groove and the anal pit (Fig. 16-19A). By 6 
weeks, three external protuberances are found around 
the cloacal membrane: the genital tubercle and, on the 
sides, right and left genital swellings18. More medially 
situated elevations, the right and left primary urethral 

folds, bound the primary urethral groove (Fig. 16- 
19A)18 and both the folds and the groove extend onto 
the phallus. The urethral plate (Fig. 16-14A) develops 
as a median septum from the endoderm of the cloacal 
membrane and it grows into the phallus (Fig. 16-20). 

The endoderm of the cloacal membrane forms the 
floor of the urogenital sinus (Chapter 15), and the ec¬ 
toderm is continuous with that of the urethral groove. 
When the cloacal membrane disintegrates18"19, the 
phallic portion of the urogenital sinus loses its floor 
and hence communicates with the exterior (Fig. 

15-2D). 
At about 8 weeks the lower margin of the urethral 

plate thickens and disintegrates, thereby giving rise to 
the secondary urethral groove (Fig. 16-20), which 
deepens the primary groove (Glenister, 1954). Hence 
the combined, definitive urethral groove is lined partly 
by endoderm and partly by ectoderm. The groove is 
continuous with the open, phallic part of the urogen¬ 
ital sinus. 

The Female External Genitalia 

In the female, the appearances up to 9 or 10 weeks 
(50 mm) are similar to those in the male (Fig. 16-19E). 
The genital tubercle becomes bent caudally and con¬ 
stitutes the clitoris, which is almost free of the ure¬ 
thral plate, so that no spongy urethra is formed. The 
genital swellings enlarge and become the labia majora. 
Until further growth of the perineum, the urethral and 
vaginal orifices open into a single perineal opening 
(Ammini et al., 1994). The urethral folds on the sides 
of the phallic portion of the urogenital sinus do not 
fuse but persist as the labia minora. Hence the uro¬ 
genital sinus is exposed on the surface as a cleft, 
termed the vestibule, into which the vagina and the 
urethra open. 

The various components of the developing uro¬ 
genital system are summarized in Table 16-3. 

The Male External Genitalia 

In the male, the genital tubercle becomes the penis, 
and the genital swellings fuse to form the scrotum 
(Fig. 16-19D). The interpretation of the development 
of the male urethra and prepuce is controversial (Am¬ 
mini et al., 1997). The definitive urethral groove ex¬ 
tends nearly to the tip of the penis. The development 
of the spongy urethra requires the synchronization of 
several processes (Altemus and Hutchins, 1991). The 
spongy urethra arises from fusion of the urethral folds 
(Fig. 16-19), and it is lined by endoderm. The sur¬ 
rounding mesenchyme fuses with the corpus spon¬ 
giosum. A coronary sulcus around the distal part of 
the penis defines the glans. Toward the end of trimes¬ 
ter 1, a preputial fold appears proximal to the coronary 
sulcus, and together with an epithelial ingrowth (glan- 

dar lamella) is responsible for the formation of the 
prepuce over the glans. The urethra within the glans 
develops by canalization of the urethral plate, and lu- 
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TESTICULAR DESCENT ADULT 

INDIRECT INGUINAL HERNIA HYDROCELE ENCYSTED HYDROCELE 

Figure 16-17. Testicular descent A-C, and its anomalies D-G. In C the obliterated processus vaginalis is shown by an interrupted 
line. 

minal continuity with the spongy urethra is achieved 

(which is somewhat similar to the development of the 

caudal part of the neural tube). The external genitalia 

in a male embryo of 8 weeks23 are shown in Figures 

16-21 and 16-22. 

M ANOMALIES OF SEXUAL 

DIFFERENTIATION 

Abnormal sexual development may be caused by en¬ 

vironmental factors, chromosomal non-disjunction, or 

single-gene mutations. Many anomalies of the external 

genitalia appear as developmental arrests. In order to 

avoid complications at the time of puberty, infants 

with ambiguous genitalia should be investigated thor¬ 

oughly soon after birth. 
Polycystic ovarian syndrome is a frequently en¬ 

countered disorder of ovarian function. It is a sub¬ 

phenotype of insulin resistance and is characterized 

by hyperinsulinemia, resulting in excess production 

of androgens, chronic anovulation, obesity, and hir¬ 

sutism. 

Gonadal dysgenesis refers to streak gonads in a 

phenotypical female (female genitalia). Many such per¬ 

sons have typical features of 45, XO (Turner) syn¬ 

drome, but some show a 46, XX or a 46, XY karyotype 

and are normal in stature (so-called pure gonadal dys¬ 

genesis). In 46, XX a gene identical or similar to the 

sex-determining region is thought to be present on an 

X chromosome. 46, XY can arise from Y chromosome 

deletion involving the SRY gene. The term streak go¬ 

nad is used because of white streaks of connective tis¬ 

sue in the gonad, an appearance seen in most in¬ 

stances of the XO (Turner) syndrome. 

Other examples of gonadal dysgenesis in phenotypic 

females (46, XY) include persistent parameso- 

nephric structures combined with nephroblastoma 

(Denys-Drash syndrome), attributed to mutation 

of one copy of the tumor-suppressor gene WT1; and 

individuals showing multiple skeletal abnormalities, 

including bowed tibiae (campomelic dysplasia) at¬ 

tributed to mutations in the SOX9 gene on chro¬ 

mosome 17. 

Turner syndrome (Figs. 9-2 and 16-23A) or X 

chromosome monosomy (45, XO) refers to a pheno- 
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Figure 16-18. Comparable features in the male (A) and female (B) reproductive systems. The red lines refer to structures probably 
of mesonephric source, the blue lines to those probably of paramesonephric origin. App. epid., appendix epididymidis: App. testis, 
appendix testis; App. vesic., appendices vesiculosae; Parad., paradidymis; Prost. utricle, prostatic utricle. 

Figure 16-1:' Development of 
the external genitalia. A-C. 
Indifferent phase at 5, 6, and 7 
weeks16,18,20. D,E. Male and female 
genitalia at 10 weeks (60 mm). A, 
B, D, and E after Spaulding. 
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Figure J 6-20. Schematic transverse sections through the developing penis showing the urethral plate, folds, and groove. After 
Glenister. 

typical female with defective ovaries, short stature, and 

a missing second X chromosome. The condition is fre¬ 

quently not diagnosed until adolescence. The preva¬ 

lence is about 0.4:1000 to 0.1:1000 liveborn females, 

but the commonest outcome is probably spontaneous 

abortion rather than livebirth. The frequent fetal le¬ 

thality may be associated with severe lymphedema. 

The faulty chromosomal distribution involves loci on 

the short arm of an X chromosome, resulting in 45, 

XO. The X present is usually maternal in origin. Nei¬ 

ther a sex chromatin body nor a fluorescent Y body is 

Figure 16-21. External genitalia in a (histologically male) em¬ 
bryo of 8 weeks23. Between the lower limbs, coils of intestine 
can be seen in the normal umbilical hernia. 

usually detectable. Some patients show mosaicism, the 

most frequent type of which is 45, XO/46, XX; fewer 

major manifestations are found compared with X mon¬ 

osomy. Characteristic are a height under 150 cm and 

ovarian dysgenesis (hypoplasia or absence of germ 

cells), both of which are almost constant. The ovaries 

in 45, XO appear to develop normally during trimester 

1, but later on become streak gonads. 

Micrognathia and cardiovascular anomalies are 

present in more than half of instances, and the fol¬ 

lowing features are frequent: cubitus valgus, low 

hairline posteriorly, short (webbed) neck, broad 

chest, renal anomalies, arched palate, lymphedema 

of hands and feet, short metacarpals, and genu val¬ 

gum. These clinical features, which vary consider¬ 

ably, can be correlated partly with the different 

forms of karyotype. 

Klinefelter syndrome (Fig. 16-23B) (47, XXY) re¬ 

fers to a phenotypical male with defective testes and 

an extra X chromosome. The condition is frequently 

not diagnosed until adolescence. The prevalence is 

about 1 to 2:800 liveborn males. Most instances arise 

from non-disjunction during oogenesis. Both of the X 

chromosomes are usually maternal in origin, but in a 

minority one X is paternal. Sex chromatin and fluo¬ 

rescent Y bodies are detectable. Although the genotype 

is 47, XXY, some patients show mosaicism, e.g., 47, 

XXY/46, XY, and the presence of the normal XY may 

be associated with less marked features of the syn¬ 

drome. One may regard 46, XX males as having a var¬ 

iant of Klinefelter syndrome; the condition is attrib¬ 

uted to conservation of Y material in, for example, a 

residuum of Y-bearing cells in an XX/XXY mosaic em¬ 

bryo, or from X:Y translocation chromosomes among 

normal X chromosomes. Characteristic are male hy¬ 

pogonadism (hyalinization of seminiferous tubules) 

and infertility (spermatogenesis usually absent), tall 

stature and long limbs, gynecomastia, some mental 

dullness, and behavioral problems. Testosterone levels 

are usually low, whereas those of gonadotropins (LH 

and FSH) are generally high. Any patient with Kline- 
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Scanning 
electron micrographs of external 
genitalia. A. A 72 mm female 
fetus (about 11 weeks). The 
(vaginal) opening of the 
urogenital sinus is visible 
between the genital swellings 
(labia majora). The anus can be 
seen posteriorly. B. A 55 mm 
male fetus (about 10 weeks). The 
genital swellings (scrotal folds) 
have become united and they 
cover the urogenital sinus, but 
the urethral groove on the 
underside of the penis has not 
closed yet. In A: A, anus; L, 
labium majus; UO, urethral 
orifice; V, vaginal opening. In B: 
A, anus; S, scrotal fold; UG, 
urethral groove. Courtesy of 
Prof. Dr. K.V. Hinrichsen, 
Bochum, and Springer-Verlag. 

felter syndrome who has a low level of testosterone is 

given replacement therapy. 

Ambiguous external genitalia are found in 

virilized females and in undervirilized males. They 

result from abnormal gene expression or from en¬ 

vironmental factors that distort gene expression. 

Many such instances are female pseudohermaphro¬ 

ditism (46, XX), frequently caused by congenital ad¬ 

renal hyperplasia (Chapter 17). Although ovaries are 

present, an excess of androgen prenatally in a ge¬ 

netic female results in masculinization of the exter¬ 

nal genitalia. Anomalies of the external genitalia are 

common in infants with chromosomal abnormali¬ 

ties (e.g., trisomy 18). 

Pseudohermaphrodism is a term used when 

the internal gonadal sex and the karyotype are at 

variance with the phenotype. Female and male types 

are named according to the internal organs. 

Female pseudohermaphrodism (46, XX) is the 

occurrence of male or ambiguous external genitalia 

(resulting from exposure to androgens) in the pres¬ 

ence of ovaries, uterine tubes and uterus, and an XX 

karyotype. Reproductive function is often possible. 

The exposure to androgens during trimester 1 is 

most frequently caused by congenital adrenal hy¬ 

perplasia (adrenogenital syndrome), in which supra¬ 

renal cortical hyperplasia results in excessive secre¬ 

tion of androgens. The condition begins between 

about 17 prenatal weeks and puberty, or even later. 



ANOMALIES OF SEXUAL DIFFERENTIATION 341 

1 fc Turner and Klinefelter syndromes. A,B. XO Turner syndrome in girls aged 4 and 14, respectively. The short stature 
and broad chest are characteristic. Webbing of the neck is absent in the second example. C,D. Untreated XXY Klinefelter syndrome 
in a boy aged 16 and a man aged 21, respectively. The tall stature and long limbs are characteristic. Each of the two scales represents 
50 cm. A, C, and D based on photographs in David Smith, B on Clarke Fraser and Nora. 

Male pseudohermaphrodism (46, XY) is the oc¬ 

currence of female or ambiguous external genitalia 

(with or without a vagina) in the presence of (his¬ 

tologically distinguishable) testes, and an XY kary¬ 

otype. The numerous causes include defects of tes¬ 

tosterone biosynthesis or metabolism (enzymatic 

deficiencies), i.e., inadequate production or inade¬ 

quate utilization (abnormal response of target tis¬ 

sues) of testosterone, or inadequate conversion of 

testosterone to dihydrotestosterone (5a-reductase 

deficiency), which may be manifested also in the 

suprarenal gland. The condition begins in trimester 

1, after primary sexual differentiation. The testes fail 

to exert an adequate influence on the differentiation 

of the secondary sexual organs. Failure of parame- 

sonephric regression may occur and a uterus may 

develop. 

Testicular feminization syndrome, which is an 

androgen-resistant condition, is the most frequent 

form of male pseudohermaphrodism. It is found in 

phenotypical females (female external genitalia) 

who are gonadally (bilateral testes) and chromoso- 

mally male. The condition is either X-linked reces¬ 

sive or X-linked dominant. Cryptorchism is usual 

and the genotype is generally 46, XY. A genetic error 

prevents the testes from organizing a male pheno¬ 

type. Antiparamesonephric hormone from the testes 

results in absence of uterine tubes and uterus (al¬ 

though there is a blind vagina). Estrogens are pro¬ 

duced by the testes and are active at puberty. 

The persistent paramesonephric duct syn¬ 

drome is a rare automsomal recessive disorder in 

otherwise normal males, caused probably by defi¬ 

cient production of paramesonephric-inhibiting fac¬ 

tor by the sustentacular cells of the testis, or by 

resistance to its action (absence of receptors). Both 

male and female reproductive organs are present. 

Cryptorchism is frequent and the testes occupy the 

normal ovarian position. 

True hermaphrodism, which is extremely rare, 

requires the presence of both testicular and ovarian 

tissues in one individual. Ovarian tissue may be 

found on one side and testicular on the other, or 

one or both gonads may be an ovotestis. The exter¬ 

nal genitalia may be ambiguous, male, or female, 

depending on the amount of functioning testicular 

tissue. Most true hermaphrodites are sex-chromo¬ 

some-positive and many have a 46, XX genotype, 

with conservation of the sex-determining gene of 

the Y chromosome. Other genotypes encountered 

are 46, XY and mosaic patterns such as 46, XX/46, 

XY. A uterus is almost always present, and about 

two-thirds menstruate. Pregnancy in true hermaph¬ 

rodites has been recorded. The prevalence of true 

hermaphrodism is higher in embryos than later. 

It has been proposed that the bilateral asymmetry 

frequently seen in true hermaphrodism (most com¬ 

monly a testis or ovotestis on the right-hand side) 

is related to a possible, normally occurring asym¬ 

metry, whereby right-sided gonads are believed to 

grow more rapidly than their left-sided counter¬ 

parts. 
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The Endocrine 
System 

ndocrine or ductless glands synthesize chem¬ 

ical agents termed hormones, which, as in¬ 

ternal secretions, are carried in the blood to target 

organs in other parts of the body. Endocrine glands 

develop from epithelia as tubular evaginations or solid 

buds but later lose their connection with the surface. 

They acquire a very rich blood supply for the release 

of their secretions. The endocrine glands are very var¬ 

ied in their anatomical and histological structure, and 

also in the chemical nature of their hormones (e.g., 

polypeptides, steroids, glycoproteins). Most hormones 

begin to be produced before the end of trimester 1 and 

during the first half of trimester 2. 

Hormonal production and activity begin early in the 

embryonic period, e.g., hCG and hPL in the syncy- 

tiotrophoblast, gonadotropin-releasing factors in 

the cytotrophoblast. Later examples include proges¬ 

terone produced by the placenta, adrenocorticotro- 

pin by the adenohypophysis, and antiparamesone- 

phric hormone by the sustentacular cells of the 

testis. Early in the fetal period, LH and FSH are 

detectable in the adenohypophysis, estrogen in the 

interstitial cells of the fetal ovary, and testosterone 

in the interstitial cells of the fetal testis; growth hor¬ 

mone is probably formed by the placenta, and the 

production of thyroid hormone begins. A little later, 

insulin and adrenalin are apparent. 

Neuroendocrine cells act as a bridge between 

the nervous and endocrine systems. Although neu¬ 

rosecretory cells resemble neurons morphologically, 

they contain secretory granules and produce secre¬ 

tions that are transported along their axons and re¬ 

leased into perivascular spaces to be carried in the 

blood to target organs or, in some instances, merely 

diffused into adjacent cells. 

The chief endocrine glands are the hypothalamus, 

adenohypophysis, epiphysis cerebri (or pineal gland), 

thyroid and parathyroid glands, pancreas, suprarenal 

gland, testis, ovary, and placenta. A number of other 

organs also display endocrine functions, e.g., the liver 

and kidney. In addition, the stomach and intestine 

contain disseminated endocrine cells and their hor¬ 

mones (e.g., gastrin, cholecystokinin, and secretin), 

which are polypeptides, stimulate the growth of the 

organs that they affect. Such isolated cellular ele¬ 

ments, as distinct from the compact endocrine organs, 

constitute what is called the diffuse endocrine system. 

Some of the cells are frequently termed APUD (amine 

precursor uptake and decarboxylation), and those that 

arise from the neural crest are known as the diffuse 

neuroendocrine system. 

The development of the above-mentioned organs 

has been described in other chapters, with the excep¬ 

tion of the hypophysis, thyroid, parathyroid, and su¬ 

prarenal, which will now be discussed. 

The appearance of early features of the endocrine 

glands is summarized in Table 17-1. 

m THE HYPOPHYSIS 

CEREBRI 

The hypophysis cerebri, or pituitary gland, consists of 

two main components: adenohypophysis and neuro¬ 

hypophysis. The two portions are in apposition from 
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TABLE 17-1 Initial Appearance of Various Features of the Endocrine System 

Feature 

mm 

Weeks 

Stage 

Thyroid primordium 

Telopharyngeal body separated from pouches 3 & 4 

AH pouch; bilobed thyroid; thymic primordium 

Primordium of parathyroid 4 

Suprarenal primordium: cortex & medulla 

Thyroid detaching; NH evagination & infundibular recess; 

epiphysis; parathyroid 3 

Folded NH wall; thymus detaching 

Cellular cords in suprarenal cortex 

Epithelial stem of AH closed; parathyroid 3 detached; pars 

intermedia of hypophysis 

Thymic cortex 

Fragmentation of AH stalk 

Parathyroid 4 detached 

Thymus lobulated 

3 4 5 6 8 10 15 20 25 30 

4 5 6 7 8 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 

* 

Hi 
HP 
id 

HP 
H 

iH 
AH, adenohypophysial; adenohypohysis. NH, neurohypophysial; neurohypophysis. 

the beginning and do not have to grow toward each 
other. The terms anterior and posterior lobes are best 
avoided because they are defined variously: many phys¬ 

iologists include the pars intermedia in the posterior 

lobe, whereas most anatomists include it in the ante¬ 

rior lobe. 

The Adenohypophysis 

The adenohypophysial primordium* is induced by the 

adjacent floor of the forebrain, from which the neu¬ 

rohypophysis will develop. The primordium is situated 

immediately external to the oropharyngeal membrane 

(Fig. 17-1A)10,11. It soon becomes a pocket, the ade¬ 

nohypophysial pouch (Table 17-2). The basement 

membrane of the pouch appears to be in contact with 

that of the diencephalon13, but cells soon become vis¬ 

ible between the two membranes14, and that of the 

pouch becomes discontinuous at its apex. Then, over 

the apex, the floor of the forebrain (diencephalon) 

forms an evagination (Figs. 17-1B,C, 17-2A, and 17- 

3A)17. The stem of the pouch becomes narrowed (Figs. 

17-1D,E and 17-3B)19 and then loses its connection 

with the roof of the mouth (Fig. 17-1F,G)20’21. The ad¬ 

enohypophysis requires mesenchyme for its develop¬ 

ment (epitheliomesenchymal interaction). One wall of 

* Although in the avian embryo the adenohypophysis seems to arise 

from the rostral rim of the neural plate, no evidence exists at pres¬ 

ent that the human adenohypophysis comes from neural ectoderm. 

the pouch proliferates, sends trabeculae into the mes¬ 

enchyme, and forms the main glandular subdivision, 

the pars distalis. The portion of the pouch apposed to 

the neurohypophysial evagination constitutes the pars 

intermedia (Fig. 17-1E,G)20, and the original cavity of 

the pouch decreases and becomes a residual lumen 

(Figs. 17-1G and 17-2B). Portions of the adenohy¬ 

pophysis that come partly to surround the stalk of the 

neurohypophysis constitute the pars tuberalis (Figs. 

17-2B and 17-4). Thus the adult adenohypophysis (Fig. 

17-4) has three subdivisions: distal, intermediate 

(largely blended with the distal portion), and tuberal 

parts. The oropharyngeal end of the adenohypophysial 

stem remains as the pharyngeal hypophysis (Fig. 17- 
1G). 

As a sequel to vascularization, cellular differenti¬ 

ation occurs in the adenohypophysis toward the end 

of the embryonic period proper. The first hormones 

can be detected: adrenocorticotropin, /3-endorphin, 

and growth hormone. Corticotrophs, somatotrophs, 

gonadotrophs, thyrotrophs, and melanotrophs can be 

identified in trimester 1, and the adenohypophysis be¬ 

gins to function at this time. LH and FSH activity be¬ 

comes noticeable. The hypophysial portal system (cap¬ 

illary bed, portal vessels, and sinusoids in the 

hypophysial stalk) begins to develop at the end of tri¬ 

mester 1 and is probably already functional at that 

time. Growth hormone (GH) and prolactin (PRL) be¬ 

come increasingly synthesized during the second half 
of prenatal life. 
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FIGURE 17-1. Development of the hypophysis. A. Median section at 4'A weeks11, showing the adenohypophysial (arrow) and neu¬ 

rohypophysial (NH) primordia forming a single structure. B. Embryo of 4¥2 weeks14, showing the area of the adenohypophysial 

pouch. The arrow in the inset indicates the direction of growth of the neurohypophysial evagination. C. At 6 weeks17 the pouch 

and the evagination are well formed. D. The pouch as seen from the front19. E. The stem becoming surrounded by the cartilaginous 

base of the skull19 and the formation of the pars intermedia. F. The adenohypophysis at 8 weeks23. G. The hypophysis at 8 weeks23, 

showing the remains of the stem (interrupted line) within the base of the skull and the track (dotted line) leading to the pharyngeal 

hypophysis. Di., diencephalon; M, mesencephalon; NH, neurohypophysial primordium; Ot., otic disc; R, respiratory primordium; 

SI, somite 1. Based on reconstructions. 
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TABLE 17-2 Development and Components of the Hypophysis Cerebri 

NH 

AH 

Stages 

'10,11 ' 
o. Meurohypophysial 

evagination17 

Infundibular recess 

& infundibulum--. 

L-> 

• ADENOHYPOPHYSIS i • NEUROHYPOPHYSIS 

i Pars tuberalis 1 Median eminence 

Pars intermedia Infundibular stem 

Pars distalis Infundibular process 

(neural lobe) 

Adenohypophysial stalk 

closed19 and 

fragmented21-22 

Adenohypophysial pouch13 

The adenohypophysial (AH) and neurohypophysial (NH) primordia are indicated in the upper left-hand cor¬ 
ner, the adult gland within the rectangle. 

The Neurohypophysis 

The neurohypophysial evagination, which forms a fun¬ 
nel (infundibulum), extends from the median emi¬ 
nence as an infundibular stem that ends in an expan¬ 
sion termed the infundibular process (neural lobe) 
(Fig. 17-4). The hypophysis and the endocrine com¬ 
ponents of the diencephalon become functionally ac¬ 
tive at about the middle of prenatal life, allowing the 
fetus to regulate its own endocrine system. The neu¬ 
rohypophysis does not secrete hormones but stores 
substances that are dispensed to the circulation. The 
hormones of the neurohypophysis are produced by 
neurosecretory cells in the hypothalamus. The hypo¬ 
physial portal system of vessels serves to convey hy¬ 
pothalamic releasing factors (corticotropin [CRF], lu¬ 
teinizing factor [LRF], and an inhibitory factor, 
somatostatin [SRIF]), to the pars distalis. 

Hypophysial Anomalies 

Craniopharyngeal canal is a vascular channel 

formed during osteogenesis and may persist as a 

passage through the sphenoid bone. It indicates ap¬ 

proximately the course of the former stem of the 

adenohypophysial pouch. 

Craniopharyngioma is a curious intracranial 

neoplasm that shows a variable resemblance to an 

embryonic enamel organ. Hence it is sometimes 

called a pituitary adamantinoma, although it does 

not contain enamel. Chordoma is a neoplasm of the 

tip of the notochord (Fig. 17-1A), which, like the 

dental lamina, is closely related to the developing 

adenohypophysial pouch. 

THE THYROID GLAND 

At 4 weeks the thyroid gland usually begins as an en- 
dodermal thickening and a pouch in the floor of the 
pharynx (Fig. 19-7A)10, situated between pharyngeal 
arches 1 and 2 (Figs. 13-26B,C and 17-5A)11. It is in¬ 
timately related to the aortic sac. Its epithelial cells 
form a bilobed structure (Fig. 17-6C) anchored to the 
pharynx by a stalk (Fig. 17-6B)13, which may be solid, 
hollow, or even absent: it is known as the thyroglossal 

duct. The hyoid bone (Fig. 17-6E) develops dorsal to 
the duct but rarely may surround it. The thyroid pri- 
mordium becomes detached from the pharynx16, al¬ 
though its site of origin may persist into adulthood as 
the foramen cecum of the tongue (Fig. 13-8A,B). The 
organ now consists of right and left lobes connected 
by an isthmus (Fig. 17-6D). The lower end of the thy¬ 
roglossal duct forms the pyramidal lobule (Fig. 17-7A), 
which is frequently found in the adult. Thymic and 
parathyroid inclusions are normally found in the thy¬ 
roid gland. 

The ultimopharyngeal body (Fig. 17-5A-F) associ¬ 

ated with pharyngeal pouch 4 is regarded by many 

as a “lateral thyroid component.” The parafollicular 

(C) cells of the gland, which later secrete calcitonin, 

are derived from the neural crest and probably be¬ 

come incorporated in the thyroid by way of the ul¬ 

timopharyngeal body; they are recognizable early in 
the fetal period. 

A complex network of cords and plates of epithelial 
cells begins to be transformed into thyroid follicles 
during the embryonic period proper. Iodine accumu- 
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B 

FIGURE 17-2. Sagittal sections through the developing hypophysis. A. Median section at 6 weeks17 showing the adenohypophysial 

pouch (AH) in contact with the beginning neurohypophysial (NH) diverticulum. The adenohypophysial stem will soon become 

obliterated. Shifts in the relationships (arrow) will result in the arrangement seen in B, namely, that the neurohypophysis has 

become situated posterior to the adenohypophysis. B,B'. Sagittal section through the fetal hypophysis. The greater part of both 

the neurohypophysis and the adenohypophysis lies in the hypophysial fossa of the sphenoid bone (still cartilaginous here). The 

cleft represents the cavity of the initial adenohypophysial pouch. 

lates and, early in the fetal period, colloid is present 
within the follicles. T4 (and TSH) can then be detected. 

Thyroid hormones are important in development, 

both prenatally and postnatally. From late in pre¬ 

natal life until 1-2 postnatal years, appropriate lev¬ 

els of thyroid hormone are essential for the normal 

development of the brain. Thyroid hormones regu¬ 

late protein synthesis, and some of their actions are 

probably mediated through growth factors. Thyroid 

hormone synthesis begins early in the fetal period, 

previous to which time maternal thyroid hormones 

cross the placenta and reach the conceptus. At the 

middle of prenatal life thyroid hormone secretion 

increases rapidly as a result of a rise in hypothal- 

amo-pituitary function. As pregnancy advances, fetal 

serum thyroid-stimulating hormone, thyroxin¬ 

binding globulin, and total as well as free T4 and 

T3 concentrations increase significantly. Thyroid se¬ 

cretions control the output of pituitary thyroid- 

stimulating hormone (TSH) by a feedback mecha¬ 

nism. 

Thyroid Anomalies 

Congenital hypothyroidism can be treated prena¬ 

tally by the injection of thyroid hormone into the 

Figure 17-3. Development of the hypophysis as seen in median sections. A, at 6 weeks17, showing the elongated adenohypophysial 

pouch in contact with the folded wall of the infundibulum. The chiasmatic plate can be seen in the lower left-hand corner, the 

tongue in the lower right, the brain in the upper right. The notochord can be followed toward the left, where it ends close to the 

adenohypophysis. Cf. Fig. 17-1C. B. At 6V2 weeks19, showing the closed stalk of the adenohypophysis embedded in the developing 

sphenoid cartilage. The attachment of the stalk to the roof of the pharynx constitutes the pharyngeal hypophysis. Cf. Fig. 17-1E. 
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Infundibulum 

FIGURE 17-4 Median section of the adult hypophysis, showing 
the three parts of the adenohypophysis and the three subdivi¬ 
sions of the neurohypophysis. The third ventricle presents an 
infundibular recess. The pars intermedia is commonly the site 
of small cysts. The entire organ lies in the hypophysial fossa of 
the sphenoid bone. The terminology is that of Rioch, Wislocki, 
and O’Leary. The variously defined terms anterior and posterior 
lobes are best avoided. 

amniotic cavity. Hypothyroidism that is not treated 

rapidly after birth commonly results in mental re¬ 

tardation, poor coordination and balance, and vari¬ 
ous motor problems. 

Congenital (endemic) cretinism, which is more 

severe than sporadic congenital hypothyroidism, 

probably begins earlier, perhaps even in trimester 1 

before the onset of fetal thyroid function. It results 

when the thyroid gland is absent or reduced in size. 

It is characterized by dry skin, protruding tongue, 

and growth (including mental) retardation. 

Lingual thyroid (Fig. 17-7B) is a thyroid gland that 
fails to separate from its site of origin. It is generally 
the only thyroid tissue present in such patients, and 
it may cause difficulty in swallowing (dysphagia). 

Remnants of the thyroglossal duct are very com¬ 
mon. Rarely, a persistent thyroglossal duct may remain 
patent and form a thyroglossal fistula that opens sec¬ 
ondarily, low on the neck, in the median plane. Alter¬ 
natively, blind pockets, thyroglossal cysts (Fig. 17-7A), 
may develop by epithelial proliferation along the duct. 
These are usually median in position and are fre¬ 
quently near the hyoid bone. More than half of abnor¬ 
mal masses found in the neck are of thyroid origin. 

Accessory thyroid tissue (Fig. 17-7C) may be 
found in the neck, in the thymus, in the mediastinum 
and even embedded in the heart, trachea, esophagus, 
or liver. Some instances are thought to be caused by 

early attachment of thyroid cells to an adjacent organ. 
Thyroid tissue may rarely be found in the ovary as a 
teratoid tumor known as struma ovarii, where it is 
associated with dermoid cysts and teratomata. 

Multiple endocrine neoplasia, a type of neurocris- 
topathy associated with mutations in the RET proto¬ 
oncogene, may result when the calcitonin-producing 
follicular cells undergo hyperplasia. 

m.THE PARATHYROID 

GLANDS 

The development of the parathyroid glands and the 
thymus is associated with that of the embryonic phar¬ 
ynx (Chapter 13). Usually two parathyroid glands de¬ 
velop on each side, and they are known embryologi- 
cally as parathyroids 3 and 4, after the correspondingly 
numbered pharyngeal pouches. Because of shifting re¬ 
lationships, however, parathyroid 3 becomes the infe¬ 
rior parathyroid gland of adult anatomy, and parathy¬ 
roid 4 becomes the superior gland. The parathyroid 
glands vary in the adult from two to six in number, 
the most frequent being four: an inferior and a supe¬ 
rior on each side. They frequently contain cysts. 

Parathyroids 3 and 4 develop in a similar manner 
as cellular masses in or near the wall of pouches 3 and 
4. Only chief cells are present at first, but other kinds 
become detectable in fetal life and postnatally. 

Although parathyroid glands 3 and 4 (Fig. 17-5E) 

are commonly said to come from pharyngeal 

pouches 3 and 4, respectively, it has been proposed 

that they arise from the ectoderm of pharyngeal 

clefts 3 and 4 rather than from the endoderm 

(Garcia Garcia et al., 1985). In the chick embryo it 

has been claimed that the parathyroid glands arise 

from neural crest and epipharyngeal discs as a part 
of the APUD system. 

Parathyroid Anomalies 

Thymoparathyroid aplasia (DiGeorge sequence) is 
considered to be caused by submicroscopic deletions 
within 22qll. The prevalence is about 1:20,000 births. 
It is thought to involve a failure of differentiation in 
pharyngeal pouches 3 and 4 (Fig. 13-23), and abnor¬ 
mal migration of cranial neural crest in arches 3, 4, 
and perhaps 5. The condition is frequently accompa¬ 
nied by cardiovascular anomalies (e.g., interrupted 
arch of the aorta and truncus arteriosus communis), 
disturbance of pulmonary circulation, and craniofacial 
anomalies (e.g., micrognathia and malformed ears). 
Immunological incompetence and hypocalcemia may 
be found. In addition to chromosomal deletions, the 
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Thymus 

Figure 17-5 Development of the floor of the pharynx and the pharyngeal pouches. A,B. Right lateral and ventral views of the 
pharynx at 414 weeks13. The areas of contact between the pharyngeal pouches and the surface ectoderm are hatched. Pharyngeal 
pouches 1 and 2 are colored green and yellow respectively; pouches 3 and 4 are colored blue and white respectively; and the thyroid 
primordium is in red. The ultimopharyngeal body is stippled. The caudal pharyngeal complex comprises pouches 3 and 4 and the 
ultimopharyngeal body, but the interpretation of such a complex has been queried. C,D. Further development of the thyroid gland: 
right and left lobes, isthmus, and thyroglossal duct. In E (5 weeks) the thyroid gland has lost its continuity with the pharynx, 
although a remnant of the thyroglossal duct is visible. The parathyroid glands and thymus are developing. In F (6 weeks) the 
thyroid gland is beginning to assume its adult form. In G (8 weeks) parathyroid glands 3 have descended with the thymus and are 
now caudal to parathyroid glands 4. The right and left lobes of the thymus have approached each other. P-Th3 and 4, parathyroids 

3 and 4. Based on Weller and on Politzer and Hann. 
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Figure 1 7-6. Development of the thyroid gland. The oronasal cavity, pharynx and esophagus, laryngeal cavity, and trachea are 

shown in blue. A. The right and left lobes of the future gland can be seen descending from the floor of the pharynx at A1/2 weeks13. 

B. The stalk that represents the thyroglossal duct is soon visible, as well as the isthmus that connects the lobes14. C. Separation 

from the pharynx leaves a remnant of the thyroglossal duct16. D. The gland begins to assume its U-shaped form at 6 weeks17. E. 
Median section of the head and neck at 8 weeks 3, showing the usual course taken by the thyroglossal duct (interrupted line) from 

its origin at the foramen cecum of the tongue (arrow) to the isthmus. The vertebral centra are also shown (the notochord has 

been omitted), surmounted by the cartilaginous base of the skull. Reconstructions A-D based on Weller. 

condition is sometimes related to retinoic acid embry¬ 
opathy, maternal diabetes, and fetal alcohol syndrome. 

I THE SUPRARENAL 

GLANDS 

The suprarenal (or adrenal) glands (Figs. 15-7 and 15- 
9) are paired, and each consists of two components, 
cortex and medulla, which develop separately and be¬ 
come associated (Fig. 17-8A-C). These components re¬ 
main separate in anamniotes (fishes). 

The Cortical System 

A common primordium develops for adrenocortical 
and gonadal tissue, and is considered to be the source 
of all steroidogenic tissue. Cells of the intermediate 
mesoderm situated between the coelom and the meso¬ 

nephros are the precursors of the adrenocortical tis¬ 
sue15 (Fig. 17-8A). A little later, contributions are made 
from the mesonephros but an origin from the coe- 
lomic epithelium “should be definitively abandoned.”* 

The cells form cords as sinusoids develop18. The 
cortical cells first formed, termed the fetal or provi¬ 

sional cortex (the X zone), become surrounded by a 
second wave, the definitive or permanent cortex (Fig 
17-8B,C). 

The functions of the fetal cortex are not entirely 

clear, but its enormous size is believed to be asso¬ 

ciated with a similarly great capacity for steroid 

production, which is important in the synthesis of 

placental estrogen precursors by the syncytiotro- 

phoblast. The source of the steroid precursors for 

*K.-H. Wrobel and F. Suss, Anat. Embryol., 199:301-318, 1999, 

bovine studies, but with an excellent discussion of other species, 
including the human. 
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Figure 17-7, Anomalies of the thyroid gland. A. Three sites 
where a thyroglossal cyst is likely to be found. The course of 
the thyroglossal duct is shown by a line descending from the 
foramen cecum of the tongue (arrow), in front of (but also 
curling behind) the hyoid bone, and ending in the pyramidal 
lobule of the gland. B. Lingual thyroid, a gland that has failed 
to descend. C. Accessory thyroid nodule and absence of the 
isthmus. 

the suprarenal is thought to be cholesterol, which 

depends on low-density lipoprotein (LDL). 

At birth the suprarenal glands are almost one- 
third the size of the kidneys, although they possess 
little permanent cortex and a very small medulla (Fig. 
17-8D). Stimulation by adrenocorticotropic hormone 
(ACTH) may be an important factor in their large 
size. The characteristic three-layered appearance of the 
cortex probably does not appear until after birth. The 
fetal cortex decreases sharply during the first two post¬ 
natal months (Fig. 17-8D) and its involution can be 
regarded as a hemorrhagic, noninflammatory necrosis. 
The permanent cortex increases gradually up to about 
20 years, and the medulla grows also, although more 
slowly. 

The Chromaffin System 

The cells of the suprarenal medulla arise from neural 
crest, migrate to the sympathetic ganglia (Fig. 17-8B', 
Table 17-3) and thence to the provisional suprarenal 
cortex. Later, these cells from neural crest invade the 
cortex17, become surrounded by it, and constitute the 
suprarenal medulla (Fig. 17-8C). It is thought that 
differentiation into cells of the medulla requires the 
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inductive influence of cortical cells. The sympatho- 

chromaffin cells give rise to sympathetic neurons and 
glandular cells that are collectively termed chromaffin 
tissue, i.e., having an affinity to chromium salts15. 
They are also called pheochromocytes (meaning 
dusky-colored cells). The sympathetic neurons develop 
under the influence of fibroblast growth factor and 
nerve growth factor; the chromaffin cells under the 
influence of glucocorticoids. [The cellular transfor¬ 
mations mentioned above are paralleled in the for¬ 
mation of certain tumors, such as (ganglio)neuro- 
blastoma.] Preganglionic sympathetic fibers (the 
chromaffin cells themselves correspond to ganglion 
cells) are also present. Norepinephrine (noradrenaline) 
can be detected in the medulla early in fetal life. 

Three types of cell can be distinguished: ganglion, 
satellite, and chromaffin. Chromaffin cells develop 
from neural crest, are supplied by preganglionic sym¬ 
pathetic fibers, secrete and store catecholamines, and 
give a positive chromaffin reaction. They are the major 
type of medullary cell, able to synthesize, store, and 
release various peptides (especially chromogranins) 
and neuropeptides. In culture, they can change their 
phenotype to that of neurons. 

In summary, stem cells of the neural crest give 
rise to committed sympathochromaffin cells dur¬ 
ing the embryonic period. These, in turn, still 
during trimester 1 and under the influence of 
specific molecular signals and growth factors, 
give origin to sympathetic neurons and chro¬ 
maffin cells. 

Clusters of chromaffin cells that remain close to the 

sympathetic ganglia are known as paraganglia, and 

similar cellular masses are found along the abdom¬ 

inal aorta (Fig. 17-8B'), e.g., near the origin of the 

inferior mesenteric artery. Paraganglia are found 

also along parasympathetic fibers. Together with the 

suprarenal medulla, all such cells make up the chro¬ 

maffin system. In addition, various cells associated 

with amine precursor uptake and decarboxylation 

(APUD) are included with chromaffin tissue. 

Neuroblastic nodules appear to be found almost 

constantly within the suprarenal in trimester 2, but 

nearly all regress before birth and seem to be a nor¬ 

mal finding. Rarely, however, undifferentiated neu¬ 

ral tissue in the suprarenal medulla or in sympa¬ 

thetic ganglia in the trunk or in the neck may give 

rise to a neuroblastoma. 

Suprarenal Anomalies 

Accessory adrenocortical tissue is common near the 
kidneys and along the path of the descending gonads. 
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IGURE 17-8 Development of the 
suprarenal gland. A. Transverse 
section at 5y2 weeks16. The cortex 
(shown in blue) develops from the 
intermediate mesoderm between 
the coelom and the mesonephros 
(current interpretation), whereas 
the medulla (shown in yellow) 
arises from sympathochromaffin 
cells derived from the neural 
crest. B. Transverse section at 6V2 

weeks19. A contribution from the 
mesonephros to the cortex is 
indicated by an arrow. The 
medulla is becoming surrounded 
by the cortex. C. Graph showing 
the volume of the gland in 
relation to its constituents against 
time. At birth the fetal cortex is 
the main component. D. Graph 
showing hormones such as 17- 
ketosteroids and pregnanediol in 
amniotic fluid in anencephaly, in 
the normal, and in congenital 
adrenal hyperplasia. Ao., aorta; 
Not., notochord. 

Its proximity to mesonephric remains, particularly at 
the hilar region of the ovary, is thought to support an 
origin from nephric components of the intermediate 
mesoderm. It may be accompanied by accessory med¬ 
ullary tissue. (Chromaffin cells appear to be attracted 
by cortical tissue.) 

Congenital adrenal hyperplasia (adrenogenital 

syndrome) refers to a group of clinical, autosomal re¬ 
cessive disorders of adrenal steroidogenesis. They are 
caused by an enzymatic deficiency, most frequently of 
steroid 21-hydroxylase, which blocks cortisol synthe¬ 
sis. Because of negative feedback, this results in a com¬ 
pensatory excess of pituitary ACTH, which, in turn, 

stimulates the fetal suprarenal cortex to secrete too 
much testosterone. Thus an inborn metabolic error 
(two genes in chromosome 6) can cause the biosyn¬ 
thesis to be shunted into an androgenic pathway. In a 
genetically female fetus, the result is masculinization 
of the genitalia and pseudohermaphrodism, usually 
visible at birth. In the male, precocious sexual devel¬ 
opment (pseudopuberty) begins 1-4 years after birth. 
The prevalence of congenital adrenal hyperplasia varies 
from 1:500 to 1:67,000 births. Treatment is by the ad¬ 
ministration of glucocorticoid (to inhibit the secretion 
of ACTH), which, when given during trimester 1, can 
prevent the condition prenatally. 
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TABLE 17-3 Scheme of Sympathochromaffin 
Development 

Neural crest 

Sympathochromaffin Other derivatives 

precursor cell (Table 19-4) 

neuron ~ ^ cell 

Based on Unsicker (1993). 

Anencephaly, a neural tube defect discussed in 

Chapter 19, may be associated with a deficient or a 

detached adenohypophysis. The resulting lack of fe¬ 

tal suprarenal cortex (caused by decreased ACTH) is 

reflected in small suprarenal glands (Fig. 17-8E). 

Intracranial suprarenal gland. A couple of in¬ 

stances of this intriguing anomaly have been re¬ 

ported. Both cortex and medulla were present. The 

origin of the condition is unclear. 
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CHAPTER 

The Skeletal 
System and the 
Limbs 

his chapter includes the vertebral column, the 
ribs and sternum, the skull, and the limbs. 

Skeletal tissue arises from mesenchyme and ec- 
tomesenchyme. Epithelio-mesenchymal interaction 
(e.g., between the apical ectodermal ridge and limb 
bud mesenchyme) precedes mesenchymal condensa¬ 
tion in appropriate sites, and this is followed by chon- 
drogenesis and osteogenesis. 

■ THE VERTEBRAL COLUMN, 

RIBS, AND STERNUM 

The initial appearance of various features of the axial 
skeleton is summarized in Table 18-1. 

The notochord and the somites are key features in 
the development of the vertebral column. The somites 
of an embryo of 4V2 weeks are shown in a left lateral 
view in Figure 18-1. 

The Notochord 

Species that possess, at some period of their life, 
a “string” (Greek, chorde) along their back 
(Greek, notos), i.e., a notochord, are known as 
chordates. The notochord was described in 1827 
by von Baer, who called it the chorda dorsalis. 
The morphological appearance of chordate char¬ 
acteristics (Fig. 18-2) occurs at about 4 weeks: 
the notochord10"11, a dorsally situated neural 
tube10"12, the pharyngeal arches10'13, and a sub- 
pharyngeal (thyroid) gland10"13. Most chordates 

possess, in addition, a cartilaginous or bony ver¬ 
tebral column (backbone) developed around the 
notochord, and hence they are known as 
vertebrates. 

The notochord develops as an axial structure and 
appears successively as the notochordal process, no¬ 
tochordal plate, and definitive notochord. Its early de¬ 
velopment8,9 was illustrated in Chapter 6 (Figs. 6-4 and 
6-7) and is summarized in Table 18-2. 

The primitive node5"9 gives rise to the notochordal 
process, which extends rostrally to reach the prechor¬ 
dal plate7. At first it is a relatively solid rod, in which 
a small canal then appears and is continuous with the 
primitive pit of the primitive node. The floor of the 
notochordal process soon breaks down, and its roof 
forms a plate situated between the neural ectoderm 
dorsally and the umbilical vesicle ventrally (Fig. 18- 
3A)9. The notochordal plate next undergoes longitu¬ 
dinal folding and becomes a cylinder (Fig. lS-SB^)11, 
and the lining of the umbilical vesicle becomes com¬ 
plete again (Fig. 6-4G). The notochord becomes elon¬ 
gated by the addition of cells to its caudal end. 

The notochord acquires two sheaths. (1) An acel¬ 
lular sheath11"12 containing high amounts of sulfated 
glycosaminoglycans, hyaluronic acid, fibronectin, lam¬ 
inin, and tenascin. The ECM components may mediate 
inductive signals such as induction of the floor plate 
of the neural tube and of cartilage. Ultrastructural ap¬ 
pearances are suggestive of early secretory activity14. 
(2) A cellular covering consisting of paraxial mesen¬ 
chyme and emigrated sclerotomic cells from14 the 
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TABLE 18-1 Initial Appearance of Various Features of the Axial Skeleton 

Feature 

mm 

Weeks 

Stage 

Notochordal process 

Notochordal plate 

Notochordal plate becomes tubular; sclerotomes 

form 

Eosinophil notochordal sheath 

Cellular notochordal sheath 

4 occipital sclerotomes & 2 stems of hypoglossal 

nerve 

Sclerotomes show dense & loose areas 

Cellular notochordal sheath shows dense & loose 

areas 

Centra & neural processes appear 

Notochord thicker in discal regions than in centra 

4 occipital sclerotomes fused 

Mesenchymal otic capsule 

All ribs present in mesenchyme 

Centra & basioccipital chondrifying 

Laminae & ribs chondrifying 

Pedicles & otic capsule chondrifying 

Cartilage in pharyngeal arches 1 & 2; mandible 

and maxilla 

Presellar part of chondrocranium develops 

Most membrane bones of skull are present 

Tectum posterius begins to ossify 

33-34 cartilaginous vertebrae are present 

Normal spina bifida occulta totalis 

2 3 4 5 6 8 10 15 20 25 30 

3 4 5 6 7 8 
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Figure 18-1 Scanning electron micrograph of an embryo of 
about 472 weeks12, left dorsolateral view. The somites are 
evident on each side. Caudal to the frontal prominence (above 
and to the right of it in the photograph), pharyngeal arches 1- 
3 are clear. Caudal to the cardiac swelling, the upper limb buds 
are visible on each side as semilunar projections from the body 
wall (on a line that would connect the two arrows). 
Reproduced, with permission, from Jan E. Jirasek, 1983. Atlas 

of Human Prenatal Morphogenesis, p. 16. © Kluwer Academic 
Publishers, The Netherlands. 
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FIGURE 18-2. Views of the (Heuser) embryo11, 14 pairs of somites, about 4Yz weeks. A. Transverse section through trunk, showing 
early embryonic organization. The characteristic features of chordate embryos are listed at the right. B. left lateral view. The plane 
of section of A is indicated. Based on reconstructions. 

perinotochordal sheath or tube. Its role for the for¬ 
mation of the vertebral centra is discussed below. 

Rostrally, the notochord ends succesively at the 
level of the oropharyngeal membrane12, at the caudal 
wall of the adenohypophysial pouch13’14, and between 
the basioccipital and the basisphenoid23. 

The caudal part of the notochord is derived di¬ 
rectly from the mesenchyme of the caudal emi¬ 
nence10'12 (Fig. 6-11) and, during secondary neuru- 
lation, is added to the part that developed from the 
notochordal plate. The notochordal plate9,10/noto- 
chord11 ends rostral to the primitive streak/caudal 

eminence, and the notochord is coextensive caudally 
with the neural plate/tube. As the vertebral column 
develops around the notochord, the latter becomes 
surrounded by the last coccygeal vertebra23. 

Because of the extensive use of the chick embryo in 
studies of the notochord, it should be stressed that 
the mammalian notochord is smaller and more 
flimsy. Although the mechanical function of the no¬ 
tochord is insignificant in mammals, it is possible 
that its complex changes of shape are of functional 
importance and augment the inductive influence of 
the plate. 
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TABLE 18-2 Summary of Development of the 
Notochord 

Feature Figure 

Primitive node gives rise to notochordal 
process7 

6-4A 

Notochordal process, first a solid rod, 
reaches prechordal plate7 

6-3 

Small canal appears in notochordal 
process8 

6-7C, 6-4D 

Canal is continuous with primitive pit in 
primitive node8 

6-4 B 

Floor of notochordal process breaks down8 6-4 B 

Roof (notochordal plate) is between neural 
ectoderm and umbilical vesicle9 

6-4B,C 

Notochordal plate is folded longitudinally11 
to form a cylinder 

6-4E,F 

Lining of umbilical vesicle becomes 
complete again 

6-4G 

Notochord reaches rostrally to 
oropharyngeal membrane12 and to 

17-1A 

adenohypophysial pouch13'14 17-3A 

Notochord extends from hypophysial to 
coccygeal region15 and is elongated 
from caudal eminence.10-17 

18-5E 

Vertebrae begin to become condensed 
around notochord15 

18-5F 

Notochord transverses condensed 
mesenchyme of future basioccipital 

18-6 

Notochord bridges gap between dens and 18-20A 
basioccipital, and reaches dorsum sellae and 18-21 

Notochordal expansions23 blend with 
perinotochordal tissue during fetal period 
(nucleus pulposus). Notochordal cells 

18-15C 

undergo mucoid degeneration and have 
disappeared by about 10 years. 

18-15E 

The Somites 

Somites are mesenchymal segments in the paraxial 

mesenchyme that have undergone epithelization and 

are situated on both sides of the neural plate or tube 

(Figs. 18-1 and 19-7). They arise (Fig. 18-3A) from 

cells derived from the primitive streak and perhaps 

from the primitive node. Somites can develop in vitro 

without the influence of notochord and neural tube. 

The precursors of the somites (presomitic clusters) 

act as foci that attract more cells and (in the mouse) 

develop into whorls of mesenchymal cells termed 

somitomeres, which have not yet been found in the 

human embryo. (Somitomeres even rostral to the 

occipital somites have been described in the chick, 

mouse, and rat.) 

Somites first appear at 3¥2 weeks9, and approxi¬ 

mately 30 pairs are present at 4V2 weeks13. The full 

complement comprises about 38 or 39 (rather than 

42-44) pairs but they are never all visible at one time: 

4 occipital, 8 cervical, 12 thoracic, 5 lumbar, 5 sacral, 

and usually 4 or 5 coccygeal. 

Somite 1 lies immediately caudal to the vagal neu¬ 

ral crest or ganglion11 (and does not overlap pharyn¬ 

geal arch 4 as in birds). It develops a dermatomyotome 

and a sclerotome10"11 (Fig. 19-7C), but loose and dense 

areas cannot be distinguished, as in occipital sclero¬ 

tomes 2-4 at later stages (Fig. 18-10). It soon becomes 

transformed into material for the hypoglossal cell 

cord11, which proceeds ventrally and participates in the 

formation of the lingual musculature. 

After this seeming “disappearance” of somite 1, so¬ 

mites 2-4 are defined by the roots of the hypoglos¬ 

sal nerve12 and by the intersegmental arteries: a pre- 

hypoglossal vessel between S2 and S3, and the 

hypoglossal artery between S3 and S4. Although the 

future ganglia12 and dorsal roots14 can be detected 

in the spinal region, both are absent in the occipital 

territory. Occipital somites 1-4 participate in the 

formation of the hypoglossal cell cord and also in 

that of the occipital portion of the skull. 

The first somite does not disappear; it is trans¬ 

formed into material for the hypoglossal cell 
cord. 

The coccygeal somites at first fail to reach the end 

of the body. The caudal tip of the trunk appears par¬ 

ticularly tapered at 5-6 weeks16’17 (Fig. 18-7), because 

it contains merely neural tube. The proximal part of 

the projection includes some coccygeal vertebrae16,17, 

whereas the distal portion, although it contains neural 

tube, is non-vertebrated and is in no sense a “tail.” 

Soon19-23, the vertebral column has lengthened rela¬ 

tive to the spinal cord so that both end at the same 

level. Moreover, the surrounding tissues have in¬ 

creased in volume, cellular death has occurred, and 

the former tip of the trunk is now more or less flush 

with the general surface. This is probably brought 

about by regression of part of the neural tube (and 

perhaps extrusion of a portion through the skin), as 

well as by further growth of the coccygeal somites or 
vertebrae. 
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FIGURE 18-3. Somitic development from 4 to 5 weeks9-15. A. The mesoderm on each side of the neural folds begins to become 
arranged as somites and lateral plate9. B. The intermediate mesoderm is visible10. C. Dermatome, myotome, and sclerotome have 
developed12. D. Sclerotomic cells form a cellular sheath (asterisk) around the notochord13. Spinal ganglia and ventral roots of the 
spinal nerves form. E. The dermatome has disintegrated, the muscular primordium has migrated, and the sclerotomes form loose, 
cephalic and dense, caudal halves15. Based on reconstructions by the authors. 

A tail, in ordinary usage and with reference to 

vertebrates, consists of “a number of gradually 

attenuated coccygeal vertebrae covered with flesh 

and integument” (OED). The human embryo 

possesses no (vertebrated) “tail” at any stage of 

development. 

Caudal appendages, as a rare anomaly found at 

birth, are of varied origin (some are teratomata), 

but they practically never contain skeletal elements. 

They are in no legitimate sense “tails.” Projections 

that contain skeletal components are caused by a 

dorsal bending of the coccyx; they do not affect the 

normal number of vertebrae, and they have nothing 

to do with “atavism” (Hornitzki, 1940). 

Differentiation of Somites. The somites show 

early polarization in all major directions—dorsoven- 

tral, mediolateral, and rostrocaudal—giving rise to 

quadrants. Initially the wall of the somite is a pseu- 

dostratified epithelium around a central cavity (somi- 

tocoel) (Figs. 18-3B and 18-4), and cells are given off 

into the central core. The cluster of cells in the lumen 

retains a mesenchymal arrangement. Typically a so¬ 

mite differentiates into three portions, as follows. 

1. The sclerotome. Core cells and proliferating 

cells in the medioventral wall form a mass of loosely 

connected cells termed a sclerotome (Fig. 18-3C)12. 

Core cells partly migrate to the sclerotomes and to the 

intervertebral discs, whence they seem to participate 

in the formation of the ribs. The sclerotome will par¬ 

ticipate in the formation of the vertebral column, as 

discussed below. 

2. The myotome. Subsequently, the cells of the 

dorsolateral wall, the dermatomyotome, proliferate 

and give rise to a new layer of cells with pale nucleo¬ 

plasm. This is the epithelial myotome, laid down on 

the medial side of the external layer, which is now 

called the dermatome (Fig. 18-3C,D)12. Various mus¬ 

cles are derived from the dermatomyotomes, the my- 
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Figure 18-4 Coronal section through an embryo of 22 so¬ 
mites12 showing a somite. Epithelioid cells surround the par¬ 
tially occluded somitocoel. 

otomes, or both, as described in Chapter 10 (Table 10- 
2). The myotomes and muscular primordia, at first 
segmentally arranged (Fig. 18-5A), develop into longer 
elements by polymerization. The segmental pattern is 

maintained by the deep muscles of the back and by 
the intercostal muscles. 

3. The dermatome. The external layer of the so¬ 
mite, known as the dermatome12 (Fig. 18-3C,D), con¬ 
tributes to the dermis. 

Rostrocaudal Differentiation. Because the forma¬ 

tion of somites takes place rostrocaudally, the ros- 

tralmost are the most and the caudalmost the least 

differentiated. Hence, a whole array of developmen¬ 

tal grades can be seen in one embryo. Spreading of 

sclerotomic cells begins in the occipital somites of 

embryos of weeks (with approximately 20 somi- 

tic pairs) (Fig. 18-3C)11. The myotome appears (ros- 

trally) within another day (approximately 25 somitic 

pairs)12. Disintegration of the dermatomes begins at 

4 weeks14, again from rostrally to caudally. This pro¬ 

cess is slow and is several days later in the caudal 

region. 

Related Neural Crest. Meanwhile neural crest 

cells accumulate between the neural tube and the 

somites (Fig. 18-3C), and form the primordia of the 

future spinal ganglia, which lie in series with the 

somites13: in other words, one future spinal gan¬ 

glion corresponds to one somite (except in the oc¬ 

cipital region, where ganglia are missing, and in the 

coccygeal region where their number is reduced). 

The future spinal nerve and the intersegmental ar¬ 

tery are related to the rostral (loose) half of the 

sclerotome (Figs. 18-3E and 18-5B)15. 

The Formation of the 

Vertebral Column 

Embryonic Period 

The vertebrae develop exclusively from somites and 
the PaxI gene plays an important role in their devel¬ 
opment. The succession of events is given below in 
four phases. 

Scheme of the formation of the vertebral column in the embryonic (A-D, coronal sections), fetal (H-K), and postnatal 
(L—N) periods. A. Sclerotomic cells spread out from the somites and form a perinotochordal sheath (arrows)13. Intersegmental 
arteries are between the somites. B. Loose cephalic and dense caudal areas form in the sclerotome14. The spinal nerve (n) and the 
intersegmental artery (A) are related to the loose area. Muscular primordia are indicated at the periphery. C. Dense and loose areas 
develop also in the perinotochordal cellular sheath15. D. The central dense area gives rise to the intervertebral disc, the peripheral 
dense area to the neural process of the vertebra and to the rib. The loose central zone forms the vertebral centrum. E. Left lateral 
view of an embryo at 5 weeks15, showing the extent of the notochord. F. Centrum with neural and costal processes15. The outline 
of the neural tube is shown by an interrupted line in F—I. G. Transverse section of a thoracic vertebra corresponding approximately 
to coronal section D. H. Early in the fetal period, areas of hypertrophic cartilage appear. The neural processes will unite (arrows) 
and foim the neural arch. I. The neural arch is complete and three ossific areas are visible. J. An example of a partially bipartite 
ossific centrum. K. Newborn showing three bony elements and two neurocentral joints. L. At 3 years, showing a bony vertebral 
foramen. M. Right lateral view at puberty, showing the annular epiphyses. Comparison with a long bone is shown on the right N 
Adult, showing the body and vertebral arch. Ep., epiphysis. Diagonal hatching in C and D, area of (future) centrum A-D modified 
from A.E. Dalgleish. 
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TABLE 18-3 Summary of Development of Vertebrae 

SOMITIC PAIR (bilateral somites) 

I 

// 
/ ■ 

— 

B 

Z2? 
M \ 

— SCLEROTOMIC PAIR (bilateral sclerotomes at horizontal level of caudal and cephalic 

parts of 2 future adjacent vertebrae) 

Loose cephalic half—► connective tissue containing intersegmental nerves 

and vessels 

Dense caudal half-► neural arch and rib 

PERINOTOCHORDAL SHEATH (cells surrounding notochord) 

Loose cephalic half—► centrum (material of 2 somitic pairs involved) 

< 
Od 
QQ 
LU 
I— 
cn 

Dense caudal half intervertebral disc 

< 
Dd 

< 
O 
LlJ 

The inset drawing on the right (A) shows the loose and dense zones of the sclerotomes and of the perinotochordal sheath. 
The horizontal alignment of the derivatives of these zones is indicated in B. The loose zones of the perinotochordal sheath 
and of the centrum are cross-hatched diagonally; arrows represent ribs. 

In the development of the vertebral column, it is 
necessary to distinguish the perinotochordal 
sheath medially from the sclerotomes laterally. 

1. Medially, development of the perinotochordal 
sheath. The first step in the development of the ver¬ 
tebral column is the formation of an unsegmented, 
cellular, perinotochordal sheath by cells spreading out 
from the sclerotomes and with their own mitotic 
activity. 

2. Laterally, zones in the sclerotomes. Further 
changes involve the sclerotomes: a loose zone appears 
in their cephalic, a dense zone of cells in their caudal 
part (Fig. 18-5B)14. The loose, cephalic zone of the 
sclerotome is traversed by the intersegmental artery 
and spinal nerve. The dense, caudal sclerotomic area 
develops into the neural arch (Fig. 18-3E). Cephalic 
and caudal parts of the sclerotomes do not mix, and 
this guarantees the periodic pattern of the vertebrae 
and associated segmental nerves and blood vessels. 
Muscular primordia are developing in the periphery. 

3. Medially, zones in the perinotochordal sheath. 
Dense and loose zones appear also in the cellular 
sheath of the notochord, but they are not in line with 
those of the sclerotomes (Fig. 18-5C). The loose, ce¬ 
phalic zone is the precursor of the vertebral centrum 
(which encloses the notochord and will form most of 
the vertebral body), whereas the dense caudal area be¬ 
comes the intervertebral disc (Fig. 18-5D). Differential 
proliferation may be the main factor in establishing 
the alternating pattern of densely and loosely arranged 
mesenchymal compartments. 

4. Laterally, zones in the sclerotomes. The loose, 
cephalic zone of the sclerotome represents the con¬ 
nective tissue in which (in the thoracic region) the 
intercostal nerve and vessels are found. The dense, 
caudal zone of the sclerotome gives origin to the neu¬ 
ral processes (future neural arches) and the ribs. 

In summary, one somitic pair contributes to two 
centra. Put differently, two somitic pairs are 
needed to form one complete centrum. On the 
other hand, one somitic pair suffices for an in¬ 
tervertebral disc and the related neural processes 
and ribs (Table 18-3). 

11 Resegmentation." That the somites and the 
centra are out of phase has given rise to several the¬ 
ories. It has been postulated, for example, that the 
dense, caudal halves of the sclerotomes move craniad 
and become combined with the loose, cranial halves 
of the subjacent sclerotomes to produce the centra. 
This type of shifting of zones of density, referred to as 
“resegmentation” {Neugliederung), probably does not 
occur, at least in mammals (as shown in the mouse*), 
because the centra develop from the loose zones in an 
initially homogeneous axial mass, in the perinoto¬ 
chordal sheath, and in their definitive sites. More re¬ 
cently, the definition of resegmentation has been ex¬ 
panded to mean merely new combinations from 
neighboring sclerotomes during the formation of de¬ 
finitive parts of the vertebral column. 

*A.E. Dalgleish, Acta Anat., 122:91-98, 1985. 
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Chondrification. The formation of cartilage in the 
vertebral column is believed to be induced by the no¬ 
tochord and by the neural tube. It begins at 6 post¬ 
ovulatory weeks17 (Figs. 18-5, 18-6, and 18-7) and is 
far advanced at the end of the embryonic period (Figs. 
18-5G and 18-8). Furthermore, prenatal movement is 
essential for the proper development of the vertebral 
column. 

Centra, Neural Arches, and Ribs. The terms cen¬ 

trum and neural arch refer to those elements ossified 
from primary centers and which unite on each side at 
a neurocentral joint (or synchondrosis). In terms of 
adult anatomy, the body of a vertebra includes the 
centrum and a small part of the neural arch. Corre¬ 
spondingly, the vertebral arch is slightly less extensive 
than the neural arch (Fig. 18-51). A rib articulates with 
the neural arch and not with the centrum. 

It is generally believed that each region of the ver¬ 
tebral column possesses costal elements (Fig. 18-9). 
So-called cervical ribs occur during early fetal devel¬ 
opment but are merely separate ossific loci within the 
cartilaginous costal elements of cervical vertebra 7. 
Cervical ribs in the adult are discussed under Costal 
Anomalies. 

The neural processes extend dorsally on each side 
of the neural tube, and later (in the fetal period) the 
right and left processes unite to complete the neural 
arch. Cellular interaction between the surface ecto¬ 
derm and the neural tube is important for the for¬ 
mation of the spinous processes. The serial segmen¬ 
tation of the neural arches is believed to be dependent 
on the presence of the developing spinal ganglia, the 
segmentation of which probably depends in turn on 
the somites. 

The Occipitocervical Region. This transitional re¬ 
gion develops differently (Fig. 18-10). Four sclero¬ 
tomes participate in the formation of the basioccipital 
unit. Complex interrelationships between the next 
three sclerotomes and the central pillar (X, Y, Z) of the 
second cervical vertebra (the axis) result in the char¬ 
acteristic out-of-phase arrangement of all the next suc¬ 
cessive sclerotomes and vertebral centra. In the axis, 
part X, sometimes termed the “proatlas,” may ossify 
separately as an os odontoideum (which, however, is 
frequently traumatic in origin), part Y, which, together 
with X forms the dens, is believed by some to represent 
the centrum of the atlas, and part Z is the centrum of 

the axis. 
The part of the skull that develops around the 

notochord is comparable to one or more vertebrae, 
according to the vertebral theory of the skull proposed 
originally by J. W. von Goethe in the eighteenth cen¬ 
tury. Clear signs of two vertebrae that are integrated 

in the occipital part of the skull can be found in hu¬ 
man embryos17-23' 

Fetal and Postnatal Development 

Curvatures. The thoracic and sacral curvatures 
are primary and appear before birth. Although the cer¬ 
vical and lumbar curvatures are classified as secondary 
and appearing after birth, at least the cervical probably 
appears early in fetal life. 

Ossification. Ossification is detectable at about 9 
weeks (Figs. 18-51, 18-11, and 18-12). At birth most 
vertebrae present three ossific areas: one for the cen¬ 
trum and one for each half of the neural arch (Fig. 
18-5K). The ossific appearance at the end of trimester 
1 is shown in Figure 18-13. Bony union begins during 
early childhood at each neurocentral joint and be¬ 
tween the halves of the neural arch. Secondary ossific 
centers appear at about the time of puberty (Fig. 18- 
5M). Atypical vertebrae (atlas, axis, and sacrum) show 
special patterns of ossification. The vertebral column 
of the newborn is shown in Figure 18-14. 

Intervertebral Discs 

The discs develop largely from the dense zones of the 
perinotochordal sheath and hence are mostly of so- 
mitic origin. By the end of the embryonic period, the 
notochord shows cellular aggregations at the level of 
the discs, whereas within the centra it is becoming a 
mucoid streak (Fig. 18-15B). During the fetal period, 
the notochordal expansions blend with the surround¬ 
ing perinotochordal tissue, and the nucleus pulposus 
arises from both of these components (Fig. 18-15C). 
The peripheral cells of the nucleus (which resemble 
those of early cartilage) contribute to both the nucleus 
and the annulus (or anulus) fibrosus. The perinoto¬ 
chordal cells progressively undergo mucoid degener¬ 
ation and have disappeared by about 10 years. The 
adult nucleus is a fibrocartilaginous mass (Fig. 18- 
15E). The annulus grows by differentiation of peri- 
chordal tissue into fibrocartilage. 

Vertebral Variations 

and Anomalies 

Variations in number, shape, and position of individual 
vertebrae are common. Most columns have 24 pre- 
sacral (i.e., cervical, thoracic, and lumbar) vertebrae, 
but a few have 23 and some have 25. The number of 
cervical vertebrae is relatively stable,* but the number 

*It has been suggested that the conservation of the number seven 

in mammals depends on Hox genes, disturbance of which may re¬ 

sult in deleterious effects, particularly neoplasia (F. Galis, reported 

in Science, 285:518, 1999). 
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Figure lot Median section of an embryo of 6 weeks17 showing the vertebral column. The notochord, evident in the thoracic 
and cervical regions, continues rostrally almost as far as the adenohypophysial pouch. The junction of brain and spinal cord is 
indicated, as are also the junctions between cervical, thoracic, lumbar, sacral, and coccygeal regions. The telencephalon dienceph¬ 
alon, mesencephalon, and rhombencephalon are evident. The roof of the fourth ventricle is extremely thin. The epiphysis com¬ 
missural plate, embryonic lamina terminalis, chiasmatic plate, infundibular recess, and neurohypophysis are shown. Below the 
pharynx and in front of the esophagus, the trachera is sectioned as far as its bifurcation. Also visible are the heart, liver intestine 
and umbilical cord. Insets represent the prosencephalic region above, and the tracheo-esophageal region below C cervical- Co 
coccygeal; Comm, plate commissural plate; Di„ diencephalon; Ep„ epiphysis; L, lumbar, LT, lamina terminalis; M, mesencephalon’- 
NH, neurohypophysis; Rh., rhombencephalon; S, sacral; T, thoracic; Tel., telencephalon. 
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Figure 18-7. Scanning electron micrograph of an embryo of 6 weeks17 showing a view close to the median plane. The upper inset 
shows parts of left cervical nerve 6. The lower inset shows the caudal parts of the vertebral column and neural tube. The vertebral 
inventory is now complete and the caudalmost four or five primordia are coccygeal. Supernumerary vetebral centra that would 
later degenerate are not present and hence no tail exists. The part of the neural tube shown here forms by secondary neurulation 
and its caudalmost portion is still a solid neural cord, which will acquire a central canal. The cord at present extends beyond the 
end of the vertebral column but will become reduced later in the embryonic period. Di., diencephalon; LA, left atrium; LV, left 
ventricle; M, mesencephalon; Tel., telencephalon; V4, fourth ventricle. Courtesy of Prof. Dr. K. V. Hinrichsen. Bochum. 
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FIGURE 18-8, A thoracic vertebra and its ribs at 8 weeks23. The 
cartilaginous centrum (containing the faintly visible notochord) 
sends a neural process in a dorsal direction on each side. The 
two processes have not yet united (normal spina bifida occulta). 
The rib articulates with the neural process (rather than with 
the centrum). The spinal cord shows the anterior median fis¬ 
sure (containing the anterior spinal artery), the developing 
white and gray matter, anterior and posterior horns, and the 
central canal. Within the curve of the rib, the pleura and pleural 
cavity can be identified. 

of thoracic and lumbar elements (usually 17) should 
be considered together. The last lumbar vertebra may 
be incorporated into the sacrum (sacralization). Con¬ 
versely, the first sacral vertebra may appear freed (lum- 
barization). 

Vertebrae are plastic, functional elements, and 
comparisons between one vertebra and another, 
whether in one column or among different columns, 
are very difficult. Neither numerical position nor mor¬ 
phological appearance provides a satisfactory criterion. 
Two vertebrae occupying the same level in two col¬ 
umns may differ morphologically, and two morpholog¬ 
ically similar vertebrae may occupy different levels in 
two columns. In a column with 25 presacral vertebrae, 
the twenty-fifth can neither consistently nor with cer¬ 
tainty be homologized with a specific vertebra in a 
column with 24 presacral vertebrae. 

Vertebral anomalies (Fig. 18-16) are very varied, 
but most of them are somitic disturbances or derange¬ 
ments of the mesenchymal, cartilaginous, and osseous 
models that are found during development. The most 
frequently encountered conditions are spina bifida, 
hemivertebrae and wedged vertebrae, and so-called 
fusion. 

Certain conditions that were formerly classified as 

congenital are now thought to be postnatal in ori¬ 

gin, e.g., spondylolisthesis (forward slipping of one 

vertebra over another). As another example, a sep¬ 

arate dens (os odontoideum) is usually caused by 

trauma. 

Notochordal remains. Remains of notochordal 

tissue may sometimes be found beneath the dura 

mater of the dorsum sellae or within vertebral bod¬ 

ies. A chordoma is a neoplasm that arises from a 

notochordal rest and is found especially in the sac¬ 

rococcygeal and spheno-occipital regions. 

Scoliosis, i.e., lateral deviation of the vertebral 
column, involves deviation and rotation of vertebral 
bodies. Congenital scoliosis may be caused by hemi¬ 
vertebrae (Fig. 18-16A) and wedged vertebrae, and by 
vertebral bars (Fig. 18-16C). The commonest type, 
however, is idiopathic scoliosis, in which the column 
and its musculature appear normal, so that no appar¬ 
ent cause is found. Heredity may be important. Idio¬ 
pathic scoliosis appears between birth and the period 
immediately after puberty, so that it is congenital only 
in the sense that predisposing factors may arise pre- 
natally. Infantile forms tend to be left-sided (convex to 
the left and concave to the right). 

Hemivertebrae appear as wedges, usually situated 

laterally between two other vertebrae (Fig. 18- 

16A,B). A lateral curvature of the column (scoliosis) 

develops. Absence of one bilateral chondrific center 

is a possible mechanism. Lateral deviation of the 

notochord has also been invoked. Rarely, a wedged 

vertebra may be present dorsally, resulting in a dor¬ 

sal deformity (kyphosis). 

Vertebral bar (Fig. 18-16C,D) is a term used for 

a localized failure of segmentation on one aspect of 

The 
corresponding parts of vertebrae 
in the various regions of the 
column. 
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Figure 18-10. A. Scheme of the early development of the human vertebral column and related nerves. Three dense sclerotomic 
areas are present during the embryonic development of the basioccipital. X, Y, and Z refer to the three components of the central 
pillar of the second cervical vertebra (the axis). Spinal nerve 1 emerges between the skull and cervical vertebra 1, so that CN1- 
CN7 leave above CV1-CV7. Because there are eight cervical nerves and only seven cervical vertebrae, however, it follows that CN8 
appears below CV7, whereas TNI and all the remaining spinal nerves emerge below their correspondingly numbered vertebrae. The 
somites and vertebrae are the only reliable landmarks for establishing levels, and for assessing descent (larynx) and ascent 
(kidneys) of developing organs. Soft tissues, such as pharyngeal arches, spinal ganglia, and blood vessels are not reliable indicators 
of level. B. Scheme of the occipital bone of the newborn (viewed from below) and of the embryonic axis and atlas (in coronal 
section). The interrupted lines indicate how the occipital condyles articulate with the atlas. The notochord leaves the dens, traverses 
the foramen magnum, and enters the basilar part of the occipital bone, i.e., the cranial base. The white dot over the notochord 
shows the site of an occasional ossific center (of Kerckring) in the posterior margin of the foramen magnum. For further details, 
see text. A based on reconstructions by the authors. From F. Muller and R. O’Rahilly. 1994. J. Anat., 185:251-258. Reproduced by 
Courtesy of Journal of Anatomy. 
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Figure 18-1 The first appearance and sequence of ossification in the neural arches and in the centra. Based on the combined 
data of Noback and Robertson (using alizarin red) and of O’Rahilly and Meyer (with radiography). 
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ill®# Figure 18-1 Sagittal section through a thoracic vertebra at 
about 12 weeks. The anterior surface (showing a large vessel) is 
at the left. The centrum shows an oval area of hypertrophied 
cartilage preparatory to the imminent appearance of the 
primary ossific center. The narrow intervertebral discs above 
and below contain darkly staining notochordal remnants. 

Figure 18-1 The skeleton at the end of trimester 1. A. Radiograph of a fetus of 11 weeks, exclusive of the limbs. Ossific centers 
for the vertebrae can be seen from Cl (below the exoccipital bone) to the beginning of the sacral region. Below the ribs, three 
centers for each lumbar vertebra can be distinguished: the two halves of the neural arch and the centrum. The skull includes 
various parts of the occipital and temporal bones (including the right and left partly superimposed tympanic rings) and the maxilla 
and mandible. B. Cleared alizarin red preparation of skeleton at 13 weeks. The scapulae and hip bones and the long bones of the 
limbs are evident, but not the carpal and tarsal elements, except for a lateral (intramembranous) ossific locus in the calcaneus 
(arrow). A reproduced, with permission, from R. O’Rahilly and D.B. Meyer. 1956. Am. J. Roentgenol., 76:456. © Williams & Wilkins, 
Baltimore. 



372 Chapter 18 THE SKELETAL SYSTEM AND THE LIMBS 

Figure 18-14 Median section of a female newborn. The head 
and the thymus are relatively very large. The spinous processes 
are not shown because they are not yet ossified, i.e., a normal 
spinal bifida occulta exists at birth throughout the length of 
the vertebral column. The conus medullaris of the spinal cord 
ends at about lumbar vertebra 3 (Fig. 19-12), i.e., lower than 
in the adult. The heart and the liver are shaded by horizontal 
lines. The pelvis is small, the bladder is in the abdomen proper, 
and the corpus uteri is also largely abdominal. The head and 
neck are shown enlarged in Figure 18-21. Adapted from various 
sources, including Grant and (for the pelvis) Heiderich. 

the column. The most frequent site is posterolater- 

ally on one side, resulting in absence of growth on 

that side and virtually normal growth on the other. 

The outcome is a progressive combination of lor¬ 

dosis and scoliosis. A failure of segmentation ante¬ 

riorly, in contrast, causes progressive kyphosis. 

Congenital kyphosis, which is not common, pro¬ 
duces severe deformity that, if untreated, progresses 
and may cause paraplegia. The most frequent site is 
thoracolumbar. It is produced by failure of formation 
of one or more centra (Fig. 18-16B) and/or a failure 
of segmentation of two to ten centra (Fig. 18-16C). 

Block vertebra (Fig. 18-16E) is a congenital lack of 

separation between two or more, usually lumbar, 

vertebral bodies. The condition may arise from com¬ 

plete chondrification of the mesenchymal zone that 

would have formed the intervertebral disc. 

Coronally cleft vertebrae (Fig. 18-16F) are very 

common up to 4 years of age. They are regarded as 

normal variations of endochondral ossification. 

Sagittally cleft vertebrae (butterfly vertebrae) 

(Fig. 18-16G,H) are generally confined to the ver¬ 

tebral bodies and are found usually in the lumbar 

region. It has been suggested that premature de¬ 

generation of the notochord can cause delay in the 

median condensation of sclerotomic cells and pro¬ 

mote the occurrence of bilateral ossific centers. An¬ 

other possibility is failure of fusion of bilateral chon- 

drific centers. 

Congenital brevicollis (Klippel-Feil sequence) 

(Fig. 18-16J) occurs in about 1:42,000 births, and 65% 
are in the female. The condition is regarded as a dis¬ 
order of segmentation: non-segmentation of two or 
more cervical vertebrae is associated with shortness of 
the neck, a low hair-line, and limited motion of the 
head and neck. Defective development of the dense and 
loose mesenchymal zones at about 5 postfertilizational 
weeks would be expected to give rise to so-called fused 
vertebrae, although a later origin has also been pro¬ 
posed. Furthermore, notochordal defects have been 
implicated. Both genetic and environmental factors 
play a role, and the causation is heterogeneous. 

Diastematomyelia is discussed in Chapter 19. 
Spina bifida occulta, a failure in the completion of 

the neural arch, can be merely a dorsomedian lack of 
ossification in the lumbosacral region (Fig. 18-17). 
This is a normal finding in 95% of children at 2 years, 
in 50% at 10 years, and in approximately 20% of 
adults. Another cause may be a defect in the somitic 
mesoderm, resulting in a failure of the right and left 
neural processes to approach each other and fuse. 
Spina bifida occulta is discussed further in Chapter 19, 
where other types of spina bifida are also described. 

Sacrococcygeal teratoma is a neoplasm composed 
of multiple tissues, usually solid but in some instances 
cystic. It is found in 1:40,000 live births and three- 
quarters occur in female infants. Malignant changes 
may take place. 

The Ribs 

The ribs develop in continuation with the dense parts 
of the sclerotomes and hence are contiguous to the 
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Figure 18-15. Summary of the development of an intervertebral disc. A. At 6 weeks the centra are separated peripherally by 
mesoderm and centrally (asterisk) by what some believe to be specialized cartilage. B. At the end of the embryonic period, the 
notochord is expanded in the area of the disc, and the periphery is an annulus fibrosus. C. In the fetal period, the nucleus is 
composed of notochodal cells and mucoid tissue. D. Newborn. E. At 33 years the distinction between nucleus and annulus is less 
well defined, and the notochordal component has been replaced by fibrocartilage. Mes., mesenchyme. Based on Peacock. 

future neural arches and intervertebral discs (Fig. 18- 
5D). Important for normal rib development is Pax3 
gene expression. Costal elements develop not only in 
the thoracic region but probably at all levels of the 
vertebral column, although beyond the thorax they are 
reduced in size (Fig. 18-9). Chondrification of the ribs 

begins at about 6 weeks18. Dorsoventral flattening of 
the thoracic cage starts about a week later21. A well- 
formed cartilaginous thoracic cage is present at the 
end of the embryonic period proper23, although the 
ribs are horizontal instead of sloping. The ventral ends 
of the cartilaginous ribs remain as the costal carti- 

Figure 18-16. Examples of vertebral anomalies. 
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Figure 18-17 Graph of the percentage of fetuses and children 
showing a normal dorsomedian lack of ossification (radiological 
spina bifida occulta) in the lumbosacral region (arrow) plotted 
against age. Spina bifida occulta persists in the sacrum in about 
one-fifth to one-quarter of adults. Modified from Kamel in 
Schwalbe and Gruber. 

lages. Early in the fetal period, a primary ossific center 
appears near the angle of the rib, and endochondral 
ossification occurs mostly during trimester 1. Second¬ 
ary centers, one for the head and two for the tubercle 
of each typical rib, appear at puberty and fuse with the 
shaft during late adolescence or early adulthood. Cos¬ 
tovertebral joints (Fig. 18-8) develop and are synovial 
in type. 

The intercostal muscles arise from thoracic so¬ 
mites, extend with the lengthening of the ribs, become 
connected with the sternal bands, and are penetrated 
by somatopleural connective tissue. 

Costal Anomalies 

These include bifid ribs, osseous union between adja¬ 
cent ribs, and supernumerary ribs. 

Cervical ribs are more important clinically than 
lumbar ribs. The head, neck, and tubercle of a mes¬ 
enchymal or a cartilaginous rib are present on cervical 
vertebra 7 in fetu. An unusually long transverse pro¬ 
cess is frequent in the adult, but a cervical rib is un¬ 
common. When present, it may end freely, be fused 
with thoracic rib 1, be anchored to costal cartilage 1, 
or possess a costal cartilage that reaches the sternum. 
In some instances, later in life, cervical ribs may act 
as one cause of neurovascular compression by pressing 
on the lower trunk (CN8, TNI) of the brachial plexus 
and on the subclavian artery. 

The Sternum 

The sternum arises from two bands of somatopleural 
mesenchyme near the median plane of the thorax at 
about 6 weeks17, when the blastemal clavicles are ap¬ 
pearing. These bilateral sternal bands may perhaps 
arise independently of the ribs (as is suggested by tis¬ 
sue culture in mouse embryos). The bands become 
cartilaginous bars at about 7 weeks21. They are contin¬ 
uous with the ribs (Fig. 18-18A) and they fuse with 
each other, beginning cranially. They unite also with 
an unpaired interclavicular blastema (Fig. 18-18A-D, 
stippled). The fusion is more or less complete at the 
end of the embryonic period23. The manubrium, body, 
and xiphoid process of the sternum develop in that 
order. It has been proposed that the sternum, in com¬ 
pany with the pectoral muscles, arises from the lateral 
plate mesoderm, whereas the ribs come from the so¬ 
mites. In this interpretation the sternum is regarded 
as appendicular (part of the pectoral girdle) rather 
than as a component of the axial skeleton. 

A series of median ossific centers is present at 
birth: one in the manubrium and several in the body 
of the sternum (Fig. 18-18E). Incomplete fusion of the 
early primordia predisposes to bilateral ossification. 
The xiphoid process acquires an ossific center during 
childhood, but it does not ossify completely. Union of 
the centers in the body occurs in late childhood. 

Sternal Anomalies 

A sternal foramen or a sternal fissure is rarely 

found. The bilateral origin of the sternum suggests 

the mode of formation. 

Funnel chest (pectus excavatum) is a depres¬ 

sion of the lower end of the sternum and the lower 

costal cartilages. It is attributed to musculofibrous 
anomalies. 

f: THE SKULL 

The development of the skull, which is summarized in 
Table 18-4, is influenced by environmental as well as 
genetic factors. It would seem that initially the skull 
is self-differentiating, but then becomes influenced by 
brain growth and by movement, prenatally as well as 
postnatally. Although cartilage may be the “pace¬ 
maker” for skeletal growth, bone being subservient to 
cartilage, nevertheless cartilage can be altered by me¬ 
chanical factors and is not purely genetically deter¬ 
mined. It has been proposed that, at least after their 
initial formation, the growth of cartilaginous and bony 
units is secondary not only to such soft tissues as mus¬ 
cles, but also, indirectly, to such functioning spaces as 
the pharyngeal cavity (Moss). Analysis of the develop¬ 
ment of the skull is largely based, and perhaps some- 
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Clavicle 

MGURE 18-; Development of the sternum. A-C. Between 7 and 8 weeks the sternal bars elongate and costal cartilages are added. 
D. The respective contributions of the interclavicular blastema and the sternal bars to the sternum. The “interclavicular blastema” 
is shown by stippling. E. One of several patterns of prenatal ossification. (The xiphoid center appears during childhood.) Incomplete 
fusion of the sternal bars predisposes to bilateral ossific centers. A-D based on Reiter, E on Schinz. 

TABLE 18-4 Summary of Development of Skull 
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what unwisely (Presley), on only two reference frames, 
the chondrocranium and the adult osteocranium. Soft 
tissues, especially the cranial nerves and their ganglia, 
need to be taken into account also. 

Early segmental relationships of the brain, cranial 
nerves, somites, and pharyngeal arches are summa¬ 
rized in Figure 18-19. 

The skull consists of (1) the neurocranium (brain- 
case), which, together with the meninges, protects the 
brain, and (2) the viscerocranium, or splanchnocra- 

nium, which is the skeleton of the pharyngeal arches 
(the skeleton of the face and jaws, and the auditory 
ossicles). These form a unity in which the original 
parts are no longer distinct. The material from which 
the skull develops is (1) paraxial mesoderm, (2) neural 
(chiefly mesencephalic) crest, (3) occipital somites (for 
the basi- and exoccipital), and (4) probably mesen¬ 
chyme from the prechordal plate. The sphenoid prob¬ 
ably arises from paraxial mesoderm. The neurocra¬ 
nium and the viscerocranium each ossify partly 
endochondrally and partly intramembranously. This is 
a specialized vertebrate accommodation and not “an 
evolutionary relic in the sense of the recapitulation 
theory” (Torrey). The significance of the chondrocra¬ 
nium is that, by interstitial growth, it allows expansion 
of the neurocranium while the brain grows. Chondro- 
genesis in the vertebrate skull is elicited largely by 
epithelio-mesenchymal interactions. 

Endochondrally Ossified 
Components 

Type 2 collagen, which is synthesized early in mes¬ 

enchymal cells, is the most abundant protein com¬ 

ponent of the extracellular matrix in cartilage. It is 

involved not only in skeletal development but also 

in a variety of tissues and organs, including the 

heart, liver, apical ectodermal ridge etc. 

The following bones of the skull ossify endochon¬ 
drally: most of the occipital, the petrous and mastoid 
parts of the temporal, the body and lesser wings of the 
sphenoid, the ethmoid, and the inferior nasal concha. 

The Neurocranium 

The chondrocranium is the cartilaginous base of the 
embryonic and fetal skull, in which endochondral os¬ 
sification occurs. It is laid down in mesenchymal con¬ 
densations. The first cartilage of the neurocranium de¬ 
velops around the membranous labyrinth17 and forms 
the otic capsule (Figs. 18-20A and 21-11A). Another 
very early constituent of the chondrocranium is the 
occipital component, which corresponds to four scler¬ 
otomes (Figs. 18-10 and 18-19). The basicranium 
clearly shows three dense areas that correspond to 

Pharyngeal Neural Human Cranial Occipital 
arches crest brain nerves somites 

Figure 18-19. Scheme of the relationships of neuromeres of 
the human brain, cranial nerves, somites, and pharyngeal 
arches. Di., diencephalon; M, mesencephalon; Rh., rhombo- 
mere; Tel., telencephalon. Authors’ observations. 

sclerotomes S2-S4 during embryonic development. 
The area of the future clivus (basiooccipital) also de¬ 
velops early18,19, and the sphenoid presents the hypo¬ 
physial fossa, dorsum sellae, and greater and lesser 
wings20. In relation to the notochord, the basioccipital 
is notochordal in position, whereas the presellar part 
of the basisphenoid is prenotochordal. Remnants of 
the notochord in the sella turcica have been detected 
up to 24 weeks. The foramen magnum forms at the 
end of the embryonic period. It is very wide and in an 
oblique plane with respect to the long axis of the spinal 
cord. At the end of the embryonic period proper (Fig. 
18-20A) the similarities between the chondrocranium 
and the part of the definitive skull that has formed by 
endochondral ossification are close: the carotid sulcus, 
the groove for the sigmoid sinus, and the openings and 
passages for the cranial nerves already show their de¬ 
finitive relationships (Fig. 21-13). The angulation of 
the cranial base is already established. Some features, 
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Nasal 
capsule 
& septum 
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fontanelle 
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Figure 18-20. Development of the skull. A. Chondrocranium from above at the end of the embryonic period23 showing all the 
main parts and foramina of the adult skull. The notochord, after passing from the dens to the basioccipital, runs inside the latter 
as far as the dorsum sellae. LAM, internal acoustic meatus; Not., notochord. B. The calvaria at birth, showing the anterior fontanelle 
between the frontal and parietal bones. C. Base of adult skull from above, for comparison with A: the parts formed from the 
chondrocranium (blue) are still readily identifiable. The otic capsule (stippled) has become the petrous part of the temporal bone, 
which “pushes” anteromedially between the sphenoid and occipital bones, as far as the so-called foramen lacerum. 1, 2, 3, anterior, 
middle, and posterior cranial fossae. D. Base of adult skull after removal of the temporal bone. The sphenoid and occipital form a 
continuous bony column. The site of their union is shown by an interrupted line. A is based on reconstructions by the authors. 

however, such as the cribriform plate, form during the 
fetal period, during which most of the endochondral 
ossification of the skull takes place. 

The spheno-occipital junction (Figs. 18-20D and 
18-21) is a cartilaginous joint until about puberty, 
when bony fusion takes place. Another representative 
of the chondrocranium is the cartilaginous part of the 
nasal septum. Furthermore, the so-called foramen lac¬ 
erum is, in the intact state, merely a portion of the 
base not replaced by the advancing ossification of the 
petrous temporal, the sphenoid, and the occipital. 

The Viscerocranium 

The viscerocranial parts of the chondrocranium form 
in pharyngeal arches 1 and 2. Mesenchymal precur¬ 
sors, including those for the auditory ossicles, are 
present early18 and later become cartilaginous (Figs. 
21-8 and 21-11). They join with membrane bones, 
such as a portion of the temporal bone (Fig. 21-11), 

and are partly replaced by them; the cartilage of pha¬ 
ryngeal arch 1, for example, is largely replaced by the 
mandible. Their development in the late embryonic 
and early fetal periods is shown in Figure 21-12. 

The mandibular cartilage (associated with the 
name of Meckel) is the skeletal component of pharyn¬ 
geal arch 1 (Fig. 18-22). It extends from the future 
malleus to the future symphysis mentalis. 

a. Its proximal part gives rise to the head of the 
malleus and to the body and short process of the incus. 
(The handle of the malleus and the long process of the 
incus probably arise from the cartilage of pharyngeal 
arch 2, and the anterior process of the malleus forms 
as a separate spicule, the os goniale23.) Oral move¬ 
ments begin during the embryonic period, before cav¬ 
itation occurs in the future temporomandibular joint, 
and probably take place at the future incudomallear 
joint, which is a cartilaginous articulation at that time. 
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FIGURE 18-2 Median section of head and neck at 
birth. Only a few landmarks have been included in the 
brain. An asterisk is placed in the cerebellomedullary 
cistern of the subarachnoid space. Bony areas, such as 
the mandible, sphenoid, and basioccipital are 
represented by coarse stippling. An interrupted line 
leads from the pharyngeal hypophysis to the 
adenohypophysis. The anterior arch of the atlas is 
visible immediately in front of the axis (CV2). The 
nasal septum has been removed. The fine stippling 
shows the nasal and oral cavities, the larynx and 
trachea, and the pharynx and esophagus (cf. the blue 
areas in Figure 17-6). The soft palate and epiglottis 
(both left white) are in close proximity. The larynx 
ends at the level of CV4/CV5, i.e., higher than in the 
adult. The thymus is relatively large. The sectioned 
vessels behind the thymus are the left brachiocephalic 
vein and the brachiocephalic trunk. The remainder of 
the body is included in Figure 18-14; Ep., epiphysis 
(pineal); V3, third ventricle; V4, fourth ventricle. 
Adapted from various sources. The inset at the upper 
right shows how the notochord traverses the axis (Z, 
Y, X) and “jumps” through the foramen magnum to 
enter the cranial base. 

Malleus 

FIGURE 18-22. Development of the skeletal component of pha¬ 
ryngeal arches 1 (green), 2 (yellow), 3 (blue), and 4-6 (white), 
shown in a reconstruction at 8 weeks23 made by the authors. 
The interpretation of the future auditory ossicles is that of 
Anson. 

b. The sheath of the middle portion, between the 
malleus and the lingula of the mandible, becomes the 
sphenomandibular ligament. It has been suggested 
that the sphenomandibular ligament is not attached to 
the spine of the sphenoid, so that the ligament is and 
remains malleomandibular (Rodriguez Vasquez et al., 
1992). The ligament acquires a secondary adhesion to 
the squamotympanic fissure, but its attachment to the 
malleus persists as the anterior ligament of the mal¬ 
leus. In a different interpretation it has been proposed 
that the mandibular cartilage bifurcates ventrally to 
end in the lingula and at the future mental ossicles, 
and bifurcates dorsally to end in the malleus and on 
the spine of the sphenoid (Bossy and Gaillard, 1963). 

c. The distal part of the mandibular cartilage pro¬ 
ceeds toward the symphysis mentalis, but fusion with 
the cartilage of the opposite side has been denied. The 
ventral end of the mandibular cartilages form nodules 
on the dorsal surface of the symphysis. 

INTRAMEMBRANOUSLY OSSIFIED 
Components 

The following bones of the skull ossify intramembra- 
nously: frontal, parietal, squamous part of the tempo- 
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ral, upper portion of the occipital squama, vomer, lac¬ 
rimal, nasal, palatine, most of the pterygoid processes 
and greater wings of the sphenoid, zygomatic, maxilla, 
and mandible. 

The Neurocranium 

Bony plates of membranous origin (such as the frontal 
and parietal), at first widely separated, form a roof for 
the developing brain mainly during the fetal period 
(Fig. 18-13), thereby allowing the brain to expand. 
These, together with bony elements that replace the 
chondrocranium, result in the osseous skull. 

The Viscerocranium 

The future bones (maxilla, mandible, zygomatic, lac¬ 
rimal, nasal, palatine, and vomer) are almost com¬ 
pletely laid down in mesenchyme at the end of the 
embryonic period. 

The Mandible 

The future mandibular mesenchyme forms the car¬ 
tilage (Meckel) of pharyngeal arch 1 by epithelio- 
mesenchymal interaction. The mandible appears bilat¬ 
erally in the embryo immediately external to that 
cartilage and begins to ossify at 6-7 weeks (Figs. 13- 
15 and 13-21)18'23. 

The mandibular cartilage and mandible are believed 

to arise from cells of the neural crest that migrate 

to pharyngeal arch 1. The mandibular cartilage 

probably guides the formation of the mandible in 

the mesenchyme lateral to the cartilage. Epithelio- 

mesenchymal interactions between the oral epithe¬ 

lium and the subjacent mesenchyme are thought to 

be important in mandibular ossification, and the 

teeth are also considered to affect mandibular de¬ 

velopment. The crest formed by invagination of the 

dental lamina may be responsible for ossification in 

the body of the mandible, which differs from the 

organization of the ramus. Ossification begins in the 

body of the mandible near the site of the future 

mental foramen, where the dental lamina has begun 

to invaginate. The mandible soon becomes promi¬ 

nent (prognathic) relative to the maxilla23. As the 

secondary palate forms, the mandible undergoes a 

growth spurt associated with cellular proliferation 

and the formation of extracellular matrix. The rate 

of growth of the mandible is believed to be partly 

controlled by prenatal muscular activity. 

Temporomandibular Joint and Auditory Ossicles 

The temporomandibular joint, that between the squa¬ 
mous temporal of the neurocranium and the lower 
jaw, is between two membrane elements: the squa¬ 
mosal and the dentary of comparative anatomy. The 

temporomandibular joint is a distinctly mammalian 
feature. 

In mammals, three elements, endochondral in or¬ 
igin, have moved from the region of jaw suspension 
into the middle ear, where they form the auditory os¬ 
sicles: malleus (articular), incus (quadrate), and stapes 
(hyomandibular). 

Mesenchymal condensations for the squamous 
temporal, the condyle, and the lateral pterygoid mus¬ 
cle appear early21-22. Intramembranous ossification of 
the squamous temporal begins, and the Anlagen of the 
articular disc and capsule are identifiable23. The upper 
head of the lateral pterygoid is attached to the articular 
disc, and the temporalis and masseter are attached to 
a prediscal lamina. Cavitation of the inferior and then 
the superior joint follows early in the fetal period, and 
the condyle begins to be chondrified (Merida-Velasco 
et al., 1999). 

The Neonatal Skull 

During birth (Figs. 8-14 to 8-16) the head can be 
squeezed because of slight movements at the fonta- 
nelles and the future sutures, and at the junction of 
the squamous and lateral parts of the occipital bone 
(the “obstetrical hinge”). The fonticuli or fontanelles 

are temporary membranous areas that bridge the gaps 
between some of the ossifying bones (Fig. 18-20B). Six 
are usually present and are situated at the angles of 
the parietal bones. The anterior and posterior fonta¬ 
nelles are unpaired and are situated at the bregma and 
the lambda, respectively. The sphenoidal and mastoid 
fontanelles are paired and are found at the pterion and 
the asterion, respectively. [The pterion is the junction 
of the frontal, parietal, temporal (squamous part), and 
sphenoid (greater wing) bones; the asterion is the 
junction of the parietal, occipital, and mastoid part of 
the temporal bone.] The anterior fontanelle is the larg¬ 
est. It pulsates because of the underlying cerebral ar¬ 
teries, and it is readily palpable in an infant. It be¬ 
comes obliterated by 2 years, when the main growth 
of the brain is completed. The anterior fontanelle can 
be used to estimate intracranial pressure in an infant, 
to assess the degree of cranial development, and to 
obtain a sample of blood from the underlying superior 
sagittal sinus. 

The sutures are probably determined by the meeting 

of the individual bones rather than independently. 

Sutural closure as estimated radiographically is not 

contemporaneous with that determined anatomi¬ 

cally. Accessory fontanelles may be seen occasionally 

at various sites, particularly along the sagittal 

suture. 
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In the newborn, the neurocranium lies above 

the orbitomeatal plane* and is very much larger 

than the portion below (Fig. 18-21). This is a re¬ 

flection of the importance of the brain in the estab¬ 

lishment of the form of the skull; the dominance of 

the neurocranium in growth lasts until at least 2 

years after birth. In the adult the neurocranium is 

still somewhat larger than the viscerocranium. 

Occipital 

The occipital bone of the newborn shows four main 

ossified portions: basilar part (basioccipital), two lat¬ 

eral (exoccipital) parts, and the squama. The occip¬ 

ital squama is composed of a lower, endochondral, 

“supraoccipital” part (ossified from paired centers 

that fuse rapidly) and an upper, intramembranous, 

“interparietal” part (probably ossified from two or 

three pairs of centers that have united with each 

other during trimester 2). Anomalies and variations 

in the interparietal part of the occipital squama in¬ 

clude the occurrence of separate (so-called Inca) 

bones. Although the development of the occipital 

bone has been studied extensively, some of the de¬ 

tails are still unclear. The basilar part is united to 

the body of the sphenoid by the spheno-occipital 

joint until about puberty. (A later period has been 

shown to be incorrect.) 

The part of the skull that develops around the 

notochord is comparable to one or more vertebrae 

(Goethe’s vertebral theory of the skull, 1790), and 

it is of interest to note that (in the mouse) ectopic 

expression of a single Hox gene in the occipital so¬ 

mites is sufficient to transform an occipital bone 

into a vertebra. In particular, the basioccipital, 

which develops from the four occipital somites, is 

comparable to a vertebral centrum or centra, also 

somitic in origin, and the CNS is related dorsally in 

each instance. It is not surprising, therefore, that 

anatomically (although not in detail developmen- 

tally) the general features of the occipital bone can 

be compared to those of a vertebra: external occip¬ 

ital protuberance (spinous process of a vertebra), 

occipital squama (laminae), foramen magnum (ver¬ 

tebral foramen), occipital condyles (articular pro¬ 

cesses), and basilar part (vertebral body). The jug¬ 

ular processes of the occipital bone are comparable 

to vertebral transverse processes, and, rarely, one of 

the former may be prolonged downward (as a para- 

condylar process) to articulate with the transverse 

process of the atlas. 

*The orbitomeatal plane is a horizontal plane through the lower 

margin of the left orbit and the upper margins of the external 

acoustic meatuses. It was accepted as an anthropological standard 

in Frankfurt in 1884. The cerebral hemispheres lie above the or¬ 

bitomeatal plane, whereas a considerable portion of the cerebellum 

extends below it. 

Sphenoid 

The development of the sphenoid is complicated, in 

keeping with the complexity of the adult bone. 

Much of the sphenoid is preformed in cartilage, but 

intramembranous ossification also contributes. 

Early in prenatal life, a “presphenoidal part” of the 

future body is continuous with the lesser wings (or- 

bitosphenoid). A “postsphenoidal part” of the body 

includes the sella turcica (of which the hypophysial 

fossa is a part) and is continuous with the greater 

wings (temporosphenoid) and the pterygoid pro¬ 

cesses. More than half a dozen ossific centers are 

involved. At birth the sphenoid bone shows three 

ossified portions: the body and lesser wings, and two 

lateral parts, each consisting of a greater wing and 

a pterygoid process. The three portions are united 

by residual strips of chondrocranium until the end 

of the first postnatal year. 

Temporal 

The development of the temporal bone, because of 

its close association with that of the ear, is described 

in Chapter 21. The temporal bone of the newborn 

shows four ossified portions (Fig. 21-1 ID): petro- 

mastoid part (otic capsule, ossifying endochondrally 

from numerous centers), squamous part (appearing 

intramembranously, Fig. 18-13A), tympanic part 

(also ossifying intramembranously, Fig. 18-13), 

and styloid process (endochondrally in pharyngeal 
arch 2). 

Mandible 

At birth the halves of the mandible are united by 

the symphysis menti, a cartilaginous joint that al¬ 

lows further forward growth of the body of the bone 

until synostosis occurs gradually during the first 

three postnatal years. Cartilaginous nodules at the 

symphysis may ossify and form mental ossicles, 

which generally unite with the adjacent bone during 

the first postnatal year. Increase of the body of the 

mandible in length is necessary in order to provide 

space for the accessional teeth (the permanent mo¬ 

lars). A secondary cartilage in the condylar process 

is responsible for most of the later growth in length 

of the mandible. The angle of the mandible (be¬ 

tween the ramus and the body, which is about 125° 

in the adult), is considerably more obtuse in the 

newborn and in the infant. 

Growth of the Skull 

The growth of the skull takes place by three meth¬ 

ods. (1) Cartilage is replaced by bone. This occurs, 

in fetal life, in the base and after birth, at the 

spheno-occipital junction, the condylar processes of 

the mandible, and the nasal septum. (2) Growth 

takes place at sutures. This occurs in the vault and 

the upper part of the face during fetal life and for 



THE LIMBS 381 

several years (about 7) after birth. It accounts 

largely for the increase in the width of the head. (3) 

Surface deposition, associated with surface resorp¬ 

tion internally, takes place in the face during late 

childhood and adolescence (about 7-21 years). 

Analysis of the growth of the skull in any given 

individual indicates that growth proceeds in a dis¬ 

continuous manner, that is, in spurts. Moreover, the 

pattern of growth varies from one individual to an¬ 

other. The growth of the skull is intimately associ¬ 

ated with that of the brain and eyes (up to 2 years), 

the teeth (up to 2 years, and again at 6-12 years), 

and the muscles of mastication (12-18 years). Be¬ 

fore sutures develop, the growth of the neurocra¬ 

nium probably depends on tension from the brain 

and dural fibrous tracts. The falx cerebri begins to 

form from the skeletogenous material at the level 

of the future crista galli at the end of the embryonic 

period, when most of the tissue between the cere¬ 

bral hemispheres is still leptomeninx. 

Cranial Anomalies 

Anomalies of the skull are frequently accompanied by 
those of the face, so that the term craniofacial anom¬ 
alies may then be used. 

The metopic suture is the persistence of the sep¬ 
aration between the two halves of the frontal bone, 
which normally should have united by about 6 years. 

Foramina parietalia permagna are two large defects 

in the right and left parietal bones in the position 

of the normal parietal foramina. At least some in¬ 

stances are hereditary. 

Otocephaly refers to closeness or lack of sepa¬ 

ration of the two ears (synotia) in the absence (ag- 

nathia) or underdevelopment (micrognathia) of the 

mandible. Many instances are part of the holopros- 

encephalic series (see Chapter 19). 

Craniosynostosis, or craniostenosis, is premature 
closure of one or more sutures, which results in a 
deformity of the head, e.g., a sharp and pointed skull. 
It is inherited in some instances. The condition is 
sometimes combined with other anomalies, e.g., syn¬ 
dactyly (acrocephalosyndactyly or Apert syndrome), in 
which fibroblast growth factor receptors are involved. 
It is autosomal dominant, is localized in lOq 25.3-q26, 
and usually arises by a new mutation that is related to 
paternal age. It is one of the most serious of the dom¬ 
inant types of craniosynostosis. The prevalence is 

about 1:65,000 births. 

Assimilation of the atlas (occipitalization). The ring 

of the atlas may fail to separate from the base of the 

skull, so that an atlanto-occipital “fusion” is noted, 

usually between the anterior arch of the atlas and 

the anterior margin of the foramen magnum. Con¬ 

versely a part of the occipital bone may develop sep¬ 

arately as an occipital vertebra. It is of interest to 

note that a Hox gene that is normally expressed in 

cervical vertebrae, when expressed ectopically in the 

occipital bone of a transgenic mouse, can confer 

vertebral characteristics on the occipital bone. 

In basilar impression, the base of the skull 

around the foramen magnum appears as if it were 

indented by the uppermost part of the cervical col¬ 

umn, so that the dens may protrude into the fora¬ 

men magnum. It is, however, not necessarily asso¬ 

ciated with a flattening of the base of the skull 

(platybasia). 

Cleidocranial dysostosis is a general skeletal dis¬ 
order caused by retarded ossification, both intramem- 
branous and endochondral. Its name indicates two 
striking features: congenital deficiency of the clavicles 
(whereby the shoulders can be approximated) and soft¬ 
ness of the calvaria. At least some instances show au¬ 
tosomal dominant inheritance. 

■ THE LIMBS 

The initial appearance of various features of the limbs 
is shown in Table 18-5. 

The terms extremity and appendage for limb are 
obsolescent. The official term is limb, membrum in 
Latin. Each limb consists of four parts: (1) a girdle 
(,zonoskeleton) that includes several bones (clavicle 
and scapula; hip bone), (2) a segment (.stylopodium) 
in which one bone (humerus; femur) develops, (3) a 
segment (,zygopodium) in which two parallel bones 
(radius and ulna; tibia and fibula) develop, and (4) a 
terminal portion (autopodium) containing a series of 
short bones (carpus; tarsus) followed by a number of 
(technically) long bones (metacarpals, metatarsals, 
phalanges). 

The idea that the adult limb skeleton develops by 
recapitulation from an archetype with a “canon” of the 
fundamental skeletal elements and a pentadactyl limb 
is no longer tenable. The various carpal and tarsal el¬ 
ements are not equivalent throughout the tetrapods. 
The basic structural similarities of the limbs of tetra¬ 
pods depend on common developmental processes that 
involve the apical ectodermal ridge and the zone of 
polarizing activity, the former inducing mesenchymal 
outgrowth, and the latter causing skeletal asymmetry. 

Other Species 

Extensive experimental studies of the early develop¬ 
ment of the limbs of the chick, and increasingly of the 
mouse, continue to provide important information. 
The main results are summarized below, but how 
many of the details apply to the human is unknown. 
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TABLE 18-5 Initial Appearance of Various Features of the Limbs 

Feature 

Ectodermal ring 

Upper limb bud 

Lower limb bud 

Brachial plexus 

Apical ectodermal ridge for upper limb 

Hand plate 

Apical ectodermal ridge for lower limb 

Mesenchymal humerus, radius & ulna 

Lumbosacral plexus; foot plate 

Chondrifying humerus; nerves enter hand plate 

Chondrifying radius; finger rays 

Chondrifying femur, tibia, & fibula 

Chondrifying ulna & metacarpus 

Mesenchymal clavicle; chondrifying scapula 

Many muscles; toe rays in some 

Chondrifying carpus, tarsus, & metatarsus 

Ossifying clavicle 

Chondrifying phalanges 

Major joints, e.g., hip & knee 

Various ligaments 

Ossifying humerus 

Ossifying radius 

Ossifying ulna, femur, & tibia 

Cavitation in major joints, e.g., hip & knee 

"X 

mm 

Weeks 

Stage 

4 5 6 8 10 15 20 25 30 

5 6 7 8 

Initial Development. The type of limb bud, pectoral 

or pelvic, is believed to be specified long before the 

initiation and patterning of the bud. Limb buds 

arise opposite specific somites and the rostrocaudal 

level of the buds in relation to the body axis involves 

Hox genes. The limb bud, considered to be a “mor¬ 

phogenetic field,” arises as a thickening of the lat¬ 

eral plate mesoderm (somatopleure) caused by 

maintenance of cell proliferation (which decreases 

in the flank). The ectoderm overlying the mesen¬ 

chymal swellings thickens and its discrete rim is 

known as the apical ectodermal ridge (AER), dis¬ 

cussed a little later. 

For the establishment of the initial skeletal pat¬ 

tern, retinoic acid and its receptors are important. 

Other substances believed to be involved in early 

limb development include fibroblast growth factor, 

insulin-like growth factor and insulin, and hepatic 

growth factor. The differentiation of mesenchymal 

cells into chondrocytes depends on extracellular 

matrix macromolecules, peptide growth factors, and 

cell-cell and cell-matrix interactions. 

Axes of Limbs. The development of the limbs 

takes place in a three-dimensional coordinated sys¬ 

tem that comprises rostrocaudal (later preaxial/ 

postaxial), dorsoventral, and proximodistal axes 

(Fig. 18-23F). The regulation of these three primary 

axes is linked to interconnected genetic networks. 

Dorsoventral Axis. The limb bud appears at the 

interface between the dorsal and ventral portions of 

the trunk, and epithelio-mesenchymal interactions 

control the dorsoventral patterning in the limb. Sig¬ 

nals appear to specify dorsal structures. Dorsal and 

ventral ectoderm are lineage-restricted compart¬ 

ments; i.e., cells of one lineage do not mingle with 

those belonging to an adjacent lineage. 

Proximodistal Axis. As the limb bud elongates 

the mesenchyme at its tip remains undifferentiated 

and is called the progress zone (Fig. 18-23E, area 

of 4). Cell proliferation and lack of differentiation in 

the progress zone are promoted by the AER (Figs. 

18-23E and 18-24). As cells leave the progress zone, 

they lay down structures along the longitudinal axis 

of the limb in proximodistal sequence. The AER un¬ 

dergoes an epithelio-mesenchymal interaction with 

the underlying mesenchyme, which maintains the 

ridge. This interaction is involved in proximodistal 

patterning. Cells in the progress zone acquire po¬ 

sitional identities, e.g., humeral region versus 

digits. Hox and other genes are involved. 
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Figure 18-23. Development of the limbs. A. Ectodermal ring (right lateral view) isolated and B, C in situ at 4 ¥2 weeks13. The 
successive parts of the ring are numbered 1-6. D. Right upper and lower limb buds at 5 weeks16. E. Apical ectodermal ridge (AER) 
and zone of polarizing activity (ZPA) sectioned in plane of horizontal line in D, to show a succession of epithelio-mesenchymal 
interactions (numbered arrows)17: 1, Mesoderm induces AER. 2, AER maintains outgrowth. 3, mesoderm maintains AER. 4, AER 
maintains marginal vasculature. (The number 4 adjacent to the AER is in the area of the progress zone.) The marginal vein (v.) is 
adjacent to the AER. F. Upper limb at 5, 6, and 8 weeks16,18’23. The major axes are: rostrocaudal (R-C), dorsoventral (D-V), and 
proximodistal (P-D). G. Lower limb at 6 and 8 weeks18,23 and in the adult. The adult position is achieved by a type of medial 

“rotation” (shown by arrow). LL, lower limb bud; UL, upper limb bud. 

Rostrocaudal (Later Preaxial-Postaxial) Axis. 

A small group of mesenchymal cells at the postaxial 

margin of the limb bud is termed the zone of po¬ 

larizing activity (ZPA, Fig. 18-23E). This region, 

which is maintained by the AER, specifies the po¬ 

sitional identity of the digits from postaxial (e.g., 

little finger) to preaxial (e.g., thumb) in a dose- 

dependent manner: as the number of cells increases, 

more digits form. Hox genes influence the number 

of digits. The zone of polarizing activity has an 

epithelio-mesenchymal interaction with the pro¬ 

gress zone, whereby rostrocaudal patterning is con¬ 

trolled by a cascade of signals. These signals may be 

maintained by those from the AER and dorsal ec¬ 

toderm acting in a feedback loop. 

Grafting of polarizing cells to the preaxial mar¬ 

gin of a chick wing bud results in a mirror-image 

symmetrical digital pattern. Local application of 

retinoic acid produces a similar effect, probably 

by inducing the formation of a polarizing zone. 

Such a respecification may result from changes in 

Hox gene expression. It is probable that retinoic 

acid, which is present in normal limb buds, espe¬ 

cially postaxially, is a natural morphogen that con¬ 

trols pattern formation from postaxial to preaxial 

regions. 
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Figure 18-24. The apical ectodermal ridge (AER) of the upper limb bud, A. Low-powered view at 4lh weeks13 showing neural tube, 
a cervical myotome, dorsal aorta, mesonephros, gut, and coelom. B. Higher-powered view at 5 weeks16 showing the underlying 
marginal vein. 

The Apical Ectodermal Ridge. The ectoderm 
over the apical region of the limb bud is induced by 
the underlying mesenchymal cells to become strat¬ 
ified. This is an example of an epithelio-mesenchy- 
mal interaction. The resulting apical ectodermal 
ridge (AER) is generally believed to be an essential 
inductor in limb development, and to be responsible 
for elongation of the limb as well as for the pro¬ 
gressive definition of the mesenchymal parts of the 
limb (Figs. 18-23E and 18-24). Experimental re¬ 
moval of the AER results in cessation of outgrowth 
and a truncated limb. The AER promotes the pro¬ 
liferation and outgrowth of the subjacent mesen¬ 
chymal cells, while suppressing their differentiation. 
During outgrowth of the limb bud, Hox genes are 
activated. The AER may promote limb outgrowth by 
maintaining the expression of cellular retinoic acid¬ 
binding protein in the mesenchyme beneath the 
ridge; this limits the effects of retinoic acid. It is 
thought to be maintained by the mesenchyme (ap¬ 
ical ectodermal maintenance factor) until the vari¬ 
ous parts of the limb have become specified. The 
AER probably also affects normal cellular death and 
participates in maintaining the marginal vascula¬ 
ture of the limb bud. Signals from the AER are me¬ 
diated by fibroblast growth factors. 

The Digits. Apoptosis, which is an integral part 
of normal development, is important in defining the 
interdigital areas by the elimination of mesenchy¬ 
mal cells, thereby freeing the digits and promoting 
joint cavities. Interdigital proliferation is normally 
inhibited by the regression of the AER. The inter¬ 
digital tissue in the mouse has the potential to form 
cartilage, but normally this is inhibited by the in¬ 
fluence of the digits and of retinoic acid. 

Development of Limbs in 
the Human 

The upper12 and lower13 limbs are first visible as pro¬ 
jections termed limb buds at approximately 4V2 weeks 
(Figs. 18-23 and 18-25). At first, all four limbs are su¬ 
perficially similar, although not equivalent. The so- 
mitic levels of the limb buds are S7-12 and S25-29, 
respectively. In about a further week, plates that rep¬ 
resent the hand15 and foot16 become discernible. The 
apical ectodermal ridge, which is a part of the ecto¬ 
dermal ring of the embryo (Fig. 18-23), appears at 
about 5 weeks13"15 (Fig. 18-24) and remains visible un¬ 
til 6 weeks. During the embryonic period, the upper 
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Figure 18-<i Development of the limbs. A. Embryo of 414 weeks14 showing upper and lower limb buds. B. Dorsal aspect of right 
upper limb from an embryo of 614 weeks19 showing hand plate and digital rays. C. Embryo of 8 weeks23 showing partly pronated 
upper limbs and “praying feet.” D. Palmar aspect of left upper limb from another embryo of 8 weeks. E. Plantar aspect of left lower 
limb from the embryo shown in C. 

limb is about 2 days in advance of the lower limb. In 

general, although not in every detail, the parts of a 

limb develop in proximodistal sequence. Thus, the por¬ 

tions that represent the arm and forearm appear before 

the hand plate, and the fingers appear still later. Sim¬ 

ilarly, the humerus begins to chondrify before the ra¬ 

dius and ulna, and these in turn before the skeletal 

elements of the hand. 

At 7 weeks19 the longitudinal axes of the limbs 

are more or less parallel (Fig. 18-26). Preaxial 

and postaxial borders can be identified (Fig. 18- 

23F), cephalic and caudal to the longitudinal axis 

respectively. The future thumb and big toe are 

on the preaxial border of the hand and foot 

plates, respectively. Because of the arrangement 

of the small muscles, the functional longitudinal 

axes pass through the third finger and the second 

toe. 

During fetal life, changes generally termed “rota¬ 

tion” of the lower limb occur in preparation for (plan¬ 

tigrade) walking on the soles (Fig. 18-23G). The big 

toes then come to adopt a medial position. The more 

preaxially situated skeletal elements are the radius 

(tibia), lunate and scaphoid (talus and navicular), tra¬ 

pezium, trapezoid, and capitate (cuneiforms), and 

metacarpals (metatarsals) 1-3. The more postaxial 

components are the ulna (fibula), triquetrum (calca¬ 

neus), hamate (cuboid), and metacarpals (metatarsals) 

4 and 5. In the upper limb, the radius, scaphoid, tra¬ 

pezium, and metacarpal 1 are closely related develop- 

mentally as a “radial ray.” 

Skeleton of the Limbs 

Somitic cells, neural crest cells, nerves, and vessels 

become added to the limb bud. The sequence of events 

in the human embryo is as follows. Skeletal develop¬ 

ment and ingrowth of blood vessels into the limb pri- 

mordia precede the ingrowth of nerves. The entrance 

of a motor nerve into a given region is followed im¬ 

mediately by muscular differentiation. The skeleton, 

tendons, and the sheaths of the muscles are derived 

from the lateral plate mesenchyme. Cellular conden¬ 

sations in the central portion of the limb bud indicate 

the initial development of the skeletal elements. 

The skeletal elements of the limbs appear first in 

mesenchyme16-17, then in cartilage17"18 (Fig. 18-27), 

and finally in bone. Bone develops at the end of the 

embryonic period22"23 and ossific areas continue to ap¬ 

pear during fetal life as well as postnatally (Figs. 10- 

11 and 18-13). 

The clavicle, which is atypical and is classed 

mainly as a membrane bone, is the first skeletal ele¬ 

ment in the body to begin ossification, namely, be¬ 

tween 6 and 7 weeks18"20. (The mandible and maxilla 

begin at about the same time and are followed in suc¬ 

cession by the humerus, radius, femur, tibia, and 

ulna.) 

The scapula is believed to be derived (in the chick, 

but not necessarily in other species) from somites 

rather than from lateral plate mesoderm and Paxl 

is involved. In the human embryo the scapula is 

present successively in mesenchyme16 and carti¬ 

lage18. Its characteristic features are present at the 

end of the embryonic period, and cavitation in the 

shoulder joint begins. The embryonic level of the 

scapula is between cervical vertebra 4 and thoracic 
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HGURE 18-26 A. Embryo of about 6% weeks19, in which the longitudinal axes of the upper and lower limbs are more or less 
parallel. The thumb and big toe are preaxial, whereas the little finger and little toe are postaxial. Drawings that profess to show a 
detailed pattern of dermatomes in the embryonic limbs are completely unwarranted. B. The adult figure shows that cutaneous 
areas (dermatomes) in the limbs are supplied successively by nerves proceeding distally along the preaxial border and then proxi- 
mally along the postaxial border. Most of the trunk is supplied in regular bands by thoracic (intercostal) nerves. The (shaded) area 
supplied by the three divisions of the trigeminal nerve lies in front of the vertex-ear-chin line. C, cervical; L, lumbar; S, sacral; 
T, thoracic. 

The development of the dermatomal pattern is unknown. The frequently found drawings showing dermatomes at even the 
earliest stages of the limb buds have no justification. 

vertebra 5; it descends during the fetal period. The 

early fetal scapula can be seen in Figure 18-13B. 

The hip bone is present successively in mes¬ 

enchyme16'18 and cartilage19. Cavitation in the hip 

joint begins shortly23. The early fetal hip bone can 

be seen in Figure 18-13B. 

At the time of birth, most of the primary ossific 

centers for the limbs are present (Fig. 10-11). In as¬ 

sessing maturity it is important to appreciate that the 
following begin to ossify shortly before birth, calca¬ 

neus, talus, cuboid; usually the distal end of the femur 

and the proximal end of the tibia; sometimes the head 

of the humerus and the capitate and hamate. 

Vascularization of the Limbs 

Angioblasts derived from somites invade the limb buds 

early. The vascular pattern of the developing limbs is 

believed to result from (1) intrinsic self-assembly and 

branching characteristics of the vascular cells, and (2) 

extrinsic inhibitory factors that restrict vascular en¬ 

trance and that decrease branching frequency. The in¬ 

itial vessels to the limb buds form a central network, 

but a subectodermal avascular zone is present and (in 

the chick embryo) contains isolated angioblasts from 

the mesoderm. Angiotrophic sprouting of vessels also 
occurs. 
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Median n. Flexor retinaculum Ulnar n. 

DORSAL 

Figure 18-27. An excellent example of the advanced develop¬ 
ment characteristic of the embryonic period proper. Transverse 
section through the wrist at 8 weeks23. The carpal canal, site of 
the carpal tunnel syndrome, can be seen beneath the flexor 
retinaculum and on the palmar aspect of the (cartilaginous) 
carpal elements. The median nerve and the superficial and deep 
(continuous black crescent) flexor tendons lie within the canal, 
whereas the ulnar nerve does not. 

The marginal veins of the limbs (Fig. 18-24B) are 

particularly well formed along the postaxial borders. 

These subcutaneous ulnar and fibular veins persist as 

the basilic and small saphenous veins respectively, and 

hence these vessels are useful guides to the postaxial 
borders (Fig. 18-26) in the adult. Secondary vessels 

drain the preaxial (Fig. 18-26) borders. These are the 

cephalic and large saphenous veins, and they indicate 

approximately the preaxial borders in the adult. 

The initial arterial vascular pattern within the limb 

bud becomes reduced to an axial artery (Fig. 18- 

28A). In the upper limb this forms the subclavian, 

axillary, and brachial arteries. More distally it is rep¬ 

resented by the anterior interosseous artery. Sec¬ 

ondary vessels include the median artery (which ac¬ 

companies the median nerve) and the ulnar and 

radial arteries (Fig. 18-28B-D). An embryonic vessel 

known as the superficial brachial artery may persist 

into adulthood. 

The axial artery of the lower limb (Fig. 18-28G) 

arises from the umbilical artery and is represented 

in the adult by the inferior gluteal artery, the arteria 

comitans nervi ischiadici (sciatic artery), the prox¬ 

imal part of the popliteal artery, and the distal part 

of the peroneal artery. Secondary vessels include the 

femoral artery and the posterior and anterior tibial 

arteries (Fig. 18-28H-J). Variations include high di¬ 

vision of the popliteal artery (Fig. 18-28K), replace¬ 

ment of the posterior tibial by the peroneal artery 

(Fig. 18-28L), and origin of the dorsalis pedis from 

the peroneal artery (Fig. 18-28M). 

Innervation of the Limbs 

By 5 weeks16 ventral rami of certain spinal nerves have 

united to form plexuses for the limbs: the brachial 

plexus14 (C5-C8 and Tl) and the lumbosacral plexus 

(L1-L5, SI, S2) (Fig. 18-10). Moreover, the chief 

named nerves have developed from the plexuses, e.g., 

the radial, median, and ulnar in the upper limb, and 

they extend progressively into the primordium16,17. 

The course of specific fibers (e.g., Tl) is becoming 

masked in the limbs by the rearrangement that occurs 

in the plexuses. The main nerves already contain sev¬ 

eral numbered fibers (e.g., C5-T1 in the radial and 

median, C7-T1 in the ulnar). The various named 

nerves then give branches to the muscular groups and 

to the skin, and by 7 weeks20 the pattern is similar to 

that in the adult. The larger nerve trunks then extend 

progressively into the limbs. Because their component 

fibers are frequently derived from more than one spi¬ 

nal root (e.g., C7-T1 in the ulnar nerve), the distri¬ 

bution of a peripheral nerve such as the ulnar differs 

from that of a spinal nerve such as Tl, because it con¬ 

tains additional fibers and also because Tl is a com¬ 

ponent of other peripheral nerves as well. 

In the arm the flexors (e.g., the biceps) are supplied 

by the musculocutaneous nerve, the extensor (the 

triceps) by the radial. In the forearm the flexors are 

supplied by the median and ulnar nerves, the exten¬ 

sors by the radial and posterior interosseous. In the 

thigh the anterior muscles (e.g., the quadriceps) are 

supplied by the femoral nerve, the posterior group 

(the hamstrings) by the sciatic, and the medial mus¬ 

cles (the adductors) by the obturator. In the leg the 

posterior muscles (e.g., the gastrocnemius) are sup¬ 

plied by the tibial nerve, the anterior group by the 

deep peroneal, and the lateral muscles (the peronei) 

by the superficial peroneal. 

Cutaneous Innervation. Nerve fibers reach the 

surface ectoderm already in embryos of approximately 

5 weeks. At the end of the embryonic period, explor¬ 

atory fibers have become anchored in the digits, and 

cutaneous areas known as dermatomes* become delin¬ 

eated (Fig. 18-26). Each dermatome is supplied by the 

sensory fibers of a single dorsal root through the dor¬ 

sal and ventral rami of its spinal nerve. Overlapping 

and variations complicate the dermatomal pattern. The 

*It should be noted that the term dermatome is used (1) for the 
external portion of a differentiating somite in the embryo, and (2) 
in adult anatomy for an area of skin supplied by the dorsal (sensory) 
root of one spinal nerve. 
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dermatomal sequence of cutaneous innervation de¬ 

scends along the preaxial borders and ascends along 

the postaxial borders of the limbs (Fig. 18-26): C4-C8, 

Tl, T2 in the upper limb and L1-L5, SI, S2 in the 
lower limb. 

Development of the Muscles 

The development of muscle is discussed in Chapter 10. 

Precursor cells for the muscles of the limbs are derived 

from the ventrolateral portion of dermomyotomes. 

Prior to the formation of myotomes, these cells mi¬ 

grate into the limb buds and form dorsal and ventral 

masses. Pax3 expression may be essential for normal 

development of limb muscles. Premuscular sheaths 

that surround the skeletal core form the first visible 

muscular primordia. Promyoblasts, myoblasts, and 

myotubes are found in the (upper) limb muscles dur¬ 

ing the embryonic period. Even at the time that the 

cartilaginous skeletal elements are adult-like in ap¬ 

pearance18, the individual muscles are difficult to dis¬ 

tinguish. Groups of future muscles (extensors and flex¬ 

ors) blend with each other; their grade of development 

diminishes more distally, where they merge with the 

undifferentiated mesenchyme. Most named muscles 

are identifiable by 8 weeks23. Many of the motoneurons 

concerned with the innervation of the limbs die during 

development. 

Experiments in the chick have shown that somitic 

cells migrate into the limb buds (probably by active 

locomotion) while they are still undifferentiated and 

that one somite contributes to several muscles. The 

immigrating somitic cells settle in a proximodistal 

direction and divide several times before they form 

myoblasts and myotubes. Neural crest cells form the 

neural sheaths (of Schwann). Tendons, cartilage, 

and bone are somatopleural in origin. 

Motor Features of the Neonate. The mature 

newborn infant shows a flexed posture and strong 

flexor tone in all four limbs. A preference for posi¬ 

tion of the head such that the face is toward the 

right-hand side is usual. Generally the biceps, knee, 

and ankle jerks are readily elicited. The plantar re¬ 

sponse is usually said to be dorsiflexion but, de¬ 

pending on the manner of eliciting the reflex, it may 

be plantar flexion. The palmar grasp is strong and 

has been present since early in trimester 3. Sudden 

dropping of the head on the trunk leads to opening 

of the hands, extension followed by flexion of the 

upper limbs, and an audible cry (Moro reflex). 

Anomalies of the Limbs 

The prevalence is probably about 0.6:1000 live births. 

Associated anomalies in other regions are frequent. 

Many syndromes involve both craniofacial and limb 

anomalies because of a common system of signals in 

patterns of gene expression. The main factors involved 

in malformations of the limbs are dominant and re¬ 

cessive genes, chromosomal abnormalities, drugs (e.g., 

thalidomide), and (in a few instances) amniotic bands. 

The role of vascular factors is uncertain, and attempts 

to account for limb reductions by destruction of the 

sensory innervation of the limb bud, with resultant 

deprivation of neurotrophic influences, are not con¬ 

vincing. 

Limb defects have been reported in infants who had 

been examined prenatally by chorionic villus sam¬ 

pling. (The association, however, has also been que¬ 

ried.) The most frequent type was a transverse de¬ 

ficiency of either fingers or toes. The more severe 

defects occurred when the CVS was at approxi¬ 

mately 6 weeks, the less severe anomalies at about 

8 weeks (Firth et al., 1994). Vascular disruption fol¬ 

lowing bleeding from the chorion is a likely cause. 

Another possibility in some instances is inadvertent 

puncture of the amniotic sac, producing pressure 

that may perhaps lead to focal necrosis with sub¬ 

sequent repair. Anomalies of the mandible and pal¬ 

ate have also been claimed. 

Cleidocranial dysostosis has been discussed under 

The Skull. 
Congenital high scapula (Sprengel deformity) is 

associated with vertebral malformations and is not 

merely an arrest in descent of the scapula, although 

normally this bone does descend during the fetal 

period. 
Absence of the pectoral muscles is usually unilat¬ 

eral and is more frequent in males. On abduction of 

the arm, the anterior axillary fold is seen to be miss¬ 

ing. Ipsilateral syndactyly is a frequent accompaniment 

(Poland sequence). Although diminished blood flow to 

<--- 
FIGURE 18-28. Development of the main arteries of the upper and lower limbs. In the upper limb (A-E), the original axial artery 
(in black) persists in the adult as the brachial and anterior interosseous arteries. F. A variation in which the radial artery has a 
high origin. In the lower limb (G-J), the original axial artery (in black) persists in the adult as the accompanying artery of the 
sciatic nerve, a part of the popliteal artery, and the peroneal artery. Three variations are shown: K, high division of the popliteal 
artery; L, absence of the posterior tibial accompanied by an enlarged peroneal artery; and M, a slender anterior tibial artery and a 
peroneal’origin of the dorsalis pedis. Ant. I., anterior interosseous; Ant. tibial, anterior tibial; DP, dorsalis pedis; I, interosseous; 
Per, peroneal; Post. I., posterior interosseous; Post, tibial, posterior tibial; Tibio-per. trunk, tibioperoneal trunk. Asterisk indicates 

the site of the popliteus (muscle). Based mainly on Senior. 
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the affected side has been proposed, the development 

of the condition is obscure. It is of interest to men¬ 

tion that the pectoral muscles become distinct at the 

time that the overlying phalanges are beginning to 

chondrify19,20. 

Amelia (Greek, melos, limb) means absence of a 

limb and could result from failure of the apical ec¬ 

todermal ridge (AER). In a limbless mutant in the 

chick, the limb buds develop but lack an apical ec¬ 

todermal ridge, so that the mesoderm fails to grow 

and the entire limb bud disappears. 

Hemimelia, absence of the distal half of a limb, 

could be caused by loss of function of the AER after 

specification of more proximal parts of the limb has 

been begun. Frequently the deficiency is on only one 

side of the distal half, and such conditions are named 

after the defective portion, e.g., radial hemimelia, fib- 

ular hemimelia. Abnormalities of the thumb (absence, 

hypoplasia, or triphalangy) are sometimes associated 

with cardiac septal defects (Holt-Oram syndrome) 

and radial defects are found in various other condi¬ 

tions, e.g., pancytopenia (Fanconi syndrome), throm- 

bocyteopenia-absent radius (“TAR”) syndrome, and 

trisomy 18. Tibial hemimelia is sometimes combined 

with preaxial polydactyly. It has been suggested that a 

single teratogenic event could produce an abnormal 

pattern (duplication) in the foot and also, subsequent 

to normal pattern specification in the leg, interruption 

of tibial morphogenesis (Hootnick et al., 1991). 

Many major limb deficiencies can be classified into 

four broad groups: (1) transverse (across the width of 

the limb) and terminal (deficiency extending to ter¬ 

mination of the limb), e.g., hemimelia; (2) transverse 

and intercalary (absence of a middle part), e.g., pho- 

comelia; (3) longitudinal (not involving the full width 

of the limb) and terminal (extending to the tip, e.g., 

the thumb), e.g., absence of the radius, scaphoid, tra¬ 

pezium, and thumb (radial hemimelia); (4) longitudi¬ 

nal and intercalary, e.g., partial absence of the radius 

but presence of the (“floating”) thumb (intercalary ra¬ 

dial hemimelia). Reduction anomalies occur in the 

mouse after exposure to excessive retinoic acid, prob¬ 

ably caused by changed gene expression in the AER. 

Phocomelia (Greek, phoke, a seal) is a term used 

where hands or feet seem to be attached more or 

less directly to the trunk, as in the thalidomide em¬ 

bryopathy (Chapter 9). It could result from either 

lapses in activity of the AER or excessive cellular 

death in intervening regions. 

Cleft hands or feet (undesirably called “lobster- 

claw”) are very varied in their appearance. The absence 

of central parts (e.g., fingers 2-4, leaving only the 

thumb and little finger present) could result from ex¬ 

tensive cellular death in the affected region. Genetic 

factors are important and the condition may be auto¬ 

somal dominant or autosomal recessive. 

Syndactyly is a lack of differentiation between two 

or more digits and hence is not a “fusion” of fingers 

or toes. The prevalence is about 1:2000 and it is more 

frequent in males. Syndactyly may be a cutaneous 

webbing (soft-tissue syndactyly) or an osseous non¬ 

separation. Incomplete interdigital apoptosis is an ob¬ 

vious possibility, but the causes are complicated and 

multiple, as can be seen from its occurrence in differ¬ 

ent syndromes. Many pedigrees of dominantly inher¬ 

ited syndactyly have been reported. 

Polydactyly is the presence of additional digits, 

e.g., six fingers or toes (2 Samuel, 21:20). The preva¬ 

lence, about 1:2000, varies according to the population 

studied. 

Polydactyly is sometimes part of a more general 

condition e.g., combined with obesity and mental 

deficiency in the Bardet-Biedl syndrome; or asso¬ 

ciated with small stature, short limbs, defective 

teeth and nails, and interatrial septal defect in the 

Ellis-van Creveld syndrome; or with frontal bossing 

in the (Greig) cephalopolysyndactyly syndrome, 

caused by mutations in a transcription factor 

0GLI3). 

Polydactyly occurs in a variety of experimental 

conditions. For example, removal of marginal ec¬ 

toderm in the chick allows the interdigital meso¬ 

derm to produce extra interdigital digits. An ad¬ 

ditional ZPA in the preaxial region causes 

mirror-image polydactyly. Retinoic acid can change 

preaxial into postaxial cells, in terms of positional 

information, and can lead to supernumerary digits. 

Delay in regression of the AER in the mouse causes 

widespread polarizing activity, and polydactyly re¬ 

sults from proliferation of preaxial mesenchyme act¬ 

ing as an ectopic ZPA. 

Dimelia is a rare condition in which part or 

even all of a limb is duplicated, frequently in a 

mirror-image pattern (e.g., two ulnae, absent radius, 

and a digital formula such as 54322345: ulnar di¬ 

melia). The duplication is of embryological interest 

because grafting of part of the postaxial region of a 

limb bud in the chick onto the preaxial region of 

another limb bud results in mirror-image duplica¬ 

tion of digits. The grafted region is the zone of po¬ 

larizing activity (ZPA) and contains a high concen¬ 

tration of retinoic acid (morphogen). Additional 

limbs can also be induced in the chick by fibroblast 

growth factor. 

It has been proposed that reduction or absence 

of the anterior tibial artery causes certain skeletal 

limb anomalies, including talipes and (if the tera¬ 

togenic event occurs before developmental specifi¬ 

cation of mesodermal cells) duplication (diplopo- 
dia). 

Symmelia is the presence of a median lower 

limb in which the feet may be double, single, or 
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absent, producing a mermaid (sireniform) appear¬ 

ance. The prevalence is 0.015:1000 to 0.04:1000 

births. The condition is not a fusion but is caused 

by a failure in lateralization of the lower limbs, aris¬ 

ing probably at about 4 weeks. The main theories 

are based on damage to the mesoderm of the caudal 

part of the embryo, followed by vascular disruption. 

It is thought that monozygotic twinning may pre¬ 

dispose to symmelia (Chapter 5) because of either 

(1) a vascular steal sequence caused by abnormal 

placentation, or (2) a caudal deficiency caused by 

embryonic duplication. 

Congenital dislocation of the hip usually presents 

as a predisposing dysplasia at birth. The predisposition 

occurs in about 1:1000 births. It is more frequent in 

girls. The condition is characterized by a flat acetab¬ 

ular roof. One type is believed to be caused by genet¬ 

ically determined joint laxity or hormonal joint laxity. 

Other instances are thought to be caused by geneti¬ 

cally determined bilateral acetabular dysplasia. Me¬ 

chanical factors were considered important by Dupuy- 

tren (Fig. 9-8C). 
Arthrogryposis multiplex congenita is a term used 

for multiple ankylosis of the joints of the limbs. It 

covers a variety of types of congenital articular rigidity, 

which are believed to have diverse and obscure origins. 

In contrast, joint laxity may be combined with tall stat¬ 

ure, long, slender limbs (arachnodactyly), and abnor¬ 

mality of the aorta in an autosomal dominant disorder 

of connective tissue (Marfan syndrome). 

Clubfoot (talipes) is a deformity of the foot that 

involves the talus. In the most frequently encountered 

variety, talipes equinovarus, the foot is plantar-flexed 

(equinus), inverted and adducted (varus). Talipes is 

found in 0.5:1000 to 5:1000 births. It is more frequent 

in boys. Heredity is probably important and the con¬ 

dition is often part of a syndrome. The cause is un¬ 

known in most instances but suggested factors have 

included uterine pressure (Fig. 9-8B) (particularly in 

oligohydramnios), muscular anomalies, lesions of the 

nervous system, and use of drugs. 
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The Nervous 

he central nervous system (CNS) comprises 

the brain and spinal cord. The peripheral ner¬ 

vous system (PNS) consists of the cranial and spinal 

nerves. A portion of the PNS, namely, the sympathetic 

trunk and ganglia, as well as the splanchnic (visceral) 

nerves, form the autonomic nervous system (ANS), 

which, however, includes parts of the CNS as well as 

of the PNS. 

In living vertebrates a layer of neural ectoderm gives 

rise to a dorsally situated neural tube. An important 

additional source of neurons is provided by the neu¬ 

ral crest. A segmental arrangement is seen in cel¬ 

lular groups, particularly in the hindbrain, and in 

the attachment of the spinal nerves. The rostral end 

of the neural tube becomes enlarged as hindbrain, 

midbrain, and forebrain. Particularly in mammals, 

the brain is expanded by folding associated with the 

formation of the cerebellum and cerebral cortex. 

m NORMAL 

NEUROEMBRYOLOGY 

Certain cells derived from the epiblast are determined 

to form neural ectoderm. This neural ectoderm con¬ 

stitutes an expanse termed the neural plate, which will 

give rise to most of the central nervous system (CNS, 

Table 19-1). The somatic (or surface) ectoderm lateral 

and rostral to the neural plate becomes thinned, so 

that the boundary of the neural plate can, at least to 

some extent, be distinguished8 (Fig. 19-1). The caudal 

extent of the plate, however, is not as clear. The meet¬ 

ing of the neural plate with the adjacent somatic (or 

surface) ectoderm is termed the neurosomatic junc¬ 

tion. It is likely that the rostrocaudal partition of the 

future neural tube is already determined in the ce- 

phalically situated epiblastic cells by the time that the 

primitive streak appears. 

Neural Induction 

In their study of amphibian embryos. Mangold and 

Spemann showed in the 1920s that neural deter¬ 

mination results from contact between the prospec¬ 

tive neural ectoderm and the prospective chorda- 

mesoderm (corresponding to tissue derived from 

the primitive streak in mammals). This effect, 

whereby competent ectoderm is induced to form 

neural tissue by an inductor or organizer, is known 

as primary neural induction. 

Neural induction is followed rapidly by the ex¬ 

pression of proneural genes that regulate the differ¬ 

entiation of neural ectoderm into neurons. It is gen¬ 

erally maintained, chiefly from studies of the chick 

embryo, that the primitive node and notochord are 

important in neural induction. 

The commonly held view is that neural induc¬ 

tion requires a positive signal from the “organizer.” 

A recent, alternative opinion in amphibia (Hemmati- 

Brivanlou and Melton, 1997) is that “neuralization” 

of the epiblast occurs when the cells do not receive 

signals that induce them to form epidermis, meso¬ 

derm, or endoderm. Epidermal differentiation in the 

epiblast requires signals from bone morphogenetic 

protein 4. In the absence of such signals, accom¬ 

plished by BmP antagonists (including noggin, fol- 

listatin, and chordin), neuralization results. 

395 



396 Chapter 19 THE NERVOUS SYSTEM 

TABLE 19-1 The Origin of the Nervous System 

(1) Primary neurulation involves the neural ectoderm. (2) Secondary neurulation occurs by 
way of the caudal eminence and the neural cord. Additional contributions to the nervous 
system are made by the neural crest, which arises at the neurosomatic junction (i.e., at the 
junction of neural ectoderm and somatic ectoderm), and by neural discs (so-called placodes), 
which were regarded by Streeters as “islands” of neural ectoderm situated in the “ocean” of 
somatic ectoderm. 

Figure 19- Dorsal view of an embryo of about 3 weeks8. The 

transverse section through this trilaminar embryo (ectoderm 

and endoderm white, mesoderm stippled) at the level of the 

notochordal plate shows the first indication of the neural 

groove and folds (cf. Figs. 6-6 and 6-7A). 

NEURULATION AND 

EARLY DEVELOPMENT 

The formation of the neural tube is termed neurula¬ 

tion. It occurs in two phases, primary and secondary. 

Primary Neurulation 

The formation of neural tube by folding of the neural 

plate and subsequent fusion of the resultant neural 

folds is termed primary neurulation (Fig. 19-2). It is 

associated with characteristic changes in the shape of 

the neuroepithelial cells, whereby they alter from cu- 

boidal to wedge-shaped. These changes are believed to 

be produced by intracellular microtubules and micro¬ 

filaments, driven by forces that are both intrinsic and 

extrinsic to the neuroepithelium. In mammals the sit¬ 

uation seems to be far more complex than in birds and 
amphibia. 

Factors that are important in the morphogenesis 

of the nervous system include changes in cell shape, 

migration of cells, differential proliferation, and differ¬ 
ential cell death. 

Neurulation requires the coordination of growth, 

differentiation, and morphogenesis. Many regional 
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Figure 19-2. Formation of the neural 
tube. The neural folds (A) begin to fuse (B) 
at about 4 weeks10. Continuation of the 
fusion rostrally and caudally (C) leaves two 
neuropores, which close a day or two 
later11,12. As in other areas of primary 
neurulation, the neural tube develops by 
fusion of the right and left neural folds 
(arrows in C'). D-G. The caudal region. D 
and E. A slight pit indicates the site of the 
former caudal neuropore, beyond which the 
neural tube is formed by secondary 
neurulation (shown in blue). The surface 
ectoderm, not included in A-D, has been 
added in drawings E, F, and G. In G, a 
solid cord has formed beneath the surface 
ectoderm. More rostrally (F), a lumen has 
appeared in the cord and is continuous 
with that formed during primary 
neurulation (long red arrow). Based on 
reconstructions. 

patterns of gene expression, which will establish the 

regional structure of the brain, become operative 

while the neural folds are still open. Neurulation 

involves interaction between neuroepithelium and 

its underlyling mesenchyme (derived from the 

primitive streak), together with the extracellular 

matrix. Expansion of the extracellular matrix of 

mesenchyme may play a major role in the elevation 

of the neural folds. 

The first visible indication of the human nervous 

system is a median sulcus, the neural groove, which 

begins to appear in some embryos at 23 days8 (Fig. 19- 

1). The neural plate8 changes9 its form by bending, 

furrowing, becoming elevated, and forming a trough. 

These processes are complex and poorly understood. 

The neural folds that bound the groove on each side 

(Fig. 8-10B') are at first largely cerebral rather than 

spinal. 
A bend, the mesencephalic flexure, soon appears9 

and enables the three major divisions of the brain to 

be distinguished in the still unfused neural folds: fore¬ 

brain (prosencephalon), midbrain (mesencephalon), 

and hindbrain (rhombencephalon) (Fig. 6-10A). Hence 

these do not appear as “vesicles,” as commonly stated. 

The neural plate becomes increasingly elongated in 

keeping with the lengthening of the embryo. The ini¬ 

tial appearance of important features of the nervous 

system is listed in Table 19-2. 

The Neural Tube 

In embryos that possess about five or six pairs of so¬ 

mites10, the neural folds commence to fuse. This clo¬ 

sure of the neural groove begins (Fig. 19-2A) near the 

junction between future brain and spinal cord. Before 

and after the surface (somatic) ectodermal cells of the 

two sides fuse, the similarly fusing neuroectodermal 

cells of the neural folds give off neural crest cells, 

which arise at the neurosomatic junction (most prob¬ 

ably directly from neural ectoderm). These cells mi¬ 

grate to various parts of the body. 
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TABLE 19-2 Initial Appearance of Various Features of the Nervous System 

Feature 

mm 

Weeks 

Stage 

Neural folds and groove 
Mesencephalic flexure; primary neuromeres, Rh., 

M, Pros. 
Neural tube begins; Tel. medium & Di. 
Rostral neuropore closes 
Caudal neuropore closes; secondary neurulation 

begins 
Closed neural tube; cerebellar primordium; 

isthmus rhombencephali 
Pontine flexure; medial ventricular eminence; 

future cerebral hemispheres; all 16 
neuromeres present 

Myel., Met., M, Di., Tel.; hippocampal 
thickening; lateral ventricular eminence 

Epiphysial evagination 
Thalamus; all cranial nerves present 
Internal and external cerebellar swellings; 

neurohypophysial evagination; synapses in 
primordial plexiform layer 

Future corpus striatum; defined interventricular 
foramina; choroid fissure; dentate nucleus; 
inferior cerebellar peduncles 

Olfactory bulb; insula; choroid plexus of fourth 
ventricle 

Choroid plexus of lateral ventricles 
Cortical plate; anterior and inferior horns of lateral 

ventricle; circulus arteriosus completed 
Internal and external capsules; claustrum 
Caudate nucleus and putamen; anterior 

commissure begins; external germinal layer 
in cerebellum 

Abbreviations listed on page 401. 
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In the developing human nervous system (Gerard 

et al., 1995) Pax3 gene is expressed in the neural 

groove and tube, and slightly later in mesencepha¬ 

lon, rhombencephalon, and spinal cord. Pax5 gene 

expression is restricted to the boundary between 

mesencephalon and rhombencephalon and also the 

spinal cord. Pax6 gene is expressed early in the neu¬ 

ral tube, and later in the prosencephalon, rhomben¬ 

cephalon, and spinal cord. 

The forebrain soon10 shows two subdivisions: a 

small rostrolateral part, the telencephalon medium, 

and a larger part, the diencephalon (Fig. 6-10C), which 

consists mainly of optic and thalamic portions. The 

optic part begins to show the optic sulcus, which is 

the first indication of the developing eye (Fig. 19-3A)10. 

Histogenesis in the neural tube, as well as a dis¬ 

cussion of neurons, neuroglia, and nerve fibers, can be 
found in Chapter 10. 

The Neuropores 

The still open ends of the developing neural tube are 

termed neuropores (Figs. 8-10 and 19-2 to 19-4). The 

rostral neuropore closes at about 4 weeks11. Its closure 

is basically bidirectional (Fig. 19-2C); i.e., it proceeds 

in both a rostral and a caudal direction. The site of 

final closure is probably at the location of the future 

commissural plate in the middle of the embryonic 

lamina terminalis. Occlusion of the neural tube after 

closure of the rostral neuropore (which might result 
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1 Rostral 

Figure 19-3. Closure of the 
neuropores: A, end-on view: B, 
median section; C, dorsal view 
of an embryo (Wallin) of about 
30 days11. The three broad 
arrows (1, 2, and 3) indicate 
the directions of closure of the 
rostral neuropore, which 
vanishes during this stage, and 
of the caudal neuropore, which 
closes during the next stage. 
The cross section in B shows 
the neural tube lying 
immediately dorsal to the 
notochord. D. End-on view of 
the rostral end of an embryo of 
nearly 4V2 weeks12, showing the 
site (situs neuroporicus) where 
the rostral neuropore has 
closed. Based on 
reconstructions. 

in an increasing intraluminal pressure) does not take 

place in the human embryo. 
The caudal neuropore closes before 4V2 weeks12. It 

is situated at the level of somites 31 in the embryo, 

which corresponds to sacral vertebra 2 at the end of 

the embryonic period. Because of the ascent of the 

spinal cord during the fetal period, however, the site 

of the former caudal neuropore ascends also and cor¬ 

responds to a higher vertebral level postnatally. 
The neural folds fuse at only two constant sites in 

the human: (cr) rhombencephalic (and/or cervical) , 

and (j8) at the terminal lip of the rostral neuropore11. 

Additional small loci (e.g., one proposed by Nakatsu et 

al., 2000) are inconstant and variable in position. The 

multiple sites described in the mouse are not found 

(contrary to Van Allen, 1996). 
No embryological evidence of a pattern of multi¬ 

ple sites of closure of the neural tube exists at present 

in the human. 
Before closure of the neuropores, the cavity of the 

neural tube contains amniotic fluid. When the neu¬ 

ropores have closed12, however, the cavity (i.e., the fu¬ 

ture central canal and ventricular cavity) contains 

ependymal fluid. Only with the appearance of the cho¬ 

roid plexuses19-20 can the term cerebrospinal fluid be 

justified. 
The final phase of primary neurulation consists in 

the separation of neural and surface ectoderm by mes¬ 

enchyme. Primary neurulation takes only about 10 

days, whereas secondary neurulation (see below) lasts 

a few days longer. An overlapping zone between pri¬ 

mary and secondary neurulation is not found in the 

human embryo. 

SECONDARY NEURULATION 

The caudal portion of the neural tube does not arise 

by fusion of neural folds but develops rather from an 

indifferent mass of cells known as the caudal eminence 

(or end-bud) (Fig. 19-5A and Table 19-1). Once the 

caudal neuropore has closed, neural tissue is laid down 

as a neural cord, into which the cavity of the more 

rostral and already formed neural tube extends (Figs. 

18-7, 19-2E, and 19-5B). This process is termed sec¬ 

ondary neurulation. It begins at the site of final clo¬ 

sure of the caudal neuropore12, which is at the level 

of about somitic pair 31, corresponding to future em¬ 

bryonic vertebral level S2. 
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Figure 19-4. Sagittal section through an embryo of 17 so¬ 
mites11 showing the rostral neuropore, through which the lu¬ 
men of the neural tube still communicates with the amniotic 
cavity. (The thin line of the amnion is visible above.) Further 
caudally, the wall of the neural tube shows portions of three 
rhombomeres. Also recognizable are the oropharyngeal mem¬ 
brane and foregut (Fig. 13-1), and the heart, which presents 
myocardial mantle, cardiac jelly (appearing here as an almost 
clear space), and endocardium (Fig. 12-5). 

In summary, primary neurulation involves 

the appearance of the neural folds and groove in 

the neural plate8b, the lengthening of the neural 

folds and deepening of the neural groove9, begin¬ 

ning fusion of the neural folds to form the neural 

tube10, closure of the rostral neuropore11 and of 

the caudal neuropore12 resulting in a completely 

closed neural tube13. Secondary neurulation is by 

way of the caudal eminence and neural cord. A 

fundamental difference is that in primary neu¬ 

rulation neural tube develops from neural ecto¬ 

derm, whereas in secondary neurulation neural 

tube is derived from pluripotent mesenchyme. 

Figure 19-5. Median sections showing the left half of the cau¬ 
dal end of the body at about 4 weeks10 (A) and about 4y2 
weeks12'13 (B). Beyond the caudal neuropore, the caudal emi¬ 
nence gives rise to portions of the notochord and intestine (thin 
arrows) and to the neural cord (blue), into which the central 
canal penetrates (red arrow). Based on reconstructions by the 
authors. 

In the meantime neuromeres have been appearing 

and the neural crest has been differentiating. 

Neuromeres 

Neuromeres are morphologically identifiable trans¬ 

verse subdivisions perpendicular to the longitudinal 

axis of the embryonic brain (Figs. 6-12A and 19-4) and 

extending onto both sides of the body. They appear 

early9 and subdivisions are soon visible11. In the hind¬ 

brain they are termed rhombomeres (Figs. 18-19 and 

19-15). By 5 weeks14 a total of 16 neuromeres are vis¬ 

ible, when a longitudinal organization begins to be su¬ 

perimposed on the neuromeres15. Domains of gene ex¬ 

pression coincide more or less with the neuromeres in 

some instances, but in others they may cross inter- 
neuromeric boundaries. 

The neuromeres of the embryonic human brain 

are: telencephalon medium, diencephalon 1, rostral 

and caudal parencephalon, synencephalon, mesen¬ 

cephalon 1 and 2, isthmus rhombencephali, and 
rhombomeres 1-8. 

The Neural Crest 

The neural crest consists of cells that appear at the 

neurosomatic junction (i.e., between neural ectoderm 

and somatic ectoderm) but are probably almost exclu¬ 

sively derived from the neural ectoderm (Figs. 19-6 

and 19-7C, Table 19-3). The neural crest has only a 
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Rostral 

FIGURE 19-6. Closure of the neural tube and formation of neu¬ 
ral crest. A. An embryo with widely open neuropores10: section 
W shows the facial neural crest arising from the wall of the 
still-open neural groove; section X, immediately rostral to the 
caudal neuropore, shows that the neuropore begins to close in 
the surface ectoderm and then involves the neural folds. Based 
on reconstructions by the authors. B. At the next stage11, when 
the rostral neuropore has closed: section Y shows cells of the 
neural crest between the neural tube and the surface ectoderm 
on each side; these will participate in the formation of spinal 
ganglion 1. The wedge-shaped area dorsally in the neural tube 
will give rise to more neural crest. Section Z shows this wedge- 
shaped source even more clearly. Based on Streeter. 

temporary existence because its cells, which develop 

in rostrocaudal sequence, migrate widely along cell- 

free pathways filled with extracellular matrix, and they 

reach many regions of the body. 
Neural crest is first apparent in embryos of about 

3V2 weeks9. Most of the crest cells of the brain leave 

the neural folds before closure of the neural tube (Fig. 

19-6AW). After closure it is highly probable that most 

neural crest cells are still derived from the neural ec¬ 

toderm (Figs. 19-6AX and 19-7C). Neural crest for¬ 

mation continues up to at least 4V2 weeks13 in the 

brain, and much longer in the spinal cord. The sepa¬ 

ration of crest cells from the neural folds/tube involves 

local disruptions of the basal lamina and the disap¬ 

pearance of intercellular junctions. Regions of the 

brain from which neural crest cells are given off are 

the midbrain and the hindbrain. Crest cells are given 

off also from the optic vesicles (optic neural crest), but 

no other crest is formed from the human forebrain. 

The rhombencephalic neural crest is related to 

Rh.2, 4, 6, and 7, and hence shows segmentation from 

the beginning. The cells, after they have emerged, 

form ganglia of the cranial nerves; some cells move 

ventrally into the pharyngeal arches and mingle with 

paraxial mesenchyme and with cells arising from the 

thickened epithelium (ectodermal ring) of the pharyn¬ 

Abbreviations Used in Illustrations of 

the Nervous System 

A Alar lamina 

Aq. Aqueduct 

B Basal lamina 

CSF Cerebrospinal fluid 

Di. Diencephalon 

Ep. Epiphysis cerebri (pineal body) 

IVF Interventricular foramen 

M Mesencephalon 

Met. Metencephalon 

Myel. Myelencephalon 

Olf. Olfactory bulb 

Opt. Optic sulcus, vesicle, etc. 

Ot. Otic disc, vesicle, etc. 

Pros. Prosencephalon 

Rh. Rhombencephalon; rhombomere 

Tel. Telencephalon 

V Ventricle 

1-3 Pharyngeal arches 

1-12 Cranial nerves or their ganglia 

geal arches (Figs. 19-19 and 19-20). Perhaps neural 

crest is formed also in Rh.3 and Rh.5, but either un¬ 

dergoes apoptosis or joins the migrating streams of 

other rhombomeres. 
The neural crest of the brain takes part in the for¬ 

mation of (1) cranial ganglia (with participation of the 

surface ectoderm)13’14 and (2) ectomesenchyme, espe¬ 

cially within the pharyngeal arches (Tables 19-3 and 

19-4). 

Certain substrates are believed to guide the migra¬ 

tion of the neural crest, whereas others, e.g., the 

perinotochordal mesenchyme, do not allow it, so 

that a balance is necessary. The concerted action of 

growth factors influences the proliferation and dif¬ 

ferentiation of neural crest cells, even at their end- 

sites of migration. 
It is believed that migration of neural crest 

cells from the mesencephalon and from the rostral 

part of the rhombencephalon is essential for normal 

neurulation; closure fails or is delayed in these areas 

(in the mouse) when emigration of neural crest cells 

is inhibited. In the spinal cord, migration of neural 

crest cells is closely related to somitic development 

and occurs through the rostral half of each sclero¬ 

tome (Fig. 10-1), which results in segmentation of 

the formerly continuous sheath of neural crest cells. 

In four areas of the head, neural crest in the 

human arises from special regions. (1) Optic neural 

crest forms from the external layer of the optic ves¬ 

icle (Fig. 20-2B) and participates in the formation 

of the uvea of the eye (Table 19-3)11’12. (2) Otic neu¬ 

ral crest develops from the otic vesicle1 I-15, which 

is itself derived from the somatic ectoderm (Figs. 



402 Chapter 19 THE NERVOUS SYSTEM 

Neural tube 

Dorsal 
aorta 

FIGURE 19-7. Transverse sections through the developing neural tube at about 4 weeks10. A. The neural groove at the level of 
rhombomere B with open neuropore. B-D. The neural tube. The thyroid primordium (Thyr.) shows in A, the respiratory primor- 
dium and the beginning of somite 1 in B. C. Somite 1 and intermediate mesoderm. D. Somite 6. The notochordal primordium 
(Not.) is visible in all four photomicrographs. LA, left atrium; RA, right atrium; Resp., respiratory primordium; R. umb. v., right 
umbilical vein. 

21-2 and 21-3). These cells form a sheet around the 

otic vesicle and participate in the formation of the 

otic capsule. Cells given off from the otic vesicle13'15 

contribute to, if not completely form, the cochlear 

(spiral) ganglion. (3) Olfactory neural crest (with 

which is associated terminal and vomeronasal crest) 

arises from the nasal plate and pit (Fig. 14-3 and 

Table 19-3), which, although they correspond to 

neural ectoderm, are themselves derived from the 

somatic ectoderm. (4) Furthermore, neural crest 

cells from the hindbrain reach the heart12 by way of 

pharyngeal arches 3 and 4. 

In the spinal cord the neural crest forms suc¬ 

cessively over a more extended time than in the 

brain15'16. The cells participate early12 in the for¬ 

mation of the pia mater and then form the spinal 

ganglia, migrate ventrally to form the sympathetic 

trunk and ganglia, and may mix with some mes¬ 

enchyme derived from the sclerotomes. During 

the formation of the ventral roots of the spinal 

nerves13'14, neural crest cells form a sheet around 

the nerve fibers (probably an early participation in 

the formation of neurilemmal cells). The crest cells 

of the spinal ganglia form the sheaths of the dorsal 

roots14. Whereas most crest cells of the spinal cord 

arise from a dorsal keystone (Fig. 19-6B) in the neu¬ 

ral tube, in the coccygeal region they may emerge 

directly from the ventral aspect of the neural tube. 

It has been found (in the chick) that migration 

of neural crest in the trunk is, at least initially, an 

active process, and that the basal lamina of the der- 

matomyotome may be used as a migratory sub¬ 
stratum. 

THE SPINAL CORD 

The spinal cord is the part of the neural tube caudal 

to the four occipital somites. It is formed by both pri¬ 

mary and secondary neurulation (Fig. 19-5B). At 6 

weeks the spinal cord is composed of ventricular, in¬ 

termediate, and marginal layers (Fig. 19-8E). At 8-10 

weeks the spinal cord resembles that of the adult. 

Alar and Basal Laminae 

The lateral parts of the neural plate, the future alar 

laminae, are separated from each other by a median 

portion, the future basal laminae (Fig. 19-8A,B). In the 

neural tube, these plates become dorsal and ventral, 

respectively (Fig. 19-8C,D) and, next to the lumen, the 
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TABLE 19-3 Regional Classification of the Neural TABLE 19-4 Types and Sites of Cells and Tissue 

Crest and Its Derivatives Arising from the Neural Crest 

NEURAL CREST DERIVATIVES 

Olfactory crest Olfactory nerve 

Terminal-vomeronasal 

crest 

Terminal ganglion and nerve; 

vomeronasal ganglion 

and nerve 

Optic crest Uvea of eye 

Mesencephalic crest Cephalic mesenchyme 

(forehead); meninges 

Trigeminal crest Trigeminal ganglion; 

mesenchyme of 

pharyngeal arch 1 

Facial crest Facial ganglion; mesenchyme 

of pharyngeal arch 2 

Vestibular crest Vestibular ganglion 

Otic crest Cochlear (spiral) ganglion; 

otic capsule 

Glossopharyngeal crest Superior ganglion of 

glossopharyngeal nerve 

Vagal crest Superior ganglion of vagus 

Spinal crest Spinal ganglia 

Pia mater 

Sympathetic trunk and ganglia 

Autonomic ganglia of intestine 

Suprarenal medulla 

two laminae become set off more distinctly by the sul¬ 

cus limitans on each side12. The alar laminae are 

united by a thin roof plate, and the basal laminae are 

joined by a thin floor plate (Fig. 19-8E). The alar lam¬ 
ina and associated dorsal roots are essentially afferent 
in function, whereas the basal lamina and associated 
ventral roots are fundamentally efferent (Fig. 19-9B). 

This is known as the “Bell-Magendie law.” Bilaterally, 

the sulcus limitans extends vertically through the 

whole length of the spinal cord and rostrally as far as 

the midbrain. The cells of the alar and basal laminae, 

which are derived from the germinal cells of the neu¬ 

ral tube, become the receptive cells of the dorsal col¬ 

umns (or horns) and the motor cells of the ventral 

columns (or horns) of gray matter, respectively. The 

ventral part of the lumen of the spinal cord becomes 

compressed (Fig. 19-9). Later the dorsal part of the 

lumen becomes obliterated, and the ventral portion 

becomes the central canal of the spinal cord (Fig. 19- 

8F). 
The early floor plate is a group of specialized cells 

situated ventromedially in the neural tube. It is at¬ 

tached to the notochordal plate (Fig. 6-7B) and to the 

Neurons 

Certain cranial ganglia: partly those of nerves 5, 7, 9, 

and 10 

Spinal ganglia 

Autonomic ganglia_ 

Supporting cells 

Neurilemmal 

Satellite cells of ganglia 

Cells of leptomeninges (partly)_ 

Pigment cells 

Melanocytes of skin and internal organs 

Melanophores of uvea (but not of retina)_ 

Endocrine and related cells 

C-cells of thyroid gland 

Chromaffin cells of suprarenal medulla 

Carotid body 

“APUD” cells of digestive system (partly)_ 

Ectomesenchyme 

Bone and cartilage of facial and visceral skeleton, and 

(partly) of vault of skull; also connective tissue of 

skeletal muscles 

Dermis of face and ventral part of neck 

Connective tissue of salivary, thyroid and parathyroid 

glands, and of thymus 

Walls of large arteries from aortic arches. Neural 

crest to the heart is necessary for normal 

aorticopulmonary septation 

Substantia propria and posterior epithelium of cornea 

Connective tissue of uvea and sclera 

Ciliary muscles 

Enamel and dentin 

notochord (Fig. 19-7). The notochord is necessary to 

induce the floor plate and, together with the floor 

plate, controls the pattern of cellular types that appear 

along the dorsoventral axis of the neural tube. (Sonic 
hedgehog, Shh, signals are involved.) The floor plate 

acts as an intrinsic organizer of axons in the devel¬ 

oping nervous system by releasing chemo-attractants. 

Processes that grow out from developing neurons 

in the intermediate (or mantle) layer of the basal lam¬ 

ina form the ventral roots of the spinal nerves (Fig. 

19-9A)13. The ventral roots soon16 show a tendency to 

unite and form plexuses (brachial and lumbosacral) for 

the innervation of the limbs (Fig. 18-10). Developing 

neurons in the spinal ganglia, which are at first bipolar 

(but later become pseudo-unipolar), send processes to 

the alar lamina (Fig. 19-9A) and also toward the pe¬ 

riphery14. These constitute the dorsal roots of the spi¬ 

nal nerves, on which the spinal ganglia are situated 

(Figs. 19-9A and 19-10). 



404 Chapter 19 THE NERVOUS SYSTEM 

Figure 19-8 Development of the spinal cord. The neural plate 
in A gives rise to the neural groove (B). The neural folds (C) 
meet and fuse, and the somatic ectoderm becomes continuous 
dorsally (D). The alar (A) and basal (B) laminae, shown in blue 
and red, respectively, are indicated in A-D. The sulcus limitans, 
situated internally and bilaterally, is at the junction of the alar 
and basal laminae. In E the three zones of the neural tube are 
marked (1) ventricular or ependymal, (2) intermediate or man¬ 
tle, and (3) marginal. F represents a subdivision (myelomere) 
of spinal cord to which a set of spinal roots is attached. (Those 
of only one side are shown.) The boundary between the blue 
and white areas in A, B, and C is the neurosomatic junction. 

Neurogenesis in the 

Spinal Cord 

Cells of the floor plate induce the development of mo¬ 

toneurons, which are formed in rostrocaudal and ven¬ 

trodorsal gradients. Motoneurons are the first cells to 

demonstrate expression of neuronal antigens; the first 

synapses are found here very early15 in the human 

(even earlier in the macaque14). Production of cells of 

the nucleus proprius starts after production of moto¬ 

neurons has begun. Sensory neurons in the substantia 

gelatinosa (for pain afferents) commence somewhat 

later. However, synapses representing connections be¬ 

tween primary afferents and interneurons of the sub¬ 

stantia gelatinosa are present early in the human em¬ 

bryo17. In ultrasonic studies, the first movements 

observed occur at 5¥2 postfertilizational weeks16. Neu¬ 

rons involved in autonomic function show late neu¬ 
rochemical maturation. 

Afferent fibers reach the dorsal horn well before 

their peripheral field (e.g., skin) expresses sensory pep¬ 

tides. This suggests that peripheral tissue does not di¬ 

rect the formation of central termination. Already at 6 

weeks17 the trigeminospinal tract invades the cervical 

cord, and the dorsal funiculus is prominent (Fig. 19- 

10). The tractus solitarius reaches the thorax19, and 

the tractus gracilis et cuneatus, medial lemiscus, cor¬ 

ticospinal tracts, and lateral spinothalamic tract are 

present at the end of the embryonic period23. 

Termination of the Spinal Cord 

At the end of the embryonic period23, the spinal cord 

still reaches to the end of the vertebral column (Fig. 

19-11A-C) but, during the fetal period, it “ascends” to 

sacral and then lumbar levels (Fig. 19-1 ID). Some de¬ 

differentiation of the caudal part of the CNS contrib¬ 

utes initially to the higher position. In the newborn 

(Figs. 18-14 and 19-1 ID) the cord ends at lumbar ver¬ 

tebra 3 and, in the adult (Fig. 19-11E), generally at 

LV1 or LV2. Based on MRI in the adult in vivo, the 

range is greater than previously suspected: TV11-LV3, 

and the dural sac, which ends at SV2, varies from SV1 
to SV4 (MacDonald et ah, 1999). 

The disproportion in growth between the spinal 

cord and the vertebral column results in increasing 

obliquity of the roots of the spinal nerves from lower 

cervical to coccygeal. The lower part of the vertebral 

canal, which no longer contains spinal cord, is occu¬ 

pied by the roots of nerves L2—Co.l. These are known 

collectively as the cauda equina (Latin, horse’s tail). 

The course followed by the end of the spinal cord (the 

conus medullaris, Fig. 19-12) is indicated by the filum 

terminale, a largely meningeal (pial) filament that is 
anchored to the coccyx. 
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Sulcus 

Figure 19-9. Formation of a spinal nerve. A. The developing spinal cord is shown dorsal to the future vertebral body, which 
surrounds the notochord. The neural crest gives rise inter alia to spinal and sympathetic ganglia. Processes of cells of the spinal 
ganglia will form the dorsal roots, whereas the ventral roots arise from cells within the neural tube. B. The components of a spinal 
nerve shown in further detail, including an intermediate neuron that connects the somatic afferent (blue) and efferent (red) neurons. 
A preganglionic fiber from the intermediolateral part of the mantle zone leaves the ventral ramus communicans to enter the 
sympathetic ganglion, where a postganglionic fiber arises (cf. the photomicrograph in Fig. 19-10). 1, ventricular or ependymal 

zone; 2, intermediate or mantle zone; 3, marginal zone. 

Lumbar puncture, that is, aspiration of cerebro¬ 

spinal fluid (CSF) by a needle, is possible without dam¬ 

age to the spinal cord because the ascent of the cord 

frees a portion of the subarachnoid space (between LV2 

and SV2), so that only nerve roots are encountered 

(Fig. 19-1 IE). 

The Spinal Meninges and 

VASCULARIZATION OF THE 

SPINAL CORD 

The development of the meninges is very compli¬ 

cated. The probable sources of the cells are: pre¬ 

chordal plate, unsegmented paraxial mesenchyme, 

mesectoderm (neural crest), segmented paraxial 

mesenchyme, neurilemmal cells (neural crest), and 

the neural tube. 
The loose tissue between the skeletal primordia 

and the neural tube15 begins to undergo cavita¬ 

tion18, and pia mater and dura mater become de¬ 

fined19-23. The future subarachnoid space begins to 

become cell-free during the embryonic period, al¬ 

though the arachnoid as such is not delimited until 

the fetal period. 

The spinal cord is supplied by (a) anterior19 and 

posterior21 spinal arteries derived from the vertebral 

vessels, and (b) multiple radicular arteries derived 

from segmental vessels. 

THE BRAIN 

The rostral portion of the neural tube becomes con¬ 

verted into the brain, the main divisions and subdivi¬ 

sions of which are summarized in Figure 19-13. The 

brain and spinal cord constitute the central nervous 

system. 
From a comparative viewpoint the forebrain 

comes to include the archipallium (hippocampal for¬ 

mation) and the paleopallium (limbic lobe and certain 

olfactory structures), as well as the neopallium (cere¬ 

bral cortex), which, in mammals, is an external cloak 

of gray matter. 
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FtGURE 19- 1C Sections through the neural tube. A. Scanning electron micrograph at 6 weeks17. The ventricular (1) and inter¬ 
mediate (2) zones of the neural tube can be seen, and the sulcus limitans (broad arrow) is evident. A spinal ganglion (G) shows 
on the right-hand side. Ventrally, the centrum of a cervical vertebra has formed around the notochord (small arrow), and a vertebral 
artery is visible on each side of the centrum. Courtesy of Prof. Dr. K.V. Hinrichsen, Bochum. B. Photomicrograph at 7 weeks19, to 
which the drawings in Fig. 19-9 correspond. The three zones of the neural tube are detectable, a spinal ganglion shows well on 
the left, and, also on that side, practically the entire formation of a (thoracic) spinal nerve can be traced. Sympathetic ganglia are 
visible on the ventrolateral aspect of the vertebral centrum, in which the notochord can be distinguished. The meninx primitiva is 
evident between the spinal cord and the vertebra. Ventrally, the aorta, esophagus, and parts of both lungs have been sectioned. On 
the right-hand side, a rib articulates with the neural arch. 

EXTERNAL FORM OF 

THE BRAIN 

The Embryonic Period 

The external development of the embryonic brain is 
shown in Figure 19-14. Rostrally the neural tube be¬ 

comes bent in three regions: (1) at the midbrain, the 

mesencephalic flexure, which has already appeared in 

the unfused neural folds (Fig. 6-10A)9; (2) a slight 

curve, the cervical flexure, situated at the junction of 

the brain and spinal cord13; and (3) in the opposite 

direction, i.e., convex ventrally, the pontine flexure in 
the hindbrain (Fig. 19-15C)14. 

The three main divisions of the brain (encephalon) 

can already be recognized in the unfused neural folds9: 

prosencephalon (forebrain), mesencephalon (mid¬ 

brain), and rhombencephalon (hindbrain). The fore¬ 

brain can soon10 be seen to comprise an end portion, 

the telencephalon, and an adjacent part, the dienceph¬ 

alon. The latter can be identified because it gives rise 

to the optic vesicles (Fig. 19-3). The attachments of 

the cranial nerves, particularly the trigeminal, presage 

the subdivision of the hindbrain into a rostral portion, 

the pons, and a caudal part, the medulla oblongata. 

When the cerebellum begins to develop13,14, it and 

the pons constitute the metencephalon, and the me¬ 

dulla is known also as the myelencephalon. The junc¬ 

tion of the hindbrain with the midbrain is relatively 

narrow and is known as the isthmus rhombencephali 
(Fig. 19-15C). 

The first part of the telencephalon to appear is 

median in position: the telencephalon medium or tel¬ 
encephalon impar. At 4V2 weeks, the lateral walls be¬ 

come domed14 and soon15 are recognizable as the fu¬ 
ture cerebral hemispheres (Fig. 19-15C). 

Median evaginations from the forebrain represent 

the epiphysis cerebri (pineal gland)16 (Fig. 19-16) and 

the neurohypophysis16. The optic stalk, which con¬ 

nects the optic cup to the diencephalon, becomes nar¬ 
rowed to form the optic nerve18. 

The cerebral hemispheres enlarge rapidly and be¬ 

gin to cover the diencephalon (Fig. 19-14B). Beyond 

the diencephalon, the medial surfaces of the expanding 

hemispheres face each other17"23 where the falx cerebri 

of the dura will develop later. Frontal and temporal 

poles gradually become recognizable in each hemi¬ 

sphere17"23, and an occipital pole begins to be detect¬ 

able19"23. An olfactory bulb becomes visible on the ven- 
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Figure Termination of 
the spinal cord. A. The spinal 
cord and the vertebral column 
are at first coextensive22. B. The 
cord is tapering markedly23. C. 
At 10 weeks the cord ends at 
about SV5 and the filum 
terminale continues into the 
coccygeal region. D. In the 
newborn the cord ends at LV3. 
E. In the adult the cord (conus 
medullaris) terminates at about 
LV1/LV2, but the subarachnoid 
space (shaded) continues to SV2 
and can be tapped by lumbar 
puncture (LP). The roots of 
sacral nerve 1 are shown. The 
increasing obliquity of these (as 
they descend to their exit 
between SV1 and SV2) and other 
roots of the cauda equina is 
caused by the increasing cord/ 
vertebral displacement. Sacral 
vertebra 1 is indicated in solid 
black. Modified after various 
sources. 

tral aspect (Fig. 19-16C) of each hemisphere19-23. The 

expansion of the hemispheres is not uniform, and the 

area between the frontal and temporal poles remains 

as a relatively depressed island known as the insula23. 

The Blood-Brain Barrier. Capillaries enter the 

mesencephalon and rhombencephalon early . Subpial 

vessels form in the prosencephalon15, penetrate the 

surface, and reach the ventricular layer16. The embry¬ 

onic blood-brain barrier is formed by (1) endothelial 

cells with tight junctions, (2) the basal lamina derived 

by fusion of the endothelial and neural laminae, and 

(3) perivascular glia, mainly astroglia showing highly 

impermeable tight junctions. 

The Fetal Period 

Externally, the most noticeable changes are as follows: 
(1) the developing cerebellar hemispheres become 

united early in fetal life, so that a median portion, the 

vermis, becomes visible; (2) the cerebral hemispheres 

continue to expand and, during the first half of pre¬ 

natal life, gradually cover the diencephalon and the 

mesencephalon, and later a part of the cerebellum; (3) 

at the same time the temporal and frontal poles ap¬ 

proach each other around the insula (Fig. 19-14D); (4) 

at about the middle of prenatal life, sulci begin to ap¬ 

pear on the surface of the hemisphere; (5) the insula 

becomes increasingly buried, so that, at birth, merely 

a lateral fossa indicates its presence, as in the adult, 
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Figure 19-12 Growth of the vertebral column and termination of the spinal cord. The column achieves a length of about 250 
mm at birth. Relative to the vertebral column, the conus medullaris ascends from the coccygeal to the lumbar region, and ends 
at LV3 at birth, most frequently at LV1/2 in the adult. Based mainly on F.P. Mall (in Keibel and Mall’s Manual, 1910) for the 
vertebral column and A. Barry (Anat. Rec., 1956, 126:97-110) for the spinal cord. 

The divisions, subdivisions, and cavities, as seen in an infant’s brain. All these parts become identifiable by 5 
postfertilizational weeks . The metencephalon consists of the cerebellum and pons. The myelencephalon is the medulla oblongata 
The brain stem comprises the midbrain, pons, and medulla. (The diencephalon is sometimes included.) The third ventricle is mainly 
m the diencephalon but is partly in the telencephalon. The central canal is mainly in the spinal cord but is partly in the medulla 
oblongata. 
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Figure 19-1 The external development of the brain. A. From 4 to 5 weeks in ascending order10 14. The optic and otic areas are 
shaded, and the mesencephalon is stippled. Some cranial ganglia are also shown. B. At 8 weeks . The insula is clearly indented. 
Almost the entire diencephalon is now covered by the cerebral hemispheres. A drawing by Mary M. Cope from a reconstruction. 
C. The development of the lateral ventricle from a C-shaped cavity, with anterior and posterior horns, to the appearance of the 
posterior horn at about 13 weeks. D. After the middle of prenatal life the sulci and gyri begin to become evident. The insula is 

shaded. 

where it is hidden by opercula; (6) the cervical, pon¬ 
tine, and mesencephalic flexures gradually become less 
evident, although the longitudinal axis of the cerebral 
hemispheres is set obliquely in relation to the brain 
stem throughout life (i.e., the “forebrain angle” is 
greater than a right angle). The main parts of the brain 
of an infant differentiate during the fetal period, but, 
as mentioned previously, are already identifiable at 5 
postfertilizational weeks15. 

The growth of the brain early during the fetal pe¬ 
riod is enormous (an increase of several hundred times 
its volume). After birth the weight doubles during the 
first 9 months and, by the sixth year, 90% of the adult 
weight is reached. The postnatal gain in weight is 
caused by the production of more glial cells; the for¬ 
mation of dendrites and the myelination of axons con¬ 
tribute to the increase of the neuropil. 

INTERNAL STRUCTURE OF 

THE BRAIN 

The Medulla and Pons 

The hindbrain is laid down as a series of modules 
named rhombomeres, which are genetically deter¬ 
mined by Hox and Pax genes. At least part of the Hox 
code expressed in any given rhombomere is also ex¬ 
pressed in the neural crest migrating from the rhom¬ 
bomere. Hox genes are expressed in a rostrocaudal 
pattern, whereas Pax genes are not. Rhombomeres are 
produced by a segmented pattern of cell proliferation, 
and the cells of adjoining rhombomeres do not mix 
with each other. Neural crest is given off by Rh.2, 4, 
6, 7, and 8. Cells for the visceral efferent component 
of at least nerves 5, 7, and 9, and for the somatic ef- 
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A. Scanning electron micrograph showing the left half of an embryo of 5 weeks15 (10 mm). The large cavity of the 
neural tube can be traced from the forebrain to the caudal portion of the spinal cord. Courtesy of Professor Dr. K.V. Hinrichsen, 
Bochum, and Springer-Verlag. B. A key drawing identifying various features. C. Five main subdivisions of the brain can be discerned 
at 5 weeks . From left to right the cervical, pontine, and mesencephalic flexures are indicated by arrows. 

ferent fibers of nerve 6 arise in two rhombomeres 
each. Motor cells from nerve 5 are from Rh.2 and 3 
(Rh.1-3 in the mouse); for nerve 7 from Rh.4 and 5; 
for nerve 9 from Rh.6 and 7; and for nerve 10 from 
Rh.7. 

The thin roof of the hindbrain (Fig. 19-14A), 
which becomes rhomboidal, is associated with sepa¬ 
ration of the alar laminae from each other. As a result, 
instead of being arranged dorsoventrally, the alar and 
basal laminae come to lie in the floor of the hindbrain 
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Cerebellar primordium 

Piq The brain at 6 weeks17. A. Right lateral view showing marked mesencephalic and pontine flexures. Included are 
cranial nerves 3 and 4, the trigeminal ganglion, and the optic cup. B. End-on view showing the cerebellar plate (Cbl), mesenceph¬ 
alon, diencephalon (with the epiphysis, Ep.), and cerebral hemispheres. C. Medial view. A and B, alar and basal laminae. A-H and 
N-H, adenohypophysis and neurohypophysis, which are followed by (2) chiasmatic plate, (3) lamina terminalis, (4,5) commissural 
plate, and (6) epiphysis cerebri (cf. Figs. 18-6 and 19-26). A and B from reconstructions drawn by Mary M. Cope and James F. 

Didusch, respectively. 

like the pages of an open book19 (Fig. 19-17B,C). As a 
consequence, the motor areas (basal laminae) are sit¬ 
uated medial to the sensory areas (alar laminae). Fur¬ 
ther details are provided below (Figs. 19-18, 19-19, and 

19-20). 
In the medulla, some cells from the alar laminae 

migrate ventrally to form pontine nuclei (olivoarcuate 
and pontine migration). The remainder develop into 

the nuclei cuneatus et gracilis and nuclei associated 
with cranial nerve 8 (SSA*) (Fig. 19-18). The cells of 
the basal lamina develop into nuclei of nerves 9-11 
(GVE and SVE) and 12 (GSE) (Fig. 19-18). 

*The abbreviations SSA etc. are explained in a list in Figure 19-18 

and on page 430. 
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Figure 19*1 The brain at 6 weeks19. X. Right lateral view of embryo. Y. The brain, showing part of the cerebellar plate projecting 
into the fourth ventricle. A-F. Sections through the spinal cord, medulla, pons, midbrain, diencephalon, and telencephalon. In B- 
D, the letters A and B are placed on the alar and basal laminae, respectively. The inset drawing shows the “open book” arrangement 
of the plates in the floor of the fourth ventricle. In D the crura cerebri are indicated in dashed outline because they do not appear 
until the fetal period. E. Section through the diencephalon as indicated in Y. In F the choroid plexus can be seen to be invaginated 
laterally into the lateral ventricle at the choroid fissure. G. The caudal segment after section along the plane GH in Y. The choroid 
fissure, interventricular foramina, and eminences of the corpus striatum are evident. The corpus callosum has not yet grown 
backward to cover the third ventricle. H. The rostral segment after section along the plane GH. This shows the rostral limit of the 
lateral ventricles. G and H after Hochstetter. 
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Figure 19-18. Chief functional components of the cranial nerves. The four categories found in the spinal cord are indicated on 
a schematic section of the brain stem (at the end of the embryonic period), which represents several levels. Three additional 
components are found in the cranial nerves: special visceral (1) and somatic (2, 8) afferent (special senses), special visceral afferent 
(taste- 7 9 10) and special visceral efferent (to muscles of pharyngeal arches). The afferent constituents are associated with the 
alar lamina, the efferent with the basal lamina. The grid shows the main components found in each of the cranial nerves from 3 
to 12 Nerves 3 4 6, and 12 are the somatic efferent group; nerves 5 to 10 supply the derivatives of the pharyngeal arches, l he 
parasympathetic component of nerve 3 is stippled, as is that of nerve 11. The vagus contains components that supply the muscles 

of the larynx and pharynx, the trapezius and sternomastoid. Cf. Table 19-5. 

It is possible to test the nuclei responsible for 
hearing at the level of the brain stem. Hearing is nor¬ 
mally demonstrated after 26 weeks of prenatal de¬ 

velopment. 

In the pons, the alar laminae form the cerebellar 

plates. They also contribute to the pontine nuclei 

(which later provide the transverse fibers of the 

pons and the middle cerebellar peduncles). The re¬ 

maining cells of the alar lamina form nuclei asso¬ 

ciated with cranial nerves 5 (GSA) and 7 (GSA, SVA, 

and GVA). The basal laminae form the tegmentum 

of the pons, and their cells develop into nuclei of 

nerves 7 (GVE, SVE), 5 (SVE), and 6 (GSE). Most of 

the cranial nerves are present by 6 weeks17 (Fig. 19- 

21). At the end of the embryonic period23, apart 

from positional changes, the cranial nerves resem¬ 

ble those of the adult. Monoamine-synthesizing 

neurons appear in the brain stem during the em¬ 

bryonic period. 
The rapid development of the rhombencepha¬ 

lon suggests an early onset of functional activity, 

and the first synapses have been found at 14 mm in 

its vicinity, namely, near the dorsal funiculus of the 

cervical cord. Moreover, the presence of receptors in 

the nasal and laryngopharyngeal epithelium23 could 

well be another functional indication. Furthermore, 

early electrical recordings (at 16 mm in an embryo 

from a tubal pregnancy, Borkowski and Bernstine, 

1955) have been attributed to activity in the brain 

stem. The neocortex, however, is not far behind: 

synapses in the primordial plexiform layer have 

been detected17 even before the appearance of the 

cortical plate21. It is important to appreciate that 

functional activity can begin before morphological 

organization is far advanced. 
Neurotransmitters and their pathways are ex¬ 

tremely important in the development of the brain. 

One of the earliest production sites in the human 

embryo is the locus caeruleus14, which projects to 

the telencephalon19’20 and has been shown in ani¬ 

mals to influence the development of the cortical 

areas. Later neurotransmitters are important for the 

formation of synapses. Other early developing neu¬ 

rotransmitter areas are the substantia nigra18, the 

interpeduncular nucleus15-20, the nuclei of the basal 

forebrain19-21, and the raphe nuclei of the rhom¬ 

bencephalon. Special methods in animals have re- 
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The formation of the ganglia 
of several important cranial nerves. Schematic 
right lateral view at about 41/? weeks12 and four 
cross sections, A-D. Areas of neural crest give 
rise to the main, proximal portions of the 
ganglia of nerves 5, 7, 9, and 10 (shaded light 
gray in the lateral view and containing vertical 
ovals in the sections). The material of the 
epipharyngeal discs is incorporated in the 
ectodermal ring (Fig. 18-23A), which then 
contributes epipharyngeal cells (represented by 
small, white, horizontal ovals in A-C) to the 
distal portions of the ganglia of the cranial 
nerves. Opt., optic vesicle; Ot., otic vesicle; UL, 
upper limb bud; 1-4, pharyngeal arches. Based 
on reconstructions by the authors. 

vealed that the fibers of the cells of the above- 

mentioned nuclei reach the cerebral hemispheres in 

the embryonic21-23 and early fetal periods. In the 

human, dopaminergic neurons are detectable in the 

ventricular zone of the midbrain at 5 weeks; axonal 

extensions and the nigrostriatal bundle can be dis¬ 

cerned at 6 weeks. All these sites are relevant to 

questions of transplantation, e.g., of the ventral teg¬ 

mental area and of the substantia nigra19 in paral¬ 

ysis agitans (Parkinson disease). 

The Cerebellum 

The cerebellum arises bilaterally from the alar laminae 
of the metencephalon14. Each cerebellar primordium 
at first projects partly into the fourth ventricle (Figs. 
19-16C and 19-17C). Early in the fetal period, the two 
cerebellar primordia “unite” dorsally to form a me¬ 
dian, worm-like portion (Fig. 19-22) known as the ver¬ 
mis (Latin, worm). The lateral parts, or cerebellar 
hemispheres, expand rapidly and, before the middle of 
prenatal life, begin to acquire fissures. The earliest of 
these (the posterolateral fissure) separates the main 

body of the organ rostrally from the flocculonodular 
lobe caudally. The latter is the vestibulocerebellum 
(archicerebellum),* whereas the body (corpus) con¬ 
sists of the spinocerebellum (paleocerebellum) ros¬ 
trally and the (cortico-)pontocerebellum (neocerebel¬ 
lum) caudally. It should be noted that the cerebellum 
begins bilaterally and then forms a median compo¬ 
nent, whereas the telencephalon begins as a median 
portion and then develops bilateral hemispheres. Fis- 
suration and lobulation in the cerebellar hemispheres 
begins one or two months later than in the vermis. 
Increase of the cerebellar surface is caused mainly by 
extensive proliferation in the external germinal layer. 

The cerebellum becomes connected to the mid¬ 
brain, pons, and medulla by bundles of fibers termed 
the superior, middle, and inferior cerebellar peduncles, 

*The prefixes archi- (meaning principal or first), paleo- (meaning 
ancient), and neo- (meaning new or recent) are Greek roots that 
are sometimes placed before such terms as cerebellum, (cerebral) 
cortex, and pallium (Latin, mantle, used for the cerebral cortex). 
They refer to phylogenetic considerations. 
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L9-2C Development of vagal and geniculate ganglia at 4‘/2 weeks12. The superior or proximal components arise from neural 
crest, whereas the inferior or distal portions come from epipharyngeal discs. A. Section through rhombomere 7 and the pharynx, 
showing the superior ganglion (Sup.) from neural crest and the inferior ganglion (Inf.) from the epipharyngeal disc (asterisk) of 
pharyngeal arch 3. B. A more rostral section through part of the otic vesicle of the same embryo, showing the geniculate (facial) 
ganglion from both neural crest (Sup. and Inf.) the epipharyngeal disc (asterisk) of pharyngeal arch 2. Ao„ aorta, aortic; OPh., 

oropharyngeal membrane; Ot., otic vesicle; Rh., rhombomere; asterisk, epipharyngeal disc. 

respectively. Myelination of the peduncles follows the 
order in which they develop; it begins in the inferior 
during trimester 2, then in the superior, and last in 

the middle, shortly before birth. 

Histogenesis of the Cerebellar Cortex 

The cerebellar cortex first develops from the ger¬ 

minal cells of the alar lamina. Toward the end of 

the embryonic period18-23, cells are added from the 

rhombic lip. The rhombic lip is the dorsolateral part 

of the alar lamina, and it forms a proliferative zone, 

as it does in other portions of the rhombencephalon 

(Fig. 19-23). Cells of the rhombic lip reach the su¬ 

perficial aspect of the cerebellum to form the ex¬ 

ternal germinal (or granular) layer at the end of the 

embryonic period (Fig. 19-24A')23- This layer, which 

is a specific feature of the cerebellum, is present 

until near the end of the second postnatal year. The 

granule cells that arise from it have to migrate to 

their deeper, definitive site beyond the piriform 

(Purkinje) cells during trimesters 2 and 3 (Fig. 19- 

24C). They move along the processes of (Bergmann) 

radial glial cells, astroglial in type. The cells of the 

external germinal layer give rise also to basket and 

stellate cells, but postnatally that layer ceases to ex¬ 

ist as such. Persistent nests may form a neoplasm 

(medulloblastoma). In the fetal period further pro¬ 

liferation and migration of the external germinal 

cells provide the internal granular layer (Fig. 19- 

24C,C'), which, situated deeply in the marginal 

zone, constitutes the definitive granular layer of the 

cerebellar cortex. At its superficial limit, the piri¬ 

form neurons, which are derived from the ventric¬ 

ular layer (Fig. 19-24B,B'), develop. Externally, the 

molecular layer of the postnatal cortex contains few 

cells and consists mostly of dendrites and axons 

(Fig. 19-24D). Cells in the intermediate (mantle) 

layer give rise more deeply to the dentate and other 

cerebellar nuclei, which are situated in the medul¬ 

lary core, or white matter, of the organ (Fig. 19- 

24C,D). The axons of the piriform neurons synapse 
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Development of 
the cranial nerves. Right lateral 
view of the brain at 6 weeks17, 
when almost all cranial nerves 
have appeared. Nerves 5, 7, and 9 
are associated with pharyngeal 
arches 1, 2, and 3 (green, yellow, 
and blue) respectively. Nerves 10 
and 11 supply the more caudally 
situated region. The three divisions 
(ophthalmic, maxillary, and 
mandibular) of the trigeminal 
nerve are clearly delineated. The 
chorda tympani is a branch of the 
facial nerve. It joins the lingual, 
which arises from the mandibular 
nerve. Based partly on 
Blechschmidt. 

in the deep nuclei, from which efferent fibers grow 

into the midbrain as the superior cerebellar pedun¬ 

cles. Fibers to the cerebellum from the vestibular 

organs and the spinal cord travel in the inferior cer¬ 

ebellar peduncles. Those from the cerebral cortex 

relay in the pons, which sends fibers to the cere¬ 

bellum by way of the middle cerebellar peduncles. 

The Mesencephalon 

The part of the midbrain dorsal to the aqueduct be¬ 
comes the tectum (colliculi), which is derived from the 
alar laminae (Fig. 19-17D). Ventral to the aqueduct, 
the basal laminae form the tegmentum, in which the 
nucleus of cranial nerve 3 (general somatic efferent 
and general visceral efferent) develops. The nucleus of 
nerve 4 (general somatic efferent) appears in the isth¬ 
mus rhombencephali. It is uncertain whether the red 
nuclei and the substantia nigra are derived from the 
basal laminae or, by migration, from the alar laminae. 
On the ventral aspect of the midbrain, a large mass of 
descending fibers develops bilaterally during the fetal 
period to form the crus cerebri (Fig. 19-17D). These 
fibers are corticospinal (pyramidal) and corticonuclear. 
The decussation of the unmyelinated corticospinal 
tracts is present at the end of the embryonic period23. 
The crura, together with the substantia nigra and teg¬ 
mentum, constitute what are termed the right and left 
cerebral peduncles. 

Thus, the midbrain can conveniently be subdi¬ 
vided as follows: 

Tectum (colliculi) 
Aqueduct 

Cerebral peduncles 
Tegmentum 
Substantia nigra 
Crus cerebri 

The Diencephalon 

The prosencephalon consists of the diencephalon and 
the telencephalon. The sulcus limitans does not extend 
further rostrally than the midbrain15 in the human 
(Fig. 19-25C) so that subdivision of the forebrain into 
alar and basal laminae is not justified. 

The most prominent feature of the diencephalon 
is a swelling known as the dorsal thalamus (Figs. 19- 
17E and 19-25D), which appears on each side at 5 
weeks16. Other important features include the chias¬ 
matic plate (Fig. 19-25) and the neurohypophysis (of 
the pituitary gland) in its floor (Fig. 19-25F), and the 
epiphysis cerebri (pineal gland) in its roof (Figs. 19-16 
and 19-25C). Further details are given below. 

The walls of the diencephalon show several longi¬ 

tudinal zones15"16, which differ from each other in 

speed of development and mitotic pattern. The chief 

zones, from dorsal to basal, are the epithalamus 

(which includes the epiphysis and the habenular nu¬ 

clei), the dorsal thalamus (which is simply “the” 

thalamus of adult neuroanatomy), the ventral thal¬ 

amus, the subthalamus, and the hypothalamus. The 

two last named are ventral to the hypothalamic sul¬ 

cus (Fig. 19-17E). The hypothalamus includes the 

mamillary bodies and the hypophysis cerebri, or pi¬ 
tuitary gland (Fig. 19-25F). 

The optic chiasma, which is in the floor of the 

diencephalon (Fig. 19-25), is indicated very early as 
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Figure 19-22. Dorsal views and 
median sections of the 
cerebellum at (A) 8 weeks, (B) 13 
weeks, (C) 14 weeks, and (D) 19 
weeks. The areas shaded black 
represent the fourth ventricle. A 
(30 mm) shows the first fissure 
to appear, the posterolateral. In 
B' (95 mm) the posterolateral 
fissure and the nodule have 
become identifiable medially, and 
the fissura prima (1) has 
appeared. In C' (120 mm) the 
fissura secunda (2) has developed. 
In D (180 mm) various folia and 
fissures (including the horizontal) 
are now distinguishable. The four 
fissures mentioned all appear 
during trimester 1. The 
flocculonodular lobe 
(vestibulocerebellum) is the 
archicerebellum. The 
paleocerebellum 
(spinocerebellum) is mostly 
hidden in this view. The 
neocerebellum (pontocerebellum) 
consists of the lateral portions of 
the cerebellar hemispheres. FN, 
flocculonodular lobe; PL, 
posterolateral fissure; H, 
horizontal fissure; V4, fourth 
ventricle; 1, fissura prima; 2, 
fissura secunda. Modified from 
Streeter in Keibel and Mall. 

Figure 19-23. Transverse section of one half of the 
rhombencephalon at 7 weeks20. A median sulcus is visible 
toward the left, followed (toward the right) by the basal lamina, 
the sulcus limitans, the alar lamina, the rhombic lip (white 
arrow in Fig. 19-24A'), and a portion of the roof plate that 
covers the fourth ventricle (cf. Fig. 19-17B). 
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Hgure 19-24 Development of the 
cerebellum. A. Early in the fetal 
period the wall of the cerebellum 
possesses an external germinal layer 
peripherally; it continues to be 
formed by addition of cells from the 
rhombic lip (white arrow in A'). The 
ventricular layer provides piriform 
(Purkyne or Purkinje) cells (black 
arrow). B. Formation of piriform 
cells continues. C. Toward the end of 
the fetal period, cells from the 
external germinal layer migrate 
internally and form the internal 
granular layer. The ventricular layer 
gives rise to the deep nuclei. A'-C' 
are sagittal sections. D. Adult 
structure, showing the dendrites (d) 
and axon (a) of one piriform cell. The 
external germinal layer has 
disappeared. The molecular, 
intermediate, and granular layers, as 
well as the deep nuclei, are 
represented schematically by 
stippling. P, layer of piriform cells. 
A-D after Jacob. 
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the chiasmatic plate10, and later it contains decus¬ 

sating as well as uncrossed nerve fibers19-23. The 

posterior commissure, situated dorsal to the rostral 

end of the aqueduct, develops early17. The epiphysis 

cerebri, or pineal body, appears as a small, local 

evagination of the diencephalic roof (Fig. 19- 

16B,C)16 and later acquires a thick wall. The medial 

and lateral geniculate bodies (the metathalamus) 

also become distinguishable in the embryonic pe¬ 

riod. The (dorsal) thalamus increases greatly in size 

and bulges toward that of the opposite side, with 

which it commonly fuses during trimester 2 to form 

an intermediate mass known as the interthalamic 

adhesion. The adhesion is found more frequently in 

females. Nuclear groups of cells become discernible 

in the intermediate (mantle) layer during trimester 

2, and numerous well-defined nuclei are present in 

the second half of prenatal life. Nuclei develop also 

in the hypothalamus. Hypothalamo-adenohypophy- 

sial neurohumoral regulation begins probably in tri¬ 

mester 2; gonadotropin-releasing activity has been 

detected at mid-term. The time at which the human 

brain becomes sexually differentiated is unclear, but 

differentiation probably begins perinatally. Gonadal 

steroids affect the developing (and adult) brain 

through protein receptor sites that interact directly 

with the genome. They influence cortical develop¬ 

ment as well as hypothalamic differentiation. Male 

and female brains are thereby programmed to re¬ 

spond differently to the same hormones. The result 

is that steroids acting on the brain during a critical 

period of development can influence its future neu¬ 

roendocrine function. 

A comparison between embryonic and adult dien¬ 
cephalic structures is shown in Figure 19-26. 

The Telencephalon 

The term basal nuclei is best reserved for the 
basal structures affected pathologically in so- 
called extrapyramidal motor diseases, i.e., the 
corpus striatum, the subthalamic nucleus, and 
the substantia nigra. The inclusion of the claus- 
trum and the amygdaloid body, however, has lit¬ 
tle to recommend it. 
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Figure 19-25. Commissures of the brain. The upper row shows median reconstructions at 4V2 weeks (A13 and B14), 5 weeks (C16), 
and 11 weeks (D). The optic chiasma is shown in black and the commissural plate in blue. Within the latter the anterior commisure 
and the corpus callosum develop (D). The sulcus limitans ends in the midbrain (C). In C, points X (mamillary recess), Y (preoptic 
recess), and Z (near the interventricular foramen) are sites in which the sulcus limitans was formerly thought to end, according 
to three different theories. The lower row shows similar views at (E) 13 weeks, (F) 15 weeks, and (G) birth. The corpus callosum 
continues to grow posteriorly and comes to cover the third ventricle. In doing so, a layer (b) of pia mater is reflected backward 
over the original layer (a), so that a double fold (velum interpositum, a + b) is formed. Between the two layers, blood vessels can 
pass forward beneath the corpus callosum (through the tranverse fissure) and contribute to the tela choroidea of the third ventricle. 
The (“adult”) lamina terminalis extends between the corpus callosum and the optic chiasma (in G). The remainder of the com¬ 

missural plate is represented by the septum pellucidum. D—F based on Hochstetter, G on Tilney. 

Each cerebral hemisphere at first consists mainly 
of a thick basal portion, which gives rise to the corpus 
striatum, and a thin part termed the pallium (Latin, 
mantle), which is the future cerebral cortex (Fig. 19- 
17G). The greater portion of the cortex is multilayered 
and is known as the neopallium or neocortex. 

The corpus striatum is named from the striated 
appearance of the alternating white and gray matter 
that connects its main parts (the caudate nucleus and 
putamen) rostrally. The primordium of the corpus 
striatum, as a result of proliferation of germinal cells, 
bulges into the floor of the lateral ventricle. 

As the internal capsule develops22 23, its fibers 
separate incompletely: (1) the caudate nucleus 

from the putamen, both telencephalic derivatives 
(Figs. 19-27G and 19-28), and (2) the thalamus 
and subthalamus from the globus pallidus, both 
essentially diencephalic derivatives (Figs. 19-27G 

and 19-29B). 

Medially, each pallial wall projects into the corre¬ 
sponding lateral ventricle along a line termed the 
choroid fissure (Figs. 19-17F and 19-27C,D), which 
begins at the interventricular foramen (Fig. 19-30). 
The fissure becomes considerably elongated as the ce¬ 
rebral hemisphere grows caudally, and it curves in 
conformity with the development of the temporal 

lobe. 
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FIGURE 19-26. Comparison, between an embryo of 6 weeks17 
and an adult, of commissures and other features as seen in 
median section. 

Associated with the growth of the relatively fixed 
corpus striatum and the expansion of the cere¬ 
bral hemispheres in a curved direction to form 
the temporal lobes, a number of structures de¬ 
velop in a C-shaped manner (Fig. 19-29A,C). 
These include (1) the caudate nucleus; (2) the 
fornix and its continuation, the fimbria; (3) the 
lateral ventricle (from anterior to inferior horn), 
the choroid plexus, and the choroid fissure 
through which it passes; (4) the hippocampus 
and dentate gyrus, the rostral portions of which 
are later found as merely a remnant, the indu- 
sium griseum; and (5) the corpus callosum, 
which halts (as the splenium) without descend¬ 
ing into the temporal lobe. 

Hence it is possible for a section to pass twice 
through these features (Fig. 19-29D). Further details 
of the telencephalon are given below. 

The corpus striatum appears as medial and (mainly) 

lateral elevations (Fig. 19-28). The medial ventric¬ 
ular eminence14, smaller and derived from the di¬ 

encephalon, is involved in the formation of the 

amygdaloid body. The globus pallidus is derived 

from a nearby area of the diencephalon. Although 

the amygdaloid body begins from the medial ele¬ 

vation, telencephalic components are believed to be 

added. The lateral ventricular eminence15-18, larger 

and derived from the telencephalon, is concerned 

with the formation of the putamen and the caudate 

nucleus. Although the thalamus is essentially dien¬ 

cephalic in origin, during the fetal period it acquires 

cells that migrate from the lateral eminence. 

The corpus striatum develops first near the in¬ 

terventricular foramen (Figs. 19-17F and 19-30). Its 

eminences become elongated, however, as the ce¬ 

rebral hemisphere grows caudally (Fig. 19-27). The 

caudate nucleus in particular bulges into the ante¬ 

rior horn and central part of the lateral ventricle 

but also curves into the temporal lobe to lie in the 

roof of the inferior horn (Fig. 19-29D). 

Subdivisions of the Cerebral Cortex 

A complex formed by the parahippocampal gyrus, 
the subiculum, the hippocampus, and the den¬ 
tate gyrus is called the hippocampal formation. 

The hippocampal formation is considered to be the 
archipallium. Its primordium is indicated early in the 
dorsomedial wall of the telencephalon, where a re¬ 
stricted area develops a marginal layer14 and becomes 
accompanied by a bulging of the cerebral wall into the 
ventricle (Fig. 19-17F-H)15. The hippocampal forma¬ 
tion comes to lie external to the choroid fissure (Fig. 
19-17F-H). Further development is delayed and the 
migratory phase does not begin until later in the em¬ 
bryonic period. In the fetal period, as the neopallial 
cortex develops and the corpus callosum appears, the 
hippocampal area retreats caudally along the dorso¬ 
medial wall of the hemisphere, except for remnants 
(the indusium griseum and longitudinal striae) that 
are left above the corpus callosum (Fig. 19-29C). The 
hippocampal area becomes rolled in on itself along the 
hippocampal sulcus. The hippocampus, which is car¬ 
ried into the temporal lobe, then forms an eminence 
that projects from the sulcus laterally into the inferior 
horn of the lateral ventricle. The efferent system of the 
hippocampus is the fornix, which arches over the thal¬ 
amus (Figs. I9-29C and 19-31). 
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Figure 19-27. Schemes of the developing lateral ventricle and corpus striatum. A. Sagittal plane of a lateral ventricle showing 
the future corpus striatum in its floor. B. Growth of the corpus striatum upward and backward is associated with the formation 
of anterior and inferior horns of the ventricle23. C shows the position of the interventricular foramen and the choroid fissure. D. 
The pallium has thickened and the amygdaloid body is identifiable. E. The components of the corpus striatum: lentiform and 
caudate nuclei. F. Fibers have been added, which constitute successively the corona radiata, internal capsule, and crus cerebri. The 
internal capsule passes between the lentiform and caudate nuclei. G. A scheme of the corpus striatum, showing its diencephalic 
and telencephalic parts. The term “striatum” is more restricted than corpus striatum. A-D based on Frazer. 

Certain portions of the cerebral cortex on the me¬ 
dial and basal aspects of the hemisphere (cingulate and 
parahippocampal gyri, uncus and septal areas, and ol¬ 
factory tubercle and bulb) are referred to collectively 
as the paleopallium, an indication of which can be de¬ 
tected very early15. The cingulate and parahippocampal 
gyri constitute the limbic lobe (Latin, limbus, a border, 
in this case the border largely surrounding the attach¬ 
ment of the brain stem to the cerebral hemispheres). 
The term limbic system is used for the limbic lobe 
combined with associated subcortical nuclei, e.g., the 
dentate gyrus, amygdaloid body, and anterior nucleus 

of the thalamus. 
Most of the cerebral cortex visible from the surface 

is termed the neopallium. Its site can be identified as 
soon as the cerebral hemispheres begin to form and it 
becomes clearly defined by the cortical plate 4 weeks 

later21. 

Histogenesis of the Cerebral Cortex 

The early events of neuronal and glial formation have 

been described in Chapter 10. 

The neurons that arise from the ventricular zone 

differentiate. The progression from a neuroepithelial 

cell to a specific neuron is programmed by specific 

genes, and the different types of receptor of a neu¬ 

ron “answer” specific transmitters. Thyroid hor¬ 

mone receptors are important for normal develop¬ 

ment of the brain. The specific genes regulated by 

the receptors during development are incompletely 

known. Axonal growth is influenced and directed by 

complex molecular and cellular mechanisms. Ad¬ 

hesion, guidance, migration, and growth combine 

to direct the axonal growth to its targets. Three 

phases have been distinguished: (1) initial elonga¬ 

tion; (2) collateral sprouting of branches from the 

main trunk to contact and synapse on the cells of 

their several target zones; and (3) an experience- 

driven pruning of extraneous connections so that a 

functional circuitry is established. It is thought that 

half of the neurons during synaptogenesis undergo 

apoptosis. This is partly regulated by epigenetic in¬ 

fluence such as neurotrophic factors, and a dereg¬ 

ulation of the normal apoptotic events could cause 

neurodegenerative diseases. Dead neurons are re¬ 

newed in the olfactory epithelium where replace¬ 

ment occurs throughout life. 

Dormant neural stem cells are present in the 

adult mammalian brain and are capable of forming 

neurons and glia. A pool of progenitor cells within 

the dentate gyrus continues to produce new granule 
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8. Scheme of the basal nuclei showing the development of their diencephalic and telencephalic components. Stages 
of appearance are also included. Late in the embryonic period, the amygdaloid body as well as the globus pallidus externus moves 
into telencephalic territory. From R. 0 Rahilly and F. Muller, 1999. The Embryonic Human Brain, 2nd ed. New York: Wiley-Liss. 

cells throughout life. Factors that control the dif- 

ferentiaiton of fetal stem cells to neurons and glia 

have been defined in vitro. Neuroepithelial cells 

have the potential to become integrated into many 

regions of the brain. To be considered a stem cell 

in the CNS, a cell should have the potential to dif¬ 

ferentiate into neurons, astrocytes, and oligoden¬ 

drocytes, and to be capable of sufficient self-renewal 

to provide adequate numbers of cells in the brain. 

Neurons and glia may be derived from a common 

embryonic precursor cell. The adult nervous system 

also contains multipotential precursors for neurons, 

astrocytes, and oligodendrocytes. 

A primordial plexiform layer develops early15. It 
represents mostly the marginal layer (Fig. 19-32B), 
and it consists of afferent fibers and scattered neurons 
(Cajal-Retzius cells). The cells mature rapidly. Cells 
from the germinal (ventricular) zone then migrate su¬ 
perficially to form an intermediate layer (Fig. 19-32C) 
and later a cortical plate (Fig. 19-32D)21. This plate, 

which develops within the primordial plexiform layer 
(according to recent studies), is established by neu¬ 
ronal migration of cells formed in the ventricular 
layer, and the early neurons in it follow glial fibers as 
guides. Each neuron comes to rest external to its pre¬ 
decessor (the “inside-out rule”; see also Chapter 10). 
The neurons of layer 1 and of the subplate, however, 
arise and mature much earlier than the cells of the 
cortical plate. They follow an “outside-in” arrange¬ 
ment. The formation of the cortical plate takes place 
from approximately 7 to 16 weeks. Layers 2-6 develop 
from the cortical plate. The zone adjacent and internal 
to the cortical plate is the subplate (or subcortical 
plate or secondary cortical zone of some authors). 

The subplate and the primordial plexiform layer 

contain the earliest postmitotic cells of the neopal¬ 

lium; these cells are also targets of the earliest dis¬ 

tributed monoaminergic fibers to the cerebral cor¬ 

tex. The fibers are from the locus caeruleus and 
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Figure 19-29. Scheme to show development of C-shaped structures, corpus striatum, and internal capsule. A. Medial view of right 
cerebral hemisphere early in the fetal period (12 weeks, 80 mm). The fornix and the choroid fissure have begun their C-shaped 
course, but the corpus callosum has not yet grown backward. A section along the plane X would pass through the fornix and 
choroid fissure. B. A section approximately along the plane X shows that the longitudinal fissure between the cerebral hemispheres 
leads directly onto the roof of the third ventricle. The internal capsule (which contains the corticospinal fibers) is shown by two 
red arrows and is seen to pass between two telencephalic components (caudate nucleus and putamen) and then between two 
diencephalic components (thalamus and globus pallidus). The dotted rectangle corresponds to an area of cerebral cortex such as 
that shown in Fig. 19-32D. C. Part of medial surface of adult brain. The relations seen here are already established late in the fetal 
period Further extension of C-shaped features (e.g., the fornix and its continuation, the fimbria; the choroid fissure) means that 
a section behind and paralled to Y would pass twice through each feature. The choroid fissure (interrupted red line) lies beneath 
the fornix; in the inferior horns of the lateral ventricles, however, it lies above the fimbria. D. A section approximately along the 
plane Y shows similar relationships to those seen in B with regard to the internal capsule and corpus striatum. The internal capsule 
(arrow) begins above (as the corona radiata) and, after passing through the corpus striatum, is continued as fibers that enter the 
crura cerebri (of the midbrain) and descend through the pons and medulla oblongata. Because of the backward growth of the 
corpus callosum, the longitudinal fissure leads down to that body, which now overlies the ventricular system. Telencephalic com¬ 
ponents are shown in red, diencephalic parts in blue. The fornix and hippocampus are indicated in yellow. A based on Keibel and 

Mall, B on Hochstetter. 
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FIGURE 19-30. Oblique section through one cerebral hemi¬ 
sphere at 7 weeks20. The third ventricle (below) can be seen to 
communicate by the interventricular foramen with the lateral 
ventricle, which contains a prominent choroid plexus (consist¬ 
ing of ependyma and tela). The line of invagination (near the 
median plane) of the plexus into the ventricle is the choroid 
fissure. The darkly stained swelling below the interventricular 
foramen comprises the medial and lateral ventricular emin¬ 
ences (future basal nuclei) (cf. Fig. 19-17F). 

from the mesencephalic tegmentum. Noradrenergic 

fibers from the rhombencephalic raphe nuclei reach 

the subplate toward the end of the embryonic pe¬ 

riod. Subplate cells are important in guiding tha¬ 

lamic projections. Most of the subplate neurons are 

transient and disappear near and after birth. 

The ventricular zone becomes ependyma (and 

possesses ciliated columnar cells at about 10 weeks), 

the intermediate zone is converted into the subcor¬ 

tical white matter, and the external part of the orig¬ 

inal marginal zone is transformed into the molec¬ 

ular (or plexiform) layer of the cortex (Fig. 19-32E). 

A six-layered neopallium has developed at 7-8 

months. At 8 months, the cytoarchitecture of the 

neopallium is comparable to that of the adult pat¬ 
tern. 

A poorly understood and transient feature of 

the hemispheres is the subpial granular layer that 

develops in the operculo-insular region as a thin 

cellular condensation of the external surface early 

in trimester 2. Its neurons and the Cajal-Retzius 

cells of the primordial plexiform layer produce ree- 

lin, which is essential for neuronal migration and 

cortical lamination. Cajal-Retzius cells and the sub¬ 

pial granular layer are particularly prominent in the 

developing human brain. 

The earliest synapses seen in the human brain 

develop during the embryonic period proper17 

(Choi, 1988). They are of the axodendritic type and 

are located in the primordial plexiform layer of the 

future neopallium. At 10 weeks, synapses (mostly 

immature) are present peripherally and internal to 

the cortical plate exclusively. Synapses within the 

cortical plate are seen between 19 and 23 weeks. 

GABA-positive neurons are found before synapses 

are noted in the primordial plexiform layer and in 

the subplate. The synapses at birth are still imma¬ 

ture; morphological characteristics of maturity are 

reached between 6 and 24 postnatal months. During 

development of the brain, connections must be suf¬ 

ficiently precise to accommodate the changing 

needs of the developing organism. Hence appropri¬ 

ate connections must be established and retained, 

although superfluous or erroneous connections 

must be eliminated. After birth the number of syn¬ 

apses increases until about 7 years and then starts 

to decline. However, new synapses can form 

throughout life, especially in the parahippocampal 

region. A transient overproduction of synapses oc¬ 

curs. Behavioral competence continues to increase 

beyond the stage of excessive synapses, which sug¬ 

gests that full functional maturation may be related 

to elimination of synapses. The times of appearance 

of the formation and elimination of synapses seem 

to vary according to the cortical region. Near the 

end of trimester 2, thalamocortical fibers penetrate 

the cortical plate; synaptogensis in the plate, al¬ 

though it occurs only after the middle of trimester 
2, is extensive. 

Functional interactions of the immature organ¬ 

ism with the external environment are critical for 

establishing normal synaptic connections in the de¬ 

veloping brain. Patterns of brain connections are 

genetically determined but can be altered by various 

influences from the outside world. Immature con¬ 

nections require functional validations; experience 

may play a role in determining which of the origi¬ 

nally present connections will survive. 

Commissures 

The chiasmatic plate (future optic chiasma) is a bridge 
between the optic primordia across the median plane 
(shaded black in Fig. 19-25). The embryonic lamina 
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Figure 19-31. Magnetic resonance image (MRI) of head of 3-year-old child. It is necessary to appreciate that a number of the 
white areas represent either fat or bone marrow, whereas solid bone does not produce signals. Courtesy of Marvin D. Nelson, M.D., 

Children’s Hospital, Los Angeles, California. 
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Figure 19-3 Formation of the 
cerebral cortex. To the ventricular 
zone with several rows of cells (A), a 
marginal zone (B) is added. This 
stratum is also called the primordial 
plexiform layer because it contains 
long fibers, which, early in the 
embryonic period14,15, arrive from the 
brain stem. In addition, it contains 
early maturing horizontal cells (of 
Cajal-Retzius). Those cells are 
derived from the ventricular layer. C. 
Between marginal and ventricular 
zones an intermediate layer is added. 
It consists of cells that migrated 
peripherally from the ventricular 
layer. D. Toward the end of the 
embryonic period21, the cortical plate 
(blue) begins to form within the 
primordial plexiform layer. E. The 
definitive cerebral cortex, as seen in 
the adult, contains 6 layers, layers 2- 
6 of which are derived from the 
cortical plate. A giant pyramidal cell 
is shown in layer 5, and its apical 
dendrite (a.d.) and axon (a) are 
indicated. D' Medial view of the left 
half of the brain at 8 weeks23. The 
rectangle in dotted outline is the area 
shown in Figure 19-24A'. 

Layers 

1. Molecular 

2. External 
granular 

3. External 
pyramidal 

4. Internal 
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5. Internal 
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Subplate 

Subcortical 
white 
matter 

Ependyma 

terminalis is the median wall of the telencephalon ros¬ 
tral to the chiasmatic plate. 

The commissural plate appears as a thickening in 
the embryonic lamina terminalis (Fig. 19-25D), and 
the remainder of the lamina then constitutes the adult 
lamina terminalis (Fig. 19-25G). The anterior com¬ 
missure and the corpus callosum develop in the com¬ 
missural plate. 

The commissural plate, which is an integral part of 

the telencephalon medium, is the route by which 

fibers pass from one cerebral hemisphere to the 

other. The chief derivatives of the commissural plate 

are (1) the anterior commissure, which appears at 

the end of the embryonic period23 or early in the 

fetal period, and later connects the right and left 

temporal lobes with each other; (2) the commissure 

of the fornix (or hippocampal commissure), which 

appears several weeks later (Fig. 19-25F) and comes 

to connect the right and left crura of the fornix with 

each other; and (3) the corpus callosum, which ap¬ 

pears early in the fetal period and connects the ce¬ 

rebral hemispheres with each other (Fig. 19-25D). 

In a median section of the forebrain, the fol¬ 
lowing can be seen in sequence, prenatally as 
well as postnatally (Fig. 19-26): (1) neurohy¬ 
pophysis, (2) optic chiasma, (3) lamina termin¬ 
alis, (4) anterior commissure, (5) corpus cal¬ 
losum, and (6) epiphysis. 
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It is maintained that the corpus callosum develops 

bidirectionally rather than from “front to back” (Kier 

and Truwit, 1996). As the corpus callosum gradually 

becomes longer, the underlying portion of the com¬ 

missural plate becomes thinned to form the septum 

pellucidum (Figs. 19-25F and 19-29C). A narrow cavity 

appears within the septum and is known as the cavum 

septi pellucidi. The caudal end of the corpus callosum 

grows backward above the roof of the third ventricle 

and the line of the choroid fissure (Fig. 19-29C). 

Thus the corpus callosum forms an additional roof 

for the third ventricle. Between this roof and the 

epithelium of the ventricle, an extracerebral space 

leads backward to the transverse fissure (Fig. 19- 

25G). The hippocampal formation becomes thinned 

along the upper surface of the corpus callosum and 

is here known as the indusium griseum (Fig. 19- 

29C). The corpus callosum appears to be fully 

formed by the middle of prenatal life. 

Sexual Differences. It has been claimed that 

sexual differences occur in the fetal corpus callosum 

(increased splenial width in median section in the 

female) by at least 26 weeks. This has been contra¬ 

dicted by others who state that sexual dimorphism 

of the corpus callosum has not been detected before 

birth. The main regions that appear to show sexual 

dimorphism in the brain are the hypothalamus, the 

anterior commissure, and the corpus callosum, but 

the timing of origin of the differences is unknown. 

The time of the beginning of sexual differences in 

the human brain is unclear. The differences in the 

adult include volume of the brain, number of cells, 

and cellular density. 
Failure of commissural fibers to develop is 

termed agenesis of the corpus callosum, which is 

discussed later in this chapter. 

MYEL1NATION 

Myelination expresses the functional maturity of the 

brain. Although reflexes can occur while nerve fibers 

are still unmyelinated, and prenatal movements occur 

during trimester 1 before the onset of myelination, 

psychomotor development and myelination are nev¬ 

ertheless correlated. 
As pointed out in Chapter 10, myelination in the 

peripheral nervous system depends on neurilemmal 

cells (derived from the neural crest), whereas in the 

central nervous system it is undertaken by oligoden¬ 

drocytes. In both cases, the process is very slow, and 

one axon can be enveloped in several sheaths. The de¬ 

termination of the onset and end of myelogenesis is 

difficult and depends on whether light or electron mi¬ 

croscopy is used. The appearance on magnetic reso¬ 

nance imaging lags about a month behind the histo¬ 

logical timetable. The level of myelination at birth 

gives a disappointing view, but by 3 years the MRI 

views are far more interesting (Fig. 19-31). Myelin has 

been recorded in the spinal cord at the end of trimes¬ 

ter 1 and proceeds caudocranially. Moreover, the mo¬ 

tor roots precede the dorsal roots slightly (early in tri¬ 

mester 2), whereas in the central nervous system the 

afferent become myelinated earlier than the motor 

tracts. Fiber tracts that appear early in development 

generally undergo early myelination (e.g., the medial 

longitudinal fasciculus). Among the cranial nerves, the 

vestibular nerve and tracts are the earliest to become 

myelinated (at the end of trimester 2), whereas the 

pyramidal tracts begin very late (at the end of trimes¬ 

ter 3) and myelination is not completed in them until 

about 2 years. Cortical association fibers are the last 

to become myelinated. 
At birth, the human brain is rather immature in 

regard to the extent of myelination. Myelin can be 

shown histologically in the brain stem, the cerebellar 

white matter, and the posterior limb of the internal 

capsule, with extensions to the thalamus and basal nu¬ 

clei. The rate of deposition of myelin is greatest during 

the first two postnatal years. In early adulthood, my¬ 

elination is practically complete, although the process 

continues throughout life. Tables showing the progress 

of myelogenesis are readily available.* 

The Ventricular System 

The cavity of the rostral portion of the neural tube is 

converted into a system of cavities termed ventricles 

(Fig. 19-13). 
The hindbrain acquires a very thin roof12 (Fig. 19- 

14A), and the underlying space, namely, the fourth 

ventricle, develops lateral recesses14. The lateral walls 

show elevations termed neuromeres (or rhombomeres 

in this region). Before the appearance of the choroid 

plexus19, the roof of the hindbrain includes superior 

and inferior membranous areas18. These are extremely 

thin (one layer of endothelium-like cells) and could 

permit the passage of ependymal or cerebrospinal fluid 

from the fourth ventricle to the future subarachnoid 

space. Early in the fetal period, the inferior area is said 

to show a deficiency, namely the median aperture, and, 

shortly after the middle of prenatal life, lateral aper¬ 

tures appear. These openings allow cerebrospinal fluid 

(CSF), produced in the four ventricles, to reach the 

subarachnoid space. 

*E.g„ that given by Larroche in F. Falkner (ed.), Human Develop¬ 
ment. Philadelphia: Saunders, 1966, pp. 274-275. See also F.H. 
Gilles et al. 1983. The Developing Human Brain, Chapter 12. Bos¬ 

ton: Wright. 
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The cavity of the embryonic midbrain (Fig. 19- 

17D) is large, but justifies the name aqueduct at the 

end of trimester 1. It connects the fourth and third 

ventricles. 

The third ventricle is the cavity of the dienceph¬ 

alon and the telencephalon medium. It becomes de¬ 

fined gradually13'16 and develops a choroid plexus in 

the fetal period. A shallow groove, the hypothalamic 

sulcus, is visible on the lateral wall of the third ven¬ 

tricle (Fig. 19-17E). It delimits the thalamus dorsally 

from the hypothalamus ventrally. It is doubtful, how¬ 

ever, that the medial wall of the cerebral hemisphere 

fuses with the lateral wall of the third ventricle, as is 

sometimes claimed. 

When the cerebral hemispheres begin to de¬ 

velop14’15, the cavity of each is a lateral ventricle (Fig. 

19-17G). These arise from the third ventricle at an 

interventricular foramen, which, at first wide, gradu¬ 

ally becomes defined (Fig. 19-16C)17. Choroid plexuses 

then develop in the lateral ventricles (Fig. 19-17F and 

19-30)19. As seen in lateral views, each ventricle is C- 

shaped, extending from the frontal to the temporal 

pole of the hemisphere (Figs. 19-14C and 19-27A-D). 

These limits are the anterior and inferior horns of the 

ventricle. A variable posterior horn develops in tri¬ 

mester 2 (Fig. 19-14C). 

The choroid plexus of each of the four ventricles 

develops in a similar manner. The ependymal lining, 

reinforced by vascular pia termed tela choroidea, pro¬ 

jects into the ventricular cavity as its choroid plexus. 

The choroidal (as distinct from the ventricular) epen¬ 

dyma is characterized by tight junctions, which are an 

essential component of the blood-CSF barrier. The 

relatively enormous size of the prenatal choroid plex¬ 

uses suggests an important function in nourishing the 

developing brain. It has been maintained that glycogen 

in the choroid plexus cells, which disappears during 

the second trimester, may furnish some of the nutri¬ 

tional requirements of the growing telencephalon. 

Special areas associated mostly with the third ven¬ 

tricle are characterized by (1) staining with vital 

dyes, (2) complex vascularity, and (3) a morpholog¬ 

ically distinct ependyma. These circumventricular 

organs include the neurohypophysis, median emi¬ 

nence, choroid plexus, epiphysis, subcommissural 

organ, and several other specialized areas. 

The Cranial Meninges, 

Vascularization of the Brain, 

and the Dural Sinuses 

The cranial meninges develop in a complex manner 

from a number of possible sources: prechordal plate, 

unsegmented paraxial (parachordal) mesoderm, and 

ectomesenchyme (neural crest). 

Before the- neuropores close, the developing 

brain probably receives its nutrition from the am- 

niotic fluid. After closure13 and for the next week16, 

the blood channels and their plexuses appear to be 

highly permeable, and the walls of the neural tube 

are still thin. Capillaries at the level of the cerebral 

hemispheres begin to appear at 5 weeks16, and prob¬ 

ably earlier in the brain stem. In the fetal brain the 

density of capillaries is much higher in the matrix 

than in the cortical plate until 17 weeks. After 25 

weeks increasing vascularization of the cortical ar¬ 

eas occurs. It has been found that the appearance 

of microglial cells in the early human cerebral hem¬ 

isphere is related to vascularization. 

The brain is supplied by two pairs of trunks, 

namely, the internal carotid and the vertebral arteries. 

The internal carotid10 possesses two divisions13 (Fig. 

12-36). The caudal division becomes the posterior 

communicating artery14, which gives rise to the pos¬ 

terior cerebral artery. The posterior communicating is 

a relatively large vessel prenatally and in the newborn. 

The cranial division of the internal carotid gives origin 

to the anterior choroidal16, the middle cerebral17, and 

the anterior cerebral17. Two longitudinal vessels13 fuse 

to become the basilar artery16 (Fig. 18-6). Anastomoses 

of cervical segmental vessels on each side form the 

vertebral arteries16 (Fig. 19-10A). When the two ante¬ 

rior cerebral vessels become united by the anterior 

communicating artery, the circulus arteriosus is 

complete20’21. 

Carotico-basilar anastomoses13 (the trigeminal, 

otic, and hypoglossal arteries) normally disappear, but 

any one of them may persist. The stapedial artery17 

which traverses the primordium of the stapes, is a 

temporary vessel that contributes to the formation of 

other vessels, particularly the middle meningeal artery. 

Dural plexuses associated with the precardinal 

veins become modified to form the various dural si¬ 

nuses around the brain. It has been proposed that the 

cavernous sinus is not cavernous but rather a parasel¬ 

lar plexus of thin-walled veins, nor is it a dural sinus 

but rather an extradural, lateral sellar compartment 
(Parkinson). 

Functional Activity 

Cerebral electrical activity has been recorded in the 

embryonic period18 ex utero (Barkowski and Bern- 

stine, 1955), and potentials have been detected in 

utero in trimester 3 both abdominally and per va- 

ginam. Asymmetry of the right and left cerebral 

hemispheres, as found in the adult, dates back to at 

least the fetal period. 

Fetal behavior includes movements and behav¬ 

ioral states, which are sleep and “wakefulness.” They 

can be studied in the undisturbed intra-uterine en- 
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vironment. Movements can be discerned by ultra¬ 

sound in the embryonic period16 and throughout 

the fetal period. As is shown by electron microscopy, 

little neural structure is necessary to generate 

movements. The first movements are detected at 

5 to 6 weeks and consist of extension or flexion of 

the neck and the thoracic region. More complex 

movements follow within a few days and form co¬ 

ordinated patterns that depend on the structural 

maturation of the nervous system. Early move¬ 

ments, however, require only a minimal synaptic 

density on the motor neurons. Embryonic move¬ 

ments resemble postnatal motor patterns and in¬ 

clude startles, general movements, hiccups, isolated 

limb movements, and head rotation. Other features, 

such as breathing movements, yawning, sucking, 

and swallowing, begin later during trimester 1. All 

motor patterns appear to be present by the begin¬ 

ning of trimester 2. Reflex and spontaneous move¬ 

ments probably begin simultaneously. Fetal and 

postnatal movements are strikingly similar. 

Prenatal Pain. Some relevant morphological 

data are summarized here. Receptors (for example 

in the skin) develop during the embryonic period, 

and interneurons and the substantia gelatinosa of 

the spinal cord appear concomitantly17. Towards the 

end of the embryonic period, spinothalamic and 

thalmocortical fibers can be recognized22,23 (present 

authors’ observations). Fibers from the cortex to the 

thalamus are probably present early in the fetal pe¬ 

riod. Thalamocortical fibers develop temporary syn¬ 

apses in the subplate during trimester 2, and the 

fibers enter the cortical plate during trimester 3. At 

this time thalamic impulses can reach the somato¬ 

sensory cortex. The functional significance of these 

immature pathways is unclear, but pain-suppressing 

systems are not as mature as pain-conducting ones. 

Furthermore, it is possible that information con¬ 

cerning pain is transferred differently before and af¬ 

ter birth. It may be concluded that, although noci- 

perception (the actual perception of pain) awaits the 

appearance of consciousness, nociception (the ex¬ 

perience of pain) is present some time before birth. 

It is only prudent to assume that pain can be ex¬ 

perienced even early in fetal life (Dr. J. Wisser, 

Zurich). 
The newborn can distinguish bright from dim 

light, notices moving objects, sees colors and pre¬ 

fers pure tones, and can focus on objects only about 

20 cm (8 inches) away. Lens accommodation begins 

after 2 months. Four-day-old children are able to 

discriminate odors. 

Neural functions form a continuum from prenatal 
to postnatal life. Moreover, prenatal neural functions, 
far from being limited to a few primitive reflexes, “are 
already complex mechanisms, based on endogenously 
generated and co-ordinated motor patterns (H.F.R. 

Prechtl). 

THE PERIPHERAL 

NERVOUS SYSTEM 

The peripheral nervous system comprises the afferent 
and efferent fibers that connect the central nervous 
system with the periphery. The spinal and cranial 
nerves are composed of these fibers. 

The Spinal Nerves 

Segmentation of spinal nerves depends on the pattern 
of somites, whereas the patterning of many of the cra¬ 
nial nerves is brought about by factors intrinsic to the 
rhombomeres. Furthermore, subdivision in the spinal 
cord is secondary, being imposed on the neural ecto¬ 
derm by the mesoderm. 

The development of a typical spinal nerve can be 
summarized as follows: (1) spinal ganglion cells (de¬ 
rived from the neural crest) send processes centrally 
(to the alar lamina of the neural tube) and peripher¬ 
ally, and these constitute the dorsal (afferent) root of 
a spinal nerve (Fig. 19-9A); (2) cells in the basal lamina 
of the neural tube send processes peripherally as the 
ventral (efferent) root of a spinal nerve (Fig. 19-9A); 
(3) the dorsal and ventral roots unite to form the spi¬ 
nal nerve, which then divides almost immediately to 
supply the body-wall and limbs (Fig. 19-9B); (4) au¬ 
tonomic fibers are added to the roots and rami for the 
afferent and efferent supply of visceral structures (Fig. 
19-9B); (5) as a result, four functional types of fibers 
are included in a spinal nerve: 

• General somatic afferent (GSA) 
• General visceral afferent (GVA) 
• General visceral efferent (GVE) 
• General somatic efferent (GSE) 

The Cranial Nerves 

In addition to the four functional components found 
in spinal nerves (GSA, GVA, GVE, and GSE), special 
types of fibers are needed in the head and neck. Thus, 
the internal ear requires a special innervation (SSA), 
as do also the eye (SSA) and the sense of smell (SVA). 
Taste fibers are classified as special visceral afferent 
(SVA). On the motor side, fibers to muscles associated 
with the pharyngeal arches are listed as special visceral 
efferent (SVE). As a result, seven kinds of components 
are found in cranial nerves (Fig. 19-18, Table 19-5), 
although not all of them are present in each nerve. 

In the accepted terminology of functional com¬ 
ponents, two of the three words present considerable 
difficulty. Special is traditionally applied to taste, for 
example, although the central nuclei concerned form 
a continuum with the general visceral afferent col- 
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TABLE 19-5A Distribution of Nuclei of Cranial Nerves: Alar Plate 

Pharyngeal Arch 1 2 3 4-6 

Nerve 3, 4, 6, 12 5 7 9 10, 11 

GSA Scalp & face 
Mouth, nasal cavity, 

& sinuses 
Teeth 
Dura 
Proprioception 

External acoustic 
meatus 

Auricle Auricle & external 
acoustic meatus 

NUCLEI Mesencephalic 
nucleus 

Pontine nucleus 
Spinal nucleus of 5 

Spinal nucleus of 5 Spinal nucleus of 5 Spinal nucleus of 5 

SVA Anterior 2/z of tongue 
(taste) 
(chorda tympani) 

Posterior l/z of tongue 
and vallate papillae 
(taste) 

Epiglottis & vallecula 
(taste) 

NUCLEUS Nucleus solitarius Nucleus solitarius Nucleus solitarius 

GVA Mucosa of nasopharynx Mucosae of middle ear, 
auditory tube, 
pharynx, & tonsil 

Posterior l/z of 
tongue 

Mucosa of larynx 
Thoracic & 

abdominal 
viscera 

NUCLEUS Spinal nucleus of 5 Spinal nucleus of 5 Spinal nucleus of 5 
(or dorsal nucleus 
of 10?) 

Sulcus limitans 

umn. Visceral is also difficult to define. From an em- 
bryological viewpoint it can be used for surfaces de¬ 
rived from endoderm, those from ectoderm being 
called somatic. The taste buds, however, arise from so¬ 
matic epithelium. One way of looking at the relation¬ 
ship between the cranial nerves and the pharyngeal 
arches is to consider that each nerve bifurcates to sup¬ 
ply two adjacent half-arches (R. Dale Smith). Thus, if 
the particular case of the ophthalmic territory is ig¬ 
nored, the maxillary and mandibular nerves supply 
their respective regions above and below the mouth. 
Similarly, the facial nerve enters first arch ground by 
means of the chorda tympani, and the remainder sup¬ 
plies second arch territory. 

The alar and basal components of the cranial 
nerves are as follows: 

Alar 

• Special somatic afferent (SSA): from the internal 
ear. 

• General somatic afferent (GSA): touch, tempera¬ 
ture, pain, proprioception. 

• Special visceral afferent (SVA): taste. 

• General visceral afferent (GVA): visceral reflexes 
and sensations. 

Basal 

• General visceral efferent (GVE): parasympathetic 
system. 

• Special visceral efferent (SVE): to muscles of pha¬ 
ryngeal arches. 

• General somatic efferent (GSE): to muscles of orbit 
and tongue. 

The arbitrary classification of the cranial nerves (the 

nerves attached to the brain) into 12 pairs was es¬ 

tablished by von Sommerring in 1778. One of sev¬ 

eral problems is that the optic nerve is really a tract 

of the brain. Anamniotes (fishes and amphibians) 

lack the hypoglossal nerve, and the accessory is in¬ 

corporated in the vagus. The nervus terminalis 

(sometimes given the numeral 0), however, is pres¬ 

ent (except in myxinoids). 

In cyclostomes the nerves associated with the 

brain (like those associated with the spinal cord) 

generally consist of dorsal and ventral roots. In 

more familiar species, however, this distinction is 

largely lost. In the human, for example, certain 
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TABLE 19-5B Distribution of Nuclei of Cranial Nerves: Alar Plate 

Pharyngeal Arch 1 2 3 4-6 

Nerve 3, 4, 6, 12 5 7 9 10, 11 

Sulcus limitans 

GVE 

NUCLEI 

Accessory 

nucleus of 3 

Superior salivatory 

nucleus 

Inferior salivatory 

nucleus 

Dorsal nucleus of 10 

Ciliary muscle 

& sphincter 

pupillae (3) 

Lacrimal gland 

Submandibular & 

sublingual glands 

(chorda tympani) 

Parotid gland Heart, bronchi, 

esophagus, 

stomach & 

intestine (smooth 

muscle & glands) 

SVE 

NUCLEI 

Motor nucleus of 5 Facial nucleus Nucleus ambiguus Nucleus ambiguus 

Muscles of 

mastication 

Mylohyoid 

Digastric (anterior 

belly) 

Tensor veli palatini 

Tensor tympani 

Muscles of face & 

auricle 

Platysma 

Stylohyoid 

Digastric (posterior 

belly) 

Stapedius 

Stylopharyngeus Muscles of pharynx, 

soft palate, & 

larynx 

GSE 

NUCLEI 

Nuclei of 3, 4, 

6, 12 

Spinal nucleus of 11 

Muscles of 

orbit (3,4,6) 

Muscles of 

tongue (12) 

Sternocleidomastoid 

& trapezius 

nerves (1, 2, 8) are basically afferent and correspond 

very broadly to dorsal roots, others (3, 4, 6, 12) are 

basically efferent and correspond to ventral roots, 

whereas still others (5, 7, 9, 10-11) are both afferent 

and efferent, and hence may be said to correspond 

to a mixture of dorsal and ventral roots. 

Most of the afferent fibers in the cranial nerves 
have their origin in ganglia (Fig. 19-33B) that develop 
from neural crest and (in some regions) from epi¬ 
pharyngeal discs (“placodes”) (Figs. 19-19 and 19-20). 
The cells of origin for the olfactory nerve fibers, how¬ 
ever, lie in the olfactory epithelium, and the ganglionic 
cells for the optic nerve fibers lie within the retina. 
The chief ganglia for the other cranial nerves are the 
trigeminal (5), geniculate (7), vestibular and cochlear 
(spiral) (8), superior and inferior glossopharyngeal (9), 
and superior and inferior vagal (10). Additional ganglia 
are associated with the autonomic nervous system: cil¬ 
iary, otic, pterygopalatine, and submandibular (Fig. 19- 

33D). 

The visceral efferent and the somatic efferent nu¬ 

clear material initially12'13 form a continuous me- 

dioventral cellular column (and are not in their de¬ 

finitive positions, as is usually shown). A distinction 

between ventromedial VE and ventrolateral SE col¬ 

umns, as well as migration of VE cells toward the 

sulcus limitans, begins soon14 and is followed by the 

definitive relocation18"23. The facial VE nucleus 

achieves its final position only in the fetal period. 

The migration of the VE cells has been attributed 

to neurobiotaxis. The SE cells retain their original 

position. 

The development of the individual cranial nerves 
will now be considered. 

1. The olfactory nerve (SVA) develops from the 

neuroepithelial cells of the nasal plate and reaches 

the wall of the telencephalon (Fig. 19-21)17’18. The 

nerve fibers enter the wall of the brain at the site 

of the future olfactory bulb (Fig. 19-17Y). The nasal 

plate gives rise to two other nerves (nervus termi- 

nalis and vomeronasal nerve) associated with the 

olfactory nerve. The vomeronasal nerve is associated 

in mammals with reproductive behavior. In the hu¬ 

man embryo its fibers and those of the nervus ter- 

minalis transport LHRH neurons, formed in the ol¬ 

factory pit16, to the olfactory bulb and to the 

forebrain septum19 (Schwanzel et al., 1996). 

2. The optic nerve (SSA) develops in the stalk 

of the optic vesicle (Fig. 19-17Y). Because the optic 

vesicle (future retina) arises from the diencephalon, 
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Figure 19-33. Dorsal views of the brain 
stem to show the surface projection of 
the nuclei of origin and termination of 
the (infratentorial) cranial nerves. A. 
The afferent nuclei on the left side. The 
trigeminal nuclei are in blue. The sulcus 
limitans is indicated by an interrupted 
line. B. Various afferent fibers; nerve 8 
(SSA) is omitted. GSA fibers are in blue. 

the optic nerve is really a fiber tract that connects 

the brain with one of its derivatives (the retina). 

3, 4, and 6. The oculomotor, trochlear, and 

abducent nerves (Figs. 19-21 and 19-33C,D) consist 

largely of somatic efferent (GSE) fibers that supply 

the orbital muscles, which are derived from mes¬ 

enchyme formed by the prechordal plate. Their nu¬ 

clei are situated in the midbrain (3), isthmus (4), 

and hindbrain (6), respectively. The trochlear nerve 

is unique in that its fibers decussate and emerge 

from the dorsal aspect of the brain. The oculomotor 

nerve has also a general visceral efferent (GVE) 

component. These fibers belong to the parasym¬ 

pathetic system and synapse in the ciliary ganglion 

within the orbit, from which postganglionic fibers 

are distributed to the ciliary muscle and the sphinc¬ 

ter pupillae, which are derived respectively from 

(ecto)mesenchyme and from the optic cup. 

5. The trigeminal nerve (Figs. 19-21 and 19- 

33A,B) includes pharyngeal arch 1 in its distribu¬ 

tion. Despite its large number of branches, it con¬ 

tains only two chief types of fibers: (a) GSA from 

skin and mucous membrane of the head, and from 

the teeth, in addition to proprioceptive fibers (e.g., 

from the temporomandibular joint); (b) SVE to the 

muscles of mastication (derived from pharyngeal 

arch 1). The trigeminal ganglion (Fig. 19-21), which 

contains the cells of origin of its afferent fibers, ap¬ 

pears early11 and arises from both neural crest and 

pharyngeal arch ectoderm (Fig. 19-19). The main 

sensory and motor nuclei are in the pons. Some of 

the afferent fibers end in spinal and mesencephalic 

nuclei, situated in the medulla and midbrain, re¬ 

spectively (Fig. 19-33A). 

7, 9, 10, and 11. The facial, glossopharyngeal, 

vagus, and accessory nerves (Fig. 19-33) are largely 
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Continued C. The efferent nuclei on the right 
side. SVE nuclei are in gray. The sulcus 
limitans is indicated by an interrupted line. D. 
Various efferent fibers; the hypoglossal nerve 
(GSE) is omitted. GSE fibers are in red. The 
abbreviations of the functional components are 
given in Figure 19-18 and in the text. Adapted 
from various sources. 

visceral, although the fibers are of several types. A 

very small number of GSA fibers (7, 9, 10) come 

from the external ear. SVA fibers (7, 9, 10) are con¬ 

cerned with taste, whereas GVA fibers are involved 

in visceral reflexes and sensations, including pain. 

GVE fibers belong to the parasympathetic system 

and supply numerous glands, e.g., lacrimal, sub¬ 

mandibular and sublingual (7), parotid (9), bron¬ 

chial, gastric, and intestinal (10), as well as smooth 

muscle responsible for visceral movement in the 

heart, bronchi, esophagus, stomach, and intestine 

by the vagus, which wanders (is “vagrant,” hence its 

name) over a large territory. These fibers synapse in 

parasympathetic ganglia (pterygopalatine, otic, sub¬ 

mandibular, and terminal, or intramural). SVE fi¬ 

bers supply muscles derived (or thought to be de¬ 

rived) from pharyngeal arches: facial (7), pharyngeal 

(9, 10), and laryngeal (10). The vagal supply consists 

of fibers of the (internal branch of the) accessory 

nerve, which are carried by branches of the vagus. 

The facial ganglion, which contains the cells of 

origin of its afferent fibers, arises from both neural 

crest and somatic ectoderm10-13. The glossopharyn¬ 

geal (9) and vagus (10) each possess two ganglia. 

These contain the cells of origin of their afferent 

fibers. The superior ganglia develop from the neural 

crest10"12, whereas the inferior arise partly from 

neural crest and partly from (“epipharyngeal”) areas 
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of somatic ectoderm over the pharyngeal arches10-14. 
The facial nerve supplies pharyngeal arch 2. The 
motor nucleus in the pons migrates during devel¬ 
opment in such a way that the facial fibers pass 
dorsal to the abducent nucleus before turning ven- 
trally to emerge from the pons. The glossopharyn¬ 
geal nerve supplies pharyngeal arch 3. The motor 
fibers (to the stylopharyngeus) arise in the nucleus 
ambiguus (Fig. 19-18) in the medulla. 

The vagus supplies the more caudally situated 
pharyngeal arches. The motor fibers to the pharynx 
and larynx arise in the nucleus ambiguus in the 
medulla but are really fibers of the accessory nerve 
that are transferred to the vagus below the base of 
the skull. Cells migrating along the visceral fibers 
of the vagus become terminal (intramural) para¬ 
sympathetic ganglion cells in the heart, bronchi, 
stomach, and intestine. 

The accessory nerve consists of (a) a cranial 
part (SVE), which, by an internal branch, is distrib¬ 
uted by way of the vagus (to which it is therefore 
“accessory”), and (b) a spinal part, which arises 
from the cervical region of the spinal cord, enters 
the skull through the foramen magnum, joins the 
cranial part, with which it leaves the skull, and, as 
an external branch, is distributed to the sternomas- 
toid muscle and the trapezius. These fibers are re¬ 
garded as GSE (or possibly SVE). The two muscles 
also receive a contribution from cervical nerves, al¬ 
though its functional significance has long been 
disputed. 

8. The vestibulocochlear nerve is largely SSA 
from both the equilibratory and auditory parts of 
the internal ear. However, it also contains some ef¬ 
ferent (SSE) fibers. The vestibular and cochlear (spi¬ 
ral) ganglia, which contain the cells of origin of the 
afferent fibers, are formed (at least partly) from the 
wall of the otic vesicle10-15, and the vestibular gan¬ 
glion probably receives neural crest cells also10. 

12. The hypoglossal nerve (GSE) arises as four 
individual nerves, which can be seen at 4 weeks13 in 
relation to the four occipital somites. These nerves 
are comparable to spinal nerves that have lost their 
sensory component. The four, and later multiple, 
roots unite and proceed as a common stem toward 
the tongue (Fig. 19-21)15'16. The muscles of the 
tongue are derived from somitic material that mi¬ 
grates from the occipital region (Table 10-2). The 
nucleus of the hypoglossal nerve is in the medulla 
(Fig. 19-33C). The nerve establishes a plexiform 
connection with the upper cervical nerves, so that 
some of its branches contain cervical fibers15,16. 

Surprisingly, the four occipital somites related 
to the four hypoglossal roots do not impress a seg¬ 
mental pattern on the caudalmost part of the rhomb¬ 
encephalon: instead of four rhombomeres, only one 
unit is found. (This eighth rhombomere, Rh.D, has 
generally been ignored in published accounts.) 

THE AUTONOMIC 

NERVOUS SYSTEM 

The autonomic nervous system was originally defined 
as the motor supply to “viscera” (GVE), which meant 
cardiac muscle, smooth muscle, and glands. Usually 
included nowadays, however, are visceral afferents 
(GVA) and higher centers (particularly the hypothala¬ 
mus) connected with the efferent pathways. A char¬ 
acteristic feature is the interruption of the efferent 
pathway from the CNS to the effector by a synapse in 
a ganglion or in a plexus. Hence a visceral reflex has 
at least three neurons: afferent, preganglionic, and 
postganglionic. 

The autonomic system is divided into a sympa¬ 
thetic and a parasympathetic component. 

The sympathetic division arises from pregangli¬ 
onic neurons in the thoracicolumbar (T1-L2) seg¬ 
ments of the spinal cord. The postganglionic neurons 
are situated either in the sympathetic trunk (paraver¬ 
tebral ganglia) (Fig. 19-9) or in collateral (preverte- 
bral) ganglia, generally found on arteries. Cells derived 
from the neural crest migrate to the future sympathic 
trunk14-16 (Fig. 19-9A). Fibers from intermediate cells 
in the spinal cord (Fig. 19-9B) exit along the ventral 
rami of the spinal nerves14-16, which they then leave 
(as white rami communicantes) to become aggregated 
as a series of sympathetic ganglia linked by a common 
trunk. Some of the sympathetic cells migrate along the 
branches of the (dorsal) aorta and form collateral gan¬ 
glia. Thoracicolumbar fibers pass to the various gan¬ 
glia, and some of these preganglionic fibers extend ros- 
trally and caudally beyond the thoracicolumbar region. 
Moreover, some postganglionic fibers join spinal 
nerves (as gray rami communicantes) and are distrib¬ 
uted to blood vessels, sweat glands, and arrectores pi- 
lorum. The cells that migrate to the sympathetic 
trunks form not only neurons and neurilemmal cells 
but also give rise to chromaffin cells such as are found 
in the suprarenal medulla (Fig. 17-8). 

The parasympathetic division arises from pregan¬ 
glionic neurons in either the brain stem or in the sa¬ 
cral (S2-S4) segments of the spinal cord. Hence it is 
described as craniosacral. The postganglionic neurons 
are situated either in terminal ganglia of the head re¬ 
lated to the trigeminal nerve or in terminal (intra¬ 
mural) ganglia in various viscera. Postganglionic fibers 
in the parasympathetic system tend to be short, 
whereas in the sympathetic system they are long, be¬ 
cause of the position of the ganglia. 

Cranial preganglionic fibers arise from cells in the 
GVE column of the brain stem15,16 and emerge in cra¬ 
nial nerves 3, 7, 9, and 10. The postganglionic fibers 
arise in certain ganglia of the head (ciliary, ptery¬ 
gopalatine, otic, and submandibular), which appear 
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during the embryonic period15-18, or, in the case of the 
vagus, in terminal ganglia in the walls of thoracic and 
abdominal viscera. 

Sacral preganglionic fibers arise from cells in the 
GVA column of the sacral part of the spinal cord and 
emerge in sacral nerves 2-4. The postganglionic fibers 
arise from cells in terminal ganglia in the walls of 
pelvic organs. The enteric nervous system (ENS), of 
vagal and sacral origin, is the largest and most com¬ 
plicated division of the peripheral nervous system and 
contains more neurons than the spinal cord. All the 
components of the ENS are derived from precursors 
that migrate to the intestine from the vagal and/or 
sacral neural crest. Enteric neurons are by far the 
most numerous in the autonomic system. The ENS is 
capable of mediating reflex activity in the absence of 
input from the CNS. Absence of intramural ganglion 
cells in the rectum in trimester 1 (congenital intesti¬ 
nal aganglionosis) may result in congenital megacolon 
(Chapter 13 and Fig. 13-32). 

NEUROTERATOLOGY 

Malformations of the central nervous system occur on 
the average in 80:10,000 to 100:10,000 births, they 
constitute about 10% of all malformations, and at least 
half of them are evident at birth. Neural tube defects 
are much more frequent in embryos than in newborns, 
and it is believed that more than 90% of affected em¬ 
bryos are lost during the embryonic period proper (K. 
Shiota). A number of these conditions have been pro¬ 
duced experimentally in animals, e.g., by vitamin de¬ 
ficiencies, hypervitaminosis A, x-rays, and chemical te¬ 
ratogens given to the mothers. In the human, viruses 
(rubella and cytomegalovirus), x-rays, hypoxia, and he¬ 
reditary and chromosomal disorders (e.g., trisomies) 
are believed to be important in the production of some 

instances. 

The most frequently encountered malformations 
of the central nervous system are microcephaly, 
hydrocephaly, macrocephaly, myelomeningocele 
and meningocele, anencephaly, and encephalo- 

cele. 

Neural Tube defects 

About 95% of neural tube defects (NTDs) are either 
open spina bifida (see below) or anencephaly (Fig. 19- 
34). The prevalence of NTDs varies from 1:1000 to 
about 5:1000 live births and the recurrence rate is ap¬ 

proximately 3%. 

Prenatal Diagnosis. The main methods used for 
the prenatal detection of neural tube defects, especially 
for anencephaly and spina bifida aperta (described be¬ 
low) are ultrasound, the evaluation of u-fetoprotein 
and acetyl cholinesterase, and exfoliative cytology of 

the amniotic fluid. 
a-Fetoprotein is produced initially by the umbili¬ 

cal vesicle but is soon taken over by the liver (Fig. 19- 
35A). It enters the amniotic fluid by way of the fetal 
urine and is removed by fetal swallowing and intestinal 
digestion. A direct or indirect communication between 
the CSF and amniotic fluid occurs in spina bifida 
aperta and in anencephaly (Fig. 19-35B,C). The result 
is higher than normal levels of cr-fetoprotein in the 
amniotic fluid and in maternal serum. This can be de¬ 
tected prenatally. An increased level is found also in 
gastroschisis, esophageal or intestinal atresia, sacro¬ 
coccygeal teratoma, and Turner syndrome, whereas a 
decreased level occurs in trisomy (21 and 18). 

Prevention. Improved maternal diet and multi¬ 
vitamin preparations have been recommended for the 
prevention of neural tube defects. Moreover, because 
metabolic changes of folate are considered to be an 
important cause of NTDs, it is now recommended that 
fortification of staple foods (such as bread) with folic 
acid (e.g., 4 mg per diem) and vitamin B12 be given to 
pregnant (and likely to be pregnant) women, particu¬ 
larly in the perifertilizational period. 

Neural Tube Defects in the Spinal Region 

The term dysraphia (Greek, defective seam for¬ 
mation), frequently referred to as neural tube de¬ 
fects (NTDs), is used for malformations appear¬ 
ing prenatally that involve a disturbance of 
neurulation and/or a defect in the skeletal in¬ 
vestment of the neural tube. This disturbance of 
the formation of the median seam (raphe), neural 
and/or skeletal, which normally ensures closure 
of the central nervous system from the surface, 
may affect the cerebral or the spinal region, or 
both (Fig. 19-34). The useful term spina bifida* 
is employed to emphasize the skeletal defect in 
the spinal region, which is almost always dorsal 
and median (Fig. 19-36). Spina bifida that is 
readily visible on the surface is termed aperta. 
Most examples present as a cystic mass and 
hence are called spina bifida cystica. The over- 

*It is thought that the term spina bifida (literally cleft spine) was 
first used by Dr. Nicolaas Tulp of Amsterdam in the seventeenth 
century. He is the main figure in Rembrandt’s “Anatomy” of 1632. 
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Figure 19-34. The major types of spinal and cerebral dysraphia in order of decreasing severity, from above downward. The exposed 
neural plate of myeloschisis tends to be converted into a cystic form (myelomeningocele). Bone (vertebrae and skull) are stippled. 
The arachnoid is indicated in red, the cerebrospinal fluid (CSF) in blue. 

lying skin is frequently deficient, although an in¬ 
adequate membrane may cover the lesion. 

Pathogenesis of Spina Bifida Aperta. Recognized 
causes include chromosomal abnormalities (e.g., tri¬ 
somy 21 or 18), dysencephalia splanchnocystica 
(Meckel-Gruber syndrome), and probably amniotic 
rupture sequence. Usually, however, a cause is not rec¬ 

ognized. Factors that influence the epidemiology and/ 
or causation of NTDs are as follows. (1) Presence or 
absence of associated major defects; when they are ab¬ 

sent, there is a marked predominance in the female 
and in whites, as well as considerable geographic var¬ 
iation. (2) The type of the NTD and its level. (3) Pos¬ 
sibly or probably the season of fertilization, maternal 
age and parity, and socioeconomic condition. In brief, 
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FIGURE 19-35. The circulation of a-fetoprotein. A. The formation of a-fetoprotein first in the umbilical vesicle and then in the 
liver, its concentration in the choroid plexuses, and its urinary excretion into the ammotic cavity. Some of the ammotic fluid is 
swallowed. B. In spina bifida aperta, additional a-fetoprotein gains the amniotic cavity. C. A similar situation in anencephaly. D. 
The distribution of the overlapping levels of a-fetoprotein in maternal serum during trimester 2 in the normal and in three abnoi ma 
conditions. The figures 0.7, 3.5, and 6 indicate multiples of the median (MoM), the normal level being considered as 1. UV, umbilical 

vesicle (yolk sac). Curves based on Haddow. 

Figure 19-36. The completion of the vertebral foramen. A. In 
the embryo, the cartilaginous neural processes have not yet 
united. B. In the newborn, three ossific centers are present but 
the spinous process is still cartilagionous (normal spina bifida 
occulta in terms of ossification). C. The adult. D. Spina bifida 
is a failure of closure of a vertebral foramen from whatever 
cause. The condition may be evident (aperta) and is generally 

cystic (cystica) or it may be concealed (occulta). 

NTDs are heterogeneous in origin, involving sus¬ 
ceptible genotypes and affected by environmental 

factors. 
The precise embryonic timing of the initial defect 

is important. The more severe defects arise earlier in 
prenatal life than the less serious conditions. Thus 
myeloschisis and myelomeningocele involve probably 
the first 4-5 weeks, whereas meningocele and spina 
bifida occulta are related more to the later embryonic 
period (5-8 weeks) or the early fetal period. 

It has been suggested (from studies of a mouse mu¬ 

tant) that the underlying cause of NTDs is a basic 

metabolic defect in DNA synthesis, which affects cel¬ 

lular replication and results in abnormal neural 

morphogenesis (M.J. Seller). Administration of val¬ 

proic acid to pregnant mice has been found to cause 

lumbosacral spina bifida, either occulta (after low 

doses) or aperta (after high doses). Moreover, in the 

human, prenatal exposure to valproic acid (an anti¬ 

epileptic drug) is associated with spina bifida aperta. 
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Figure 19-37. Several types of 
spina bifida aperta. A. An 
abnormal neural plate showing 
“overgrowth.” B. A persistent 
neural plate (myeloschisis). C 

and D. Myelomeningocele 
showing the conversion of the 
exposed neural plate to a 
neurovascular zone and the 
formation of a cystic mass. The 
spinal cord is tethered rostral to 
the lesion. 
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Types of Spina Bifida. Four main types of spina 
bifida occur, depending on (1) the neural plate re¬ 
maining open on the surface of the body, (2) the neu¬ 
ral plate or tube being exteriorized, (3) only meninges 
being exteriorized, or (4) merely a skeletal defect being 
evident. 

1. Myeloschisis. This rare type of spina bifida 

aperta occurs chiefly in the cervicothoracic or the 

thoracicolumbar region. The site is generally cov¬ 

ered by a reddish, semitransparent, oozing mem¬ 

brane (area neurovasculosa) that merges into the 

surrounding skin. This serious condition results in 

paralysis (paraplegia). 

In some instances the central canal of the spi¬ 

nal cord is dilated in the area of the lesion, but this 

is regarded as probably a different condition: hydro- 

myelia (Fig. 19-37E,F). 

Pathogenesis. The neural groove has remained 

open (like the pages of a book) at one or more lev¬ 

els, so that the alar and basal laminae are displayed 

(Figs. 19-34 and 19-37A,B). Myeloschisis in various 

regions has been observed within the first 5 post- 

fertilizational weeks. Lumbosacral myeloschisis be¬ 

gins during primary neurulation, i.e., during the 

first 5 weeks. 

Caudal myeloschisis has been produced in the 

mouse by maternal administration of retinoic acid 

and is attributed to excessive cell death in the mes¬ 

enchyme and in the endoderm of the caudal 

eminence. 

It is maintained (experimental evidence exists 

in the rat) that most examples of myelomeningocele 

begin as a myeloschisis, and that the exposed neural 

plate becomes scarred and covered by squamous ep¬ 

ithelium (Cameron, 1956). The transformation of a 
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Central canal Continued E and F. A variety of 
myelomeningocele in which the central canal is 
dilated (hydromyelia). G and H. A meningeal cyst 
(meningocele) with the spinal cord in situ. The 
inset to the right of A and B aids in clarifying the 
terminology. The low level of the conus medullaris 
in D, F, and H is noteworthy. 

myeloschisis into a myelomeningocele (Fig. 19- 

37A-C) occurs as follows (Warkany et al., 1981). (1) 

The exposed neural plate degenerates. (2) Vascular 

pia ventral to the plate proliferates. (3) Fluid in the 

enlarging subarachnoid space displaces the neural 

plate dorsally; otherwise the myeloschisis persists. 

(4) Epithelization {zona epitheliosa) of the degen¬ 

erating neural plate occurs from the surrounding 

skin (zona cutanea). (5) The wall of the subarach¬ 

noid cyst (spina bifida cystica) now consists of lep- 

tomeninges, blood vessels, epithelium, and a few 

neural remnants {zona neurovasculosa, formerly 

called medullovasculosa, in the era when the neural 

was known as the medullary plate). (6) Scarring 

may occur after (and before?) birth. If the majority 

of myelomeningoceles commence as a myeloschisis, 

then the initial defect would begin before 5 postfer- 

tilizational weeks. 

2. Myelomeningocele (or meningomyelocele). 

This severe type of spina bifida cystica involves both 
neural tissue and the meninges (Figs. 19-37 to 19-39). 
The neural tissue at the summit of the cyst is ectopic, 
i.e., out of the vertebral canal. At that level it may be 
merely a neural plate, whereas more rostrally and cau- 
dally spinal cord is present. The most frequent site is 
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Figure 19-38. Examples of neural defects in the 
spinal region. Based on photographs in Warkany 
and in Nevin and Weatherall. In D the 
myelomeningocele is part of the Arnold-Chiari 
malformation, including hydrocephaly and (as seen 
in the drawing) bilateral talipes. 

the lumbar or the lumbosacral region. Hydrocephaly, 
clubfoot, and urinary incontinence are frequent ac¬ 
companiments, and the Arnold-Chiari malformation 
is said to be almost constant. Treatment includes re¬ 
pair of the exposed neurovascular area and shunting 
for an associated hydrocephaly. 

Pathogenesis. In myelomeningocele, which may 
begin as a myeloschisis (q.v.), the vertebral level is of 
particular interest. Spina bifida aperta may be found 
at any level from cervical to sacral (Fig. 19-40), but 
upper and lower forms are usually distinguished. Nev¬ 
ertheless, it is considered (from the study of sibships) 
that both forms are causally related. 

High Levels. A lesion in either the cervical or the 
thoracic region may represent a discontinuity in the 
closure of the neural tube. However, as long as mes¬ 
enchyme does not separate the surface ectoderm from 
the newly completed neural tube, that is, shortly after 
closure, then reopening of the tube cannot be excluded 
as a possibility. 

Low Levels. By far the most frequent site of spina 
bifida aperta is lumbosacral (Fig. 19-40) and it seems 
likely that, early in the embryonic period12 and under 
abnormal conditions, failure of fusion of the neural 
folds may occur over a greater length, i.e., that the 

neuropore may be elongated. Such an abnormal open¬ 
ing would be bordered initially by united neural ec¬ 
toderm and surface ectoderm (Fig. 19-37B), and this 
would hinder the normal fetal ascensus of the spinal 
cord. Rostral to the defect the cord would tend to be¬ 
come tethered (Fig. 19-37D). 

Spina bifida below the level of the neuropore, how¬ 
ever, may be a failure in canalization of, or possibly an 
exposure of, the neural cord. 

It has been shown in the mouse that low spina bi¬ 

fida is caused predominantly by non-closure of the 

caudal neuropore. In mutant mouse embryos a 

curly tail hinders fusion of the neural folds. How¬ 

ever, the curvature of the caudal end of human em¬ 

bryos appears normally during the time the caudal 

neuropore is about to close12 and there is no evi¬ 

dence, and it is highly unlikely, that any curvature 

of the caudal end would hinder that closure. Tailed 

animals are inappropriate for the study of caudal 

closure of the neural folds and related caudal defects 
in the human. 

3. Meningocele. This type of spina bifida cystica, 
which is relatively rare (far less frequent than myelo¬ 
meningocele, Fig. 19-40), has a better prognosis. It 
involves primarily the meninges (arachnoid and dura), 
and the sac is covered by either intact skin or a thick, 
opaque membrane. The neural tube is in situ although 
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Figure 19-39. Lumbar myelomeningocele, combined in this 
instance with a Chiari malformation, severe deficiencies in the 
lower limbs, and the “VACTERL” association. Courtesy of Joseph 

R. Siebert, Ph.D., Seattle, Washington. 

it may be abnormal. Moreover, aberrant nerve roots 
may be present in the meningeal sac. 

Pathogenesis. It is possible that this malformation 
is related to faulty mesenchymal development in the 
area of primary neurulation, followed by herniation of 
the meninges. Because the meninges in the lumbo¬ 
sacral region begin to appear late in the embryonic 
period17-23, meningoceles in that area arise probably 
either late in the embryonic or early in the fetal period. 

4. Spina bifida occulta is the name given when 
the condition is not evident from the surface. In this 
type a gap in one or more vertebral arches occurs, 
although the spinal cord and meninges remain en¬ 
tirely within the vertebral canal, so that it is not usu¬ 
ally included among neural tube defects sensu stricto. 

FIGURE 19-40. Graph showing the relative frequency of me¬ 
ningocele and myelomeningocele in the cervical, thoracic, lum¬ 
bar, and sacral regions of the vertebral column. 

The defect is covered with skin and is more or less 

hidden (“occult”). 
It is important to appreciate that spina bifida oc¬ 

culta can be associated with anomalies of the spinal 
cord and cauda equina. Fibrous bands, aberrant nerve 
roots, and adhesions may be found. 

Pathogenesis. As a developmental failure of one or 
more neural arches, spina bifida occulta would arise 
during the interval between the appearance of the ver¬ 
tebrae at 5 weeks15 and the completion of the cartilag¬ 
inous neural arches early in the fetal period. However, 
a normal spina bifida occulta may be said to be present 
in all fetuses and infants in the sense that there exists 
a dorsomedian lack of vertebral ossification in the 
lumbosacral region (Fig. 18-17). Moreover, in the 
adult, a small posterior deficiency in the sacrum, of 
no clinical significance, is present in about one-fifth 
to one-quarter of normal persons. This type of spina 
bifida occulta can be regarded as a normal variation. 

Diastematomyelia. Particularly where a tuft of hair 

is present in the lumbar region, a fibrocartilaginous 

or a bony spur in the vertebral canal may be accom¬ 

panied by a partial longitudinal splitting of the spi¬ 

nal cord into right and left halves (diastematomye- 
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Figure 19-41. The 

neurenteric canal and 
anomalies that are probably 
related to it. A and B. Median 
and transverse sections 
through a four-somite 
embryo10 (Bartelmez and 
Evans) to show the neurenteric 
canal. C. After normal closure 
of the canal. D. A few weeks 
later23. E. The formation of a 
split notochord. F. Persistence 
of the neurenteric canal. 

lia). Anomalies of the lower limbs, e.g., asymmetry 

and atrophy of one calf, are usually found. Persis¬ 

tence of the neurenteric canal has frequently been 

invoked in the causation of diastematomyelia, which 

is regarded by some as a manifestation of what is 

called the split notochord syndrome (Fig. 19-41). 

Very rarely the spinal cord may be completely du¬ 

plicated along a part of its length (diplomyelia). The 

distinction between diastematomyelia and diplo¬ 

myelia is not always clear, although the presence of 

a median osseous or fibrocartilaginous spur be¬ 

tween the halves (Fig. 18-161) is generally thought 

to be more characteristic of diastematomyelia, 

whereas the presence of a common dural sheath is 

considered to be more typical of diplomyelia. 

Split Notochord Syndrome. Variable features 

that may result from notochordal derangement in¬ 

clude vertebral and neural malformations (diaste¬ 

matomyelia, diplomyelia, posterior or combined an¬ 

terior and posterior spina bifida), extrusion of 

intestine on the back, diaphragmatic hernia, and 

dorsal enteric fistula or cyst. The condition is 

thought to be related to persistence of the neuren¬ 

teric canal, which is a temporary communication 

through the primitive node, between the amniotic 

cavity and the umbilical vesicle. Normally the canal 

is present between 3 and 4 weeks8-10 (Fig. 6-4). As 

the primitive node becomes displaced caudally, so 

also does a persistent canal, thereby changing its 

somitic level. Persistence of the neurenteric canal is 

believed to result in duplication of the notochord 

and consequently in the formation of hemiverte- 

brae. Early notochordal duplication affects the cer- 

vicothoracic level, whereas a later duplication would 

concern the lumbosacral level. 

Neural Tube Defects in the 

Cerebral Region 

The four main types of spina bifida already described 
have their counterparts in the cerebral region: (1) the 
neural plate remaining open, (2) the neural tube being 
exteriorized, (3) only meninges being exteriorized, or 
(4) merely a skeletal defect being evident. 

1. Anencephaly.* The most severe type of cerebral 
dysraphia presents as a partial absence of the brain and 
the overlying cranial vault (Fig. 19-42). The parts lack¬ 
ing are generally the prosencephalon, the mesenceph¬ 
alon, and the rostral part of the rhombencephalon. 
Motor behavior in utero is grossly disturbed, and most 
examples are stillborn but some survive up to a few 
hours or even days. Anencephaly is said to be the most 
frequently encountered malformation that is incom- 

*The correct usage is anencephaly, hydrocephaly, etc., for the con¬ 
dition and anencephaius, hydrocephalus, for the afflicted fetus or 
infant. 
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Figure 19-42. Anencephaly. A. Left lateral view of an embryo 
of 4'/2 weeks13 showing cerebral dysraphia (future anencephaly). 
B and C. Anterior and left lateral views of an anencephalus of 
305 mm. The neurovascular mass is exposed above. D. Median 
section of an anencephalus showing the deficient skull and the 
degenerated brain. A after Muller and O’Rahilly; B and C from 
photographs in Lemire, Beckwith, and Warkany; D after 

Corning. 

patible with postnatal survival. The condition may be 
combined with an adjacent spinal defect (craniorachis- 

chisis). The prevalence varies considerably according 
to geographical location (e.g., high in Belfast, low in 
Lyon). A figure usually given is 1:1000 hospital births, 
but this is now considered to be too high. Prenatal 
prevalence and particularly that at birth have de¬ 
creased, the latter partly because of prenatal diagnosis 
followed by abortion. Anencephaly is found more fre¬ 

quently in females. 
The eyes are usually normal macroscopically and 

optic nerves are present, indicating that the forebrain 
did develop. Similarly, the presence of oculomotor 
nerves shows that the midbrain was present. The ad¬ 
enohypophysis may be deficient or may become de¬ 
tached from the brain, causing small suprarenal glands 

because of a lack of fetal cortex. 

Postnatal survival usually does not exceed 3 days 
but may extend up to even 3 months. The natural 
cause of death is ultimately hypoventilation. Ethical 
and practical problems arise in obtaining tissues and 
organs from anencephalic fetuses or infants for trans¬ 
plantation. These matters, as well as the question of 
personhood of anencephalics, have been well discussed 
by Shewmon et al. (1989). 

Pathogenesis. Anencephaly produced experimen¬ 
tally in animals (e.g., by hypervitaminosis A in the 
pregnant rat) arises in three phases: (1) failure of clo¬ 
sure of the rostral part of the neural plate (encephal- 

oschisis; cf. myeloschisis); (2) protrusion of a highly 
developing and well-differentiated brain (exen- 

cephaly)22; and (3) degeneration of the exposed por¬ 
tions, leading to typical anencephaly23. 

Preliminary cerebral dysraphia has been recorded 
in a human embryo of about 4V2 weeks13, and it is 
believed that anencephaly as seen at birth generally 
arises by a similar succession of three phases during 
prenatal life. Phases 1 and 2 occur mainly during the 
embryonic period11-22, and phase 3 late in the embry¬ 
onic and in the fetal period. 

Although the accompanying osseous defects are 
generally regarded as secondary, some (e.g., the ab¬ 
normal sphenoid) may perhaps arise early from mes¬ 
enchymal alterations. 

The primary disturbance that interferes with nor¬ 
mal closure is thought to be in the neural ectoderm 
and/or its associated mesoderm. Anencephaly and re¬ 
lated dysraphic disorders are complex developmental 
malformations that may affect primarily the early pro¬ 
duction of mesenchyme, resulting in imperfect fusion 
of the neural folds and skeletal defects (Marm-Padilla, 

1970, 1991). 
Careful examination of dysraphic (prospective an¬ 

encephalic) human embryos reveals more indepen¬ 
dence than anticipated between skull and brain. For 
example, a chondrocranium typical of a “holoacranial” 
anencephalic skull may support a well-developed 
brain, whereas a more nearly normal chondrocranium 
may be associated with an already degenerated brain 
(Muller and O’Rahilly, 1991). Hence it seems possible 
that the skeletal component is of primary importance 
in the production of such disturbances. 

It has been proposed that neural tube defects af¬ 
fecting the head (e.g., anencephaly), which are more 
frequent in the female, arise differently from open 
lumbosacral defects, which are more frequent in the 
male. Attempts have been made to relate these dis¬ 
tinctions to regional differences in neurulation and to 
a slightly slower rate of development of female 

embryos. 
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In the rat, retinoic acid given before the onset of 

neurulation leads to severe disturbances, especially 

lack of closure of the rostral neuropore and reduc¬ 

tion of the prosencephalon; sensitivity to retinoic 

acid, however, is lost with the onset of neurulation. 

2. Encephalomeningocele. This is usually referred 
to merely as encephalocele (Fig. 19-34). Protrusion of 
brain and meninges through an abnormal opening in 
the skull occurs most commonly in the occipital re¬ 
gion (Fig. 19-43). Occipital encephalocele may be 
found with polycystic kidneys and polydactyly 
(Meckel-Gruber syndrome). Encephaloceles at the 
base of the brain (e.g., in the sphenoidal region) are 
not visible externally. Hydrocephaly is a frequent ac¬ 
companiment of encephaloceles. 

Pathogenesis. Encephaloceles are covered by skin 
and hence are believed to arise after closure of the 
neural tube, probably in the presence of mesenchymal 
deficiency. 

Encephaloceles situated in the frontal region (Fig. 
19-44), however, constitute a separate category of 
which there are many varieties related to the nose, 
nasopharynx, or orbit. It has been suggested that 
fronto-ethmoidal encephaloceles arise from disturbed 
separation of the neural from the surface ectoderm at 
the site of the closed rostral neuropore (Hoving, 1993). 

3. Cranial meningocele. This is a protrusion of 
merely meninges through the skull (Fig. 19-34). 

Figure 19-43. Occipital (encephalo)meningocele. Courtesy of 
Sterling Clarren, M.D., Seattle, Washington. 

Figure 19-44. Examples of well-known cerebral anomalies. 
Based on photographs in Warkany and in Nevin and Weatherall. 

4. Cranium bifidum occultum. A simple cranial 
defect may be found in either the occipital or the fron¬ 
tal region (Fig. 19-34). 

Other Anomalies of the 

Nervous System 

Agenesis of the Corpus Callosum 

Complete or partial lack of callosal fibers between the 
cerebral hemispheres is generally discovered as an ac¬ 
cidental finding. It is associated with an abnormally 
wide third ventricle, which is usually displaced upward 
in a cystic expansion, and wide separation of the lateral 
ventricles occurs. The anterior commissure may be en¬ 
larged and provides supplementary neocortical inter¬ 
connections. Neurological findings tend to be mini¬ 
mal, although sophisticated psychological testing may 
reveal subtle impairments in interhemispheric trans¬ 
fer. It is assumed that the condition arises in the com¬ 
missural plate (Fig. 19-25), the callosal component of 
which may fail to develop or may not grow caudally. 
Some instances may be a failure of commissuration 
rather than an agenesis. Defects of the corpus cal¬ 
losum and the adjacent region are considered by some 
to be types of cerebral dysraphia. 



NEUROTERATOLOGY 445 

Hydrocephaly 

The term hydrocephaly refers to the abnormal condi¬ 
tion, whereas a hydrocephalus is a person afflicted 
with hydrocephaly. The anomaly (Figs. 19-45 and 19- 
46) is characterized by an increased volume of cere¬ 
brospinal fluid (CSF) within the head, but it is not 
merely a simple imbalance between CSF production 
and CSF absorption: alterations in ventricular compli¬ 
ance and CSF pulse pressure are important in deter¬ 
mining ventricular size. 

Pathogenesis. Hydrocephaly can be caused pre- 
natally (e.g., from viral infection or toxoplasmosis) or 
postnatally (e.g., from a neoplasm). Some instances are 
familial. The ventricles are nearly always increased in 
size, generally resulting in a marked enlargement of 
the head at or shortly after birth. The abnormality can 
be alleviated surgically by shunting the CSF in the 
ventricular system into the peritoneal cavity or into 
the right atrium. 

Hydrocephaly is subdivided into two main types: 
non-obstructive and obstructive. 

1. Non-obstructive hydrocephaly refers to a relative 
enlargement of the ventricles and of the subarach¬ 
noid space caused by a loss of brain tissue. 

2. Obstructive hydrocephaly is that associated with an 
impairment of the circulation or of the absorption 
of CSF. It may be subdivided further into commu¬ 
nicating and non-communicating. 
a. Communicating hydrocephaly refers to a free 

access to the spinal subarachnoid space, al¬ 
though an obstruction occurs outside the ven¬ 
tricular system. Causes include infection (e.g., 

cytomegalovirus or toxoplasma) and intracranial 

hemorrhage. 
b. Non-communicating hydrocephaly refers to a 

lack of communication between the ventricular 
system and the subarachnoid space, both cranial 
and spinal. The obstruction is most frequently 
in the aqueduct, but it may be in the fourth 
ventricle or its apertures. Although the cause of 
aqueductal stenosis is usually unknown, it may 
result from congenital “forking,” gliosis, inflam¬ 
mation, or neoplasm. 

Hydranencephaly 

In this malformation the cerebral hemispheres have 

been largely destroyed and present as a sac filled 

with cerebrospinal fluid and limited by a thin mem¬ 

brane, but covered by meninges, skull, and scalp. 

The head enlarges after birth and, being filled with 

fluid, can be transilluminated. Cranial nerves are 

commonly present, indicating that the brain did de¬ 

velop but deteriorated secondarily. 

Pathogenesis. The condition usually arises prena- 

tally, but whether early or late is disputed. The ter¬ 

ritories supplied by the internal carotid arteries are 

destroyed, and one cause is believed to be maternal 

toxic shock followed by massive hemorrhage in the 

fetal brain. Toxoplasmosis and viral infections are 

considered to be causes in some cases. 

Holoprosencephaly 

The term holoprosencephaly covers a series of facial 
and cerebral malformations of graded severity (and ac¬ 
companying mental retardation), beginning with cy- 

FlGURE 19-45. Hydrocephaly (in this case part of a 
Chiari malformation). Courtesy of Joseph R. Siebert, 
Ph.D., Seattle, Washington. 
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Figure 13-46. The course of the cerebrospinal 
fluid (CSF) and its obstruction in hydrocephaly. 
Normally the CSF from the choroid plexuses 
flows through the interventricular foramina 
(IVF) to the third ventricle (3), aqueduct (Aq.), 
fourth ventricle (4), median and lateral 
apertures, and spinal and cerebral subarachnoid 
space. It is then taken into the venous system, 
(e.g., the cranial venous sinuses). In 
communicating hydrocephaly, obstruction 
occurs outside the ventricular system, e.g., in 
the cranial subarachnoid space (pink area at 
right-hand side of diagram), although the 
ventricles and the spinal subarachnoid space are 
in communication. In non-communicating 
hydrocephaly, obstruction occurs within the 
ventricular system, e.g., at the aqueduct (pink 
area in middle of diagram). Hence the ventricles 
and the subarachnoid space do not 
communicate with each other. 

To venous 
sinus 

clopia and extending to short of the normal face and 
brain. Even minor defects such as a single medial in¬ 
cisor or defects in the labial area may be found in 
relatives. A proboscis per se, however, does not nec¬ 
essarily indicate holoprosencephaly. The prenatal prev¬ 
alence of holoprosencephaly is 1:250, the postnatal 1: 
16,000. 

The prosencephalon remains as a single, more or 
less undifferentiated sphere, incompletely cleft into 
complex halves; the basal part of the telencephalon 
and diencephalon (paleopallium and optic chiasma as 
well as neurohypophysis) is missing. In the most se¬ 
vere (“alobar”) cases no separation into two cerebral 
hemispheres is apparent; in others (“semilobar”) the 
hemispheres are identifiable posteriorly but the fron¬ 
toparietal region is median; and in still others (“lobar”) 
the hemispheres are clearly recognizable, although an¬ 
terior features remain median in a variable manner. 
Some correlation between facial and cerebral abnor¬ 
malities exists, but exceptions occur to the dictum that 
“the face predicts the brain.” 

Examples of alobar holoprosencephaly are illus¬ 
trated in Figure 19-47C-H. The missing parts in the 
cases shown include the basal region of the telenceph¬ 
alon, the olfactory bulbs and tubercles, the future sep¬ 
tal area, and the commissural plate. 

In most instances of holoprosencephaly the olfac¬ 
tory bulbs and tracts are either hypoplastic or absent. 
This arhinencephaly, however, is not always a part of 
the holoprosencephalic spectrum. Although an indi¬ 
cation of olfactory receptor cells and olfactory nerves 
can be found in arhinencephaly, the nerves lack con¬ 
tact with the brain. 

Pathogenesis. Holoprosencephaly is heterogene¬ 
ous and includes autosomal dominant, autosomal re¬ 
cessive, and X-linked recessive forms. It may also be a 
part of monogenic syndromes. Trisomies 13 and 18 
may be associated, and deletions in chromosome 7 
may be implicated. Maternal diabetes has been docu¬ 
mented as teratogenic, and anti-epileptic drugs may 
contribute. It has been found in the macaque that 
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weekly maternal exposure to ethanol can produce 
most of the features of holoprosencephaly, suggesting 
that a pathogenetic relationship may exist between 
that condition and the fetal alcohol syndrome. 

Holoprosencephaly may be an abnormality of in¬ 
duction of the head (or possibly of axial specification) 
that affects either the mesoderm of the prechordal 
plate or the responding ectoderm. It is maintained that 
defective prechordal mesenchyme and mesencephalic 
neural crest do not produce the normal facial struc¬ 
tures nor induce adequate morphogenesis of optic pri- 
mordia and brain8. The prosencephalon fails to “di- 
verticulate” into cerebral hemispheres and optic 
evaginations in the case of true cyclopia (Fig. 19-47F); 
or two optic primordia are formed but do not lateralize 
(synophthalmia Fig. 19-47E). Holoprosencephaly is 
much more frequent in embryos than in newborns, 
and it is believed that more than 90% of affected em¬ 
bryos are lost during the embryonic period proper (K. 
Shiota). 

Microcephaly 

A small head usually results from a general reduction 
in brain mass (micrencephaly) and may be a primary 
hypoplasia of the brain or a secondary destruction that 
takes place either pre- or postnatally. Interference with 
cell generation during trimesters 1 and 2 could be sig¬ 
nificant. The subpial granular layer is absent because 
of generalized premature exhaustion of the germinal 
zone. Some instances, however, are characterized by a 
persistent and abnormally thick subpial granular layer. 
Environmental factors, e.g., maternal X-radiation and 
perinatal anoxia, are among the causes, as is also tri¬ 
somy 21 (Down syndrome). Genetic factors may be im¬ 
portant. Micrencephaly is the basis of many instances 
of mental retardation. Defects in dendritic branching 
and in synapses have been reported in children with 
mental retardation, and abnormalities of dendritic and 
axonal development have been noted in trisomy 21. 

Although the effects of malnutrition are difficult 
to separate from accompanying adverse environmental 
conditions, it appears that nutritional deficiency, par¬ 
ticularly in trimester 3 and in the first few postnatal 
years, can result in deficient brain weight. Maternal 
malnutrition prenatally results in reduced birth weight 
and a reduction in the number of cells in the brain. 
Presumably all dividing cells are affected, and the loss 
is permanent unless extensive rehabilitation is accom¬ 
plished during the first IV2 postnatal years. Malnutri¬ 
tion in infants during the first year can also result in 
a reduced cellular number, either de novo or, in more 
severe instances, as a continuation of prenatal af¬ 
fliction. 

Abnormalities of the Cerebral Cortex 

Cortical malformations are a common cause of epi¬ 
lepsy and developmental delay in children. Failure of 
cellular proliferation and migration may result in mis¬ 
placed neural tissue (heterotopia, e.g., cerebellar cor¬ 
tical cells in the white matter), increase or decrease in 
the number of sulci in the cerebrum, or a reduced 
number of secondary gyri, giving the brain a smooth 
appearance. Massive neuronal ectopia is common in 
the fetal alcohol syndrome. Based on studies of the 
monkey, it has been proposed (by P. Rakic) that a re¬ 
duction in the number of cortical cell columns during 
the first 6 weeks, while maintaining the number of 
neurons per column, would be expected to result in a 
smaller cortical surface area of normal thickness (agy- 

ria, absence of secondary convolutions, or lissen- 

cephaly, a smooth brain) in which the normal cortical 
layers do not form, and severe retardation and seizures 
are usual. The defect is in chromosome 17. 

In contrast, where the initial formation of the col¬ 
umns is not affected but a later reduction in the num¬ 
ber of neurons per column occurs (either genetically 
or through environmental factors), the cortex would 
be expected to be thinner and show numerous small 
convolutions (polymicrogyria). 

Neuronal migration to the cortex is disturbed in 
periventricular heterotopia, in which the neurons 
never leave the ventricular region, and in double cor¬ 

tex, in which the cortical layers are present but overlie 
an abnormally situated band of cortical neurons. Both 
the above conditions are accompanied by mental re¬ 
tardation and seizures, the defect is in the X chro¬ 
mosome, and nearly all are female. 

Another cause is vascular (involving the middle 
cerebral artery) and a primary disorder of neuronal 
migration. Prenatal pathological lesions may result in 
circulatory damage (encephalopathy). The lesions may 
be anoxic-ischemic or hemorrhagic, and the morpho¬ 
logical appearances depend on the time of occurrence 
of the prenatal insult. 

Cortical malformations can arise from abnormal¬ 
ities in (1) timing of migration, (2) migratory mech¬ 
anisms, or (3) synaptic development. 

The causes of cortical malformations have been 
classified (by Barkovich et al., 1996) into (1) abnormal 
(generally reduced) neuronal and glial proliferation 
(e.g., focal cortical dysplasia), (2) abnormal neuronal 
migration (e.g., generalized classical lissencephaly, 
sometimes chromosome-17-associated or X-linked), 
focal agyria, cortical heterotopia, including fetal alco¬ 
hol syndrome), and (3) abnormal cortical organization, 
e.g., polymicrogyria. It is considered important to dis¬ 
tinguish focal and multifocal from diffuse mal¬ 
formations. 
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Dyslexia. This is a widespread disorder of read¬ 

ing, spelling, and writing, and it affects 5-15% of 

children, adolescents, and adults, especially boys 

and left-handed individuals. The brain shows devel¬ 

opmental cytoarchitectural abnormalities (possibly 

caused by hormonal influences) and leptomeningeal 

heterotopia (perhaps caused by asphyxia). The dis¬ 

order may be transmitted by autosomal dominant 

inheritance. 

Cerebral Palsy 

Cerebral palsy (static encephalopathy) is a broad term 
used for a heterogeneous group of non-progressive 
motor disorders of movement or posture caused by a 
prenatal or infantile defect or lesion of the developing 
brain. One or more limbs are involved, resulting in 
muscular spasticity or paralysis. Frequent accompa¬ 
niments are mental retardation, seizures, and disor¬ 
ders of speech. The features usually become manifest 
during the first postnatal year. Intraventricular hem¬ 
orrhage and periventricular leucomalacia are impor¬ 
tant postnatal complications. Prenatal causes are not 
clear but are probably related to genetic, biochemical, 
viral, and developmental abnormalities. The causes, 
however, are often not related to events at birth, and 
perinatal asphyxia has been challenged as a responsible 
agent. Several risk factors have been established, in¬ 
cluding low birth weight, premature separation of the 
placenta, and unusually long or unusually short inter¬ 
vals between pregnancies. The prevalence is probably 
about 2:1000 live births. 

Mental Retardation 

Mental retardation may have its origin prenatally, peri- 
natally, or postnatally. It is estimated that prenatal 
causes, mostly not clear, are responsible for about two- 
thirds of instances of severe mental retardation. Some 
of the prenatal causes are those of congenital anom¬ 
alies in general: mutant genes, chromosomal abnor¬ 
malities, and environmental teratogens. Moreover, 
mental retardation is frequently associated with vari¬ 
ous structural anomalies. Certain visible craniofacial 
malformations, as well as abnormalities of the eyes, 
ears, skin, and limbs, may be suggestive of mental 

deficiency. 
Fragile X syndrome, described in Chapter 9, is the 

most frequent inherited cause of mental retardation. 
Among the many other causes are alcoholism, mal¬ 
nutrition, lead toxicity, infection (e.g., by cytomega¬ 
lovirus), phenylketonuria, and cretinism. Iodine defi¬ 
ciency is an important preventable cause of mental 
retardation because iodine is necessary for the devel¬ 
opment of the brain as well as for the functioning of 

the thyroid gland. 

Additional causes include encephalocele, hydra- 
nencephaly, and holoprosencephaly, already described 
in this chapter, trisomy 21 (Down) syndrome (Chapter 
9), and micrencephaly, cerebral palsy, and Tay-Sachs 
disease, which will be discussed below. Detailed infor¬ 
mation can be found in the book on mental retarda¬ 
tion by Warkany, Lemire, and Cohen (1981). 

Mental retardation may be associated with ge¬ 
nomic imprinting in the Angelman syndrome (hypo¬ 
tonia, puppet-like gait, inappropriate laughter), which 
has some cerebellar features. Another example of ge¬ 
nomic imprinting is the Prader-Willi syndrome (men¬ 
tal deficiency, hypotonia, obesity, hypogonadism, and 
small hands and feet), certain features of which appear 
to be hypothalamic in origin. These syndromes and 
their causes have been discussed already in Chapter 3. 

Arnold-Chiari Malformation 

This obscure condition (Fig. 19-48), first described by 
Cleland, is characterized by an elongated midbrain and 
downward herniation of the cerebellum and medulla, 
including the caudal part of the fourth ventricle. The 
tentorium cerebelli is hypoplastic. Hydrocephaly and 
myelomeningocele (Fig. 19-45) are usual but not in¬ 
variable accompaniments. A failure of the pontine flex¬ 
ure to form is believed to be an important factor in 
the abnormal elongation of the hindbrain. Attempts to 

FIGURE 19-48. Median section to show the main characteris¬ 
tics of the Arnold-Chiari malformation. Among the features 
most frequently encountered may be mentioned hydrocephaly, 
myelomeningocele, agenesis of corpus callosum, “beaking’ of 
the tectum, small posterior fossa and herniated cerebellar ver¬ 
mis, and descent and kinking of the medulla oblongata. 
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formulate a unified theory, however, have been un¬ 
convincing. 

The chief conditions associated with the name 
Chiari are (1) downward displacement of the medulla 
and tonsils (i.e., hemispheres) of the cerebellum and 
(2) what is now generally known as the Arnold-Chiari 
malformaiton. 

Dandy- Walker Syndrome 

This ill-understood complex is characterized by cystic 
dilatation of the fourth ventricle, hypoplasia or aplasia 
of the inferior vermis of the cerebellum, and hydro¬ 
cephaly. Lack of patency of one or more of the aper¬ 
tures in the roof of the fourth ventricle is frequent, 
and maldevelopment of the rostral part of the ventric¬ 
ular roof is believed to be an important factor in the 
origin of the abnormality. Variants include (1) merely 
a small defect in the vermis, and (2) a greatly enlarged 
cerebellomedullary cistern. 

Cerebellar Malformations 

These include agenesis, aplasia, or hypoplasia of the 
vermis of one hemisphere, or even of the whole organ. 
Hypoplasia or aplasia of the vermis, an abnormality in 
the “fusion” of its bilateral components, is an essential 
feature of the Dandy-Walker malformation. Cerebellar 

medulloblastoma arises from persistent nests of the 
temporary external germinal (or granular) layer of the 
cerebellar cortex. 

Autism 

It has been suggested that the initiating lesion in¬ 

cludes the motor nuclei of the cranial nerves. Al¬ 

most complete absence of the facial nucleus and the 

dorsal nucleus of the trapezoid body (superior olive) 

as well as a shortening of the brain stem between 

the trapezoid body and the (inferior) olive have been 

recorded (Rodier). 

Familial Dysautonomia 

This is a congenital sensory neuropathy caused by 

a developmental arrest of sensory and autonomic 

(especially sympathetic) ganglia. Characteristic fea¬ 

tures include decreased response to pain and heat 

and hypotonia. The condition is autosomal recessive 

and, in the Ashkenazi Jewish population, occurs in 

1:10,000 to 1:20,000 live births. 

Neurofibromatosis (von Recklinghausen Disease) 

The peripheral form is a relatively common (1:3000 

births) autosomal dominant disorder characterized 

by abnormalities in multiple tissues derived from 

the neural crest, so that the condition may be 

termed a neurocristopathy. Soft pedunculated tu¬ 

mors (neurofibromata) appear on the surface of the 

body and are associated with pigmented areas (cafe 

au lait spots). The irides, nervous system, muscles, 

and bones may also be affected. The gene (NF1) is 

on chromosome 17qll.2. The severity is greater 

when the transmission is maternal (imprinting), 

whereas earlier onset and more pronounced spino¬ 

cerebellar ataxia are characteristic of paternal trans¬ 

mission. A second and much less frequent type is 

characterized by neurinoma of the eighth cranial 

nerve and by meningioma. The gene is on chro¬ 

mosome 22. 

Gm2 Gangliosidosis (Tay-Sachs Disease) 

This is a lysosomal storage disorder. A deficiency of 

the enzyme hexosaminidase A results in accumula¬ 

tion of ganglioside in the neurons of the brain, lead¬ 

ing in infancy to hypotonia, mental retardation, and 

blindness. Characteristic features include a doll-like 

facies and a cherry-red macular spot (macular de¬ 

generation) in the retina. The infant appears normal 

at birth, but the disease begins in infancy and pro¬ 

gresses to early death (2-5 years). The disease is an 

infantile form of amaurotic familial idiocy. The con¬ 

dition is autosomal recessive, and the gene is on 

chromosome 15q23.q24. Genetic screening of high- 

risk groups (e.g., Ashkenazi Jews) is frequently un¬ 

dertaken. This is an example of an inborn error of 

metabolism in which the precise genetic defect has 

been elucidated. 

Hereditary Chorea (Huntington Disease) 

This is a chronic, progressive chorea (involuntary, 

rapid, jerky movements) that commonly begins only 

in middle age (30-45 years). Subsequently, mental 

deterioration results in dementia. The disorder is 

caused by atrophic degeneration of the corpus stria¬ 

tum (putamen and caudate nucleus). The condition 

is autosomal dominant and the gene is on the short 

arm of chromosome 4 (locus G8). Nearly all patients 

have an affected parent, and early onset of the dis¬ 

ease follows paternal inheritance of the gene 

(imprinting). 

ADDITIONAL READING 

Normal Neuroembryology 

Books 

Anand, K.J.S., and McGrath, P.J. (eds.). 1993. Pain in Neonates. 

Amsterdam: Elsevier. 
Feess-Higgins, A., and Larroche, J.-C. 1987. Le developpement du 

cerveau foetal humain. Atlas Anatomique. Paris: Masson. 
Fontes, V. 1944. Morfologia do cortex cerebral (desenvolvimento). 

Lisbon: Institute de Antonio Aurelio da Costa Ferreira. 
Gilles, F.H., Leviton, A., and Dooling E.C. 1983. The Developing 

Human Brain. Growth and Epidemiologic Neuropathology. 

Boston: Wright. 



ADDITIONAL READING 451 

His, W. 1904. Die Entwicklung des menschlichen Gehims wahrend 

der ersten Monate. Leipzig: Hirzel. 

Hochstetter, F. 1919. Beitrage zur Entwicklungsgeschichte des 

menschlichen Gehims. I. Teil. Vienna: Deuticke. 

Kahle, W. 1969. Die Entwicklung der menschlichen Grosshimhem- 

isphare. Schriftenr. Neurol., vol. 1, pp. 1-116. Berlin: Springer. 

Lemire, R.J., Loeser, J.D., Leech, R.W., et al. 1975. Normal and 

Abnormal Development of the Human Nervous System. Hag¬ 

erstown, Maryland: Harper & Row. 

O’Rahilly, R., and Muller, F. 1999. The Embryonic Human Brain. 

An Atlas of Developmental Stages, 2nd ed. New York: Wiley- 

Liss. 

Sabin, F.R. 1901. An Atlas of the Medulla and Midbrain. Baltimore: 

Friedenwald. 

Nijhuis, J.G. (ed.). 1992. Eetal Behaviour. Developmental and Per¬ 

inatal Aspects. Oxford: Oxford University Press. 

Articles and Chapters, General 

Bossy, J., O’Rahilly, R., and Muller, F. 1990. Ontogenese du systeme 

nerveux. In: J. Bossy (ed.). Neuro-anatomie, Chap. 32. Paris: 

Springer, pp. 357-387. 

Chia-Yi, K., Roth, K.A., Flavell, R.A., et al. 2000. Mechanisms of 

programmed cell death in the developing brain. Trends Neu- 

rosci., 23:291-297. 

Gerard, M., Abitbol, M., Delezoide, A.-L., et al. 1995. RAY-genes 

expression during human embryonic development, a prelimi¬ 

nary report. C. R. Acad. Sci. Paris Sci. Vie Biol. Dev., 318:57- 

66. 
Hemmati-Brivanlou, A., and Melton, D. 1997. Vertebrate embryonic 

cells will become nerve cells unless told otherwise. Cell, 88:13- 

17. 

Kalyani, A.J., and Rao, M.S. 1998. Cell lineage in the developing 

neural tube. Biochem. Cell Biol., 76:1051-1068. 

Martinou, J.-C. 1995. La mort cellulaire programmee dans le sys¬ 

teme nerveux. Afer/. Sci., 11:367-373. 

Muller, F., and O’Rahilly, R. 1996. Development of the human ner¬ 

vous system. In: S.U. Dani, A. Hori, and G.F. Walter (eds.). Prin¬ 

ciples of Neural Aging. Amsterdam: Elsevier. 

Muller, F., and O’Rahilly, R. 1997. The timing and sequence of ap¬ 

pearance of neuromeres and their derivatives in staged human 

embryos. Acta Anat., 158:83-99. 

Nakatsu, T., Uwabe, C., and Shiota, K. 2000. Neural tube closure in 

humans. Anat. Embryol., 201:455-466. 

O’Rahilly, R., and Muller, F. 1987. The developmental anatomy and 

histology of the human central nervous system. In: P.J. Vinken, 

G.W. Bruyn, and H.L. Klawans (eds.). Handbook of Clinical Neu¬ 

rology, Chap. 1. Amsterdam: Elsevier, pp. 1-17. 

O’Rahilly, R., and Muller, F. 1989. Bidirectional closure of the ros¬ 

tral neurospore. Am. J. Anat., 184:259-268. 

O’Rahilly, R., and Midler, F. 1994. Neurulation in the normal human 

embryo. Ciba Found. Symp., 181:70-82. 

van de Pas, M., Nijhuis, J.G., and Jongsma, H.W. 1994. Fetal be¬ 

haviour in uncomplicated pregnancies after 41 weeks of gesta¬ 

tion. Early Hum. Dev., 40:29-38. 

Porterfield, S.P., and Hendrich, C.E. 1993. The role of thyroid hor¬ 

mones in prenatal and neonatal neurological development. En- 

docr. Rev., 14:94-106. 

Prechtl, H.F.R. 1997. State of the art of a new functional assessment 

of the young nervous system. Early Hum. Dev., 50:1-11. 

Raizada, M.K., and LeRoith, D. (eds.). 1993. The role of the insulin¬ 

like growth factors in the nervous system. Ann. N.Y. Acad. Sci., 

692. 
Sidman, R.L., and Rakic, P. 1982. Development of the human cen¬ 

tral nervous system. In: W. Haymaker and R.D. Admas (eds.). 

Histology and Histopathology of the Nervous System. Spring- 

field, Illinois: Thomas. 

Van Allen, M.I. 1996. Multisite neural tube closure in human. Birth 

Defects: Orig. Art. Ser., 30:203-225. 

de Vries, J.I.P., Visser, G.H.A., and Prechtl, H.F.R. 1982. The emer¬ 

gence of fetal behaviour. Early Hum. Dev., 7:301-322. 

Windle, W.F. 1970. Development of neural elements in human em¬ 

bryos of four to seven weeks gestation. Exp. Neurol., 28 (suppl. 

5):44-83. 

Spinal Cord 
Kato, M., and Takashima, S. 1994. Immunohistochemical and mor- 

phometrical development of the dorsal root ganglion as a neural 

crest derivative: comparison with the fetal CNS. Early Hum. 

Dev., 38:81-90. 

Konstantinidou, A.D., Silos-Santiago, I., Flaris, N., et al. 1995. De¬ 

velopment of the primary afferent projection in human spinal 

cord. J. Comp. Neurol., 354:1-12. 

MacDonald, A., Chatrath, P., Spector, T., et al. 1999. Level of ter¬ 

mination of the spinal cord and the dural sac: a magnetic res¬ 

onance study. Clin. Anat., 12:149-152. 

Marti, E., Gibson, S.J., Polak, J.M., et al. 1987. Ontogeny of peptide- 

and amine-containing neurones in motor, sensory, and auto¬ 

nomic regions of rat and human spinal cord, dorsal root ganglia, 

and rat skin. J. Comp. Neurol., 266:332-359. 

Okado, N. 1981. Onset of synapse formation in the human spinal 

cord. J. Comp. Neurol., 201:211-219. 

Tanaka, S., Mito, T., and Takashima, S. 1995. Progress of myelina- 

tion in the human spinal cord and brainstem with myelin basic 

protein immunohistochemistry. Early Hum. Dev., 41:49-59. 

Tohyama, T., Lee, V.M.-Y., Rorke, L.B., et al. 1991. Molecular mile¬ 

stones that signal axonal maturation and the commitment of 

human spinal cord precursor cells to the neuronal or glial phe¬ 

notype in development. J. Comp. Neurol., 310:285-299. 

Vettivel, S. 1991. Vertebral level of the termination of the spinal 

cord in human fetuses. J. Anat., 179:149-161. 

Brain 
Abramovich, D.R., et al. 1985. When does sexual differentiation of 

the human brain occur? In: C.T. Jones and P.W. Nathanielsz 

(eds.). The Physiological Development of the Fetus and New¬ 

born. New York: Academic Press, pp. 659-662. 

Ballesteros, M.C., Hansen, P.E., and Soiza, K. 1993. M.R. Imaging 

of the developing human brain. Part 2. Postnatal development. 

Radiographics, 13:611-622. 

Bartelmez, G.W., and Dekaban, A.S. 1962. The early development 

of the human brain. Contrib. Embryol. Carnegie Inst., 37:13- 

31. 
Borkowski, W.J., and Bernstine, R.L. 1955. Electroencephalography 

of the fetus. Neurology (N.Y.), 5:362-365. 

Choi, B.H. 1988. Developmental events during the early stages of 

cerebral cortical neurogenesis in man. Acta Neuropathol., 75: 

441-447. 

Essick, C.R., 1912. The development of the nuclei pontis and the 

nucleus arcuatus in man. Am. J. Anat., 13:25-54. 

Freeman, T.B., et al. 1991. Development of dopaminergic neurons 

in the human substantia nigra. Exp. Neurol., 113:344-353. 

Going, J.J., and Dixson, A. 1990. Morphometry of the adult human 

corpus callosum: lack of sexual dimorphism. J. Anat., 171:163- 

167. 
Guihard Costa, A.-M., and Larroche, J.-C. 1992. Growth velocity of 

some fetal parameters. I. Brain weight and brain dimensions. 

Biol. Neonate, 62:309-316. 



452 Chapter 19 THE NERVOUS SYSTEM 

Kier, E.L., and Truwitt, C.L. 1996. The normal and abnormal genu 

of the corpus callosum. AJNR (Am. J. Neuroradiol.), 17:1631 — 

1641. 

Knaap., M.S., Valk, J., Bakker, C.J., et al. 1991. Myelination as an 

expression of the functional maturity of the brain. Dev. Med. 

Child Neurol, 33:849-857. 

de Lacoste, M.-C., Holloway, R.L., and Woodward, D.J. 1986. Sex 

differences in the fetal human corpus callosum. Hum. Neuro- 

biol, 5:93-96. 

Marin-Padilla, M. 1988. Early ontogenesis of the human cerebral 

cortex. In: A. Peters and E.G. Jones (eds.). Cerebral Cortex, vol. 

7, Chap. 1. New York: Plenum Press, p. 134. 

Marin-Padilla, M. 1988. Embryonic vascularization of the mam¬ 

malian cerebral cortex. In: A. Peters and E.G. Jones (eds.). Ce¬ 

rebral Cortex, Chap. 13. New York: Plenum Press, pp. 479-509. 

Marin-Padilla, M. 1992. Ontogenesis of the pyramidal cell of the 

mammalian neocortex and developmental cytoarchitectonics. J. 

Comp. Neurol., 321:223-240. 

Meyer, G., and Goffinet, A.M. 1998. Prenatal development of reelin- 

immunoreactive neurons in the human neocortex. J. Comp. 

Neurol, 397:29-40. 

Meyer, G., and Wahle, P. 1999. The paleocortical ventricle is the 

origin of reelin-expressing neurons in the marginal zone of the 

fetal human neocortex. Eur. J. Neurosci., 11:3937-3944. 

Meyer, G., Goffinet, A. M., and Fairen, A. 1999. What is a Cajal- 

Retzius cell? Cerebral Cortex, 9:765-775. 

Meyer, G., Schaaps, J.P., Moreau, L., et al. 2000. Embryonic and 

early fetal development of the human neocortex. J. Neurosci¬ 

ence, 20:1858-1868. 

Muller, F., and O’Rahilly, R. 1981-1990. The development of the 

human brain at stages 8 to 23.Anat. Embryol., 163:1-13 (stage 

8) to 182:375-400 (stage 23). 

Muller, F., and O’Rahilly, R. 1990. The human rhombencephalon at 

the end of the embryonic period proper. Am. J. Anat., 189:127- 

145. 

Nowakowski, R.S. 1987. Basic concepts of CNS development. Child 

Dev., 58:568-595. 

O’Rahilly, R., and Muller, F. 1986. The meninges in human devel¬ 

opment. J. Neuropathol. Exp. Neurol., 45:588-608. 

O’Rahilly, R., and Muller, F. 1990. The ventricular system and cho¬ 

roid plexuses Of the human brain during the embryonic period 

proper. Am. J. Anat., 189:285-302. 

Padget, D.H. 1948. The development of the cranial arteries in the 

human embryo. Contrib. Embryol. Carnegie Inst., 32:205-261. 

Padget, D.H. 1957. The development of the cranial venous system 

in man. Contrib. Embryol. Carnegie Inst., 36:79-140. 

Rabinowicz, T. 1967. Quantitative appraisal of the cerebral cortex 

of the premature infant of 8 months. In: A. Minkowski (ed.). 

Regional Development of the Brain in Early Life. Oxford: Black- 

well, pp. 91-130. 

Rakic, P. 1984. Organizing principles for development of primate 

cerebral cortex. In: S.C. Sharma (ed.). Organizing Principles of 

Neural Development. New York: Plenum Press, pp. 21-48. 

Rakic, P. 1984. Emergence of neuronal and glial cell lineages in 

primate brain. In: I.B. Black (ed.). Cellular and Molecular Bi¬ 

ology of Neuronal Development, Chap. 2. New York: Plenum 

Press, pp. 29-50. 

Richter, E. 1965. Die Entwicklung des Globus pallidus und des Cor¬ 

pus subthalamicum. Monogr. Gesamtgeb. Neurol. Psychiatr., 

108:1-131. 

Schwanzel-Fukuda, M., Crossin, K.L., Pfaff, D.W., et al. 1996. Mi¬ 

gration of luteinizing hormone-releasing hormone (LHRH) neu¬ 

rons in early human embryos. J. Comp. Neurol., 366:547-557. 

Spreafico, R., Arcelli, P., Frassoni, C., et al. 1999. Development of 

layer I of the human cerebral cortex after midgestation. J. 

Comp. Neurol., 410:126-142. 

Verney, C., Milosevic, A., Alvarey, C., et al. 1993. Immunocytochem- 

ical evidence of well-developed dopaminergic and noradrenergic 

innervations in the frontal cerebral cortex of human fetuses at 

midgestation. J. Comp. Neurol., 336:331-344. 

Zecevic, N., and Verney, C. 1995. Development of the catecholamine 

neurons in human embryos and fetuses, with special emphasis 

on the innervation of the cerebral cortex. J. Comp. Neurol, 351: 

509-535. 

Zecevic, N., Milosevic, A., Rakic, S., et al. 1999. Early development 

and composition of the human primordial plexiform layer. J. 

Comp. Neurol., 412:241-254. 

Neuroteratology 

Books 
Evrard, P., and Minkowski, A. (eds.). 1989. Developmental Neuro¬ 

biology. New York: Nestle and Raven Press. 

Hoving, E.W. 1993. Frontoethmoidal Encephaloceles. A Study of 

their Pathogenesis. Groningen, The Netherlands: Rijksuniver- 

siteit Groningen. 

Lemire, R.J., Beckwith, J.B., and Warkany, J. 1978. Anencephaly. 

New York: Raven Press. 

Lemire, R.J., Loeser, J.D., Leech, R.W., et al. 1975. Normal and 

Abnormal Development of the Human Nervous System. Hag¬ 

erstown, Maryland: Harper & Row. 

Myrianthopoulos, N.C. (ed.) 1987. Malformations, Vol. 50, Revised 

Series 6. In: P.J. Vinken, G.W. Bruyn, and H.L. Klawans (eds.). 

Handbook of Clinical Neurology. Amsterdam: Elsevier. 

Myrianthopoulos, N.C., and Bergsma, D. (eds.) 1979. Recent Ad¬ 

vances in the Developmental Biology of Central Nervous Sys¬ 

tem Malformations. Birth Defects: Original Article Series, 15(3): 

1-130. 

Norman, M.G., McGillivray, B.C., Kalousek, D.K., et al. 1995. Con¬ 

genital Malformations of the Brain. New York: Oxford University 

Press. This book is recommended for neuroteratology but not 

for normal development. 

Probst, F.P. 1979. The Prosencephalies. Morphology. Neurophysio¬ 

logical Appearances and Differential Diagnosis. Heidelberg: 

Springer. 

Raimondi, A.J., Sato K., and Shimoji, T. 1984. The Dandy-Walker 

Syndrome. Basel: Karger. 

Siebert, J.R., Cohen, M.M., Sulik, K.K., et al. 1990. Holoprosen- 

cephaly. An Overview and Atlas of Cases. New York: Wiley-Liss. 

Swann, J.W., and Messer, A. (eds.). 1988. Disorders of the Devel¬ 

oping Nervous System. New York: Liss. 

Warkany, J., Lemire, R.J., and Cohen, M.M. 1981. Mental Retarda¬ 

tion and Congenital Malformations of the Central Nervous Sys¬ 

tem. Chicago: Year Book. 

Articles and Chapters 

Adams, M.J., Khoury, M.J., Scanlon, K.S., et al. 1995. Elevated mid¬ 

trimester serum methylmalonic acid levels as a risk factor for 

neural tube defects. Teratology, 51:311-317. 

Ask, O. 1939-1941. Studien tiber die embryologische Entwicklung 

des menschlichen Ruckgrats und seines Inhaltes unter norma- 

len Verhaltnissen und bei gewissen Formen von Spina bifida. 

Uppsala Laekarefoeren. Forh., 45-46:243-348. 

Barkovich, A.J., Kuzniecky, R.I., Dobyns, W.B., et al. 1996. A clas¬ 

sification scheme for malformations of cortical development. 

Neuropediatrics, 27:59-63. 

Blaas, H.-G.K., Eik-Nes, S.H., Vainio, T., et al. 2000. Alobar holo- 

prosencephaly at 9 [7 postfertilizational] weeks visualized by ul¬ 

trasound. Ultrasound Obstet. Gynecol., 15:62-65. 



ADDITIONAL READING 453 

Bossy, J. 1972. Aspects du developpement du systeme nerveux et 

incidences cliniques de ses troubles. Gazz. Sanit., 43:129-152. 

Braddock, S.R., Grate, M.R., and Jones, K.L. 1995. Development of 

the olfactory nerve: its relationship in the craniofacies [re ar- 

hinencephaly]. Teratology, 51:252-256. 

Bunduki, V., Dommergues, M., Zittoun, J., et al. 1995. Maternal- 

fetal folate status and neural tube defects. Biol. Neonate, 67: 

154-159. 

Cameron, A.H. 1956. The spinal cord lesion in spina bifida cystica. 

Lancet, 2:171-174. 

Cohen, M.M. 1989. Perspectives on holoprosencephaly: Part III. 

Spectra, distinctions, continuities, and discontinuities. Am. J. 

Med. Genet., 34:271-288. 

Burk, D.T., and Mirkes, P.E. 1994. Folic acid prevention of neural 

tube defects: public policy issues. Teratology, 49:239-241. 

Dolk, H., de Wals, P., Gillerot, Y., et al. 1991. Heterogeneity of neu¬ 

ral tube defects in Europe. Teratology, 44:547-559. 

Gardner, E., O'Rahilly, R., and Prolo, D. 1975. The Dandy-Walker 

and Arnold-Chiari malformations. Arch. Neurol., 32:393-407. 

Glick, P.L., Pohlson, E.C., Resta, R., et al. 1988. Maternal serum 

alpha-fetoprotein is a marker for fetal anomalies in pediatric 

surgery. J. Pediatr. Surg., 23:16-20. 

Goddard-Finegold, J. 1993. The neurologically compromised fetus. 

Semin. Perinatol., 17:304-311. 

Ikeda, Y. 1930. Beitrage zur normalen und abnormalen Entwick- 

lungsgeschichte des caudalen Abschnittes des Riickenmarks bei 

menschlichen Embryonen. Z. Anat. Entwicklungsgesch., 92: 

380-490. 

Fallen, B., Cocchi, G., Knudsen, LB., et al. 1994. International study 

of sex ratio and twinning of neural tube defects. Teratology, 50: 

322-331. 

Khoury, M.J., Erickson, J.D., and James, L.M. 1982. Etiologic het¬ 

erogeneity of neural tube defects: clues from epidemiology. Am. 

J. Epidemiol., 115:538-548. 

Larroche, J.-C. 1986. Fetal encephalopathies of circulatory origin. 

Biol. Neonate, 50:61-74. 

Lemire, R.J., and Beckwith, J.B. 1984. The spectrum of neural tube 

defects of the caudal spine in infants. In: M. Arima, Y. Suzuki, 

and H. Yabuuchi (eds.). The Developing Brain and Its Disorders. 

Tokyo: University of Tokyo Press, pp. 29-42. 

Lemire, R.J., et al. 1981. The facial features of holoprosencephaly 

in anencephalic human specimens. Teratology, 23:297-315. 

Mann-Padilla, M. 1970. Morphogenesis of anencephaly and related 

malformations. Curr. Top. Pathol., 51:145-174. 

Marin-Padilla, M. 1991. Cephalic axial skeletal-neural dysraphic 

disorders. Can. J. Neurol. Sci., 18:153-169. 

Muller, F., and O’Rahilly, R. 1984. Cerebral dysraphia (future an¬ 

encephaly) in a human twin embryo at stage 13. Teratology, 30: 

167-177. 
Muller, F., and O’Rahilly, R. 1989. Mediobasal prosencephalic de¬ 

fects, including holoprosencephaly and cyclopia. Am. J. Anat., 

18S:391-414. 

Muller, F., and O’Rahilly, R. 1991. The development of anencephaly 

and its variants. Am. J. Anat., 190:193-218. 

Miinke, M. 1989. Clinical, cytogenetic, and molecular approaches 

to the genetic heterogeneity of holoprosencephaly. Am. J. Med. 

Genet., 34:237-245. 
Muenke, M. 1994. Holoprosencephaly as a genetic model for normal 

craniofacial development. Dev. Biol., 5:293-301. 

O’Rahilly, R., and Muller, F. 1989. The interpretation of some me¬ 

dian anomalies as illustrated by cyclopia and symmelia. Tera¬ 

tology, 40:409-421. 

Paidas, M.J., and Cohen, A. 1994. Disorders of the central nervous 

system. Semin. Perinatol., 18:266-282. 

Roessler, E„ Belloni, E., Gaudenz, K„ et al. 1996. Mutations in the 

human Sonic hedgehod gene cause holoprosencephaly. Nat. 

Gen., 14:357-360. 
Seller, M.J. 1990. Neural tube defects: are neurulation and canali¬ 

zation forms causally distinct? Am. J. Med. Genet., 35:394-396. 

Shewmon, D.A., Capron, A.M., Peacock, W.J., et al. 1989. The use 

of anencephalic infants as organ sources: a critique. JAMA, 261: 

1173-1781. 
Stanley, F.J. 1994. The aetiology of cerebral palsy. Early Hum. Dev., 

36:81-88. 
Weisglas-Kuperus, N., Baerts, W., Fetter, W.P.F., et al. 1992. Neo¬ 

natal cerebral ultrasound, neonatal neurology and perinatal 

conditions as predictors of neurodevelopmental outcome in very 

low birth weight infants. Early Hum. Dev., 31:131-148. 

Yakovlev, P.I. 1959. Pathoarchitectonic studies of cerebral malfor¬ 

mations. III. Arhinencephalies (Holotelencephalies). J. Neuro- 

pathol. Exp. Neurol., 18:22-55A. 





he development of the eye depends on a pre¬ 
cise juxtaposition of the essential visual ap¬ 

paratus (the retina and visual pathways, derived from 
the neural ectoderm) with the dioptric apparatus (the 
cornea and lens, derived mainly from the surface 
ectoderm). 

It is believed that a single retinal field exists at the 
rostral end of the neural plate, but that its median part 
is suppressed under the influence of the prechordal 
plate, resulting in bilateral retinal primordia (Fig. 

20-1 A). 
Inductive processes and invagination of both ec¬ 

todermal layers (neural and somatic) are required. The 
eye is unusual in that its receptive area, the retina, 
develops as a part of the wall of the brain, with which 
it shares many characteristics. Thus, the retina may 
be regarded as an island of the central nervous system, 
which remains connected with the brain by a tract 
known in anatomy as the optic nerve. 

The eye is derived from four sources: neural ec¬ 
toderm, somatic (surface) ectoderm, neural crest, and 

mesoderm. 

Homologous genes control similar developmental 

pathways, and it is likely that a cascade of homol¬ 

ogous transcription factors (Pax6 genes) control the 

differentiation not only of the eyes of vertebrates but 

even of the compound eyes of insects. The Pax6 

gene is considered to be a “master control gene,” 

one that triggers the formation of a structure or 

organ, in this case the eye. Moreover, the develop¬ 

ment of the eye is under the control of many growth 

factors, including nerve growth factor, and trans¬ 

forming growth factor /3 is important in the migra¬ 

tion of mesencephalic neural crest to the eye. Al¬ 

though the Pax genes may be considered to be 

homologous as genes, the corresponding morpho¬ 

logical homology is merely at the level of ecto¬ 

dermal discs in the head: arthropod and vertebrate 

eyes, both regulated by Pax6, are homologous only 

at the level of photoreceptors. 

During the nineteenth century it became estab¬ 
lished that (1) the optic vesicle is derived from the 
forebrain, (2) the lens arises from the surface ecto¬ 
derm, (3) the optic cup is formed by invagination of 
the optic vesicle, (4) the epithelium and the fibers of 
the lens develop from the lens vesicle, (5) the retina 
is formed from the two layers of the optic cup, and (6) 
the optic nerve fibers arise in the retina and grow into 
the brain. 

OCULAR INDUCTION 

Following the work of Spemann on the amphibian 

eye during the early part of the twentieth century, 

a sequence of inductions in the development of the 

eye has been partially clarified. Thus, the neural ec¬ 

toderm is generally said to induce the formation of 

the optic vesicle, the vesicle induces the appearance 

of the lens from the overlying surface ectoderm, and 

the lens induces the establishment of the cornea 

(Fig. 20-1B). It is believed on comparative grounds 

that lens competence in the surface ectoderm may 

appear under the influence of pharyngeal endoderm. 

It is probable that, very early in development, 

epithelio-mesenchymal interactions (between the 

surface ectoderm of the head and the underlying 
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Figure 20-X. Induction and 
interrelationships. A. Early 7~8? 
influence of the prechordal 
plate on the optic primordium 
that leads to the development 
of two lateral optic primordia. 
B. Simplified scheme of the 
chief developmental 
interrelationships in the 
embryonic eye. The three main 
inductions (stippled arrows) are 
marked 1, 2, and 3. The 
question mark for the neural 
crest indicates that the precise 
derivatives in the human are 
not fully known. 

BY 
PRECHORDAL 

PLATE 

mesenchyme) confer a lens-forming bias on a large 

area of head ectoderm, and that the optic vesicle 

then induces the lens to form in a defined area of 

the primed ectoderm. 

Wl DEVELOPMENT OF 

THE EYE 

The appearance of various features of the eye during 
the embryonic period is listed in Table 20-1. 

The Optic Vesicle 

The optic primordium and an associated groove (the 
optic sulcus) appear in each neural fold of the fore¬ 
brain at about 4 weeks10. The right and left primordia 
are connected by a ridge, the future optic chiasma. The 
optic sulcus becomes deeper and forms an evagination, 
the optic primordium, which is at first in contact with 
the surface ectoderm (Fig. 20-2A)11. Ectomesenchymal 
cells from the mesencephalic10 and optic12 neural crest 
soon intervene between surface ectoderm and optic 
primordium (Fig. 20-3A)12 and migrate through gaps 
in the basement membrane. (They probably develop 
later into the pigment cells of the uvea.) The evagi¬ 
nation constitutes the optic vesicle, the cavity (optic 

ventricle) of which is continuous with that of the fore¬ 
brain (future third ventricle) (Fig. 20-2B)12. Cell death 
occurs during the formation of the optic vesicle. 

The Optic Cup 

Thicker areas in the optic vesicle and the adjacent sur¬ 
face ectoderm become the retinal disc and the lens 

disc, respectively (Fig. 20-2C)13.* The retinal disc is 
invaginated so that the double-layered optic cup is 
formed (Figs. 20-2D,E and 20-3B)14. The formation of 
the optic cup and lens is illustrated in Figures 20-2- 
20-7. The invagination is not symmetrical and extends 
partly onto the stalk of the cup to constitute the ret¬ 

inal (frequently incorrectly termed “choroid”) fissure 

(Fig. 20-2F; see also Fig. 20-15), which disappears 
later18. The retinal fissure is necessary to ensure con¬ 
tinuity between the inner layer of the cup and the op¬ 
tic stalk, so that nerve fibers can later pass back to the 
brain (Fig. 20-7E)19. It also allows the hyaloid artery 
to reach the optic cup. The inverted layer of the optic 
cup is closely comparable to the wall of the developing 
brain (Fig. 20-8). Each consists of three zones limited 
collectively by a terminal bar net on one side and by 
a basement membrane on the other (Fig. 20-8). The 
walls of the optic cup provide not only the optic part 
of the retina (Figs. 20-9 and 20-10) but also the epi¬ 
thelium of the ciliary body and the iris: the ciliary and 
iridial parts of the retina (Figs. 20-11 and 20-12). 

Early basement membranes of the eye are depicted 
in Figure 20-5. At first13 a basement membrane (A) 
covers the optic vesicle, and another (B) lines the sur¬ 
face ectoderm. As invagination proceeds14, a part of A 
becomes invaginated into the optic cup, and B covers 
the lens pit. Soon15 A becomes the basal lamina of the 
uvea and the internal limiting membrane of the retina, 
whereas B forms the lens capsule and the basement 
membrane of the anterior epithelium of the future 
cornea. (In contrast, the external limiting membrane 
of the retina is a terminal bar net.) 

*It has been suggested that growth pressure (increased cellular 
volume) may be the driving force for the invagination of the lens 
disc (as studied in the chick) rather than merely cytoskeletal 
changes or differential adhesion (Hendrix et al.). 
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TABLE 20-1 Initial Appearance of Various Features of the Eye 

Feature 

mm 

Weeks 

Stage 

Optic primordium and sulcus 

Optic vesicle 

Optic neural crest 

Retinal and lens discs 

Optic cup and lens pit; retinal fissure 

Retinal pigment; lens vesicle; anterior epithelium of cornea; 

primary vitreous body 

Definitive optic stalk 

Internal “neuroblastic” layer in retina 

Cavity of lens vesicle obliterated 

Posterior epithelium of cornea; palpebral folds; 

nerve fibers in retina 

Nerve fibers from retina reach lateral geniculate body 

Substantia propria of cornea; pupillary membrane 

Scleral condensation 

Secondary vitreous body; external“neuroblastic” layer in 

retina 

3 4 5 6 8 10 15 20 25 30 

4 5 6 7 8 

10 11 12 13 14 15 16 17 18 19 20 21 22 23 

’■MM 
MM 

HP 

MM 
'y/y/vvv. 

mi 

id 

iH 

The Lens 

The lens disc becomes indented and thereby the lens 

pit is formed (Figs. 20-2D and 20-7B)14. Cellular death 
is noticeable in the development of the lens. The lens 
pit then closes, so that the lens vesicle is formed (Figs. 
20-2E,F and 20-3C). The cells of its deep wall become 
elongated and develop into primary lens fibers (Figs. 
20-3D and 20-7C)15-18. Lens-specific cytoskeletal pro¬ 
teins (e.g., CP49) are found in the epithelial cells that 
are committed to the formation of the fibers. As the 
lens fibers increase, the cavity of the lens vesicle be¬ 
comes at first crescentic and then obliterated (Fig^ 

20-6D,E). 
Secondary lens fibers develop21 in the equatorial 

region and grow toward the anterior and posterior 
poles of the lens. Lens fibers of varying length meet 
each other at what are termed sutures, giving rise to 
a complicated onion-like pattern. The fetal lens shows 
a Y-suture anteriorly and an inverted A posteriorly; ad¬ 
ditional branching of the sutures results in the stellate 
arrangement found in the adult. The lens is transpar¬ 
ent and contains protein crystallins, and its capsule 
includes glycoproteins. In some species, after removal, 
a new lens can be regenerated from the epithelium of 
the iris. Lens fibers continue to be formed postnatally. 
It has been shown by electron microscopy that the lens 
capsule becomes thicker by the secretion and deposi¬ 

tion of successive basal laminae. 

The Cornea 

The restored surface ectoderm, after separation of the 
lens vesicle (Fig. 20-2E), constitutes the anterior epi¬ 

thelium of the cornea (Fig. 20-2G). 
Mesenchyme (the future substantia propria of the 

cornea) invades the interval between the surface ec¬ 
toderm and the lens epithelium, and the posterior ep¬ 

ithelium of the cornea becomes distinguishable (Fig. 

20-2G)19. Mesencephalic neural crest cells are believed 

to invade the corneal region to form (1) its posterior 

epithelium, (2) the stroma of the iris and (part of the) 

pupillary membrane, and (3) the corneal keratinocytes 

.(which secrete collagenous fibrils). 
\ During the fetal period, the three-layered cornea 

(anterior epithelium, substantia propria, posterior ep- 

itheliurhf? develops anterior and posterior limiting 

laminae, soAhatthe five-layerecijipnearance of the 

adult cornea is found^XFigr^0^2G7 inset). The sinus 
venosus sclerae1 arises by the merging of blind exten¬ 

sions from intrascleral veins. The anterior chamber 

(the space immediately deep to the cornea) is at first 

*It is possible to construct an “equivalent” of the three-layered 

cornea in vitro from continuously dividing corneal cells and an 

artificial tissue matrix. 
"Known in ophthalmological literature as the canal of Schlemm, 

after the German anatomist who described it in 1830. 
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Figure 20-2 Development of the eye. A. The optic sulci, which are first visible at 4 weeks10. B. After closure of the rostral 
neuropore, the optic vesicles are evident12. C. The retinal and lens discs at 4Y2 weeks13. D. The retinal and lens discs have become 
indented to form the optic cup and the lens pit, respectively14. E. The lens pit has become closed from the surface to form the 
lens vesicle15. F. End-on view of the optic cup (which has a pentagonal margin) and retinal fissure16. G. Section of the eye at the 
end of the embryonic period proper23. Blood vessels (BV) can be seen in the vitreous body. The inset at the right shows the cornea. 

lined by a continuous mesothelium but slits and holes 
appear before birth. The mode of development of the 
iridocorneal (or filtration) angle is not entirely clear. 
Various interpretations of the manner by which space 
is cleared among the mesenchymal cells include cel¬ 
lular atrophy, rarefaction and reorganization, and 

cleavage caused by unequal growth rate of the neu¬ 
roectodermal and mesodermal layers in the ciliary re¬ 
gion. The cells of the trabecular meshwork are 
thought to be derived from neural crest, and it has 
been proposed that anomalies of the iridocorneal an¬ 
gle, which become manifest in glaucoma and also ir- 
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Figure 20-3. Development of the eye from 414 to 8 weeks. A. At 414 weeks12 showing the optic vesicles and the site of the rostral 
neuropore. Optic neural crest is visible (arrow). B. A little later14 showing formation of lens pit and optic cup. C. At 5 weeks16 
showing D-shaped lens cavity. D. At 6 weeks17 illustrating semilunar lens cavity. E. At 6 weeks18 showing closed lens cavity and 
hyaloid vessels behind the lens. F. At 8 weeks23. The artifactual space between the two main strata of the retina is the site of the 
abnormality known as detachment of the retina (cf. Figs. 20-2G and 20-4). The thin layer of mesenchyme immediately in front of 

the lens is the pupillary membrane. From R. O’Rahilly (1966). 

idial dysplasia, may be a neurocristopathy, i.e., of neu¬ 

ral crest origin. 
Associated with the development of the cornea, a 

pupillary membrane has formed in front of the lens 
(Fig. 20-3F) and soon becomes vascularized. When it 
ceases to grow during trimester 3, it begins to disap¬ 
pear and has largely vanished by birth. Communica¬ 
tion is thereby established through the pupil between 
the anterior and posterior chambers. 

The Retina and Optic Nerve 

Embryonic Period. Retinal pigment appears in 
the external layer of the optic cup15. Although pigment 
is first seen in the retina at 5 weeks, immature melan- 
osomes are present at least one week earlier; the ear¬ 

liest melanosomes are formed from the Golgi complex. 
Melanin (or an associated product) regulates the de¬ 
velopment of the neural layers. 

The optic cup is now anchored to the brain by a 
distinct optic stalk (Fig. 20-7C-E), the future optic 
nerve. The retina begins its complicated differentia¬ 
tion17, whereby the various layers characteristic of the 
adult tissue will gradually develop. The external layer 
of the cup constitutes retinal layer No. 1, whereas the 
internal layer of the cup becomes retinal layers 2-10 

(Fig. 20-9). 
The cavity (optic ventricle) of the optic vesicle, 

now within the retinal (pigmented and nervous) layers 
of the optic cup, becomes obliterated (Fig. 20-2G), al¬ 
though a potential cleft persists throughout life (Table 
20-2). The cavity of the optic stalk is also obliterated, 
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FIGURE 20-4. An optic cup at 5 weeks (10 mm and probably about stage 15), “fractured” artificially for scanning electron micros¬ 
copy. A. The cavity of the optic stalk. B. The lens is clearly visible, and the difference in thickness of the external and the inverted 
strata of the retina is evident. Courtesy of Prof. Dr. K. V. Hinrichsen, Bochum, and Springer-Verlag. 
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of uvea 
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of retina 
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Figure 20-£ The early basement membranes of the eye at 472-5 weeks13-15. Initially a membrane A covers the optic vesicle, and 
B lines the surface ectoderm. Then (middle drawing) a portion of A becomes invaginated with the optic cup, and B covers the lens. 
Finally A becomes the basal lamina of the uvea and the internal limiting membrane (layer 10) of the retina, whereas B forms the 
lens capsule and the basement membrane of the anterior epithelium of the cornea. In contrast, the external limiting membrane 
(layer 3) of the retina is a terminal bar net. From R. O’Rahilly (1966), courtesy of Carnegie Institution of Washington. 
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Figure 20-6. The early development of the lens, showing the lens disc (A), its indentation (B), the closure of the pit (C), the 

reduction (D), and the elimination of the lens cavity (E)13"23. 

Figure 20-7, A-D. End-on 
views showing the conversion of 
the optic vesicle (A) to the optic 
cup and the formation of the 
retinal fissure (B-D)13-16. E. 
Sectioned eye showing the 
hyaloid artery entering the 
vitreous cavity through the 
retinal fissure. A-D drawn for 
Dr. George L. Streeter by James 
F. Didusch. 

Optic 
stalk 

< Pigmented layer 
Inverted layer 

Epithelium of lens 
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H —1 2 3 4 5 6 7 8 9 10 ■■■ Comparison 
between the wall of the 
developing brain and that of 
the optic cup at about 4V2 

weeksca'14. Adjacent to the 
cavity (future third ventricle; 
“optic ventricle”) is a terminal 
bar net, known in the retina as 
the external limiting 
membrane (ELM). Then come 
the germinal cells, followed by 
mantle and marginal layers, 
bounded by a basement 
membrane: the external 
limiting membrane (ELM) of 
the brain, the internal limiting 
membrane (ILM) of the retina. 
Modified from O’Rahilly (1966). 

• Layers 

EMBRYONIC PERIOD FETAL PERIOD 

Optic 
vesicle 

Ext. 
layer 

Retinal 
disc 

t 
Inverted 
layer of 
optic 
cup 

1. Pigmented layer 

2. Layer of rods and cones 

3. External limiting 

membrane 

4. External nuclear layer 

5. External plexiform layer 

6. Internal nuclear layer 

7. Internal plexiform layer 

8. Layer of ganglion cells 

9. Layer of optic verve 

fibers 

10. Internal limiting 

membrane 

Figure 20-9. Scheme of the development of the retina. The external layer of the optic cup becomes the pigmented layer (no. 1). 
The internal layer of the cup undergoes complicated transformations that result in the neural layers (nos. 2-10) of the retina. By 
the middle of prenatal life, all layers are present. BM, basement membrane; C, cone; E, external (“neuroblastic”) layer of immature 
neurons; I, internal (“neuroblastic”) layer of immature neurons; ILM, internal limiting membrane; M, marginal layer; P, proliferative 
and “primitive” zones; R, rod; T, transient fiber layer; TB, terminal bar net. 
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Figure 20-10. Photomicrographs of the retina halfway through prenatal life (174 and 200 mm), when all layers are present. A. 
Layers 1-6 at 18 weeks. A portion of the choroid with blood vessels can be seen external to (above) (1) the pigmented layer. Also 
visible are a scant indication of internal segments of (2) cones, (3) terminal bars of external limiting membrane, (4) external nuclear 
layer showing large, oval nuclei of rods and the nuclei of radial gliocytes (of Muller), (5) external plexiform, and (6) internal nuclear 
layers. B. All 10 layers at 21 weeks. In addition to those visible in A, the (7) internal plexiform, (8) ganglion cell, and (9) nerve 
fiber layers can be seen and the (10) internal limiting layer. BV, blood vessel; Ch., choroid. Courtesy of Roy H. Rhodes, M.D., Los 

Angeles, California. 

and nerve fibers from the retina grow back in the stalk 
to reach the brain20. The stalk thereby becomes the 
optic nerve, which is best regarded as a tract of the 
brain. The optic cup is now approximately 1 mm in 
diameter20. 

The first nerve fibers, which arise from the gan¬ 
glion cells, appear in the retina18 and traverse the optic 
stalk and the chiasmatic plate19, where some of them 
cross20. They then continue toward the lateral genic¬ 
ulate body21. 

Fetal Period. Before the middle of prenatal life, all 
the layers of the adult retina are visible (Fig. 20-10). 
Rods and cones appear and soon develop external seg¬ 
ments. The retinal arteries probably arise from capil¬ 
laries that appear near the hyaloid artery and invade 
the optic disc and retina. The number of ganglion cells 
in the fetal retina is greater than at maturity, and the 
reduction is caused partly by cell death. Cellular loss 
is probably not a dominant factor in establishing re¬ 
gional specialization in the fetal retina, but differential 
growth of the retina may be important. Retinal axons 
(in the cat) innervate their target before regional spe- 
cializaiton takes place. 

Optic Fibers and Centers 

Some fibers from the lateral geniculate body proceed 
toward the dorsal thalamus early in the fetal period. 
The six characteristic layers of the lateral geniculate 
body are found by the middle of prenatal life, but only 

after inputs from the optic nerves have arrived. Activity 
occurs probably as spontaneously generated action po¬ 
tentials. The intermixed inputs from the two eyes be¬ 
come segregated gradually, and activity-dependent 
competitive interactions between the retinal axons 
from the two eyes are important; synapses of side 
branches are eliminated. The axons from the lateral 
geniculate body reach the cerebral cortex and find 
their appropriate target area with the help of subplate 
neurons (Chapter 19). Before the fibers enter the cor¬ 
tical plate, however, they “wait” in the subplate and 
then penetrate layer 4 of the striate area. The visual 
cortex attains its six-layered organization early during 
trimester 3. Myelination of the optic radiation begins 
at the lateral geniculate body. Geniculocalcarine fibers, 
which initially are intermixed within layer 4 of the 
cortex, become segregated into columns postnatally 
according to ocular dominance. 

It has been shown in mammals that neural activity 
is generated from the ganglion cells long before the 
photoreceptors (rods and cones) become differentiated. 
This neural activity influences the pattern of wiring, 
probably by causing strengthening and weakening at 
different synapses. Experience and learning are impor¬ 
tant later. 

Other Features 

Blood Vessels. Blood vessels are noticeable near 
the lens (Fig. 20-3E) and form part of the hyaloid sys¬ 

tem, which gains entry through the retinal fissure 



464 Chapter 20 THE EYE 

Figure 20-5 The iridocorneal angle at 12 weeks (88 mm). 
The optic part of the retina is continued into the ciliary body 
as the ciliary part of the retina, and into the iris as the iridial 
part. The cornea comprises (1) anterior epithelium, (2) sub¬ 
stantia propria or stroma, and (3) posterior epithelium. The 
artifactual space (asterisk) between the pigmented and neural 
layers of the retina is the site where so-called retinal detach¬ 
ment would take place. 

(Fig. 20-7E). (The hyaloid artery is a branch of the 
ophthalmic, and its branches continue to be promi¬ 
nent during the fetal period (Fig. 20-13). Although its 
stem constitutes the important central artery of the 
retina, the blood flow in its more distal branches 
ceases early in trimester 3. The artery is almost com¬ 
pletely atrophied at birth, its main pathway being in¬ 
dicated by the hyaloid canal. 

The lens is surrounded by vessels (the tunica vas- 

culosa lentis) that communicate with the hyaloid sys¬ 
tem. Blood vessels of the choroid (Fig. 20-10A) partly 
surround the globe. 

The Vitreous Body. The primary vitreous body be¬ 
gins to form in the space between the lens and the 
retina15 and soon consists of mesenchymal cells, fi¬ 
brils, and blood vessels. It is secreted by the cells of 
the retina, lens, and ocular mesenchyme, and is rich 
in hyaluronic acid and glycosamine. It becomes en¬ 
croached upon peripherally by the secondary vitreous 

body, which is avascular and is formed by the retina 

and the hyaloid system during the later part of the 
embryonic period23. Early in the fetal period, thicker 
fibers attached to the internal limiting membrane of 
the retina constitute the tertiary vitreous body. 

The Uvea. Pigment appears in the uvea at or 
shortly after the middle of prenatal life. The rim of the 
optic cup, which constitutes the common primordium 
of the ciliary body and the iris (Fig. 20-11), undergoes 
rapid growth. It is the boundary of the pupil. Ciliary 
processes develop and become highly vascularized, and 
aqueous humor is secreted. 

The iris, like the ciliary body (with which it is con¬ 
tinuous) (Fig. 20-12), develops from both the optic cup 
(the two strata of the retina) and the adjacent mes¬ 
enchyme. A wave of neural crest cells overlying the 
rim of the optic cup migrates centrally to contribute 
to the iris and the temporary pupillary membrane. The 
junction between (a) the optic part and (b) the ciliary 
and iridial parts of the retina is the ora serrata (Fig. 
20-12). 

Muscles. The muscles of the eyeball (four recti 
and two oblique) develop from the premandibular con- 
densation16-17, i.e., mesenchyme derived from the pre¬ 
chordal plate (Table 10-2). The myofibrils appear 
early16 and fusion of myotubes follows20. 

The ciliary muscle, which may be derived from 
neural crest (Fig. 20-1, Table 20-2), develops between 
the optic cup and the sclera. It begins to differentiate 
at the end of the embryonic period. 

A part of the optic cup (iridial part of the retina) 
gives rise to the sphincter and dilator muscles of the 
pupil. 

The Sclera. The sclera arises as a mesenchymal 
condensation externally (Fig. 20-3). As a result of avian 
studies, it is believed that most of the connective tis¬ 
sues of the eye, including the sclera, choroid, and 
stromal cells and posterior epithelium of the cornea, 
are derived from the neural crest (Fig. 20-1). The 
sclera is continuous with the dura mater that sur¬ 
rounds the optic nerve, and the choroid blends with 
the arachnoid and pia mater. The subarachnoid space, 
which continues along the optic nerve, ends behind 
the lamina cribrosa of the sclera. 

The Lacrimal Gland and the Eyelids. The lacrimal 
gland arises early in the fetal period as a series of ep¬ 
ithelial buds from the superolateral part of the con¬ 
junctival sac. Branching and canalization result in an 
acinous gland. Lacrimal canaliculi develop medially in 
each eyelid and later communicate with the lacrimal 
sac. The sac continues as the nasolacrimal duct, which 
appears approximately along (but independently of) 
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Figure 20-12. Regional 
development of the optic cup. A. 

The optic cup at 8 weeks23 showing 
(a) the external pigmented stratum 
(in black) and (b) the cerebral 
stratum (in yellow). The rectangle 
indicates the portion shown in later 
development in B and C. B. At 12 

weeks (88 mm GL). The rim of the 
optic cup is now differentiating into 
a ciliary region (a, b) and the iris is 
beginning. (Cf. Fig. 20-11.) C. The 
adult. The optic part of the retina 
ends at the ora serrata. The ciliary 
ring and ciliary processes (in 
succession) include the ciliary part 
of the retina (a, b) and the 
overlying uveal layers (continuous 
with the choroid). The next portion, 
the iris, includes the iridial part of 
the retina (both a and b are 
pigmented) and the overlying uveal 
layers (with the sphincter pupillae). 
The iridocorneal angle is at the 
apex of the anterior chamber. 1, 2, 
and 3 are the main layers of the 
cornea: anterior epithelium 
(continuous with that of the 
conjunctiva), substantia propria, 
and posterior epithelium. Sinus 
ven., sinus venosus sclerae. 

the line of merging of the maxillary and frontonasal 
prominences18; it grows distally and opens into the in¬ 
ferior meatus of the nose. 

The eyelids arise as folds of ectoderm and mes¬ 
enchyme late in the embryonic period. Early in the 
fetal period, the upper and lower eyelids become 
joined; separation begins at about the middle of pre¬ 
natal life and is usually completed during trimester 2. 

Although the eyes face laterally during the embry¬ 
onic period, they are directed forward early in the fetal 
period (at 40 mm). Fetal eye movements can be ob¬ 
served by ultrasound and are correlated with general 
body movements and cardiac rate. 

SUMMARY OF PRENATAL 

DEVELOPMENT 

Embryonic Period. The optic primordia, together 
with the primordium of the forebrain, are present very 
early8 and hence are more susceptible to teratogens 
than organs that arise later. The appearance of the 
main features is tabulated in Table 20-1. 

The three coats of the eye (Table 20-2) arise as 
follows. The optic cup becomes divisible during 
trimester 2 into optic, ciliary, and iridial parts of 
the retina. The vascular mesenchyme that covers 
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TABLE 20-2 Three Regional Subdivisions (a, b, c) of the Three Tunics (1, 2, 3) of the Eye 

Source (a) (b) (c) 

Mesoderm & neural crest 1 Schlera Cornea 

2 Choroid Uveal layers of ciliary body Uveal layers of iris 

Neural ectoderm 3 
A . . 

Pigmented stratum : ■ Ciliary part : /. . Iridial part \ 
X " . U 
Cerebral stratum of retina of retina \ 

^— Ora serrata 

The pigmented portions of the retina in a, b, and c are stippled. X and X indicate the original basement membrane of the optic 
cup (Fig. 20-5): the basal lamina of the uvea and the internal limiting membrane of the retina, respectively. The site of so-called 
detachment of the retina is between the two strata of the retina and is marked D. a, posterior portion of globe; b and c, anterior 
portion of globe; 1, fibrous coat (sclera and cornea); 2, vascular coat (uvea); 3, retinal coat; a3, optic part of retina, which ends at 
the ora serrata; b2 and b3, ciliary body; c2 and c3, iris. 

the optic part of the retina is the choroid. The 

mesenchyme covering the ciliary part of the ret¬ 

ina will provide the core of the ciliary processes 

and is also the site of the future ciliary muscle. 

The mesenchyme covering the iridial part of the 

retina becomes the stroma of the iris and is the 

site of the future sphincter (and dilator) pupillae. 

More externally the mesenchyme around the eye 

became condensed during the embryonic period 

to form the sclera and the bulk (substantia pro¬ 

pria) of the cornea. The anterior epithelium of 

the cornea is derived from the surface ectoderm. 

Thus, the external, fibrous tunic consists of 

the sclera and the cornea. The middle, vascular 

tunic (the uvea) comprises the choroid, the cili¬ 

ary body, and the iris. The ciliary body and the 

iris both have a two-layered epithelium that is 

also a component (the ciliary and iridial parts) of 

the retina. The internal, nervous tunic is the ret¬ 

ina, the greater extent (the optic part) of which 

is directly involved in vision. It ends in front (be¬ 

coming continuous with the ciliary part) in a 

fringe termed the ora serrata. 

Fetal Period. The initial appearance of various 

features during the fetal period cannot be tabulated 

with precision, but the summary below gives an ap¬ 

proximate idea based on various accounts in the 

literature. 

The following features appear generally after the 

embryonic period, but still during trimester 1: fusion 

of the eyelids, preliminary posterior limiting lamina of 

the cornea, sphincter pupillae, future iridocorneal an¬ 

gle, Y-shaped sutures in the lens, sinus venosus 

sclerae, ciliary processes of the uvea, cone nuclei in 

the retina, and the fascia bulbi. 

The following appear during the first half of tri¬ 

mester 2: anterior limiting lamina of the cornea, the 

trabecular meshwork, the sinus venosus, the ciliary 

muscle and scleral spur, production of aqueous humor, 

a multilayered choroid, all 10 retinal layers (including 

cones and rod nuclei), and uveal pigment. 

The following appear during the second half of tri¬ 

mester 2: a gradual separation of the eyelids, a foveal 

depression, the dilator pupillae, and the oblique and 

meridional fibers of the ciliary muscle. 

POSTNATAL 

DEVELOPMENT 

The globe, which has a diameter of about 17 or 18 
mm at birth, increases to approximately 24 mm in 
the adult. 

In the monkey, all neurons of the visual system 
are generated and have reached their final positions 
before visual experience, and their basic connec¬ 
tions also form before that time. Refinement of con¬ 
nections between the retina and the lateral genic¬ 
ulate nucleus (in the cat) is guided by the electrical 
activity of retinal neurons before visual input. In the 
lamb and the cat, the map of the visual field on the 
cerebral cortex is believed to develop before any vi¬ 
sual experience, but ocular dominance is still in¬ 
completely differentiated at the time of birth. A crit¬ 
ical period for the development of dominance in 
children probably lasts approximately two years. 
Dominance develops when brain cells cease to ac¬ 
cept synapses from one eye. Still under discussion, 
it is determined genetically but is reinforced by 
competition between the two eyes. 
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FIGURE 20-13. Scanning (SEM) views of halved eyes at ap¬ 
proximately 10 weeks. A (47 mm) shows, from right to left, the 
eyelid, conjunctival sac, cornea, the space occupied by the (re¬ 
moved) lens, the hyaloid system of vessels, the retina, and the 
sclera. B (55 mm) shows the lens in position and, behind 
it, the tunica vasculosa lentis. Courtesy of Prof. Dr. K. V. Hin- 
richsen, Bochum, and Springer-Verlag. 

The infant exhibits distinct periods of attention 

to visual and auditory stimuli, shows a clear sleep¬ 

waking pattern, and responds to a soft light by turn¬ 

ing the eyes toward it. Visual discrimination of a 

rather complex degree has been demonstrated. New¬ 

born infants clearly follow colored objects. The pu¬ 

pils in newborns are often difficult to evaluate be¬ 

cause of the poorly pigmented iris. Spontaneous, 

roving eye movements are present by the middle of 

trimester 3. In the infant at term, the movements 

are rather jerky, but they become smooth and glid¬ 

ing at about 3 postnatal months. The onset of 

patterned visual input postnatally initiates rapid 

functional development and is necessary for the im¬ 

provement of visual acuity. 

■ OCULAR ANOMALIES 

Congenital malformations of the eye are probably the 

most frequent cause of blindness in childhood. 

Microphthalmia refers to an abnormally small eye 

(measured by a decreased axial diameter) and may be 

total or partial (the latter affecting only the posterior 

segment). The extreme condition is clinical anophthal¬ 

mia, in which no eyeball, however small, appears to be 

present: it develops as a failure of the optic evagination 

to form from the diencephalon or as a degeneration 

and disappearance of the optic vesicle. Failure of the 

vesicle to become invaginated results in a congenital 

cystic eye. Microphthalmia is frequently accompanied 

by a coloboma (see below), and the numerous causes 

of both conditions include genetic disorders (autoso¬ 

mal dominant, autosomal recessive, or X-linked syn¬ 

dromes) as well as acquired delays in ocular growth 

(e.g., from maternal diabetes or maternal rubella). 

Cyclopia, a term based on a mythical race of Si¬ 

cilian giants, is the occurrence of a single median eye 

in a single median orbit. The forebrain remains as a 

single sphere (holoprosencephaly) and the nose is usu¬ 

ally represented by a proboscis situated above the me¬ 

dian eye. The proboscis in cyclopia (Fig. 20-14) rep¬ 

resents the anterosuperior part of the normal nasal 

cavity, which develops in the absence of median com¬ 

ponents. The skeleton of the proboscis is formed by 

the nasal capsule. Where some or all of the ocular 

structures are paired within a single globe, the con¬ 

dition is sometimes distinguished as synophthalmia, 

in contrast to “true” cyclopia sensu stricto. Cyclopia 

is a defect in bilateralization, which occurs before 4 

weeks9, and is not likely to be a fusion. 

Cyclopia can result from Veratrum alkaloids and 

distal inhibitors of cholesterol biosynthesis acting as 

potent teratogens in mammals. These teratogens in¬ 

hibit the response of target tissues to Sonic hedge¬ 
hog (Shh), which normally is involved in develop¬ 

mental patterning of the brain. 

Aniridia, which varies from almost complete ab¬ 

sence of the iris to merely a thin iridial margin, is 

found in 1:60,000 people. Familial aniridia is autoso¬ 

mal dominant; but many instances are sporadic, and 
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CYCLOPIA 

Figure 20-14, Cyclopia. A is an example of “true” cyclopia with no nasal proboscis. B presents a proboscis but resembles A in 
possessing a single median eye in a single median orbit. C shows synophthalmia, paired ocular structures within a single globe. D 
presents two eyes but also possesses a proboscis. The nasal proboscis in B, C, and D represents the walls of a nasal cavity that 
lacks median components. After B. Duhamel. 

some are associated with nephroblastoma (Wilms tu¬ 

mor) in a syndrome the genetic basis of which is de¬ 

letion of chromosomal region llpl3 (Chapter 15). Mu¬ 

tations in the Pax6 gene are involved in both aniridia 

and congenital corneal opacity with absence of the 

posterior limiting lamina of the cornea (Peters 

anomaly). 

A coloboma (Greek, mutilation) is a notch, gap, or 

fissure in any of the ocular structures, usually the iris, 

ciliary body, choroid, optic nerve, retina, or even the 

lens. When situated inferomedially in the line of the 

retinal fissure, colobomata are termed typical, whereas 

similar defects elsewhere are styled atypical. A typical 

coloboma of the iris, which is the most frequent type, 

Figure 20-1 A. The normal optic cup at 5 weeks16, showing 
its pentagonal rim and the retinal fissure, which extends onto 
the optic stalk. B. Coloboma iridis, a failure of the retinal fis¬ 
sure to close in the region of the iris, resulting in a keyhole 

pupil. 

causes a keyhole defect in the shape of the pupil (Fig. 

20-15). Typical colobomata are attributed to a distur¬ 

bance in the closure of the retinal fissure, i.e., an ab¬ 

normality of the optic cup, accompanied by a distur¬ 

bance of the mesoderm. They arise, therefore, at 5-6 

weeks16-18, when the retinal fissure normally closes. 

Their hereditary (irregularly dominant) nature has en¬ 

abled a detailed study of their development to be made 

in animals. Atypical colobomata are not clearly under¬ 

stood. Theories include the persistence of a vessel at 

the rim of the optic cup, and a localized defect in the 

growth of the neuroectoderm. 

Albinism is a loss of color resulting from an in¬ 

ability to form melanin. It is hereditary (recessive). 

The ocular criterion is deficiency of pigment in the 

external layer of the optic cup (retina). Choroidal pig¬ 

ment is also defective and, in the iris, the stroma and 

the pigment epithelium are translucent. Melanocytes 

are present but are not functional. The most frequent 

form, tyrosinase-positive oculocutaneous albinism, is 

usually caused by mutations in the P gene and the 

locus is on chromosome 15ql 1.2-12. Other genes con¬ 

cerned with albinism include TYR, TRP1, and TRP2, 
and the loci involved are on chromosomes llql4-21, 

9p23, and 13q31-31. 

Retinoblastoma refers to a congenital malignant 

neoplasm (a neuroblastoma) derived from embry¬ 

onic retinal cells. The prevalence is about 1:25,000 

births. Blindness results from degeneration of rods 

and cones in the retina. Retinoblastoma can be 

transmitted as an autosomal dominant, as an au¬ 

tosomal recessive, or as an X-linked disease. Bilat¬ 

eral instances are generally autosomal dominant 
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and appear within a few months after birth. Unilat¬ 

eral examples may be sporadic and appear during 

the first few postnatal years. A sporadic form of bi¬ 

lateral retinoblastoma has been shown to be asso¬ 

ciated with a deletion on chromosome 13. This is 

an example of a suppressor gene, which inhibits cel¬ 

lular growth by acting on the cell cycle. It has been 

proposed that dominantly inherited retinoblastoma 

is caused by mutations involving both germinal and 

somatic cells, whereas the non-hereditary form is 

produced by two mutations in somatic cells. Infants 

who have the hereditary form have an increased risk 

of developing mesodermal tumors (osteogenic sar¬ 

coma, fibrosarcoma, melanoma) during early 

adulthood. 

A developmental cataract is an opacity of the 

lens that appears during development, either before 

or after birth. Some instances are hereditary. Para¬ 

thyroid deficiency is one cause, and environmental 

factors such as avitaminosis or maternal use of 

drugs can be important. Maternal rubella during tri¬ 

mester 1 can result in congenital cataract. 

Persistent hyaloid artery, in part or in whole, 

can be found anywhere along the line from the optic 

disc to the back of the lens. Normally the hyaloid 

artery disappears almost completely during trimes¬ 

ter 3. The artery may continue to ramify on the lens 

(persistent tunica vasculosa lentis) and be accom¬ 

panied by a persistent hyperplastic primary vitreous 

body. 
Persistent pupillary membrane involves the 

failure of the pupillary vessels to close and is re¬ 

garded as a temporary (probably metabolic) arrest 

of development beginning during trimester 2. Nor¬ 

mally the pupillary membrane largely disappears 

during trimester 3. The remnants are frequently at¬ 

tached to the anterior surface of the iris, at the 

collarette. 
Congenital glaucoma, increased intra-ocular 

pressure resulting from obstruction to the drainage 

of intra-ocular fluid, can be caused by a develop¬ 

mental abnormality of the anterior chamber. The 

eye may become enlarged (buphthalmos, “beef” 

eye). The condition is thought to arise late in fetal 

life as an anomaly of the iridocorneal angle, and it 

may be hereditary. Malformation of the neural crest 

may be important. 
Detachment of the retina, although rarely con¬ 

genital, is of interest here because it consists of the 

separation of the external from the internal layer of 

the former optic cup (Figs. 20-3F and 20-11, Table 

20-2, i.e., through the embryological optic ventri¬ 

cle). Hence retinal detachment is in reality a sepa¬ 

ration of the two weakly attached layers of the cup: 

in terms of adult histology, a separation of retinal 

layer 1 from layers 2-10. 
Hypertelorism and hypotelorism refer to an ab¬ 

normal distance between the two eyes: too great or 

too little, respectively. The condition is difficult, 

however, to assess without actual measurement. 
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he ears, or vestibulocochlear organs, are con¬ 
cerned with equilibration and hearing. Each 

ear comprises three portions: external, middle, and in¬ 
ternal. The possible developmental interrelationships 
between (1) the internal ear and (2) the middle and 
external ear remain uncertain. Moreover, the devel¬ 
opment of the human ear has not yet been studied in 
a similarly detailed manner as has that of the eye. 

Various features of the ear are listed in Table 
21-1 in order of initial appearance. 

THE INTERNAL EAR 

The internal ear comprises a series of complicated, 
fluid-filled spaces known as the labyrinth, which is en¬ 
closed in the temporal bone. Internally, spaces con¬ 
taining endolymph constitute the membranous laby¬ 
rinth: semicircular ducts,* utricle and saccule, and 
cochlear duct (Table 21-2). These are lodged within a 
series of matching spaces containing perilymph and 
known as the osseous (or bony) labyrinth: semicircular 
canals, vestibule, and cochlea. The semicircular ducts 
and the utricle constitute the vestibular apparatus. The 
cochlear duct, which contains the essential organ of 
hearing (the spiral organ*), is placed between two 

*It should be noted that the semicircular ducts are a portion of the 
membranous labyrinth, whereas the semicircular canals belong to 

the surrounding osseous labyrinth. 
f Associated with the name of Corti, an Italian histologist who de¬ 

scribed the ear in 1851. 

fluid-filled “steps” (the scala vestibuli and the scala 
tympani) of the osseous labyrinth (Fig. 21-1). 

The internal ear is the first portion of the ear to 
develop. It is believed, on the basis of amphibian and 
avian studies, that the somatic ectoderm of the head 
is “determined” to form an otic field by the inductive 
action of chordamesoderm (corresponding to tissue 
derived from the primitive streak in mammals). Mi¬ 
grating neural crest cells may perhaps then interact 
with the field to induce the formation of the otic disc. 
Epithelio-mesenchymal interactions between the disc 
and the adjacent mesenchyme, as well as inductive in¬ 
teractions between the otic disc and the neural folds 
of the hindbrain (rhombencephalon), are essential. 
Early in the nineteenth century it was discovered that 
the membranous labyrinth develops from a pit in the 
surface ectoderm: the pit is now known to develop 
from the otic disc. 

The Embryonic Period 

The otic disc appears at 3V2 weeks in the surface ec¬ 
toderm opposite the neural fold of the hindbrain (Fig. 
21-2A)9’10 and it is possible that its medial portion is 
derived from neuroectodermal (and perhaps neural 
crest?) cells of the neural fold. The medial half of the 
otic disc adheres to the nearby neural plate/tube (Fig. 
21-3A) and their basement membranes are apposed. 
The underlying mesenchyme expands and, together 
with migration of neural crest, appears to become ele¬ 
vated around the relatively quiescent disc, resulting in 
the formation of the otic pit (Figs. 21-2 and 21-3). The 
opening of the pit to the surface becomes narrowed, 
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TABLE 21-1 Initial Appearance of Various Features of the Ear 

mm 4 5 6 8 10 15 20 25 30 

Weeks 

Feature Stage 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

Otic disc 

Pharyngeal pouch 1 

Pharyngeal cleft 1 

Otic pit 

Otic vesicle (otocyst) 

Otic vesicle becomes closed from surface; otic capsule 

Endolymphatic appendage tapered; cochlear duct 

beginning 

Auricular hillocks beginning 

Utriculosaccular diverticulum 

Definite tubotympanic recess; 6 auricular hillocks 

1 to 3 semicircular ducts; stapes and stapedius; 

auricular hillocks merging 

Cartilaginous otic capsule; malleus and incus 

Tensor tympani 

Cochlear duct shows nearly 2Vz turns 

1 
^n§ 

HP 
m 

iH 

HP 

so that only a pore remains (Figs. 21-2C and 21-3C)12, 

and the resulting otic vesicle, or otocyst, next becomes 

completely closed from the surface (Figs. 21-2D and 

21-3D)13. Programmed cell death is found in the epi¬ 

thelium of the developing inner ear and is probably 

related to the invagination of the otic disc to form the 

otic vesicle. Neural crest cells are given off from the 

wall of the vesicle (Fig. 21-3C) and from the wall of 

rhombomere 4. These cells form, at least in part, the 

vestibular and possibly the cochlear (spiral) ganglion. 

The dorsomedial portion of the otic vesicle begins to 

develop the endolymphatic appendage (Fig. 21-2E)14, 

whereas the ventral portion becomes elongated and 

will develop into the cochlear duct. The mesenchyme 

surrounding the vesicle is becoming condensed and is 

known as the otic capsule (see later: Figs. 21-8B,C and 

21-11A)14,15. Its formation is induced by the otic vesi¬ 

cle. Apoptosis is important in the development of the 

inner ear. 

Three elevations resembling plates in the wall of 

the main portion of the otic vesicle indicate the sites 

of the future semicircular ducts (Fig. 21-4A)16. The 

TABLE 21-2 Scheme of the Chief Components of the Internal Ear: 

Simplification Has Been Achieved by Omitting the Neural Crest 

NEUROEPITHELIAL 

AREAS: 

3 ampullary crests 

2 maculae 

1 spiral organ 

Somatic ectoderm 

I 
Otic disc/vesicle 

I 
MEMBRANOUS 

LABYRINTH: 

3 semicircular ducts 

Utricle & saccule 

Cochlear duct 

Mesenchyme 

I 
Otic capsule 

I 
OSSEOUS 

LABYRINTH: 

3 semicircular canals 

Vestibule 

Cochlea 
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External Middle Internal 

FIGURE 21-1. Scheme of fundamental interrelationships of the 
external, middle, and internal ear. The external ear (auricle and 
external acoustic meatus) leads to the eardrum (tympanic mem¬ 
brane), medial to which are found the ossicles in the tympanic 
cavity of the middle ear: malleus (M), incus (I), and stapes (S). 
The stapes is attached to the margin of an oval window (fenestra 
vestibuli) related to the scala vestibuli of the internal ear. This 
passage (sectioned in this view) communicates (arrow) at the 
apex (H) of the cochlea with the scala tympani, which ends 
blindly near a round window (fenestra cochleae) closed by the 
secondary tympanic membrane (asterisk). The cochlear duct (in 
blue), which contains the spinal organ of hearing, is situated 
between the two scalae (in yellow). The spiral form of the co¬ 
chlea has been omitted for simplicity. Note that the auditory 
tube remains in direct continuity with the tympanic cavity. CD, 
cochlear duct; EAM, external acoustic meatus; H, helicotrema; 
I, incus; M, malleus; S, stapes; ST, scala tympani; SV, scala ves¬ 
tibuli; 1, 2, 3, the external, middle, and internal layers of the 

tympanic membrane. 

central parts of these shallow plates become thinner 
(Fig. 21-4B), and the adjacent epithelial layers fuse and 
disappear, thereby forming the “holes” of the anterior, 
posterior, and lateral semicircular ducts (Fig. 21-4C)18. 

The part of the otocyst into which the ducts open 
becomes the utricle, which is separated by the saccule 
from the cochlear duct. Near one of their two points 
of entry into the utricle, each semicircular duct be¬ 
comes enlarged as an ampulla (Fig. 21-5D). The co¬ 
chlear duct is now L-shaped (Fig. 21-5C) but rapidly 
becomes curled (Fig. 21-5D)19 and continues its spiral 
growth until nearly turns (i.e., almost the adult 
arrangement) are formed by the end of the embryonic 
period (Fig. 21-5H)23. As a result of inductive action 
by the otocyst, the otic capsule undergoes chondrifi- 
cation17-19, and it then joins the cartilaginous base of 
the skull (Fig. 18-20A). It is separated from the semi¬ 
circular ducts by reticular tissue. 

- sum 

Neural 

Figure 21-2. Development of the otic vesicle (otocyst). A. A 
coronal section and left lateral and dorsal views of the head end 
at 3Y2 weeks9, showing the position of the otic disc. The neural 
folds can already be subdivided into forebrain (Pros.), midbrain 
(M), and hindbrain (Rh.). Three somites are visible. B. Section, 
a few days later11, showing the otic pit. C. Right lateral view 
and section at about 4 weeks12, showing the otic vesicle. D. 
Closed otic vesicle, separated from the surface at 4V2 weeks13. 
E. Beginning differentiation of the otic vesicle into endolym¬ 
phatic appendage and cochlear duct14. F. Further develop¬ 
ment16. CD, cochlear duct; E, endolymphatic appendage; M, 
mesencephalon; Pros., prosencephalon; Rh., rhombencephalon. 

Although neuronal contact may not be necessary 
for the initial differentiation of the sensory structures 
of the internal ear, it is required for their maintenance. 
Thickenings develop in the epithelial wall of the otic 
vesicle and become related to the ingrowth of nerve 
fibers from the vestibular and cochlear (spiral) 

ganglia18. 
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FIGURE 21-3. Early development of the internal ear. A. The otic disc (arrow) at 4 weeks10. B. The otic pit a day later11. C. The 
developing vesicle a couple of days later12 showing facial neural crest (arrow) emerging from the wall of the rhombencephalon. A 
small protrusion (above) from the wall of the otic pit is part of the vestibulocochlear neural crest. D. The otic vesicle (otocyst) at 
4¥2 weeks13. The site of closure of the vesicle is indicated by an irregularity (arrow) in its wall and a dense area in the adjacent 
surface ectoderm. 

FIGURE 21-4. Schematic sections to show three phases in the 
formation of a semicircular duct. A. A “plate” extending from 
the otic vesicle17. B. The central area of the plate has become 
extremely thin because of fusion of the epithelial surfaces 
(arrows)18. C. The epithelia of the central area have 
disappeared, and that portion of the otic cavity within the 
curve of the semicircular duct has become obliterated18. 

A 

B 

C 
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FIGURE 21-5 Development of the membranous labyrinth. A. The otic vesicle13. B shows the emergence of the endolymphatic 
appendage (E)14. C. The cochlear duct (CD) is distinguishable and the lateral semicircular duct (L) is visible18. D. All three semi¬ 
circular ducts are seen, and the spiral course of the cochlear duct has commenced19. The further spiral transformation is shown 
in E20, F21, G22, and H23. The position of the membranous labyrinth within the head is illustrated at the end of the embryonic 
period23 (I). The thickened black areas indicate the spiral organ of the cochlear duct, the maculae of the saccule and utricle, and 
the ampullary crests of the three semicircular ducts, a total of six neuroepithelial areas. A, anterior semicircular duct; CD, cochlear 
duct; E, endolymphatic appendage; L, lateral semicircular duct; P, posterior semicircular duct; S, saccule; U, utricle. Based largely 

on Streeter. 

Six specialized neuroepithelial areas appear: 3 
ampullary crests in the semicircular ducts (one 
in each ampulla), 2 maculae (one in the utricle 
and the other in the saccule), and 1 spiral organ 
along the length of the cochlear duct (Figs. 
21-51 and 21-6D). The crests, the maculae, and 
the spiral organ may be regarded as patches of 
hair cells that are related to the peripheral end¬ 
ings of the vestibulocochlear nerve. 

The Fetal Period 

Early in the fetal period, the epithelium of the floor of 
the cochlear duct becomes thickened and acquires a 
covering termed the tectorial membrane (Fig. 21-6D). 
The thickened epithelium, which rests on the basilar 

membrane, constitutes the spiral organ, and hair cells 

develop within it. 
During trimester 1, a tissue space develops in the 

labyrinth adjacent to the cochlear duct and its con¬ 
tained spiral organ. This is the scala tympani (Fig. 
21-6A-C). A little later, a similar space, the scala ves- 
tibuli, appears in relation to the opposite wall of the 
cochlear duct. Cavitation is probably produced by 
chondrolyzing histiocytes rather than by dedifferenti¬ 
ation of cartilage. The two scalae, which contain peri¬ 
lymph, are continuous at the apex (helicotrema) of the 
cochlea (Fig. 21-1). The perilymphatic space (Fig. 21- 
7) extends gradually around the saccule, utricle, and 
semicircular ducts. Many (about 14) ossific centers ap¬ 
pear in the cartilaginous otic capsule, beginning late 
in trimester 2. Later, they become united to form the 
petrous (Latin, rock-like) part of the temporal bone. 
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Figure 21-6. Development of the cochlear duct (CD). A. Section through the cochlear duct at 10 weeks showing the adjacent 
scala tympani, which is the first of the perilymphatic spaces to appear. B. At 14 weeks, showing the cochlear duct between the 
scala tympani and the scala vestibuli. The spiral organ is differentiating. C. Section at 16 weeks, showing various turns of the 
cochlea. Cochlear nerve fibers proceed through a central pillar, the modiolus, and the groups of neurons constitute the spiral (or 
cochlear) ganglion. D. At 25 weeks the details of the spiral organ are clearly visible. The fluid in the tunnel is probably CSF (brought 
with eighth nerve fibers). CD, cochlear duct; ST, scala tympani; SV, scala vestibuli. 

Pigment derived from neural crest is found in the 

internal ear, chiefly in the stria vascularis of the 

cochlear duct, but also in the utricle. The external 

wall of the cochlear duct is formed by the stria vas¬ 

cularis, a thick epithelium associated with capillar¬ 

ies and one of the sources of endolymph, which 

nourishes the hair cells. Melanocytes in the stria are 

considered to be essential for the endocochlear po¬ 

tential of the endolymph. 

Function 

The functional development of the cochlea occurs 

during trimesters 2 and 3. Maturation of the exter¬ 

nal hairs may be particularly important, and it has 

been found that hair cells can be regenerated in 
vitro. Cochlear axons begin to enter the brain stem 

in trimester 2. It is likely that, by the middle of 

prenatal life and definitely by 26-29 weeks, the fetus 
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Figure 21-7. Development of a semicircular duct. The duct shown in A (8 weeks) becomes surrounded by a perilymphatic space 
in B (12 weeks). In C (22 weeks) the semicircular canal is delineated by the cartilaginous otic capsule. D-F (8, 10, and 13 weeks) 
show the development of the ampullary crest within a dilatation (ampulla) of the semicircular duct. Based largely on Bast and 

Anson. 
The perilymph resembles extrcellular fluid and probably comes from vessels in the walls of the periotic space. 

can hear and respond to sounds. Myelination of the 

auditory pathway commences after the onset of 

hearing. Kicking activated by the labyrinth may en¬ 

able the fetus to orient itself and influence its own 

position in utero. 

Vibro-acoustic stimulation of the fetus 

(through the maternal abdomen and over the fetal 

head) increases fetal cardiac rate, and this is used 

as a test of prenatal health. A response to pure tones 

can frequently be elicited shortly after the middle 

of prenatal life. A startle response during trimester 

3 can be detected by ultrasonic imaging of the fetal 

face, and this is assumed to indicate an intact brain 

stem. Moreover, during trimester 3, as the cochlea 

matures, the fetus is capable of discriminating be¬ 

tween different frequencies and between speech 

stimuli. Prenatal exposure to the maternal voice and 

to external sounds, such as music, encourages ha¬ 

bituation to the future sound environment. Fetal 

hearing, which occurs in a fluid environment, is via 

bone conduction. Newborns prefer to listen to 

speech in their native language, indicating that 

some type of auditory learning takes place in utero. 

Moreover, the right ear has a slight advantage over 

the left in the processing of auditory signals. 

The Ear in Infancy 

In the infant, the external acoustic meatus is short, 

straight, and fibrocartilaginous. The tympanic 

membrane faces more caudally than laterally. The 

tympanic ring and membrane, the tympanic cavity, 

and the auditory ossicles are all of adult size in in¬ 

fancy. The mastoid process develops gradually dur¬ 

ing childhood and hence the facial nerve is very 

superficial in infancy. The auditory tube is more 

horizontal in position. 

ANOMALIES OF THE INTERNAL EAR 

The principal components of the internal ear are listed 
in Table 21-2. Most instances of hearing impairment 
caused by congenital malformations involve either the 
sound-conducting system or the neurosensory appa¬ 
ratus, and only exceptionally both. Conductive defi¬ 
ciency may occur with or without atresia of the exter¬ 
nal acoustic meatus. Anomalies of the internal ear are 
usually combined with anomalies elsewhere, are fre¬ 
quently hereditary, and are generally associated with 
problems in hearing. Genetic disorders of the internal 
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ear are more frequent than generally appreciated, be¬ 
cause the less affected or unaffected side in unilateral 
instances may mask the deafness. In one type the mor¬ 
phogenesis of the internal ear is disturbed, whereas in 
another group development proceeds normally but is 
followed by degeneration, especially of the neural 
epithelium. 

Mutation of various genes may cause syndromic 
deafness. Moreover, faulty genes (on chromosomes 5, 
11, and 13) are associated also with non-syndromic 
deafness and probably act by interfering with the ste¬ 
reocilia of the hair cells in the cochlear duct. Neuro- 
sensory hearing loss may be associated in an autoso¬ 
mal recessive disorder with retinitis pigmentosa 
(Usher syndrome) and is the most frequent cause of 
combined deafness and blindness. It has been traced 
to a gene in the long arm of chromosome lq41. 

Labyrinthine aplasia or hypoplasia is one cause of 

congenital deafness. Some cases are hereditary. 

Deafness is frequently found following maternal ru¬ 

bella, in fetal hypothyroidism of genetic origin, and 

in various syndromes, such as Treacher Collins and 

Waardenburg. 

The Waardenburg syndrome is an autosomal dom¬ 
inant type of congenital neurosensory deafness asso¬ 
ciated with pigmentary anomalies, such as partial al¬ 
binism (e.g., a white forelock and a pale iris). Several 
types occur. Type 1 is characterized by lateral displace¬ 
ment of the medial canthi of the eyelids (dystopia can- 
thorum, which is not hypertelorism) and limb anom¬ 
alies are sometimes found. Mutations in the Pax3 gene 
are present and the chromosomal abnormality is in 
2q35-q37. This affects the differentiation and migra¬ 
tion of neural crest, so that melanocytes are absent 
from the ear, eye, and skin. Deficiency of melanocytes 
in the stria vascularis interferes with endocochlear po¬ 
tential of the endolymph. This and abnormalities in a 
part of the vestibulocochlear ganglion result in deaf¬ 
ness, and have a common origin in the neural crest. 

■ THE MIDDLE EAR 

The middle ear consists largely of an air space, the 
tympanic cavity, in the temporal bone. The cavity con¬ 
tains the auditory ossicles (covered by mucosa). 

The tubotympanic recess of the embryonic phar¬ 
ynx gives rise to the auditory (or better, the phar- 
yngotympanic) tube and the tympanic cavity. The 
cavity retains its communication with the naso¬ 
pharynx throughout life and, by way of the adi- 
tus, communicates also with further derivatives, 
namely, the mastoid antrum and the mastoid air 
cells (Fig. 21-14). 

The Embryonic Period 

The cavity of the middle ear develops from the tubo¬ 

tympanic recess, which is generally described as aris¬ 
ing from pharyngeal pouch 1 or from pouches 1 and 
2 (Fig. 21-8A). It is possible, however, that the recess 
may be independent of the pharyngeal pouches in its 
origin. Although the lining of the recess is endoder- 
mal, some areas (e.g., the mastoid antrum) may per¬ 
haps be mesenchymal. 

As the (endodermal) tubotympanic recess and the 
(ectodermal) external acoustic meatus approach each 
other (Fig. 21-9B), the auditory ossicles and the 
chorda tympani (a branch of the facial nerve) develop 
in the intervening mesenchyme15"17 (Fig. 21-8B,C). 
Near the end of the embryonic period21,22 a flatter area 
(meatal plate) of the external meatus, the tip of the 
tubotympanic recess, and the intervening mesen¬ 
chyme will form the three layers of the tympanic 
membrane, respectively (Fig. 21-10C). Later, the han¬ 
dle of the malleus becomes anchored to the developing 
tympanic membrane, which becomes framed by the 
tympanic ring (Fig. 21-10E). 

The dorsal ends of the cartilages of pharyngeal 
arches 1 and 2 are related to the developing ear. They 
are situated respectively rostral and caudal to the tu¬ 
botympanic recess (Fig. 21-11A). 

Auditory Ossicles 

The derivation of the auditory ossicles16"19 is not en¬ 
tirely clear. It is likely that the head of the malleus and 
the body and short crus of the incus arise from pha¬ 
ryngeal arch 1, whereas the handle of the malleus, 
possibly the long crus of the incus, and the head and 
crura of the stapes develop from arch 2 (Fig. 21-12C). 
The ossicles may ultimately be derived from neural 
crest cells that migrate from the rhombomeres. The 
base of the stapes appears in the lateral wall of the otic 
capsule (where it occupies the fenestra vestibuli, or 
oval window). A small vessel, the stapedial artery17, 

traverses the stapedial condensation and, in rare cases, 
persists. It is derived from aortic arches 2 and 1 and 
appears as a branch of the internal carotid, although 
later it makes connections with the external carotid. 

Two small muscles, the tensor tympani and the 
stapedius, become attached to the malleus and the 
stapes, respectively. They arise18"20 from pharyngeal 
arches 1 and 2, and hence are innervated by the man¬ 
dibular and facial nerves, respectively. 

The Fetal Period 

Auditory Ossicles 

The auditory ossicles are at first embedded in mesen¬ 
chyme (Fig. 21-13) but, as the tubotympanic recess 
enlarges, this gelatinous material disappears. Hence 
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Figure 21-8. Coronal-type sections through the otic region. A (4V2 weeks14) shows the close relationship between the hindbrain 
and the otic vesicle. The latter has already developed an endolymphatic appendage (E). Pharyngeal cleft 1 is closely related to 
pharyngeal pouch 1. B (6 weeks17) shows the beginning of the cochlear duct and the condensation (otic capsule) around the otic 
vesicle. The auditory ossicles (in blue) have begun to form in the region of the external acoustic meatus and the tubotympanic 
recess. C (7 weeks20) shows the appearance of the semicircular ducts and the spiral form of the cochlear duct. The tubotympanic 
recess is becoming differentiated into the auditory tube and the tympanic cavity. A branch of the facial nerve, the chorda tympani, 
runs between the malleus and the incus. CD, cochlear duct; Ch., chorda tympani; E, endolymphatic appendage; EAM, external 

acoustic meatus; I, incus; M, malleus; S, stapes. 

the epithelium of the tympanic cavity gradually envel¬ 
ops the auditory ossicles and also the chorda tympani, 
a branch of the facial nerve (Figs. 21-8C and 21-12A) 
that courses medial to the tympanic membrane and 
the handle of the malleus. The auditory ossicles begin 
to ossify during trimester 2. The gelatinous material 
in which they are at first embedded disappears in the 
fetal period. The tympanic epithelium closes the fe¬ 
nestra cochleae (or round window: Fig. 21-1). A por¬ 
tion of the tympanic cavity (the “attic” or epitympanic 
recess: Fig. 21-14) is situated above the level of the 
tympanic membrane, and it contains the head of the 
malleus and the body and short crus of the incus. The 
middle ear reaches its adult size before birth. 

Tympanic Membrane 

Where the tympanic cavity reaches the epithelial core 
of the external acoustic meatus, the tympanic mem¬ 
brane (Figs. 21-1 and 21-10) is formed from all three 
germ layers. Its internal layer develops as a part of the 
lining of the tubotympanic recess. The middle, fibrous 
layer arises from mesenchyme between the external 
and internal layers. The tympanic membrane is largely 
surrounded at its periphery by the tympanic ring, a 
component of the temporal bone (Fig. 21-11C). The 
ring, which is at first membranous, is probably nec¬ 
essary for the formation of the tympanic membrane. 

Air Cells 
The epithelium of the tubotympanic recess invades 

the connective tissue of the middle ear and pneu¬ 

matizes it, a process that continues into adoles¬ 

cence. The air cells that hollow out the temporal 

bone arise from the antral and mastoid region, the 

middle ear, and from the tubal area. These expan¬ 

sions of the tympanic cavity become the mastoid 

antrum and, postnatally, the mastoid air cells (Fig. 

21-14). 

Anomalies of the Middle Ear 

Anomalies of the middle ear are frequently combined 
with those of the external ear, e.g., stenosis or atresia 
of the external acoustic meatus. The anomalies include 
abnormalities of the facial nerve and of the auditory 
ossicles. In severe malformations of the external and 
middle ear, the facial nerve frequently takes an abnor¬ 
mal course through the temporal bone. Anomalies of 
the stapes are more likely to occur independently of 
those of the malleus and incus. 

Malformations of the middle ear may be classified 

according to two types of meatal atresia. In type 1 

the cause is abnormal development of the tympanic 

ring. In type 2, the space between the mandibular 

fossa and the front of the mastoid process is absent, 

resulting in an abnormal course of the facial nerve. 

Otosclerosis is primarily a hereditary (auto- 

somally dominant) disorder of the osseous wall of 

the labyrinth, i.e., the otic capsule. It commonly 

involves the fenestra vestibuli (oval window), so that 

the footplate of the stapes becomes fixed by fibrous 

or osseous tissue. Resulting interference with the 
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Figure 21-8 Relationship of the internal ear to the pharyngeal 
region, as seen in right lateral views. A. The proximiy of the 
otic vesicle to pharyngeal pouch 1 at 5 weeks15. B. The close 
relationship of the internal ear to the tubotympanic recess at 6 
weeks17. The recess is generally described as arising from pha¬ 
ryngeal pouch 1. Cranial nerves and ganglia have been omitted. 
AH, adenohypophysial pouch; C, cochlear part of ear; D, endo¬ 
lymphatic appendage; Ph., pharynx; TT, tubotympanic recess; V, 
vestibular part of ear: 1-4, pharyngeal pouches or their deriv¬ 
atives. Based on reconstructions by Blechschmidt. 

conduction of sound vibrations to the neurosensory 

elements causes progressive loss of hearing. 

X-linked deafness with fixation of the stapes 

depends on a gene localized to the Xq21 band. 

Persistent stapedial artery refers to an embry¬ 

onic vessel that passes through the foramen in the 

stapes. 

THE TEMPORAL BONE 

The development of the temporal bone is summarized 
here because it is closely associated with that of the 
middle and internal ear. The temporal bone consists 
of four main elements: petromastoid, styloid, squa¬ 
mous, and tympanic (Fig. 21-11). 

1. The future petromastoid part is derived from 
the otic capsule, which progresses from mesenchyme14 
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(Fig. 21-8B) to cartilage17 to bone. A wing from the 
petrous part grows out over the tympanic cavity, for 
which it acts as a roof termed the tegmen tympani 
(Fig. 21-1 IB). The mastoid component forms the mas¬ 
toid process (Fig. 21-1 IE) at about 1-2 years. 

2. The styloid part develops from pharyngeal car¬ 
tilage 2 (Fig. 21-11A)17-18. The hyoid apparatus con¬ 
sists of a body (the basihyal) and two pairs of horns 
(cornua). Attached to the auditory region by a (stylo¬ 
hyoid) ligament (Fig. 21-12E) are the lesser horns, 
which (together with the styloid process) are deriva¬ 
tives of pharyngeal arch 2 (Fig. 21-12D). The greater 
horns, which are derivatives of pharyngeal arch 3, are 
anchored to the thyroid cartilage of the larynx by a 
(thyrohyoid) ligament. 

3. The squamous part (Fig. 21-11C) ossifies intra- 
membranously on the side of the head, early in the 
fetal period. It includes the zygomatic process and the 
mandibular fossa (Fig. 21-11C,D). 

4. The tympanic part may be a derivative of pha¬ 
ryngeal arch 1. It develops as an incomplete bony ring 
(Fig. 21-11C-E), early in the fetal period, and unites 
with the squamous part shortly before birth. Where 
the squamous and tympanic parts meet (the squamo- 
tympanic fissure), a small fragment of the tegmen re¬ 
mains visible (Fig. 21-1 ID,E) between petrosquamous 
and petrotympanic fissures. Ligamentous fibers that 
represent the sheath of pharyngeal cartilage 1 extend 
from the malleus, through the petrotympanic fis¬ 
sure, to reach the spine of the sphenoid and the 
lingula of the mandible: the sphenomandibular (or 
malleo-spinomandibular) ligament (Fig. 21-12E). 

II THE EXTERNAL EAR 

The external ear consists of the auricle and the exter¬ 
nal acoustic meatus. The auricle is generally described 
as arising from a series of elevations termed auricular 

hillocks around pharyngeal cleft 1. The hillocks begin 
to appear in pharyngeal arches 1 (mandibular) and 2 
(hyoid) at 5 weeks15 and are characteristically six in 
number (three on each arch) by 6 weeks (Fig. 21-15)17. 
The hillocks soon lose their identity19, and hence the 
details of their contribution to the formation of the 
auricle are not clear. It is possible that the mandibular 
hillocks (1-3) contribute to the tragus and the crus 
of the helix, and the hyoid hillocks (4-6) to the helix 
and the antitragus, but, according to another view, al¬ 
most the entire auricle may be derived from the hyoid 
arch. However, the hillocks are transitory and may be 
incidental rather than fundamental to the develop¬ 
ment of the auricle. At first the auricles are situated 
ventrolaterally but, by the end of the embryonic pe¬ 
riod, they have adopted a dorsolateral position. 
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Figure 21-10. Development of the middle ear. A. Left lateral view of the head at Th weeks, to show the orientation of the views 
in B and C. B. The tubotympanic recess and the external acoustic meatus at Th weeks (24 mm). C. The same region at 8 weeks 
(31 mm). The tip of the tubotympanic recess consists of two small recesses, between which is a notch occupied by the tensor 
tympani (not shown). The external meatus comprises a funnel and a curved canal. The scheme below this drawing indicates the 
derivation of the two epithelial layers of the tympanic membrane, between which is a mesenchymal layer. D. Left lateral view of 
the auditory ossicles and related structures at 8 weeks (28 mm), including pharyngeal cartilages 1 and 2. E and F. Left lateral 
views of the auditory ossicles and related structures at 14 weeks (110 mm). The bony tympanic ring (Fig. 18-13) is shown in E, 
and the nerves in F, from which the tympanic membrane has been removed. Ch. tymp., chorda tympani (a branch of the facial 
nerve); EAM, external acoustic meatus; Ect., ectoderm; End., endoderm; TT, tubotympanic recess; 1 and 2, pharyngeal cartilages 1 
and 2- 7, facial nerve. The asterisk is above the small recesses at the tip of the tubotympanic recess. B, C, E, and F based on 
reconstructions by Hammar; E and F based partly on Hertwig also. D is adapted from Hanson, Anson, and Strickland. 
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Figure 21 Developmental analysis of the temporal bone (based on Frazer). A. At about 6 weeks the petrous part (orange) is 
related to the tubotympanic recess (stippled) and pharyngeal cartilages 1 (green) and 2 (yellow). B. A “wing” known as the tegmen 
tympani is thrust laterally from the petrous part over the tubotympanic recess. C. At the end of the embryonic period the squamous 
part (white) has begun to appear, and early in the fetal period the tympanic ring (blue) develops. Cartilage 2 is forming the styloid 
process (yellow). D. The squamous part covers more and more of the tegmen. The mastoid part will develop from the petrous 
temporal (arrow). E. In the adult bone the tympanic plate (blue) has developed. A sliver of tegmen (asterisk), which belongs to the 
petrous part, is still visible between the mandibular fossa (for the head of the mandible) of the squamous part and the tympanic 
plate. The squamotympanic fissure divides into petrosquamous and petrotympanic fissures (inset). The temporal bone consists of 
four main elements: petrous or petromastoid (orange), styloid (yellow), squamous (white), and tympanic (blue). The tympanic 
membrane has been removed, showing the medial wall of the middle ear (red) with its oval and round windows (fenestrae). 
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FIGURE 21-12. Development of the auditory ossicles and the mandible in right lateral (A, B) and medial (C-E) views. A (8 weeks) 
shows the auditory ossicles (M, I, S), pharyngeal cartilages 1 and 2, the mandible (sectioned), the facial nerve (7) and its branch, 
the chorda tympani. B (12 weeks) shows further development and the appearance of the tympanic ring. C. The auditory ossicles 
of the adult and Anson’s interpretation of their development from pharyngeal cartilages 1 and 2. D. Medial view during the fetal 
period. E. The mandible and hyoid bone in the adult. A connection is shown from the malleus to the spine of the sphenoid and 
on to the lingula of the mandible. This represents the sheath of pharyngeal cartilage 1. The styloid process, the stylohyoid ligament, 
and the lesser horns of the hyoid bone represent pharyngeal cartilage 2 and its sheath: the greater horns are derived from cartilage 
3. The cartilages of pharyngeal arches 1-3, and their derivatives, are shown in blue in A-D. The mandible, tympanic ring, and 
spine of sphenoid are indicated in yellow. I, incus; M, malleus; S, stapes; 1-3, cartilages of pharyngeal arches 1-3, or their 
derivatives; 7, facial nerve. A based on Anson, B on Kollmann, and D partly on Bossy and Gaillard. 

The external acoustic meatus, rather than being 
an invagination of the surface ectoderm, may repre¬ 
sent a trail of ectoderm left behind when the surface 
ectoderm extends externally with expansion of the 
head. The meatus develops initially14 from pharyngeal 
cleft 1, and appears as a “keyhole” between the auric¬ 
ular hillocks17. This is the future cartilaginous portion 
of the meatus. Early in the fetal period, a solid core of 
epithelial cells grows medially as a meatal plug in what 
will later become the osseous portion of the meatus. 
A lumen begins to form in the plug and the meatus is 
fully patent and expanded before birth. The future 
tympanic membrane becomes outlined in trimester 1 
and the medial end of the plug becomes the external 
layer of the tympanic membrane. 

ANOMALIES OF THE EXTERNAL EAR 

The complicated relief of the auricle is subject to con¬ 
siderable variation. The lobule may be bifid. The po¬ 

sition of the auricles needs to be assessed in relation 
to the level of the external acoustic meatuses: what are 
termed “low-set ears” are generally a very subjective 
clinical impression. Abnormal protrusion of the ears 
can be corrected surgically. Malformations of the au¬ 
ricle and bony meatal atresia are often combined and 
may be associated with anomalies of the malleus and 
incus. 

Macrotia and microtia refer to auricles that are too 

large or too small, respectively. Atresia or hypoplasia 

of the external acoustic meatus may arise from 

defects of various elements of the temporal bone. 

Atresia caused by persistence of the meatal plug is 

uncommon. Anotia means absence of the ears. 

Microtia and anotia have a prevalence of about 7 to 

20:100,000 births. 
Auricular appendages may be found in front of 

the tragus or the helix. 

Auricular fistulae (Fig. 13-22), sometimes he¬ 

reditary, can be represented by dimples, pits, or 
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Figure 21-1 Oblique section of the head at 8 weeks23. A small part of the auricle of each side is included. The three auditory 
ossicles are visible bilaterally. Various portions of the membranous labyrinth in section can be seen to be surrounded by the still 
cartilaginous otic capsule. A small portion of the telencephalon shows at the top of the photomicrograph, and the ventral part of 
the spinal cord is noticeable below. 
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Figure 21-14. Scheme to show how the adult anatomy reflects development. 
In each the sequence is pharynx, auditory tube and tympanic cavity 
(tubotympanic recess), mastoid antrum, and mastoid air cells. 

Figure 21-15. A. Three elevations (1-3) on pharyngeal arch 1 and three (4-6) on arch 2 at 6 weeks17 constitute auricular hillocks. 
B. One interpretation of the relationship between the hillocks and the adult auricle. C. Mandibulofacial dysostosis, showing mal¬ 

formed auricle and micrognathia. 
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tubes anteriorly along a line that is said to be the 
junction between pharyngeal arches 1 and 2. 
Preauricular fistulae may be combined with malfor¬ 
mations of the facial bones, as in the next entry. 

Mandibulofacial dysostosis (Treacher Collins syn¬ 
drome) is attributed to inhibition of pharyngeal arch 
1 and is frequently autosomally dominant. The con¬ 
dition, described also in Chapter 13, is widely variable 
and may include down-slanting palpebral fissures, 
mandibular and zygomatic hypoplasia, defective exter¬ 
nal acoustic meatuses, malformed auricles (Fig. 21- 
15C), and conductive deafness. 
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Glossary of 
Eponymous Terms 

ponyms and other unofficial terms are best 
avoided. For reference purposes, the following 

is a list of the eponyms most frequently encountered 
in human embryology. Some further examples in the 
urogenital system are given in Table 16-4. 

About 750 personal names associated with ana¬ 
tomical eponyms are given in J. Dobson. 1962. Ana¬ 
tomical Eponyms, 2nd ed. Edinburgh: Livingstone. 

Arantii, ductus: ductus venosus. Julio Caesar Aranzio 
(1530-1589), a student of Vesalius, became Pro¬ 
fessor of Medicine and Surgery in Bologna. 

Botalli, ductus: ductus arteriosus. Leonardo Botallo 
(1530-?) studied under Falloppio. The ductus was 
known to both Galen and Falloppio. 

Cuvier, duct of: common cardinal vein. Baron Geor¬ 
ges Cuvier (1769-1832), the most eminent natu¬ 
ralist of his day, was Instructor General of Edu¬ 
cation in Paris. 

Gartner, duct of: longitudinal duct of the epoophoron. 
Hermann Gartner (1785-1827), who was born in 
the West Indies and studied in Copenhagen under 
Winslow, recognized the duct in animals (al¬ 
though it had probably been detected more than 
a century earlier by Malpighi). 

Graafian follicle: mature ovarian follicle. Regner de 
Graaf (1641-1673) studied in Leyden and worked 
in Delft as a physician. He discovered the ovarian 
follicle in 1672, but it was mistaken for the oocyte 
until the discovery of the latter in the dog by von 
Baer in 1827. A. von Haller termed the ovarian 

follicles “Graafian.” 

Hensen’s node: primitive node. Viktor Hensen (1835— 
1924), a German physiologist and embryologist in 
Kiel, studied particularly the sense organs. 

Heuser’s membrane: wall of the primary umbilical 
vesicle (exocoelomic membrane). Chester Heuser 
(1885-1965), an American embryologist, worked 
at the Carnegie Institution of Washington on the 
Hertig and Rock embryos and collaborated with 
Streeter and Corner. 

Langhans’ layer: cytotrophoblast. Theodor Langhans 
(1839-1915) worked in pathology and anatomy in 
Bern. 

Meckel’s cartilage: mandibular cartilage of the ventral 
part of the first pharyngeal arch (also Meckel’s di¬ 
verticulum: diverticulum ilei). Johann Friedrich 
Meckel (1781-1833) was Professor of Anatomy 
and Surgery in Halle. His grandfather had de¬ 
scribed the cavum trigeminale. 

Morgagni, hydatid of: appendix testis, a remnant of 
the paramesonephric duct. Giovanni Battista Mor¬ 
gagni (1682-1771), Professor of Anatomy in 
Padua, is regarded as the founder of pathological 
anatomy. 

Mullerian duct: paramesonephric duct. Johannes 
Muller (1801-1858) was Professor of Anatomy 
successively in Bonn and Berlin. 

Nitabuch’s stria, or layer: fibrinoid layer in placenta 
at junction of chorion and decidua. Raissa Nita- 
buch, a German physician, wrote on the placenta 
in 1887. 
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Nuck, canal of: patent processus vaginalis peritonei in 
the female. Anton Nuck (1650-1692) was Profes¬ 
sor of Anatomy and Medicine in Leyden. 

Rathke’s pouch: adenohypophysial pouch. Heinrich 
Rathke (1793-1860) was Professor of Anatomy 
successively in Dorpat and Konigsberg. 

Reichert’s cartilage: cartilage of the second pharyn¬ 
geal arch. Karl Reichert (1811-1883) was Profes¬ 
sor of Comparative Anatomy successively in Dor- 
pat, Breslau, and Berlin. 

Wharton’s jelly: loose mesenchymal core of umbilical 
cord. Thomas Wharton (ca. 1616-1673), an Ox¬ 

ford graduate, was a physician in London during 
the great plague. 

Wolffian duct: mesonephric duct. Kaspar Friedrich 
Wolff (1733-1794) was an eminent German em¬ 
bryologist who became Professor of Anatomy and 
Physiology at St. Petersburg. Noted for his support 
of epigenesis. See Herrlinger, R. 1959. C.F. Wolffs 
“Theoria generationis,” 1759. Z. Anat. Entwick- 
lungsgesch., 121:245-270; and Aulie, R.P. 1961. 
Caspar Friedrich Wolff and his “Theoria genera¬ 
tionis,” 1759. J. Hist. Med., 16:124-144. 



Tables of 

Measurements 

Table A-l Developmental Stages in Human Embryos 
Table A-2 The Expected Age for a Given Length and 

the Expected Length for a Given Age 

Table A-3 Weights of Organs Related to Body Weight 
Table A-4 Various Measurements Related to Prenatal 

Age 

Some important measurements during the embryonic period given in Table A-4. The examples 
shown are at about 3 weeks7 (cf Fig. 6-1A) and 7 postfertilizational weeks19 (cf Fig. 7-5). a, 
maximum diameter of the chorion; b, chorionic cavity; c, amniotic cavity; d, umbilical vesicle 
(“yolk sac”); e, greatest length of embryo. 

•‘-'ussr.ww 
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TABLE A-l Developmental Stages in Human Embryos 

Pairs of Approximate 

>omites Stage Size (mm) Age (days) Features 

1 0.1-0.15 1 Fertilization 

2 0.1-0.2 2-3 From 2 to about 16 cells; “morula”; compaction 

3 0.1-0.2 4-5 Free blastocyst [“Hatching” 

4 0.1-0.2 6 Attaching blastocyst j Hatcmng 

5 0.1-0.2 Implanted although previllous 

5a 0.1 7-8 Solid trophoblast 
< 5b 0.1 9 Trophoblastic lacunae 

5c 0.15-0.2 11-12 Lacunar vascular circle 

6 0.2 17 Chorionic villi; primitive streak may appear 

1 6a Chorionic villi 

1 6b Primitive streak 

7 0.4 19 Notochordal process 

J 8a 0.5-1.5 23 Primitive pit; notochordal and neurenteric canals 

[8b 1.01-1.5 23 Neural folds and groove appear 

1-3 9 1.5-2.5 25 Somites first appear 

4-12 10 2-3.5 28 Neural folds begin to fuse; 2 phar. arches; optic sulcus 

13-20 11 2.5-4.5 29 Rostral neuropore closes; optic vesicle 

21-29 12 3-5 30 Caudal neuropore closes; 3-4 phar. arches; upper limb buds 

appearing 

30-? 13 4-6 32 Four limb buds; lens disc; optic vesicle 

14 5-7 33 Lens pit and optic cup; endolymphatic appendage distinct 

15 7-9 36 Lens vesicle; nasal pit; antitragus beginning; hand plate; trunk 

relatively wider; future cerebral hemispheres distinct 

16 8-11 38 Nasal pit faces ventrally; retinal pigment visible in intact embryo; 

auricular hillocks beginning; foot plate 

17 11-14 41 Head relatively larger; trunk straighter; nasofrontal groove 

distinct; auricular hillocks distinct; finger rays. 

18 13-17 44 Body more cuboidal; elbow region and toe rays appearing; 

eyelid folds may begin; tip of nose distinct; nipples appear; 

ossification may begin 

19 16-18 46 Trunk elongating and straightening 

20 18-22 49 Upper limbs longer and bent at elbows 

21 22-24 51 Fingers longer; hands approach each other, feet likewise 

22 23-28 53 Eyelids and external ear more developed 

23 27-31 56 Head more rounded; limbs longer and more developed 

The approximate ages (in postfertilizational days) are those currently assigned to each stage, taking ultrasonic findings into account. Postmenstrual 
days would be greater by about 14. 
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TABLE A-2 The Expected Age for a Given Length and the Expected Length for a Given Age0,6 

Transabdominal 

GL (mm) Days 

5 

10 
15 

20 
25 

30 

35 35 40 36 

40 44 

46 46 48 46 

50 52 

54 55 55 55 

40 

50 

60 

70 

80 

61 62 62 60 

68 68 69 65 

74 74 75 71 

79 79 75 

84 83 79 
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03 

CD 

cd 
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Q 
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30 29 32 34 
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42 41 42 45 
47 46 47 49 

52 50 51 53 

56 55 55 57 

63 62 62 

69 68 68 

73 74 73 

77 78 77 

80 84 79 
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-i—' 
CD CXI 
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“O 
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03 

E 
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CD 
CO 

O 
exo 
CD 
L_ 

03 
03 
f—i CD 

DU 
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“O 
c 
CD 

> 

co 
cn 
cn 

*CD 

CD 

>s 

E 
=3 
L_ 

L_ 
<D 

“O 
CD 

CD 
o 
cd 

CD 
CO 
CO 

o 
"O 
CD 

CD 

o 
ro 
C3 

CD 
DZ. 

CD 

Q Q_ $ X Q Q Q 

Transabdominal 

Weeks GL (mm) GL (mm) 

4 3.5 0.4 2 2 2 

5 10 10 8.5 10 6 8 6 

6 16 20 12 15 16 11 15 12 

7 23 24 21 22 23 19 23 17 

8 32 30 31 30 31 27 31 29 

9 42 40 41 41 41 42 38 

10 53 52 51 53 54 54 

11 65 65 64 71 67 71 

12 80 80 80 

Transvaginal 

c The greatest length is in mm and the ages are in postfertilizational days. Postmenstrual days would be greater by about 14. Based on 

transabdominal and transvaginal ultrasonography. 
* For references, see Chapter 8. 
c Personal communication, published in 1994. 

TABLE A-3 Weights of Organs Related to Body Weight2 
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12 50 8 3 2 0.5 0.5 0.02 0.05 0.2 0.02 

14 100 15 5 4 1 1 0.2 0.3 0.5 0.2 0.2 

20 500 70 25 15 6 4 1 1 2 0.8 0.2 

25 1000 150 40 25 10 7 3 3 3 1.5 0.8 

28 1500 200 50 30 15 10 4 4 4 2 0.8 

31 2000 250 75 40 18 14 6 6 5 2.5 0.9 

33 2500 300 100 45 20 18 8 7 7 3 1 

36 3000 350 130 50 25 20 10 9 8 3.5 1.3 

38 3500 400 150 60 28 23 11 10 9 4 1.5 

42 4000 420 200 65 30 25 13 13 11 4.5 1.8 

a The weights given (in grams) for the 10 organs are only approximate. Considerable variation has been 
recorded. The ages are in postfertilizational weeks (postmenstrual weeks would be about 2 weeks 
greater) and are merely a rough guide. More detailed tables are available in works on perinatal pathol¬ 

ogy. Adapted from various sources, including Tanimura et al. and Potter. 
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TABLE A-4 Various Measurements Related to Prenatal Age 

mm Age mm grams 
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B
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0.3 1 0.1 

2 2 0.1 
o 15 10 6 2 3 1 

_Q 25 15 8 3 4 3 
E 

LlJ 35 20 12 4 5 8 

40 30 16 5 6 12 16 1 6 

50 35 23 5 7 20 22 2 2 

65 45 30 5 8 30 43 4.5 12 3 14 

50 37 5.5 9 40 60 7 17 26 
1—1 

60 43 6 10 50 75 10 20 23 30 
CD 

(/) 57 6 11 65 95 12 40 
CD 

E 12 80 120 15 100 60 65 

13 100 150 20 15 30 90 110 90 70 

14 115 170 20 100 100 

15 130 195 115 

16 140 210 30 25 40 150 50 

17 150 225 130 

18 170 255 150 250 

19 180 270 30 50 160 190 185 

20 190 280 40 200 400 

21 200 300 40 500 210 

22 210 315 60 
C\1 

23 220 330 45 100 
CD 

24 230 345 200 250 250 
CD 

E 25 240 360 50 1000 

h- 26 250 375 45 70 235 260 1200 285 

27 255 380 

28 265 395 55 50 75 250 1500 315 

29 270 405 

30 280 420 60 60 80 300 

31 290 435 2000 355 200 

32 300 450 65 300 

33 305 455 65 2500 400 

34 310 465 90 
CO 

35 320 480 
CD 

CO 36 325 485 70 70 350 3000 455 300 
CD 

E 37 330 495 75 

i— 38 335 500 75 80 95 360 350 3350 470 375 

Ages are given in postfertilizational weeks. Postmenstrual weeks would be about two weeks greater. Measurements are in mm or grams. 
Adapted from various sources cited in the Additional Reading in Chapter 8. 



Index 

Most items in this index are listed under nouns rather than adjectives. For example, ductus arteriosus is listed under 
Ductus, whereas cardiac loop is under Loop. Placenta is under Placenta, umbilical cord is under Cord. Similarly, 
foramen ovale is given under Foramen, whereas inferior vena cava and pre-ureteric vena cava are both under Venta. 
Where appropriate, syndromes and similar items are listed under their personal names, e.g., Holt-Oram. 

Abdominal wall, anterior, 280 

Aberrance of tissues, 135 

Abortion, 92 

Abortus, 92 

Abruptio placentae, 79 

Accutane, 122 

Achondroplasia, 127, 149 

Acini 

of liver, 266 

of lung, 293 

Acquired immunodeficiency syndrome 

(AIDS), 13, 123 

Acrocephalosyndactyly, 381 

Acrosomal reaction, 24, 31-32 

Actin, 153 

Adamantinoma, pituitary, 348 

Adenohyophophysis, 346 

Adenosis, vaginal, 330 

Adhesion, interthalamic, 418 

Adipocytes, 138, 411 

Aditus of larynx, 289 

Adnexa, developmental, 52, 80-84 

Afterbirth, 80, 106 

Aganglionosis, intestinal, 259-260 

Age 

embryonic, 88, 491 

gestational, 91 

“menstrual,” 91 

postfertilizational, 31, 88 

postovulatory, 31, 88 

prenatal, 88 

Agenesis, 127, 427 

anal, 263 

anorectal, 263 

of corpus callosum, 420, 444 

pulmonary, 296 

renal, 304 

vaginal, 330 

Agent Orange, 122 

Agyria, 447 

Albinism, 468 

Alcohol, 121 

Allantois, see Diverticulum, allantoic 

Allograft, 143 

Alpha-fetoprotein, 130, 435 

Alveoli of lung, 293, 296 

Amelia, 390 

Ameloblasts, 239 

Aminopterin, 121-122 

Amniocentesis, 82, 130-131 

Amnion, 81-82 

Amniotic bands, 4, 124 

Amphiarthrosis, 149 

Amphicytes, 157 

Ampulla, renal, 300 

Adrenogenital syndrome, 354 

Anastomoses, 428 

Androgens, 121-122 

Anemia, sickle-cell, 76, 142-143 

Anencephaly, 120, 127, 359, 435, 442- 

Aneuploidy, 28, 118 

Angelman syndrome, 29, 449 

Angioblasts, 205-206 

Angiogenesis, 206 

Angle 

filtration, 458 

forebrain, 406 

iridocorneal, 458 

Animal models, 124-125 

Aniridia, 467 

Ankyloglossia, 237 

Anlage, 14 

Aniridia, 467-468 

Annulus fibrosus, 365 

Anodontia, 242 

Anomalies 

cardiac, 120, 122, 194-205 

classification, 111, 115, 127 

Ebstein, 122 

urachal 312 

Anophthalmia, 467429 

Anorectum, 261-264 

Anotia, 483 

Anus 

covered, 263 

imperforate, 129 

Aorta, coarctation, 198-199 

Apert syndrome, 381 

Apertures of hindbrain, 427 

Aplasia, 127 

cutis, 171 

labyrinthine, 478 

thymic, 122 

thymoparathyroid, 350 

uterine, 330 

Apoptosis, 13, 39, 156 

Appendage 

auricular, 483 

caudal, 103, 361 

endolympphatic, 472 

Appendix(ices), 257 

epididymis, 334 

testis, 334 

vermiform, 257 

vesiculosae, 334 

Aqueduct, 416, 445 

Arachnodactyly, 391 

Arantius (Aranzio), 487 

Arch(es) 

aortic, 19, 207, 246 

double, of aorta, 210 

hyoid, 243 

interrupted, of aorta, 211, 242 

mandibular, 243 

neural, 365 

palatoglossal, 242 

pharyngeal, 100, 242-244, 357 

pulmonary, 207 

right, of aorta, 211 

Archicerebellum 414 
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Archipallium, 420 

Area(s) 

membranous (of hindbrain), 427 

pseudoautosomal, 22 

surface (of body), 94 

Arhinencephaly, 447 

Arnold-Chiari malformation, 449-450 

Arrector pili, 170 

Arrest, developmental, 4, 117, 215 

Artery(ies), 206-211 

axial, of limbs, 387 

brachiocephalic, 208-210 

carotid, 207 

cerebral, 208, 428 

coronary, 193 

hyaloid, 464, 469 

hypoglossal, 207 

mesenteric, superior, 254 

otic, 207 

pulmonary, 207-208 

renal, 308 

retro-esophageal right subclavian, 211 

single umbilical, 79 

stapedial, 207, 478, 480 

subclavian, 207 

trigeminal, 207 

umbilical, 79, 206, 220, 387 

Arthrogryposis multiplex, 391 

Arthrosis, 151 

Ascent, renal, 303 

Asplenia, 223-224 

Assimilation of atlas, 381 

Assisted fertilization, see Fertilization, in 

vitro 

Association 

CHARGE, 287 

VACTERL, 127, 291 

VATER, 127-128, 291 

Astrocytes, 157 

Astrocytoma, 157 

Astroglia, 157 

Asymmetry, 128, 177 

Atresia 

aortic, 204 

biliary, 268 

choanal, 287 

duodenal, 127, 255 

esophageal, 251, 227 

intestinal, 123, 435 

laryngeal, 289 

mitral, 204, 215 

pulmonary, 204 

rectal, 263 

tracheal, 291 

tricuspid, 204 

vaginal, 330 

Atria, 181, 183-187 

Attachments, of liver, 266-267 

Auricle, of ear, 480 

Autism, 450 

Axis 

of body, 48-49 

of limbs, 382, 383 

Axons, 158-159, 415 

Baer, C. E. von, 16 

Band(s) 

amniotic, 4, 124 

lip-furrow, 238 

sternal, 374 

vestibular, 238 

Bar, vertebral, 368 

Bardet-Biedl syndrome, 390 

Barrier 

blood-air, 293 

blood-brain, 157, 406-407 

placental, 77 

Basioccipital, 359 

Beckwith-Wiedemann syndrome, 96 

“Beef eye,” 469 

Behavior, prenatal, 103, 390, 429, 478 

Bell-Magendie law, 402 

Bile, 265 

duct, 265, 267-268 

Bioethics, 7 

Biopsy, 130 

Birthmarks, 172 

Bladder 

exstrophy of, 314 

gall, 260, 267-268 

urinary, 309 

Blalock-Taussig operation, 204 

Blastema, metanephric, 300 

“Blastocoel,” 30 

Blastocyst, 39-40, 44 

Blastomere, 37 

Blood 

islands, 140, 205 

vessels, 205-216 

Body 

amygdaloid, 420 

perineal, 261 

pineal, 416 

polar, 25, 30, 33, 50 

ultimopharyngeal, 247, 348 

vitreous, 464, 469-427, 431 

wall, 124 

Bone(s), 144 

hip, 386 

hyoid, 243, 246, 289 

marrow, 130, 138, 141 

temporal, 380, 480 

Botallo, 487 

Brain, 8 

external form, 405-409 

growth, 405, 413 

internal structure, 409-413 

stem, 413 

“Branchial,” 242 

Breast, newborn, 172 

Brevicollis, 372 

Bronchi, 291-293 

supernumerary, 296 

Bronchiectasis, 128 

Bronchioles, 293 

Bud 

limb, 384 

lobar, 291 

lung, 291 

periosteal, 147 

segmental, 291 

taste, 237 

tooth, 239 

ureteric, 300 

Bulb 

olfactory, 406 

sinuvaginal, 327 

synaptic, 158 

Bundle, atrioventricular, 193 

Buphthalmos, 469 

Bursa 

infracardiac, 274 

omental, 250, 274 

Burst-forming unit, 142 

Calyx(ices), 300 

Canal 

alimentary, 98, 249-264 

anal, 261 

atrioventricular, 183-184, 187-188, 193, 

199-200 

craniopharyngeal, 348 

hyaloid, 464 

incisive, 230 

inguinal, 334 

neurenteric, 57 

notochordal, 57 

of Nuck, 334, 488 

pericardioperitoneal, 272 

pleuroperitoneal, 273, 280, 294 

semicircular, 475 

vesico-urethral, 309 

Cancer, 19, 29 

Cap, metanephr(ogen)ic, 300 

Capacitation, 24 

Capsule 

glomerular, 301 

internal, 260 

otic, 472 

Cartilage(s), 144 

articular, 150 

arytenoid, 289 

cricoid, 289 

hyoid, 289 

mandibular, 377 

Meckel’s, 379, 487 

nasal, 286 

Reichert’s, 379, 487-488 

thyroid, 288 

Cataract, 469 

“CATCH-22,” 196 

Cauda equina, 404 

Caul, 106 

Cavitation, joints, 150-151 

Cavity 

amniotic, 43 

articular, 150 

blastocystic, 39 

chorionic, 46-47 

infraglottic, 289 

joint, 150 

laryngeal, 289 

nasal, 230, 289 

pericardial, 59, 176 

peritoneal, 272 

pleural, 292 

tympanic, 479 

Cavum septi pellucidi, 424 
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Cecum, 257 

high, 260 

mobile, 260 

retroperitoneal, 260 

subhepatic, 260 

Cell(s) 

air, 479 

alveolar, 293-294 

Cajal-Retzius, 424 

choroid plexus, 157 

chromaffin, 353 

death, 13, 39, 156 

dendritic, 167 

enterochromaffin, 257 

ependymal, 157 

follicular, 323 

germ, 22-23 

glial, 156, 415 

granulosa, 323 

hepatic, 264 

Hofbauer, 69, 72 

interstitial 

of ovary, 325 

of testis, 326 

Kuppfer, 141, 265 

Langerhans’, 167 

Leydig, 326 

luteal, 31 

Merkel, 167 

microglial, 157 

muscle, 152 

nerve, 156 

neurilemmal, 156-157 

neuro-epithelial, 395 

osteogenic, 144-145 

paraluteal, 31 

piriform, 415 

primordial germ, 317, 322-326 

Purkinje, 415 

radial glial, 156 

satellite 

of muscle, 152, 154 

of nervous system, 156-157 

Sertoli, 326 

Schwann,157 

stellate, 265 

stem, 131, 136-137, 139 

supporting, 325 

sustentacular, of testis, 326 

sympathochromaffin, 353 

T, 142, 222 

Center, ossific, 147 

Centrum, 364 

Cephalosyndactyly, 390 

Cerebellum, 414-415 

Cervix uteri, 327-328 

CHARGE association, 287 

Cheek, 111 

Cheiloschisis, 234-235 

Chest, funnel, 374 

Chiasma, optic, 416 

Chicken pox, 123 

Childhood, skeletal maturation, 148 

Chimeras, 10, 29-30 

Choana(e), 230, 287 

Chondroblasts, 144 

Chondocranium, 376, 379 

Chondrogenesis, 144 

Chorangiopagus parasiticus (CAPP), 53 

Chorda tympani, 416, 479, 436 

Chordates, 357 

Chordoma, 348 

Chorea 

hereditary, 450-451 

Huntington, 117 

Choriocarcinoma, 78 

Chorion, 43-44, 72-76, 124 

frondosum, 73, 76 

laeve, 73, 106 

Chorionic villus sampling, 75-76, 123, 130 

Chromatids, 20, 224 

Chromatin, sex, 317 

Chromosomal sex, 317 

Chromosomes, 19 

aberrations, 118-120 

Circulation 

establishment of,. 183 

placental, 78 

prenatal, 216-220 

Circulus arteriosus, 428 

Cisterna chyli, 220 

Clavicle, 385 

Cleft(s) 

facial, 111, 124, 235 

feet, 389 

hands, 389 

laryngo-esophageal, 289 

lip, 120, 124, 129, 231, 234-235 

palate, 120, 127-128, 231, 233-235 

pharyngeal, 63, 65, 243-244, 247-248 

posterior laryngeal, 289 

vertebrae, 372 

Clitoris, 336 

Cloaca, 309 

ectopia, 315 

malformation of, 263, 312 

Clone, 52 

Clubfoot, 120, 124, 128, 391 

Coarctation of aorta, 198-199, 210 

Cocaine, 121-122 

Cochlea, 475-477, 447 

Coelocentesis, 130 

Coelom, 47, 100, 272-274 

Coeur en sabot, 203 

Collar, periosteal, 147 

Colliculus seminalis, 309 

Collodion skin, 171 

Coloboma, 287, 468 

Colon, 257, 259 

Colony-forming unit, 139 

Column(s) 

cytotrophoblastic, 73 

vertebral, 362, 364-365 

Commissures, 424-427 

anterior, 425 

corpus callosum, 420 

Compaction, 38 

Complex 

caudal pharyngeal, 247 

fetal disruption, 124 

Component, lateral thyroid, 349 

“Conception,” 87 

Conceptus, 87, 125-126 

Concha(e), nasal, 286 

Concordance, hepato-cavo-atrial, 205 

Conducting system, 193 

Cones 

growth, 158 

of retina, 463 

Conjunctiva, 475 

Conotruncus, 178, 181, 192 

Conus 

cordis, 178 

medullaris, 404 

Copula, 236 

Cor triatriatum, 215 

Cord(s) 

gonadal, 325 

hepatic, 264 

hypoglossal, 237 

medullary, of ovary, 321 

nephrogenic, 299 

neural, 399 

spinal, 157, 401-405, 427 

testicular, 325 

umbilical, 79-80, 124 

velamentous insertion, 80 

Cordocentesis, 130, 211 

Cornea, 457-459 

Corona radiata, 30 

Corpus 

albicans, 31 

callosum, 420 

agenesis of 424-427, 444 

cavernosum, 314 

luteum, 31 

striatum, 418 

Corpuscle 

red blood, 142 

renal, 299, 301 

splenic, 223 

Cortex 

cerebellar, 415 

cerebral, 8, 420-424, 447 

ovarian, 321 

suprarenal, 352 

definitive, 352 

fetal, 352 

permanent, 352 

provisional, 352 

Cortical reaction, in fertilization, 32-33 

Corticopontocerebellum, 414 

Corticosteroids, 122 

Cotyledon 

fetal, 77 

maternal, 76 

Courmarin, 122 

Craniopharyngioma, 348 

Craniorachischis, 443 

Craniosynostosis, 122, 381 

Cranium bifidum occultum, 444 

Crest 

mammary, 172-173 

neural, 136, 155, 168, 192, 195, 249, 

350, 400-402 

terminal-vomeronasal, 287 

Cretinism, 350 

Crista dividens, 185, 217 
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Crown-heel length, 88, 94, 97 

Crown-rump length, 93-94 

Cryptorchism, 334 

Cumulus oophorus, 27 

Cup, optic, 456, 464 

Cushions, endocardial, 188 

Cuvier, G., 487 

Cyanosis, 196 

Cycle 

ornithine, 267 

ovarian, 27-28 

uterine, 27-28 

Cyclopia, 3, 467 

Cyema, 87 

Cyst(s) 

bronchogenic, 296 

cervical, 249 

dorsal enteric, 252, 258 

pilonidal, 172 

pulmonary, 296 

thyroglossal, 238, 350 

urachal, 312 

Cystic eye, 467 

Cytomegalovirus, 123, 130 

Cytotrophoblast, 43, 69, 72, 77-78 

Dandy-Walker syndrome, 450 

Deafness, X-linked, 480 

Death, cell, 13, 39, 156 

Decidua, 45-46, 76, 81 

Decidualization, 40, 45 

Defect(s) 

atrioventricular canal, 199-200 

cardiac, 123 

interatrial septal, 199 

interventricular septal, 200 

neural tube, 122, 130, 435 

single-gene, 117-118 

Deficiency 

abdominal muscular, 315 

adenosine deaminase (ADA), 131 

growth, 122 

hearing, 122 

limb, 122 

mental, 122 

Deformation, 115 

Degeneration, Wallerian, 159 

Dendrites, 156, 158, 167, 447 

Denys-Drash syndrome, 337 

Dermatoglyphics, 168-169 

Dermatome, 361-362, 387 

Dermatomyotome, 361 

Dermis, 168-169 

DES (Diethylstilbestrol), 122, 330 

Descent 

of bladder, 309 

of gonads, 353 

of heart, 193 

of larynx, 289 

of testis, 332 

of trachea, 290 

Determination, 15 

Dextral loop, 177 

Dextrocardia, 204-205 

Diabetes 

autoimmune, type I, 123 

maternal, 120 

Diagnosis, prenatal, 129-131 

Diaphragm, 276, 278-280 

Diaphysis, 147 

Diarthrosis, 149-150 

Diastematomyelia, 372, 441-442 

Diencephalon, 65, 416, 418 

Diethylstilbestrol, see DES 

(Diethylstilbestrol) 

Differentiation, 16, 98 

DiGeorge sequence, 125, 350 

Dihydrostreptomycin, 122 

Dimelia, 390 

Diphenylhydantoin, 122 

Diplomyelia, 442 

Disc(s) 

embryonic, 39, 81 

epipharyngeal, 244, 431 

epiphysial, 147 

intervertebral, 365 

lens, 456 

nasal, 285 

otic, 62, 471 

retinal, 456, 463 

Disease 

congenital cardiac, 194-205 

cystic renal, 306 

hemolytic, of newborn, 79 

Hirschsprung, 259 

Huntington, 450-451 

hyaline membrane, 296 

Parkinson, 159, 413 

polycystic renal, 306 

Recklinghausen von, 450 

Tay-Sachs, 450 

Dislocation, congenital, of hip, 120, 391 

Disomy, uniparental, 29 

Disorders 

genetic, 117-121 

manic-depressive, 122 

vascular, 123 

Disruption, 115, 123 

Diverticulum(a) 

allantoic, 57, 82, 260 

cystic, 264 

duodenal, 255-256 

esophageal, 251-252 

hepatic, 264 

ilei, 127, 258-259 

Meckel’s, 304, 445 

pharyngeal, 249, 252 

tracheal, 291 

vesical, 312 

D-loop, 128, 205 

Doppler effect, 130 

Double-outlet ventricle, 203-204 

Down syndrome, 119, 169 

Duchenne muscular dystrophy, 118, 154 

Duct(s), ductus 

alveolar, 293 

Arantii, 487 

arteriosus, 194, 198, 208-210 

artificial, 202 

patent, 194, 208 

persistent, 120, 123, 194, 199, 210 

bile, 267-268 

Botalli, 487 

cochlear, 476 

of Cuvier, 487 

cystic, 268 

deferens, 331 

ejaculatory, 330 

epididymidus, 331 

of epoophoron, 330 

excretory, 300 

of Gartner, 487 

hepatic, 265 

mesonephric, 260, 299 

Mullerian, 487 

nasolacrimal, 286 

omphalo-enteric, 256 

pancreatic, 269 

paramesonephric, 326-327, 331, 341 

pericardioperitoneal, 269 

semicircular, 471, 476 

thoracic, 224 

thyroglossal, 127, 348, 350 

venosus, 211, 220, 265 

vitello-intestinal, 256 

Wolffian, 488 

Ductules, biliary, 265 

Duodenum, 211, 255-256, 267 

Duplication 

esophageal, 252 

gastric, 255 

intestinal, 258 

ureteric, 123, 304 

Dysautonomia, familial, 450 

Dysencephalia splanchnocystica, 307 

Dysgenesis 

gonadal, 337 

ovarian, 337 

Dyslexia, 449 

Dysmorphology, 115 

Dysostosis 

cleidocranial, 149, 381, 389 

mandibulofacial, 111, 249, 381, 486 

Dysplasia 

campomelic, 337 

defined, 115 

ectodermal, 171 

renal, 304 

tricuspid, 196 

Dysraphia, 127, 435, 443 

Dystrophy 

Duchenne, 154 

muscular, 154 

myotonic, 154 

pseudohypertrophic, 154 

Ear 

defects, 122 

external, 480-486 

internal, 471-478 

middle, 478-480 

Ebstein anomaly, 204 

Echocardiography, 129, 202 

Ectoderm, 135-236 

amniotic, 43, 81 

neural, 154, 433, 455 

pharyngeal arches, 244, 246 

Ectomesenchyme, 107, 136, 401 
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Ectopia, 127, 135 

cloacae, 315 

cordis, 205 

renal, 304 

testis, 334 

vesicae, 314 

“Egg,” 25 

Eisenmenger complex, 203 

Ellis-van Creveld syndrome, 390 

Embryo 

bilaminar, 39 

defined, 33 

status of, 7 

transfer, 34 

Embryology, history of, 3 

Embryopathy, 127 

thalidomide, 122 

Embryoscopy, 130 

Eminence(s) 

caudal, 63, 399 

of corpus striatum, 420 

“hypobranchial,” 236 

hypopharyngeal, 236, 289 

lateral ventricular, 420 

medial ventricular, 420 

Enamel, 238 

Encephalo(meningo)cele, 444 

Encephalopathy, 449 

Encephaloschisis, 443 

End-bud, 399 

Endocardial cushions, 188 

Endocardium, 63, 175-177 

Endoderm, 135, 257 

Endometriosis, 330 

Endothelium, 142, 205 

Enteric nervous system, 435 

Enzyme inhibitors, angiotensin-converting, 

121 
Ependyma, 156, 422 

Ephelides, 171 

Epiblast, 39, 46, 135 

Epicardium, 176 

Epidermolysis bullosa, 171 

Epidermis, 136, 165-168 

Epigenesis, 13, 15-16 

Epiglottis, 290 

Epiphysis 

of bones, 147 

cerebri, 416 

Epispadias, 313-314 

Epithelium, 136-138 

enamel, 239 

germinal, 320 

Epitrichium, 165 

Eponychium, 170 

Epoophoron, 328, 330, 333 

duct of, 334 

Errors, inborn, of metabolism, 120 

Erythroblast, 140 

Erythroblastosis fetalis, 79, 131, 142 

Erythrocytes, 140 

Erythropoiesis, 139 

Esophagus, 250-252 

short, 252, 279 

Evangiation, neurohypophysial, 348 

Exencephaly, 124, 443 

Exocoelom, 47 

Exomphalos, 120, 259 

Exstrophy 

of bladder, 314 

cloacal, 315 

External form, 100, 103 

Extracellular matrix, 14 

Extremely low birth weight, 95 

EYA1 gene, 125 

Eye, 455-469 

“beef,” 469 

Eyelids, 464-465 

Face, 103 

Facial 

clefts, 235 

ganglion, 433-434 

processes, 107-111 

Factor 

epidermal growth, 165 

growth, 94 

nerve growth, 158, 395 

testis-determining, 26 

Fallot, tetralogy of, 202-203 

Fanconi syndrome, 390 

Fertilization, 8, 25, 31-33 

in vitro, 4, 33-34 

in vivo, 34 

Fetal alcohol syndrome, 121 

Fetal hydantoin syndrome, 122 

Fetopathy, 127 

Fetoscopy, 3, 130 

Fetus 

compressus, 53 

harlequin, 171 

papyraceus, 53 

as patient, 131, 144, 159-160 

stillborn, 106 

Fibers 

geniculocalcarine, 463 

lens, 457 

muscle, 152 

nerve, 158-159 

optic, 463 

smooth muscle, 170 

taste, 236 

Fibrinoid, 72 

Fibroblasts, 138, 151, 169 

Fibronectin, 53 

Fibrosis, cystic, 269, 271-272 

Field 

morphogenetic, 15 

nail, 170 

Filopodia, 158 

Filum terminale, 404 

Fimbria, 420 

Fin, nasal, 229, 286 

Fissure(s) 

choroid, of brain, 419 

“choroid,” of eye, 456 

retinal, 456 

sternal, 374 

vesico-intestinal, 315 

vesico-umbilical, 312 

Fistula(e) 

anocutaneous, 263 

anovestibular, 264 

auricular, 483, 486 

pharyngeal arches, 247 

recto-urethral, 263 

rectovaginal, 263-264 

rectovesical, 2263 

rectovestibular, 263-264 

thyroglossal, 350 

tracheo-esophageal, 251, 262, 291 

vesico-umbilical, 312 

Flange, interventricular, 189 

Flexure 

cervical, 405 

mesencephalic, 62, 397, 406 

pontine, 406 

Floor plate, 403 

Fluid 

amniotic, 81-82 

cerebrospinal, 157, 428 

Fluorescence in situ hybridization (FISH), 

129-130 

Fold(s) 

caudal, 63 

cephalic, 63 

nail, 170 

neural, 62, 101 

preputial, 336 

urethral, 336 

vestibular, 289 

vocal, 289 

Folic acid antagonists, 122 

Follicle 

atretric, 25 

dental, 240 

Graafian, 25, 487 

hair, 127, 170 

ovarian, 25, 27 

primordial, 25, 324 

Folliculogenesis, 322-323 

Fontanelles, 379 

Fonticuli, 379 

Foot 

cleft, 390 

length, 94 

“lobster-claw,” 390 

Foramen(ina) 

epiploic, 275 

interventricular 

of brain, 419 

of heart, 188-189 

ovale, 185-186, 220 

parietalia permagna, 381 

primum, 184-185 

secundum, 185 

sternal, 374 

Forebrain, 413, 425 

Foregut, 229, 235, 249-250 

Formation, hippocampal, 420, 424 

Fornix, 420, 424 

Fossa(e) 

iliac, 333 

incisive, 229 

ovalis, 186 

paraduodenal, 259 

Fragile X syndrome, 117, 449 

Freckles, 172 
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Funnel chest, 374 

Fusion 

failure of, 127 

splenogonadal, 224 

of renal tubules, 301 

Gallbladder, 260, 267-268 

Gametes, 19 

Gametogenesis, 19 

Ganglion(a) 

spinal, 136, 362, 403 

trigeminal, 416, 432 

Gangliosidosis, 450 

Gartner, H., 334, 487 

Gastroschisis, 123, 259, 435 

Gastrulation, 49-50 

Genes 

developmental, 98, 100 

EYA1, 125 

hedgehog, 98, 100 

hox, 98, 169, 243, 382-383, 409 

mitochondrial, 19, 117 

pax, 198, 362, 389, 409 

SRY, 23 

tumor-suppressor, 16 

Genitalia, external,103, 336-337, 340 

Genome, 7, 13 

embryonic, 38-39 

mitochondrial, 19-20 

Germ 

cells, primordial, 22-23 

layers, 14, 65, 68, 135-137, 322-326 

plasm, 19 

tooth, 239 

German measles, 123 

“Gestation,” 87 

“Gestational age,” 16, 91 

“Gills,” 16, 242 

Gland(s) 

adrenal, 352 

apocrine, 172 

bulbo-urethral, 310 

endocrine, 137 

exocrine, 137 

lacrimal, 236, 464-465 

mammary, 172-173 

parathyroid, 247, 350, 352 

parotid, 236, 464 

pineal, 416 

pituitary, 345-346, 416 

prostate, 309 

salivary, 236 

sebaceous, 127, 170 

sublingual, 236 

submandibular, 236 

sudoriferous, 170 

suprarenal, 352-355 

sweat, 127, 170 

thymus, 221 

thyroid, 100, 348-349, 357 

urethral, 310 

Glaucoma, 469 

Glia, 156 

Glioma, 157 

Glomerulus, renal, 301 

Glycogenesis, 267 

Goiter, 122 

Goldenhar syndrome, 249 

Gonad, 317-320 

descent of, 332 

indifferent, 317 

“streak,” 337 

Gonocytes, 23 

de Graaf, R„ 25, 487 

Granulocytes, 142 

Greig cephalopolysyndactyly, syndrome, 390 

Groove 

median pharyngeal, 285 

medullary, see neural 

neural, 396 

urethral, 336 

Growth, 98-100 

catch-up, 95-96 

compensatory, 95 

cone, 158 

factors, 100 

fetal, postnatal prolongation of, 106 

hormones, 100 

intrauterine, 94-97 

plate, 146 

prenatal, 100 

Gubernaculum 

ovarii, 332 

testis, 332 

Gut, 235, 255 

postanal, 256, 259 

Gynogenomes, 34 

Gyrus(i), cerebral, 406, 420, 447 

Hair, 169-170 

Hamartoma, 127 

Hand, 386 

cleft, 390 

“lobster-claw,” 390 

“Harelip,” 231 

Harlequin fetus, 171 

“Hatching,” 40, 324 

Haustra, 257 

Head: 

fold, 63 

process, see Process, notochordal 

Hearing, 411 

Heart, 59-60, 175-205 

looped, 177 

straight tubular, 177 

Hedgehog genes, 98, 100 

Height, sitting, see Length, crown-rump 

Helicotrema, 475 

Hemangioma, 172 

Hematometrocolpos, 331 

Hematopoiesis, 139 

Hemimelia, 390 

Hemispheres 

cerebellar, 414-415 

cerebral, 406 

Hemivertebra(e), 368 

Hemocytoblasts, 205, 223 

Hemolytic disease of the newborn, 142 

Hemopoiesis, 140, 223 

Hensen, V., 487 

Hepatic phase, 141 

Hepatoblasts, 264-265 

Hepatosplenomegaly, 123 

Hermaphrodism, 341 

Hernia 

diaphragmatic, 129, 278 

hiatal, 252, 279 

inguinal, 336 

internal, 259 

para-esophageal, 279 

posterolateral, 278 

sternocostal, 278 

umbilical, 79, 129 

normal, 260 

reduction, 260 

Herniation, 260 

Herpes simplex virus, 123 

Heterotaxia, 128, 205 

Heterotopia, 127, 135, 358, 447 

Heuser, C., 487 

Hiatus, esophageal, 279 

Hillocks, auricular, 480, 483 

Hindbrain, 409 

Hindgut, 250, 260-261 

Hinge, obstetrical, 379 

Hip, 386 

Hippocampus, 420 

Hirschsprung disease, 259 

His, W„ 3 

Histogenesis, 136, 175-176, 421-424 

Hofbauer cells, 69, 72 

Holonephros, 299 

Holoprosencephaly, 123, 445-447 

Holt-Oram syndrome, 199, 390 

Homology, 14 

Hormones 

fetal, 100, 345 

growth, 100 

placental, 78, 345 

steroid, 78 

thyroid, 100 

Horseshoe kidney, 305 

Hox genes, 14, 908, 382-383, 409 

Human immunodeficiency virus (HIV), 123 

Humor, aqueous, 464 

Huntington disease, 450-451 

Hutchinson teeth, 242 

Hyaline membrane disease 296 

Hydatid of Morgagni, see Appendix, testis; 

Appendices, vesiculosae 

Hydranencephaly, 129, 445 

Hydrocele, 336 

Hydrocephaly, 120, 122-123, 445 

Hydrometrocolpos, 264, 331 

Hydromyelia, 438 

Hydronephrosis, 216, 308-309 

Hydrops fetalis, 142 

Hygroma, cystic, 221 

Hymen, 327 

imperforate, 331 

Hyoid bone, 243, 246, 289 

Hyperplasia, 98, 127 

congenital adrenal, 354 

uterine, 330 

Hypertelorism, 469 

Hypoplasia, 127 

Hypotelorism, 469 

Hyperthermia, 123 
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Hypertrophy, 98, 127 

Hypoblast, 39 

Hypodermis, 169 

“Hyponychium,” 171 

Hypophysis 

cerebri, 345-346 

pharyngeal, 348 

Hypoplasia, 119 

enamel, 242 

labyrinthine, 478 

renal, 304 

uterine, 330304 

Hypospadias, 129, 313 

Hypothalamus, 416, 424 

Hypothyroidism, 122, 349 

Hysterotomy, 131 

Ichthyosis, 171 

Icterus neonatorum, 142 

Imaging, see also Ultrasonography; 

Magnetic resonance imaging, 30, 

94, 130 

Immotile-ciliary syndrome, 128 

Immunity, develoment of, 143 

Immunodeficiency severe-combined (SCID), 

131 

Immunoglobulin, 143 

Implantation, 8, 40-41, 44-45 

ectopic, 44-45 

Impression, basilar, 381 

Imprinting, 30, 44, 449 

Inborn errors of metabolism, 120-121 

Incus, 478 

Induction, 14-15, 395, 455-456 

Indusium griseum, 420, 427 

Infection 

fetal, 123 

maternal, 106, 123 

Infundibulum of hypophysis, 348 

Inlet of larynx, 289 

Inheritance, multifactorial, 120-121 

Inner cell mass, 39 

Innervation 

cutaneous, 387-389 

of limbs, 387-389 

Insertion, velamentous, 80 

“Inside-out” rule, 155, 422 

Insula, 406 

Interaction 

cell-cell, 137 

epithelio-mesenchymal, 13-14, 137, 172 

Intermediary twinning, 52 

Interzones, joints, 150 

Intestine 

large, 257-260 

small, 257 

In vitro fertilization, 4, 33-34 

Iris, 464 

Irradiation, 123, 167 

Islands, blood, 140, 205 

Islets, pancreatic, 269 

Isomerism, 128, 205 

Isoretinoin, 122 

Isthmus 

of aorta, 198 

rhombencephali, 406 

Janiceps, 4 

Jaundice, neonatal, 142, 268 

Jaw(s), 274 

Jelly 

cardiac, 63, 175 

Wharton’s, 80, 488 

Joints, 149-151 

cartilaginous, 149 

fibrous, 149 

neurocentral, 365 

spheno-occipital, 345 

synovial, 377 

temporomandibular, 379, 432 

Junction 

amelodentinal, 239 

neurosomatic, 65, 397 

spheno-occipital, 379 

Kallmann syndrome, 286 

Kartagener syndrome, 128 

Keibel, F„ 3 

Keratinization, 166 

Keratinocytes, 165-166 

Kidney, 137, 299 

horseshoe, 305 

pelvic, 304 

supernumerary, 304 

Klinefelter syndrome, 118, 339 

Klippel-Feil sequence, 372 

Kyphosis, 372 

Labia 

majora, 336 

minora, 336 

Labyrinth, 471 

Lacuna(e) trophoblastic, 43, 72 

Lamella, glandar, 336 

Lamina 

alar, 402-403, 410-411 

basal, 159, 402-403, 409, 411, 416 

dental, 238 

epithelial, of larynx, 289 

labiogingival, 238 

terminalis, 424 

Langerhans’(dendritic) cells, 167 

Langhans, T., 487 

Lanugo, 103, 170 

Laryngomalacia, 290 

Laryngopharynx, 242 

Larynx, 288-290 

descent of, 289 

Laterality, 120, 223 

Law 

Bell-Magendie, 402 

“biogenetic,” 16 

Layer or zone 

germ, 14, 65, 68, 135-137, 322-326 

germinal, 415 

granular, 415 

intermediate, 165, 422 

Langhans’, 487 

mantle, 155 

Nitabuch’s, 75, 487 

primordial plexiform, 422 

ventricular, 155, 422 

Left-sidedness, bilateral, 128 

Lemmocytes, 157 

Length 

crown-heel (CH), 88, 94, 97 

crown-rump (CR), 93-94 

foot (FL), 94 

greatest (GR), 88, 93, 97-98, 492 

Lesions 

cutaneous, 123 

pigmented, 171 

syphilitic, 123 

visceral, 123 

Leydig cells, 326 

Ligament(um) 

arteriosum, 220 

broad, 332 

coronary, 266 

falciform, 220, 266, 276 

gastrolienal, 223 

gastrosplenic, 223 

lienorenal, 223 

round, 332 

splenorenal, 223 

stylohyoid, 248 

teres, 211, 220 

triangular, 266 

umbilical, 220 

venosum, 211, 220, 224 

Light-for-dates, 95 

Limb(s) 

anomalies, 389-391 

bud, 384 

defects, 389 

development of, 384-385 

innervation of, 387-389 

overview, 381-384 

skeleton, 385-386 

vascularization of, 386-387 

Limbus fossae ovalis, 186 

Line, pectinate, 261 

Lip, 107, 111, 235-236 

cleft, 120, 124, 129, 231, 233-235 

rhombic, 414 

Liquor amnii, 81 

Lissencephaly, 447 

Lithium, 122 

Liver, 123, 260, 264-267 

Lobation, persistent fetal renal, 306 

Lobe(s) 

limbic, 420 

of liver, 266 

renal, 301 

Lobule(s) 

of azygos vein, 296 

of liver, 266 

placental, 77 

pyramidal, 348 

Locus caeruleus, 413 

Loop 

cardiac, 63, 177 

D (dextral), 177 

intestinal, 260 

L (levo), 128, 177, 205 

Low birth weight, 95 

Lumbarization, 368 
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Lung(s), 291-293 

development phases, 293-296 

Lunule, 170 

Luteinization, 28 

Lymphangioma, 221 

Lymphatic system, 220-224 

Lymphocytes, 141-142 

Lyon hypothesis, 21 

Macroglossia, 238 

Macrotia, 483 

Magnetic resonance imaging (MRI), 129, 

427 

Major histocompatibility complex (MHC), 

143 

Malformation 

Arnold-Chiari, 449-450 

cloacal, 263, 312 

congenital, 117 

Dandy-Walker, 450 

defined, 115 

limbs,126 

mild, 128 

multifactorial, 117 

Taussig-Bing, 204 

Mall, F. P., 3 

Malleus, 473 

Malnutrition, maternal, 123 

Malrotation of midgut, 260 

Mandible, 379-380 

Mantle 

layer, 151 

myocardial, 63, 177 

Marfan syndrome, 391 

Marrow, bone, 130, 138, 141 

Mass, inner cell, 39 

Matrix 

extracellular, 14, 169, 195, 357 

germinal, of neural tube, 155 

proximal nail, 170 

terminal, 171 

Maturation, skeletal, 147-148 

Measles, German, 123 

Measurements, 93-98, 492 

Meatus(es) 

external acoustic, 480 

nasal, 286 

Meckel, J. F. 487 

Meckel(‘s) 

cartilage, 241, 379, 487 

diverticulum, 304, 445 

Meckel-Gruber syndrome, 307, 444 

Meconium, 257 

Mediastinum, 293 

Medulla: 

oblongata, 409-413 

ovarian, 321 

suprarenal, 160, 353 

Medulloblastoma, 127, 135, 415 

cerebellar, 450 

Megacolon, 259 

Meiosis, 20-21, 25 

Melanoblasts, 166 

Melanocytes, 166 

Melanoma, 171 

Melanosomes, 166 

Membrane(s) 

anal, 261 

bucconasal, see Oronasal 

cloacal, 49, 250, 309, 336 

exocoelomic, 43 

extra-embryonic, 81-82, 84 

fetal, 81 

Heuser’s, see Exocoelmic 

Nitabuch’s, 75 

oronasal, 287 

oropharyngeal, 63, 229, 236, 250 

pharyngeal, 242 

placental, 77-78 

pleuroperitoneal, 272-273, 276 

pupillary, 464, 469 

tympanic, 477, 479 

vestibular, 472, 483 

Meninges, 404-405, 428 

Meningocele, 440-441, 444 

Meningomyelocele, 439-440 

Menstrual “age,” 91 

Menstruation, 28, 30 

Mercury, 122 

Mesectoderm, 136 

Mesencephalon, 157, 415-416 

Mesenchyme, 1107, 111, 137-139, 165, 

168, 246 

Mesentery, 177, 274-276 

dorsal, 275 

ventral, 276 

Mesoazygos, 296 

Mesoblast, 65 

Mesocardium, dorsal, 177 

Mesocolon, 276 

Mesoderm, 46, 135-136, 172 

intermediate, 59, 139 

paraxial, 59, 139 

splanchnic, 475 

Mesoduodenum, 274 

ventral, 276 

Mesogastrium, 223, 274 

ventral, 276 

Mesonephros, 299-300 

Mesorchium, 320 

Mesovarium, 320 

Metanephros, 300 

ascent of, 301 

Metaphysis, 147 

Metaplasia, 135 

Metencephalon, 406 

Methotrexate, 122 

Methylene blue, 122 

Micrencephaly, 447 

Microcephaly, 122-123, 447 

Microglia, 156 

Microphthalmia, 123, 447 

Microscopy, magnetic resonance, 8 

Microtia, 122, 483 

Midbrain, 415-416 

Midgut, 250, 256-257 

Miscarriage, 93, 118. See also Spontaneous 

abortion 

Mitosis, 20, 25 

Mittelschmerz, 30 

Mixed rotation, 260 

Mole 

hairy, 171 

hydatidiform, 75 

“Mongolism,” 119 

Monocytes, 142 

Monosomy, 93, 118 

X chromosome, 106, 337 

Morgagni, G. B., 487 

Moro reflex, 389 

Morphogen, 13 

Morphogenesis, 13, 100-103, 195, 397 

Morula, 37 

Mosaicism, 29-30 

chromosomal, 118-119 

confined placental, 79 

Mouth, 235-236 

Movements 

breathing, 295 

cardiac, 183 

embryonic, 429 

prenatal, 403, 429 

respiratory, 295, 429 

Mucosa 

alimentary, 127 

ectopic gastric, 252 

heterotopic gastric, 252, 255 

heterotopic pancreatic, 269 

Mucoviscidosis, 269 

Muller, J., 326, 334 

Muscle(s) 

abdominal, 280 

cardiac, 154 

development of, 389 

diaphragm, 276 

eyeball, 464 

fibers, 152 

laryngeal, 289 

orbital, 139, 153 

pectoral, 389 

of pharyngeal arches, 244, 247 

skeletal, 151-154 

smooth, 154 

stapedius, 478 

sternomastoid, 153 

suspensory, of duodenum, 255 

tensor tympani, 478 

trapezius, 153 

Myasthenia gravis, 222 

Myelencephalon, 406 

Myelin(iz)ation, 158-159, 427, 463, 477 

Myeloid phase, 139 

Myelomeningocele, 122, 439-440 

Myelomere, 404 

Myeloschisis, 438-439 

Myoblasts, 111, 152 

Myocardium, 175 

Myofilaments, 152 

Myopathy, mitochondrial, 154 

Myotome, 361 

Myotubes, 152 

Nail bed, 170 

Nails, 170-171 

Nares, 285 

Nasopharynx, 241 

Necrosis, 13 
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Neocerebellum, 414 

Neocortex, 418 

Neopallium, 418, 421, 424 

Neoplasia, 16 

Neoplasms, embryonic, 127 

Neoteny, 106 

Nephroblastoma, 117, 135, 308 

Nephron(s), 299-300 

Nerve(s) 

accessory, 433 

chorda tympani, 416, 479 

cranial, 237, 429-434 

facial, 433-434 

glossopharyngeal, 433-434 

growth factor, 100 

hypoglossal, 434 

lingual, 237 

mandibular, 430 

maxillary, 111, 430 

non-recureent laryngeal, 211 

oculomotor, 432, 459, 463 

olfactory, 431-432 

optic, 432, 459, 463 

recurrent laryngeal, 191 

spinal, 208 

terminal(is), 431 

rrigeminal, 432-433 

trochlear, 432 

vagus, 433-434 

vestibulocochlear, 434 

vomeronasal, 432 

Neugliederung, 364 

Neurilemma, 156-157 

Neurite, 156, 158 

“Neuroblasts,” 155 

Neurocranium, 376-377, 379 

Neurocristopathy, 450 

Neuroembryology, 395 

Neurofibromata, 450 

Neurofibromatosis, 171, 450 

Neurogenesis, 403-404 

Neuroglia, 156-157 

Neurohypophysis, 348 

Neuromeres, 62, 400 

Neuron(s), 156 

Neuropores(s), 101, 398-399 

Neuroteratology, 435-451 

Neurotransmitters, 413 

Neurula, 396 

Neurulation, 396 

primary, 396-397 

secondary, 399-400 

Nevus(i), 171-172 

Nipple, 172 

Nitabuch, R., 75, 487 

Node 

atrioventricular, 193 

Hensen’s, 487 

lymph, 222 

primitive, 49 

sinu-atrial, 186, 193 

splenic, 223 

Non-disjunction, 28-29, 118, 126 

Non-keratinocytes, 166 

Non-rotation of midgut, 260 

Normoblasts, 139 

Nose, 285-288 

Nostrils, 285 

Notochord(al), 10, 100 

canal, 57 

plate, 63, 357 

process, 63 

remains, 368 

Nuck, A., 334, 488 

Nucleus pulposus, 368 

Occipitalization, 380 

Odontoblasts, 239 

Oesophagus, 250 

Oligodendrocytes, 157 

Oligodendroglia, 156 

Oligohydramnios, 82, 124, 304 

Omentum, 274, 276 

Omphalocele, 124, 259 

Oncogenes, 15 

Ontogeny, 16 

Oocyte(s), 8, 15, 19, 25, 31, 322 

penetrated, 25 

Oogenesis, 25-28, 323 

Oogonia, 25 

Ootid, 33 

Organ(s) 

circumventricular, 428 

enamel, 239 

lymphatic, 221-224 

spiral, 471, 478 

vomeronasal, 286 

Organizer, 15 

Organogenesis, 57, 126 

Orifice, see Foramen; Ostium 

sinu-atrial, 183 

Oropharynx, 242 

Os odontoideum, 368 

Ossicles, auditory, 478-479 

Ossification 

defined, 145, 365 

intramembrous, 145-146 

endochondral, 146-147 

Osteoblasts, 141, 144 

Osteoclasts, 144 

Osteogenesis, 145 

imperfecta, 149 

Osteoid, 146 

Ostium, 

primum, 184 

secundum, 185 

uteri, 105 

Otocephaly, 381 

Otocyst, 472-473 

Otosclerosis, 479-480 

Outflow of heart, 190-192 

Ovary, 320-325 

Ovotestis, 341 

Ovulation, 30-31 

“Ovum,” 25 

Oxytocin, 105 

Paedomorphosis, 106 

Pain, prenatal, 429 

Palate, 229-235 

cleft, 127-128, 231, 233-234 

hard, 231 

primary, 229 

secondary, 229 

soft, 231 

Paleopallium, 420 

Paleocerebellum, 414 

Pallium, 421 

Palsy, cerebral, 122, 449 

Pancreas, 268-272 

annular, 269 

heterotopic, 255, 269 

ventral, 269 

Papilla(e) 

dental, 239 

lingual, 237 

Paradidymis, 338 

Parasympathetic nervous system, 434 

Parenchyma, 137 

Parkinson disease, 159, 413 

Paroophoron, 330, 333 

Parthenogenesis, 34-35 

Parturition, 104-106 

Pax genes, 98, 362, 389, 409 

Pectus excavatum, 374 

Pelvis 

renal, 300 

ureteric, 300 

Penis, 333, 339-340 

Pentalogy, 202 

Pericardium, 193 

Periderm, 165 

Perineum, 261 

Period 

critical, 125 

embryonic, 8, 87-88, 100, 103, 147 

fetal, 87-88, 103-104, 147-148, 168 

neonatal, 92 

perinatal, 92 

sensitive, 125 

vulnerable, 125 

Periosteum, 147 

Petechiae, 123 

Peter’s anomaly, 468 

Pharynx, 242-249 

Phenylketonuria, 120-121, 127, 131 

Pheochromocytes, 353 

Phocomelia, 390 

Phylogeny, 16 

Physis, 147 

Pierre Robin sequence, 111 

Pineal, see Epiphysis cerebri 

Pit 

anal, 261 

lens, 457 

nasal, 107 

otic, 471 

primitive, 57 

Pituitary, see Hypophysis 

PKU, 120-121, 127, 131 

Placenta, 76-79 

battledore, 80 

blood flow, 123 

hemochorial, 77 

praevia, 79 

succenturiata, 79 

in twins, 84 

Placentone(s), 77 
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“Placode,” 285, 431 

Plane, oribomeatal, 380 

Plate 

alar, 396, 401, 411, 429-430 

basal 

of neural tube, 396, 401, 411, 429- 

430 

of placenta, 73 

cardiogenic, 62, 154, 175 

cerebellar, 412 

chiasmatic, 416, 424 

chorionic, 72-73 

commissural, 424 

cortical, 155, 413, 422 

ductal, 265-266 

epiphysial, 147 

floor, 403 

growth, 147 

hand, 384 

hepatic, 264 

lateral, 59, 139 

nasal, 285 

neural, 360. 395 

notochordal, 63, 359 

otic, 62, 472 

prechordal, 49, 58 

urethral, 336 

vaginal, 327 

Platelets, 142 

Pleura, 273 

Plexus 

cardiac, 176 

choroid, 428, 393 

Pneumonocytes, 293-294 

Podocytes, 300 

Poland sequence, 389 

Polydactyly, 128, 390 

Polyhydramnios, 82, 84, 131 

Polymastia, 173 

Polymerase chain reaction, 129 

Polymicrogyria, 447 

Polyodontia, 242 

Polyspermy, 33 

Polysplenia, 128, 223 

Polythelia, 173 

Pons, 409-413 

Portal(s), intestinal, 250 

Postfertilization age, 31, 88 

Postovulatory age, 31, 88 

Posture of fetus, 104 

Potter sequence or syndrome, 82, 304 

Pouch(es) 

adenohypophysial, 346 

pharyngeal, 246-247 

Rathke’s, 488 

Prader-Willi syndrome, 29, 449 

“Pre-embryo,” 87 

Preformation, 15-16 

Pregnancy 

corpus luteum of, 31 

ectopic, 45-46 

tests, 33, 129, 435 

tubal, 45 

Presentation of fetus, 104 

Prespermatogonia, 326 

Preterm, 92 

Primary ciliary syndrome, 128 

Primordium, 14 

optic, 465 

respiratory, 285 

Probe-patency of foramen ovale, 185, 201 

Process(es) 

facial, 111 

frontonasal, 111 

globular, 111 

mandibular, 107, 111 

mastoid, 479 

maxillary, 111 

morphogenetic, 15 

nasal, 107, 111, 285 

neuronal, 156 

notochordal, 49, 57 

palatal, 229 

Processus vaginalis, 334 

“Proctodeum,” 250 

Promyoblasts, 152 

Pronuclei, 33 

Prophylaxis, 131 

Prosencephalon, 446 

Prospermatogonia, 326 

Prostate, 311-312 

Prune-belly syndrome, 315 

Pseudohermaphrodism, 340-341 

Quickening, 103 

Radiation, 123 

Ras gene, 15 

Rathke, H., 489 

Reaction 

acrosomal, 31-32 

cortical, 32-33 

decidual, 28 

zonal, 33 

“Recapitulation,” 16 

Recess 

hepato-enteric, 274 

infundibular, 346 

pneumato-enteric, 274 

tubotympanic, 247, 478 

von Recklinghausen disease, 450 

Reconstruction 

graphic, 9 

solid (Born), 8-9 

Reflexes, 389, 395 

Reflux, vesico-ureteric, 312 

Regeneration 

hepatic, 264-265 

of liver, 264, 265 

of muscle, 154 

neuronal, 159-160 

Reichert, K., 488 

Reproductive pathway, 326 

Respiratory distress syndrome, 296 

Retardation 

intrauterine growth, 95, 106 

mental, 118-119, 122-123, 449 

Rete 

ovarii, 322 

testis, 325 

Reticulum, stellate, 239 

Retina, 459, 463 

detachment of, 469 

Retinol, 100 

Retinoblastoma, 118, 135, 468-469 

Rhesus incompatibility, 142 

Rhombencephalon, 100, 157, 413 

Rhombomere(s), 62, 400, 409, 427 

Rib(s), 357, 372, 374 

bifid, 374 

cervical, 365, 374 

supernumerary, 374 

Ridge 

apical ectodermal, 384 

dermal, 168 

gonadal, 317 

Right-sidedness, bilateral, 128 

Ring 

aortic, 198 

ectodermal, 172, 384 

epiphysial, 368 

lymphatic, 221 

tympanic, 479 

umbilical, 79 

Robin sequence, 111, 249 

Rotation 

anomalies of, 305 

incomplete, of midgut, 261 

intestinal, 260 

mixed, of midgut, 260 

Rubella, congenital, 123 

Sac 

aortic, 198 

chorionic, 62 

dental, 240 

jugular, 222 

lesser, of peritoneal cavity, 274 

lung, 291 

lymph, 220 

nasal, 285 

yolk, 44, 82, 56 

Saccules, of lung, 294 

Sacralization, 368 

Sampling 

chorionic villus, 75-76, 82, 123, 130 

percutaneous umbilical blood (PUBS), 79 

Scala(e) 

typmani, 471, 476 

vestibuli, 471, 476 

Scapula, 385 

congenital high, 389 

Schlemm, canal of, 457 

Sclerotome, 136, 360, 364 

Scoliosis, 124, 368 

Septum(a) 

aorticopulmonary, 176, 192, 202 

interatrial 

defects, 199 

interatrial, 184 

defects, 199 

interventricular, 188 

defects, 200 

nasal, 230, 286 

pellucidum, 423-425 

placental, 77 

primum, 184-186 
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secundum, 185 

spurium, 185 

tracheo-esophageal, 291 

transversum, 211, 265, 276 

urorectal, 260, 309 

vaginal, 330 

Sequence 

defined, 127 

DiGeorge, 350 

Klippel-Feil, 372 

Poland, 389 

Potter, 82, 304 

Robin, 111, 249 

Sequestrations, pulmonary, 296 

Sex 

adopted, 317 

assigned, 317 

brain, 418 

chromosomal, 317 

genetic, 317 

gonadal, 317 

phenotypical, 317 

somatic, 317 

Shell, cytotrophoblastic, 73 

Shelves, palatal, 229 

Shprintzen syndrome, 235 

Shunts, cardiac, 196, 199, 200 

Siamese twins, 53 

Sickle-cell anemia, 76, 142-143 

SIDS, 296 

Sinu-atrial orifice, 183 

Sinus(es) 

cavernous, 428 

cervical, 244 

coronary, 186 

dural, 428 

paranasal, 128, 287 

pericardial, 194 

pilonidal, 172 

umbilical, 312 

urogential, 261, 309 

venosus, 183-184 

venosus sclerae, 457 

Sinusoids, hepatic, 265 

Situs 

ambiguus, 205 

inversus, 120, 123, 205, 255, 260 

solitus, 128, 205 

visceral, 128, 205 

Skeleton, 147-148, 357-391 

Skin, 165 

aplasia of, 171 

collodion, 171 

dermis, 168-169 

ectodermal dysplasia, 171 

epidermis, 165-168 

glands, 170 

Skull, 374-381 

Somatopleure, 59, 139, 382 

Somite(s), 59, 152, 360-362 

Somitocoel, 361 

Somitomeres, 366 

Sonography, 94, 24, 2025 

Space, intervillous, 46, 69 

Specificity, nerve-muscle, 153 

Spectrum, facio-auriculo-vertebral, 249 

Spemann, H., 15, 455 

Spermatids, 326 

Spermatocytes, 23, 326 

Spermatocytogenesis, 23, 326 

Spermatogonia, 23, 326 

Spermatozoa, 19, 326 

Spermiation, 326 

Spermiogenesis, 23-24 

Sphenoid, 380 

Spina bifida, 120, 122, 435 

aperta, 435-438, 441 

cystica, 435 

occulta, 372, 441-442 

types of, 438-442 

Spinnbarkeit, 30 

Spinocerebellum, 414 

Splanchocranium, 376 

Splanchnopleure, 59, 139 

Spleen, 222-223 

accessory, 223 

enlarged, 123 

Split notochord syndrome, 444 

Spondylolisthesis, 368 

Spontaneous abortion, 93, 122-123 

Spots, cafe au lait, 171 

Sprengel deformity, 389 

SRY, 23, 326 

Stages 

Carnegie, 88-90, 490 

developmental, 88 

embryonic, 3, 87 

Stalk 

body, 46 

cardiac, 215 

connecting, 46 

optic, 406, 456, 459 

umbilical, 46 

Stapedius, 478 

Status 

of embryo, 7 

thymolymphaticus, 222 

Stem 

brain, 413 

cell, 131, 136-137, 139 

Stenosis 

anal, 263-264 

anorectal, 263 

duodenal, 255 

esophageal, 251 

infantile hypertrophic pyloric, 252 

infraglottic, 290 

intestinal, 258 

laryngeal, 289 

mitral, 204 

pulmonary, 204, 223 

pyloric, 252 

tracheal, 291 

vaginal, 330 

Sternum, 374 

Stillbirth, 106, 442 

Stomach, 252, 255 

Stomatodeum, 235, 250 

Stomodeum, 235, 250 

Stratum basale, 167 

Streak 

gonad, 337 

primitive, 47-48, 139 

Streeter, G. L., 3, 16 

Streptomycin, 122 

Stria, Nitabuch’s, 75, 487 

Struma ovarii, 350 

Subplate, 422, 463 

Substantia nigra, 413, 416 

Sudden infant death syndrome, 296 

Sulcus(i) 

cerebral, 406 

hypothalamic, 428 

interventricular, 177 

laryngotracheal, 285 

limitans, 402, 416, 431 

optic, 65, 397, 456 

terminalis, 2327 

Superfecundation, 33 

Superfetation, 33 

Surface area, 94 

Surfactant, 294 

Surgery, fetal, 131 

Suture(s), metopic, 381 

Swallowing, 250, 289, 429 

Swelling(s) 

arytenoid, 289 

genital, 336 

lingual, 236 

Symmelia, 3, 390-391 

Sympathetic nervous system, 434 

Synapses, 158, 404, 424, 429 

Synarthrosis, 149 

Synchondrosis 

neurocentral, 365 

spheno-occiptial, 377 

Syncytiotrophoblast, 43, 69, 72, 77 

Syndactyly, 127, 390 

Syndrome, see also Association; Sequence; 

specific personal names 

acquired immune deficiency, 123 

adrenogenital, 354 

caudal regression, 262 

congenital nephrotic, 307 

defined, 127 

Down, 119, 169 

fetal alcohol, 121 

fetal hydantoin, 122 

first arch, 249 

fragile X, 117, 449 

hypogonadal, 286 

immotile-ciliary, 128 

persistent paramesonephretic duct, 341 

polycystic ovarian, 337 

primary ciliary, 128 

prune-belly, 315 

respiratory distress, 296 

split notochord, 442 

sudden infant death, 296 

superior mesenteric artery, 256 

testicular feminization, 341 

thalidomide embryopathy, 123 

thrombocytopenia-absent radius (TAR), 390 

transfusion, 84 

Treacher Collins, 111, 249 

twin transfusion, 51, 84 

velo-cardio-facial, 235 

WAGR, 308 
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Syndrome (Continued) 

XO, 50, 118, 199 

XXY, 118, 339 

Synophthalmia, 467 

Syphilis, 78, 123, 242 

System 

autonomic, 431, 434-435 

cardiovasuclar, 59 

central nervous, 395 

chromaffin, 353 

conducting, of heart, 193 

cortical, 352-353 

digestive, 229-280 

endocrine, 345-355 

enteric nervous, 435 

hyaloid, of eye, 463-464 

immune, 143 

integumentary, 165 

limbic, 420 

lymphatic, 220-224 

morphogenetic, 125-126 

nervous, 395-451 

parasympathetic, 434 

peripheral nervous, 429-438 

reproductive, 317-341 

respiratory, 285-296 

skeletal, 357-392 

sympathetic, 434 

urinary, 299-315 

ventricular, of brain, 427-428 

Tachycardia, 131 

“Tail,” 103, 361 

Talipes, 120, 124, 128, 391 

TAR syndrome, 390 

Taste 

bud, 237 

fibers, 237 

Taussig-Bing malformation, 204 

Tay-Sachs disease, 450 

T cells, 41, 171 

TDF, 22 

Teeth, 111, 238-242 

Hutchinson, 242 

Tegmen tympani, 479 

Tela choroidea, 428 

Telencephalon, 65, 107, 414, 418 424 

impar, 406 

medium, 406 

Telomere, 19 

Teniae, 257 

Tensor tympani, 478 

Teratogen(s), 121 

Teratology, 115 

behavioral, 126 

causation, 116-117 

definitions, 115 

experimental, 124-127 

history of, 4-5 

prevalance, 115-116 

Teratoma(ta), 127, 135, 372 

Termination-point, teratogenetic, 126 

Terminology, 10-12 

Testis, 325-326 

descent of, 332-309 

Testis-determining factor, 22 

Tetralogy, 202-203 

Tetraploidy, 118, 120 

Thalamus, 416 

Thalassemia, 143 

Thalidomide, 5, 78, 122 

Therapy 

gene, 131 

medical, 131 

prenatal, 131 

Thoracopagus, 54-55 

Thrombocytopenia-absent radius (TAR) 

syndrome, 390 

Thymus, 221-222 

accessory, 222 

cervical, 222 

Thyroid, 348-349 

hormones, 100 

lingual, 238, 350 

Thyroid-related medications, 122 

Tissue(s) 

accessory thyroid, 350 

adrenocortical, 353 

connective, 136, 138-151 

heterotopic pancreatic 255 

muscular, 136, 151-154 

nervous, 136, 154-160 

pancreatic, 269 

primary, 135 

Tobacco, 122 

Tongue, 152, 236-238 

Tongue-tie, 237 

Tonsils, 224 

Tooth, 238-242 

Torticollis, 124 

Toxoplasmosis, 123 

Trachea, 290-291 

Tract, pyramidal, 427 

Transfer, embryonic, 33 

Transformation, epithelio-mesenchymal, 14, 

137-138 

Translocation, 118 

Transplants 

fetal tissue, 144 

neuronal, 159-160 

Transposition of great vessels 

complete, 200-201 

corrected, 200 

Treacher-Collins syndrome, 111, 249, 486 

Treponema pallidum, 123 

Trigone, 278, 309 

Trimesters, 91, 492 

Triploidy, 93, 120 

Trisomy, 106, 118, 120, 194 

Trophectoderm, 39 

Trophoblast, 39, 69-72 

Truncus arteriosus, 178, 202 

communis, 202, 350 

Trunk 

brachiocephalic, 208 

pulmonary, 208, 220 

Tube 

auditory, 478 

cardiac, 177, 216 

neural, 100, 154, 397-398 

neural tube defects, 122, 130, 435-444 

pharyngotympanic, 478 

uterine, 45 

Tubercle(s) 

anal, 261 

genital, 336 

sinual, 311, 327 

Tuberculum impar, 236 

Tubule(s) 

collecting, 301 

mesonephric, 299 

renal, 301 

seminiferous, 335, 338 

Tumor, Wilms, 308 

Tunica 

albuginea, 322, 325 

vasculosa lentis, 464, 469 

Turner syndrome, 118, 199, 337 

Twin reversed arterial perfusion, 53 

Twins, 50, 82 

conjoined, 53-55, 128 

developmental adnexa, 82, 84 

dizygotic, 50, 52, 82, 84, 128 

monozygotic, 39, 44, 50, 52-53, 82, 84, 

128 

Siamese, 53 

vanishing, 53 

Twin transfusion syndrome, 51, 84 

Ultrasonography, 8, 94, 124, 129, 202 

Umbilical vesicle, 46, 82 

Unit 

burst-forming, 140 

colony-forming, 139 

Urachus, 82, 309 

Uranoschisis, 235 

Ureter, 299 

Ureterocele, 312 

Urethra, 309-311 

Usher syndrome, 478 

Uterus, 327 

arcuatus, 330 

bicornis, 330 

didelphis, 330 

septus, 330 

subseptus, 330 

unicornis, 330 

Utricle, prostatic, 311 

Uvea, 464 

Uvula, 230 

bifid, 235 

VACTERL association, 127, 291 

Vagina, 327-328 

Valproic acid, 122 

Valve(s) 

aortic, 176 

atrioventricular, 189 

pulmonary, 176 

semilunar, 176, 192 

tricuspid, 122 

ureteric, 304 

urethral, 313 

venous, of heart, 183-184 

Vascularization 

brain, 428 

limbs, 386-387 

Vasculogenesis, 206 
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“VATER” association, 127-128, 291 

Veins(s), vena(e), 211-216 

advehentes, 211 

azygos, 216, 296 

brachiocephalic, 215 

cardinal, 211, 215 

cava superior, 215 

common, 211 

jugular, 211 

oblique, of left atrium, 215 

omphalomesenteric, 211, 215, 265 

persistent left, 215 

portal, 211, 217 

postcardinal, 211 

precardinal, 211, 215 

pre-ureteric vena cava, 216 

pulmonary, 186, 215 

revehentes, 211 

sacrocardinal, 211, 215 

splenic, 214, 223 

subcardinal, 211, 215 

supracardinal, 211, 215 

umbilical, 211, 216, 220 

vitelline, 211 

Vena cava, see Vein 

Ventricle(s) 

of brain, 427-428 

double-outlet left, 204 

double-outlet right, 203-204 

of heart, 187-194 

of larynx, 289 

optic, 459 

Vermis cerebelli, 414 

Vernix caseosa, 103, 168 

Vertebra(e), 361 

block, 372 

butterfly, 372 

cleft, 372 

Vertebrates, 357 

Very low birth weight, 95 

Vesicle(s) 

cerebral, 397 

lens, 457 

mesonephric, 299 

nephric, 299 

optic, 401, 456 

otic, 472 

seminal, 331 

umbilical, 44, 46, 82 

Vessel (s) 

blood, 205-216, 463 

extra-embryonic, 206 

intra-embryonic, 206 

lymph, 220 

Vestibule 

of larynx, 289 

of mouth, 235 

Vestibulocerebellum, 414 

Viability, 92 

Villus(i) 

anchoring, 73 

chorionic 

characteristics of, 72-73, 785 

defined, 46 

sampling, 75-76, 82, 123, 130 

floating, 73 

intestinal, 257 

Viral infections, 123 

Viscerocranium, 376-379 

Vitamins, 100, 122 

Volvulus, 260 

Waardenburg syndrome, 478 

WAGR syndrome, 308 

Web, laryngeal, 289 

Weight, prenatal, 94-97 

Wharton, T., 488 

Wilms tumor, 308 

Witch’s milk, 173 

Wolff, C. F„ 16, 326, 334, 488 

Wry-neck, 124 

X chromosome 

characteristics of, 19, 21-22 

fragile X, 117 

inactivation, 21 

monosomy, 337 

Y chromosome, 19, 22-23 

Yolk sac, 44, 82, 256 

Zonal reaction, in fertilization, 33 

Zona pellucida, 25, 27, 32-33 

Zone 

intermediate, of neural tube, 155 

marginal, of neural tube, 155 

of polarizing activity, 383, 390 

progress, 382 

ventricular, of neural tube, 155, 157, 422 

Zygosity, 50 

Zygote, 33 



■ 









W
E

IG
H

T
 

L
E

N
G

T
H

 

Postfertilizational weeks 

Figure Cl 

w
ei

i 



500 I— 

450 

400 

350 

300 

250 

200 

150 

100 

50 

TRIMESTER 1 

N 
• LIBRARY 

JH 
I ^ Amazing Research. 

Amazing Help. 

http://nihlibrary.nih.gov 

10 Center Drive 
Bethesda, MD 20892-1150 

301-496-1080 

8 12 16 

Postfertilizational weeks 

Figure D 
BIRTH 



HUMAN EMBRYOLOGY & TERATOL 

Third Edition 
3 1496 00865 7259 

Ronan O'Rahilly and Fabiola Muller 

In the years since its first publication, O'Rahilly and Muller's Human Embryology and 

Teratology has been widely praised as an exceptional reference on normal and abnormal 

human prenatal development. This revised and expanded Third Edition offers more in-depth 

coverage of the central topics in human embryology and incorporates the latest data from 

ongoing embryological investigations. 

Authored by two of the world's foremost authorities on the human embryo, this new edition pro¬ 

vides a comprehensive overview of general and systemic development, referring throughout to 

the internationally accepted Carnegie system of embryonic staging. Extensively illustrated, 

the book features nearly 400 figures, including detailed, color-enhanced line drawings that 

clarify the developmental processes of every major organ and system. Useful recommendations 

for additional reading are listed at the end of each chapter. < 

The Third Edition has been thoroughly revised and upd< 

• Elaboration of the nervous system to conform to the second edi 

authors' The Embryonic Human Brain 

• Reorganization of the chapters on the heart and eye, and claril 

liver, vertebrae, and neuroteratology 

• Expanded tables explaining the initial appearance of features i 

system 

• Further indications of precise embryonic stages 

• 35 new drawings and 27 new photomicrographs in color 

• Numerous new references 

• Updated terminology, standardized according to the accepted 

SEP 17 2008 

) 

The undisputed authority on human embryology and embryonic ab 

Embryology and Teratology, Third Edition belongs in the library of ev< 

gist, student, and research scientist whose research is concerned witf 

development. Its authoritative, concise, and thoroughly illustrated pres 

it an ideal reference for practitioners in all medical and surgical subsp._ 

WILEY-LISS 
A JOHN WILEY & SONS, INC., PUBLICATION 
New York • Chichester • Weinheim • Brisbane • Singapore • Toronto 

ISBN □-471-3flaes-b 
90000 

9 780471 382256 


