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Preface to the Fifth Edition

As was the case in the preparation of the fourth edition (and for that matter, also
the previous editions), the conundrum facing me was what to include and what
not to include in the text, given the continuing explosion of new information on
almost every aspect of embryonic development. This question always leads me
back to the fundamental question of what kind of book I am writing and what are
my goals in writing it. As a starting point, I would go back to first principles and
the reason why I wrote the first edition of this text. In the early 1990s, medical
embryology was confronted with the issue of integrating traditional
developmental anatomy with the newly burgeoning field of molecular
embryology and introducing those already past their formal learning years to the
fact that genes in organisms as foreign as Drosophila could have relevance in
understanding the cause of human pathology or even normal development. This
is no longer the case, and the issue today is how to place reasonable limits on
coverage for an embryology text that is not designed to be encyclopedic.

For this text, my intention is to remain focused both on structure and on
developmental mechanisms leading to structural and functional outcomes during
embryogenesis. A good example is mention of the many hundreds of genes,
mutations of which are known to produce abnormal developmental outcomes. If
the mutation can be tied to a known mechanism that can illuminate how an organ
develops, it would be a candidate for inclusion, whereas without that I feel that
at present it is normally more appropriate to leave its inclusion in comprehensive
human genetic compendia. Similarly, the issue of the level of detail of
intracellular pathways to include often arises. Other than a few illustrative
examples, I have chosen not to emphasize these pathways.

The enormous amount of new information on molecular networks and
interacting pathways is accumulating to the point where new texts stressing these
above other aspects of development could be profitably written. Often, where
many molecules, whether transcription factors or signaling molecules, are
involved in a developmental process, I have tried to choose what I feel are the
most important and most distinctive, rather than to strive for completeness.
Especially because so many major molecules or pathways are reused at different
stages in the development of a single structure, my sense is that by including
everything, the distinctiveness of the development of the different parts of the



body would be blurred for the beginning student. As usual, I welcome feedback
(brcarl@umich.edu) and would be particularly interested to learn whether
students or instructors believe that there is too much or too little molecular detail
either overall or in specific areas.

In this edition, almost every chapter has been extensively revised, and more than
50 new figures have been added. Major additions of relevant knowledge of early
development, especially related to the endoderm, have led to significant changes
in Chapters 3, 5, 6, 14, and 15. Chapter 12 on the neural crest has been
completely reorganized and was largely rewritten. Chapter 9 (on skin, skeleton,
and muscle) has also seen major changes. Much new information on germ cells
and early development of the gonads has been added to Chapter 16, and in
Chapter 17 new information on the development of blood vessels and lymphatics
has resulted in major changes.

For this edition, I have been fortunate in being allowed to use photographs from
several important sources. From the late Professor Gerd Steding’s The Anatomy
of the Human Embryo (Karger) I have taken eight scanning electron micrographs
of human embryos that illustrate better than drawings the external features of
aspects of human development. I was also able to borrow six photographs of
important congenital malformations from the extensive collection of the late Dr.
Robert Gorlin, one of the fathers of syndromology. This inclusion is particularly
poignant to me because while we were students at the University of Minnesota
in the early 1960s, both my wife and I got to know him before he became
famous. This edition includes a new Clinical Correlation on dental anomalies
written by Dr. Pranit N. Kantaputra from the Department of Orthodontics and
Pediatric Dentistry at Chiang Mai University in Chiang Mai, Thailand. He has
assembled a wonderful collection of dental anomalies that have a genetic basis,
and I am delighted to share his text and photos with the readers. Finally, I was
able to include one digitized photograph of a sectioned human embryo from the
Carnegie Collection. For this I thank Dr. Raymond Gasser for his herculean
efforts in digitizing important specimens from that collection and making them
available to the public. All these sections (labeled) are now available online
through the Endowment for Human Development (www.ehd.ord), which is
without question the best source of information on human embryology on the
Internet. I would recommend this source to any student or instructor.

In producing this edition, I have been fortunate to be able to work with much of
the team that was involved on the last edition. Alexandra Baker of DNA


mailto:brcarl@umich.edu
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[lustrations, Inc. has successfully transformed my sketches into wonderful
artwork for the past three editions. I thank her for her patience and her care.
Similarly, Andrea Vosburgh and her colleagues at Elsevier have cheerfully
succeeded in transforming a manuscript and all the trimmings into a
recognizable book. Madelene Hyde efficiently guided the initial stages of
contracts through the corporate labyrinth. Thanks, as always, to Jean, who
provided a home environment compatible with the job of putting together a book
and for putting up with me during the process.

Bruce M. Carlson



Developmental Tables

Carnegie Stages of Early Human Embryonic Development (Weeks 1 to 8)



Age Carnegie Crown-Rump Pairs of
(days)* External Features Stage Length (mm) Somites
1 Fertilized oocyte 1 0.1
2-3 Morula (4-16 cells) 2 0.1
45 Free blastocyst 3 0.1
6 Attachment of blastocyst to endometrium 4 0.1
7-12 Implantation, bilaminar embryo with primary yolk sac 5 0.1-0.2
17 Trilaminar embryo with primitive streak, chorlonic villi & 0.2:0.3
19 Gastrulation, formation of notochardal process 7 0.4
23 Hensen's node and primitive pit, notochord and 8 1-1.5
neurenteric canal, appearance of neural plate, neural
folds, and blood islands
25 Appearance of first somites, deep neural groove, g 1.5-2.5 1-3
elevation of cranial neural folds, early heart tubes
28 Beginning of fusion of neural folds, formation of optic 10 235 4-12
sulcl, presence of first two pharyngeal arches, beginning
heart beat, curving of embryo
29 Closure of cranial neuropore, formation of optic vesicles, " 2.5-45 13-20
rupture of oropharyngeal membrane
30 Closure of caudal neuropore, formation of pharyngeal 12 35 21-29
arches 3 and 4, appearance of upper limb buds and tail
bud, formation of otic vesicle
32 Appearance of lower limb buds, lens placode, separation 13 46 30-31
of otic vesicle from surface ectoderm
33 Formation of lens vesicle, optic cup, and nasal pits 14 537
36 Development of hand plates, primary urcgenital sinus, 15 79
prominent nasal pits, evidence of cerebral hemispheres
8 Development of foot plates, visible retinal pigment, 16 81
development of auricular hillocks, formation of upper lip
41 Appearance of finger rays, rapid head enlargement, six 17 11-14
auricular hillocks, formation of nasolacrimal groove
44 Appearance of toe rays and elbow regions, beginning of 18 1317
formation of eyelids, tip of nose distinct, presence of
nipples
46 Elongation and straightening of trunk, beginning of 19 16-18
herniation of midgut into umbilical cord
49 Bending of arms at elbows, distinct but webbed fingers, 20 18-22
appearance of scalp vascular plexus, degeneration of
anal and urogenital membranes
51 Longer and free fingers, distinct but webbed toes, 21 22-24
indifferent external genitalia
53 Longer and free foes, better development of eyelids and 22 23-28
external ear
56 More rounded head, fusion of eyelids 23 27-31

*Based on additional specimen information, the ages of the embrycs at specific stages have been updated from those listed in O'Rahilly and Maller in 1987, See

('Rahilly R, Maller F: Human ambrpolagy and teratology ed 3, New York, 2001, Wiley-Liss, p 490,
Data from O'Rahilly R, Maller F; Desalopmental stages In human ambryos, Publication 637, Washington, DC, 1987, Carnegie Institution of Washington.

Major Developmental Events during the Fetal Period



External Features

Internal Features

8 WEEKS

Head is almost half the total length of fetus
Cenvical flexure is about 30 degrees
Indifferent external genitalia are present
Eyes are converging

Eyelids are unfused

Tail disappears

Nostrils are closed by epithelial plugs
Eyebrows appear

Urine is released into amniotic fluid

9 WEEKS

Midgut herniation into umbilical cord ooours
Extraembryonic portion of allantois has degenerated
Ducts and alveoli of lacrimal glands form
Pararnesonephric ducts begin to regress in males
Recanalization of lumen of gut tube ooours

Lungs are becoming glandlike

Diaphragm is completed

First ossification begins in skeleton

Definitive aortic arch system takes shape

Neck develops and chin rises from thorax
Cranial flexure is about 22 degrees

Chorion is divided into chorion lasve and chorion
frondosum

Eyelids meet and fuse

Extermal genitalia begin to become gender specific
Arnniotic fluid is seallowed

Thurmb sucking and grasping begin

10 WEEKS

Intestines are hemiated into umbilical cord
Early muscular mowvements oocur

Adrenocorticotropic hormone and gonadotropins are
produced by pituitary

Corticosteroids are produced by adrenal cortex
Semilunar valves in heart are completed
Fused paramescnephric ducts join vaginal plate

Urethral folds begin to fuse in males

Cenvical flexure is about 15 degrees

Gender differences are apparent in external genitalia
Fingernails appear

Eyelids are fused

Fetal yawning occurs

11 WEEKS

Intestines retum into body cavity from umbilical cord
Bile is secreted

Blood islands are established in spleen

Thiymus is infiltrated by ymphoid stermn cells

Prolactin production by pituitary occurs
First permanent tooth buds form
Deciduous teeth are in early bell stage
Epidermis has three layers

Cenvical flexure is about 8 degrees
Nose begins to develop bridge

Taste buds cover inside of mouth

12 WEEKS

Stomach rmusculature can contract
T lymphocytes emigrate into bloodstream

Colloid appears in thyroid follicles
Intestinal absorption begins

Head is erect
Neck is almaost straight and well defined

Extermal ear is taking forrn and has moved close to its
definitive position in the head

Yolk sac has shrunk

Fetus can respond to skin stimulation

Bowwel movements begin (meconium expelled)
4 MONTHS

Ovaries descend below pelvic rim
Parathyroid hormone is produced

Blood can coagulate

5kin is thin; blood vessels can easily be seen through it
Nostrils are almost formed

Eyes have mowved to front of face

Legs are longer than arms

Fine lanugo hairs appear on head

Seminal veside forms

Transverse grooves appear on dorsal surface of cerebelium

Bile is produced by liver and stains meconium green
Gastric glands bud off from gastric pits

Browmn fat begins to form




Part I

Early Development and the Fetal-Maternal Relationship



Gametogenesis

Gametogenesis is typically divided into four phases: (1) the extraembryonic
origin of the germ cells and their migration into the gonads, (2) an increase in the
number of germ cells by mitosis, (3) a reduction in chromosomal number by
meiosis, and (4) structural and functional maturation of the eggs and
spermatozoa. The first phase of gametogenesis is identical in males and females,
whereas distinct differences exist between the male and female patterns in the
last three phases.



Phase 1: Origin and Migration of Germ Cells

Primordial germ cells, the earliest recognizable precursors of gametes, arise
outside the gonads and migrate into the gonads during early embryonic
development. Human primordial germ cells first become readily recognizable at
24 days after fertilization in the endodermal layer of the yolk sac (Fig. 1.1A) by
their large size and high content of the enzyme alkaline phosphatase. In the
mouse, their origin has been traced even earlier in development (see p. 390).
Germ cells exit from the yolk sac into the hindgut epithelium and then migrate*
through the dorsal mesentery until they reach the primordia of the gonads (Fig.
1.1B). In the mouse, an estimated 100 cells leave the yolk sac, and through
mitotic multiplication (6 to 7 rounds of cell division), about 4000 primordial
germ cells enter the primitive gonads.
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Fig. 1.1 Origin and migration of primordial germ cells in the human embryo.

A, Location of primordial germ cells in the 16-somite human embryo
(midsagittal view). B, Pathway of migration (arrow) through the dorsal
mesentery. C, Cross section showing the pathway of migration (arrows) through
the dorsal mesentery and into the gonad.

Misdirected primordial germ cells that lodge in extragonadal sites usually die,
but if such cells survive, they may develop into teratomas. Teratomas are
bizarre growths that contain scrambled mixtures of highly differentiated tissues,
such as skin, hair, cartilage, and even teeth (Fig. 1.2). They are found in the



mediastinum, the sacrococcygeal region, and the oral region.

Fig. 1.2 A, Sacrococcygeal teratoma in a fetus. B, Massive oropharyngeal
teratoma.

(Courtesy of M. Barr, Ann Arbor, Mich.)



Phase 2: Increase in the Number of Germ Cells by
Mitosis

After they arrive in the gonads, the primordial germ cells begin a phase of rapid
mitotic proliferation. In a mitotic division, each germ cell produces two diploid
progeny that are genetically equal. Through several series of mitotic divisions,
the number of primordial germ cells increases exponentially from hundreds to
millions. The pattern of mitotic proliferation differs markedly between male and
female germ cells. Oogonia, as mitotically active germ cells in the female are
called, go through a period of intense mitotic activity in the embryonic ovary
from the second through the fifth month of pregnancy in the human. During this
period, the population of germ cells increases from only a few thousand to nearly
7 million (Fig. 1.3). This number represents the maximum number of germ cells
that is ever found in the ovaries. Shortly thereafter, numerous oogonia undergo a
natural degeneration called atresia. Atresia of germ cells is a continuing feature
of the histological landscape of the human ovary until menopause.

Follicular pool
7— . Atretic follicles
'@ . B Girowing follicles
g B Ovulated follicles
E’ 3 Post
= 5
?‘;’ ol Prepubertal Adult menopausal
S s \
Sy
A ~a
7]
S
51 \
5 2l
0 | I | | | | | | |
0 5 Birth 10 20 30 40 50
Months after Years after
conception birth

Fig. 1.3 Changes in the number of germ cells and proportions of follicle types in
the human ovary with increasing age.

(Based on Baker TG: In Austin CR, Short RV: Germ cells and fertilization
(reproduction in mammals), vol 1, Cambridge, 1970, Cambridge University
Press, p 20; and Goodman AL, Hodgen GD: The ovarian triad of the primate
menstrual cycle, Recent Prog Horm Res 39:1-73, 1983.)



Spermatogonia, which are the male counterparts of oogonia, follow a pattern of
mitotic proliferation that differs greatly from that in the female. Mitosis also
begins early in the embryonic testes, but in contrast to female germ cells, male
germ cells maintain the ability to divide throughout postnatal life. The
seminiferous tubules of the testes are lined with a germinative population of
spermatogonia. Beginning at puberty, subpopulations of spermatogonia undergo
periodic waves of mitosis. The progeny of these divisions enter meiosis as
synchronous groups. This pattern of spermatogonial mitosis continues
throughout life.



Phase 3: Reduction in Chromosomal Number by
Meiosis

Stages of Meiosis

The biological significance of meiosis in humans is similar to that in other
species. Of primary importance are (1) reduction of the number of chromosomes
from the diploid (2n) to the haploid (1n) number so that the species number of
chromosomes can be maintained from generation to generation, (2) independent
reassortment of maternal and paternal chromosomes for better mixing of genetic
characteristics, and (3) further redistribution of maternal and paternal genetic
information through the process of crossing-over during the first meiotic
division.

Meiosis involves two sets of divisions (Fig. 1.4). Before the first meiotic
division, deoxyribonucleic acid (DNA) replication has already occurred, so at
the beginning of meiosis, the cell is 2n, 4c. (In this designation, n is the species
number of chromosomes, and c is the amount of DNA in a single set [n] of
chromosomes.) The cell contains the normal number (2n) of chromosomes, but
as a result of replication, its DNA content (4c) is double the normal amount (2c).
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Fig. 1.4 Summary of the major stages of meiosis in a generalized germ cell.

In the first meiotic division, often called the reductional division, a prolonged
prophase (see Fig. 1.4) leads to the pairing of homologous chromosomes and
frequent crossing-over, resulting in the exchange of segments between members
of the paired chromosomes. Crossing-over even occurs in the sex chromosomes.



This takes place in a small region of homology between the X and Y
chromosomes. Crossing-over is not a purely random process. Rather, it occurs at
sites along the chromosomes known as hot spots. Their location is based on
configurations of proteins that organize the chromosomes early in meiosis. One
such protein is cohesin, which helps to hold sister chromatids together during
division. Hypermethylation of histone proteins in the chromatin indicates
specific sites where the DNA strands break and are later repaired after crossing-
over is completed. Another protein, condensin, is important in compaction of
the chromosomes, which is necessary for both mitotic and meiotic divisions to
occur.

During metaphase of the first meiotic division, the chromosome pairs (tetrads)
line up at the metaphase (equatorial) plate so that at anaphase I, one chromosome
of a homologous pair moves toward one pole of the spindle, and the other
chromosome moves toward the opposite pole. This represents one of the
principal differences between a meiotic and a mitotic division. In a mitotic
anaphase, the centromere between the sister chromatids of each chromosome
splits after the chromosomes have lined up at the metaphase plate, and one
chromatid from each chromosome migrates to each pole of the mitotic spindle.
This activity results in genetically equal daughter cells after a mitotic division,
whereas the daughter cells are genetically unequal after the first meiotic division.
Each daughter cell of the first meiotic division contains the haploid (1n) number
of chromosomes, but each chromosome still consists of two chromatids (2c)
connected by a centromere. No new duplication of chromosomal DNA is
required between the first and second meiotic divisions because each haploid
daughter cell resulting from the first meiotic division already contains
chromosomes in the replicated state.

The second meiotic division, called the equational division, is similar to an
ordinary mitotic division except that before division the cell is haploid (1n, 2c).
When the chromosomes line up along the equatorial plate at metaphase II, the
centromeres between sister chromatids divide, allowing the sister chromatids of
each chromosome to migrate to opposite poles of the spindle apparatus during
anaphase II. Each daughter cell of the second meiotic division is truly haploid
(1n, 1c).

Meiosis in Females

The period of meiosis involves other cellular activities in addition to the



redistribution of chromosomal material. As the oogonia enter the first meiotic
division late in the fetal period, they are called primary oocytes.

Meiosis in the human female is a very leisurely process. As the primary oocytes
enter the diplotene stage of the first meiotic division in the early months after
birth, the first of two blocks in the meiotic process occurs (Fig. 1.5). The
suspended diplotene phase of meiosis is the period when the primary oocyte
prepares for the needs of the embryo. In oocytes of amphibians and other lower
vertebrates, which must develop outside the mother’s body and often in a hostile
environment, it is highly advantageous for the early stages of development to
occur very rapidly so that the stage of independent locomotion and feeding is
attained as soon as possible. These conditions necessitate a strategy of storing up
the materials needed for early development well in advance of ovulation and
fertilization because normal synthetic processes would not be rapid enough to
produce the materials required for the rapidly cleaving embryo. In such species,
yolk is accumulated, the genes for producing ribosomal ribonucleic acid (rRNA)
are amplified, and many types of RNA molecules are synthesized and stored in
an inactive form for later use.
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Fig. 1.5 Summary of the major events in human oogenesis and follicular
development.

RNA synthesis in the amphibian oocyte occurs on the lampbrush chromosomes,
which are characterized by many prominent loops of spread-out DNA on which



messenger RNA (mRNA) molecules are synthesized. The amplified genes for
producing rRNA are manifested by the presence of 600 to 1000 nucleoli within
the nucleus. Primary oocytes also prepare for fertilization by producing several
thousand cortical granules, which are of great importance during the fertilization

process (see Chapter 2).

The mammalian oocyte prepares for an early embryonic period that is more
prolonged than that of amphibians and that occurs in the nutritive environment
of the maternal reproductive tract. Therefore, it is not faced with the need to
store as great a quantity of materials as are the eggs of lower vertebrates. As a
consequence, the buildup of yolk is negligible. Evidence indicates, however, a
low level of ribosomal DNA (rDNA) amplification (two to three times) in
diplotene human oocytes, a finding suggesting that some degree of molecular
advance planning is also required to support early cleavage in the human. The
presence of 2 to 40 small (2-pm) RNA-containing micronuclei (miniature
nucleoli) per oocyte nucleus correlates with the molecular data.

Human diplotene chromosomes do not appear to be arranged in a true lampbrush
configuration, and massive amounts of RNA synthesis seem unlikely. The
developing mammalian (mouse) oocyte produces 10,000 times less rRNA and
1000 times less mRNA than its amphibian counterpart. Nevertheless, there is a
steady accumulation of mRNA and a proportional accumulation of rRNA. These
amounts of maternally derived RNA seem to be enough to take the fertilized egg
through the first couple of cleavage divisions, after which the embryonic genome
takes control of macromolecular synthetic processes.

Because cortical granules play an important role in preventing the entry of
excess spermatozoa during fertilization in human eggs (see p. 31), the formation
of cortical granules (mainly from the Golgi apparatus) continues to be one of the
functions of the diplotene stage that is preserved in humans. Roughly 4500
cortical granules are produced in the mouse oocyte. A higher number is likely in
the human oocyte.

Unless they degenerate, all primary oocytes remain arrested in the diplotene
stage of meiosis until puberty. During the reproductive years, small numbers (10
to 30) of primary oocytes complete the first meiotic division with each menstrual
cycle and begin to develop further. The other primary oocytes remain arrested in
the diplotene stage, some for 50 years.



With the completion of the first meiotic division shortly before ovulation, two
unequal cellular progeny result. One is a large cell, called the secondary oocyte.
The other is a small cell called the first polar body (see Fig. 1.5). The secondary
oocytes begin the second meiotic division, but again the meiotic process is
arrested, this time at metaphase. The stimulus for the release from this meiotic
block is fertilization by a spermatozoon. Unfertilized secondary oocytes fail to
complete the second meiotic division. The second meiotic division is also
unequal; one of the daughter cells is relegated to becoming a second polar body.
The first polar body may also divide during the second meiotic division.
Formation of both the first and second polar bodies involves highly asymmetric
cell divisions. To a large extent, this is accomplished by displacement of the
mitotic spindle apparatus toward the periphery of the oocyte through the actions
of the cytoskeletal protein actin (see Fig. 2.7).

Meiosis in Males

Meiosis in the male does not begin until after puberty. In contrast to the primary
oocytes in the female, not all spermatogonia enter meiosis at the same time.
Large numbers of spermatogonia remain in the mitotic cycle throughout much of
the reproductive lifetime of males. When the progeny of a spermatogonium have
entered the meiotic cycle as primary spermatocytes, they spend several weeks
passing through the first meiotic division (Fig. 1.6). The result of the first
meiotic division is the formation of two secondary spermatocytes, which
immediately enter the second meiotic division. About 8 hours later, the second
meiotic division is completed, and four haploid (1n, 1c) spermatids remain as
progeny of the single primary spermatocyte. The total length of human
spermatogenesis is 64 days.
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Fig. 1.6 Summary of the major events in human spermatogenesis.

Disturbances that can occur during meiosis and result in chromosomal
aberrations are discussed in Clinical Correlation 1.1 and Figure 1.7.

Clinical Correlation 1.1 Meiotic Disturbances Resulting in Chromosomal
Aberrations

Chromosomes sometimes fail to separate during meiosis, a phenomenon known
as nondisjunction. As a result, one haploid daughter gamete contains both
members of a chromosomal pair for a total of 24 chromosomes, whereas the
other haploid gamete contains only 22 chromosomes (Fig. 1.7). When such
gametes combine with normal gametes of the opposite sex (with 23
chromosomes), the resulting embryos contain 47 chromosomes (with a trisomy
of 1 chromosome) or 45 chromosomes (monosomy of 1 chromosome). (Specific
syndromes associated with the nondisjunction of chromosomes are summarized
in Chapter 8.) The generic term given to a condition characterized by an



abnormal number of chromosomes is aneuploidy.
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Fig. 1.7 Possibilities for nondisjunction.

Top arrow, Normal meiotic divisions; middle arrow, nondisjunction during the
first meiotic division; bottom arrow, nondisjunction during the second meiotic
division.



In other cases, part of a chromosome can be translocated to another
chromosome during meiosis, or part of a chromosome can be deleted. Similarly,
duplications or inversions of parts of chromosomes occasionally occur during
meiosis. These conditions may result in syndromes similar to those seen after the
nondisjunction of entire chromosomes. Under some circumstances (e.g.,
simultaneous fertilization by two spermatozoa, failure of the second polar body
to separate from the oocyte during the second meiotic division), the cells of the
embryo contain more than two multiples of the haploid number of chromosomes

(polyploidy).

Chromosomal abnormalities are the underlying cause of a high percentage of
spontaneous abortions during the early weeks of pregnancy. More than 75% of
spontaneous abortions occurring before the second week and more than 60% of
those occurring during the first half of pregnancy contain chromosomal
abnormalities ranging from trisomies of individual chromosomes to overall
polyploidy. Although the incidence of chromosomal anomalies declines with
stillbirths occurring after the fifth month of pregnancy, it is close to 6%, a 10-
fold higher incidence over the 0.5% of living infants who are born with
chromosomal anomalies. In counseling patients who have had a stillbirth or a
spontaneous abortion, it can be useful to mention that this is often nature’s way
of handling an embryo destined to be highly abnormal.




Phase 4: Final Structural and Functional Maturation
of Eggs and Sperm

Oogenesis

Of the roughly 2 million primary oocytes present in the ovaries at birth, only
about 40,000—all of which are arrested in the diplotene stage of the first meiotic
division—survive until puberty. From this number, approximately 400 (1 per
menstrual cycle) are actually ovulated. The rest of the primary oocytes
degenerate without leaving the ovary, but many of them undergo some further
development before becoming atretic. Although some studies suggested that
adult mammalian ovaries contain primitive cells that can give rise to new
oocytes, such reports remain controversial.

The egg, along with its surrounding cells, is called a follicle. Maturation of the
egg is intimately bound with the development of its cellular covering. Because
of this, considering the development of the egg and its surrounding follicular
cells as an integrated unit is a useful approach in the study of oogenesis.

In the embryo, oogonia are naked, but after meiosis begins, cells from the ovary
partially surround the primary oocytes to form primordial follicles (see Fig.
1.5). By birth, the primary oocytes are invested with a complete layer of
follicular cells, and the complex of primary oocyte and the follicular (granulosa)
cells is called a primary follicle (Fig. 1.8). Both the oocyte and the surrounding
follicular cells develop prominent microvilli and gap junctions that connect the
two cell types.
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Fig. 1.8 The sequence of maturation of follicles within the ovary, starting with
the primordial follicle and ending with the formation of a corpus albicans.

The meiotic arrest at the diplotene stage of the first meiotic division is the result
of a complex set of interactions between the oocyte and its surrounding layer of
follicular (granulosa) cells. The principal factor in maintaining meiotic arrest is a
high concentration of cyclic adenosine monophosphate (CAMP) in the cytoplasm
of the oocyte (Fig. 1.9). This is accomplished by both the intrinsic production of
cAMP by the oocyte and the production of cAMP by the follicular cells and its
transport into the oocyte through gap junctions connecting the follicular cells to
the oocyte. In addition, the follicular cells produce and transport into the oocyte
cyclic guanosine monophosphate (cGMP), which inactivates phosphodiesterase
3A (PDE3A), an enzyme that converts CAMP to 5’AMP. The high cAMP within
the oocyte inactivates maturation promoting factor (MPF), which at a later
time functions to lead the oocyte out of meiotic arrest and to complete the first
meiotic division.
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Fig. 1.9 A, Major steps leading to meiotic arrest in the embryonic oocyte. Cyclic
adenosine monophosphate (cAMP), contributed by both the oocyte and follicular
cells, inactivates maturation promoting factor (MPF), a driver of meiosis. Cyclic
guanosine monophosphate (cGMP) from the follicular cells inactivates
phosphodiesterase 3A (PDE3A), preventing it from breaking down cAMP
molecules, and allowing a high concentration of cAMP in the oocyte. B, Under
the influence of luteinizing hormone (LH), gap junctions of the cumulus cells
close down, thus reducing the amount of both cAMP and cGMP that is
transferred from the cumulus cells to the oocyte. The reduction in cGMP
activates PDE3A, whose action breaks down cAMP within the oocyte. The



lowered concentration of cAMP within the oocyte activates MPF and stimulates
resumption of meiosis.

As the primary follicle takes shape, a prominent, translucent, noncellular
membrane called the zona pellucida forms between the primary oocyte and its
enveloping follicular cells (Fig. 1.10). The microvillous connections between the
oocyte and follicular cells are maintained through the zona pellucida. In rodents,
the components of the zona pellucida (four glycoproteins and
glycosaminoglycans) are synthesized almost entirely by the egg, but in other
mammals, follicular cells also contribute materials to the zona. The zona
pellucida contains sperm receptors and other components that are important in
fertilization and early postfertilization development. (The functions of these
molecules are discussed more fully in Chapter 2.)
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Fig. 1.10 Growth and maturation of a follicle along with major endocrine



interactions in the theca cells and granulosa cells. E, estrogen; FSH, follicle-
stimulating hormone; LH, luteinizing hormone; R, receptor; T, testosterone.

In the prepubertal years, many of the primary follicles enlarge, mainly because
of an increase in the size of the oocyte (up to 300-fold) and the number of
follicular cells. An oocyte with more than one layer of surrounding granulosa
cells is called a secondary follicle. A basement membrane called the membrana
granulosa surrounds the epithelial granulosa cells of the secondary follicle. The
membrana granulosa forms a barrier to capillaries, and as a result, the oocyte and
the granulosa cells depend on the diffusion of oxygen and nutrients for their
survival.

An additional set of cellular coverings, derived from the ovarian connective
tissue (stroma), begins to form around the developing follicle after it has
become two to three cell layers thick. Known initially as the theca folliculi, this
covering ultimately differentiates into two layers: a highly vascularized and
glandular theca interna and a more connective tissue—like outer capsule called
the theca externa. The early thecal cells secrete an angiogenesis factor, which
stimulates the growth of blood vessels in the thecal layer. This nutritive support
facilitates growth of the follicle.

Early development of the follicle occurs without the significant influence of
hormones, but as puberty approaches, continued follicular maturation requires
the action of the pituitary gonadotropic hormone follicle-stimulating hormone
(FSH) on the granulosa cells, which have by this time developed FSH receptors
on their surfaces (see Fig. 1.10). In addition, the oocyte itself exerts a significant
influence on follicular growth. After blood-borne FSH is bound to the FSH
receptors, the stimulated granulosa cells produce small amounts of estrogens.
The most obvious indication of the further development of some of the follicles
is the formation of an antrum, a cavity filled with a fluid called liquor folliculi.
Initially formed by secretions of the follicular cells, the antral fluid is later
formed mostly as a transudate from the capillaries on the outer side of the
membrana granulosa.

Formation of the antrum divides the follicular cells into two groups. The cells
immediately surrounding the oocyte are called camulus cells, and the cells
between the antrum and the membrana granulosa become the mural granulosa
cells. Factors secreted by the oocyte confer different properties on the cumulus
cells from the mural granulosa cells. In the absence of a direct stimulus from the



oocyte, the granulosa cells follow a default pathway and begin to assemble
hormone receptors on their surface (see Fig. 1.10). In contrast, the cumulus cells
do not express hormone receptors, but under the influence of the oocyte, they
undergo changes that facilitate the release of the ovum at the time of ovulation.

Enlargement of the follicle results largely from the proliferation of granulosa
cells. The direct stimulus for granulosa cell proliferation is a locally produced
signaling protein, activin, a member of the transforming growth factor-f
family of signaling molecules (see Table 4.1). The local action of activin is
enhanced by the actions of FSH.

Responding to the stimulus of pituitary hormones, secondary follicles produce
significant amounts of steroid hormones. The cells of the theca interna possess
receptors for luteinizing hormone (LH), also secreted by the anterior pituitary
(see Fig. 1.15). The theca interna cells produce androgens (e.g., testosterone),
which pass through the membrana granulosa to the granulosa cells. The
influence of FSH induces the granulosa cells to synthesize the enzyme
(aromatase), which converts the theca-derived androgens into estrogens (mainly
17B-estradiol). Not only does the estradiol leave the follicle to exert important
effects on other parts of the body, but also it stimulates the formation of LH
receptors on the granulosa cells. Through this mechanism, the follicular cells are
able to respond to the large LH surge that immediately precedes ovulation (see

Fig. 1.16).

Under multiple hormonal influences, the follicle enlarges rapidly (Fig. 1.11; see
Fig. 1.10) and presses against the surface of the ovary. At this point, it is called a
tertiary (graafian) follicle. About 10 to 12 hours before ovulation, meiosis
resumes.



Fig. 1.11 Scanning electron micrograph of a mature follicle in the rat ovary.
The spherical oocyte (center) is surrounded by smaller cells of the corona
radiata, which projects into the antrum. (x840.)

(Courtesy of P. Bagavandoss, Ann Arbor, Mich.)

The resumption of meiosis in response to the LH surge is initiated by the
cumulus (granulosa) cells, because the oocyte itself does not possess LH
receptors. Responding to LH, the cumulus cells shut down their gap junctions
(see Fig. 1.9B). This reduces the transfer of both cAMP and cGMP from the
cumulus cells into the oocyte. The resulting reduction of cGMP in the oocyte
allows the activation of PDE3A. The activated PDE3A then breaks down the
intra-oocytic CAMP into 5’AMP. The decline in the concentration of cCAMP sets
off a signaling pathway leading to the activation of MPF and the subsequent
resumption of meiosis.

The egg, now a secondary oocyte, is located in a small mound of cells known as
the cumulus oophorus, which lies on one side of the greatly enlarged antrum. In
response to the preovulatory surge of gonadotropic hormones, factors secreted
by the oocyte pass through gap junctions into the surrounding cumulus cells and
stimulate the cumulus cells to secrete hyaluronic acid into the intercellular
spaces. The hyaluronic acid binds water molecules and enlarges the intercellular



spaces, thus expanding the cumulus oophorus. In keeping with the hormonally
induced internal changes, the diameter of the follicle increases from about 6 mm
early in the second week to almost 2 cm at ovulation.

The tertiary follicle protrudes from the surface of the ovary like a blister. The
granulosa cells contain numerous FSH and LH receptors, and LH receptors are
abundant in the cells of the theca interna. The follicular cells secrete large
amounts of estradiol (see Fig. 1.16), which prepares many other components of
the female reproductive tract for gamete transport. Within the antrum, the
follicular fluid contains the following: (1) a complement of proteins similar to
that seen in serum, but in a lower concentration; (2) 20 enzymes; (3) dissolved
hormones, including FSH, LH, and steroids; and (4) proteoglycans. The strong
negative charge of the proteoglycans attracts water molecules, and with greater
amounts of secreted proteoglycans, the volume of antral fluid increases
correspondingly. The follicle is now poised for ovulation and awaits the stimulus
of the preovulatory surge of FSH and LH released by the anterior pituitary gland.

The reason only one follicle normally matures to the point of ovulation is still
not completely understood. Early in the cycle, as many as 50 follicles begin to
develop, but only about 3 attain a diameter of as great as 8 mm. Initial follicular
growth is gonadotropin independent, but continued growth depends on a
minimum “tonic” level of gonadotropins, principally FSH. During the phase of
gonadotropin-induced growth, a dominant enlarging follicle becomes
independent of FSH and secretes large amounts of inhibin (see p. 19). Inhibin
suppresses the secretion of FSH by the pituitary, and when the FSH levels fall
below the tonic threshold, the other developing follicles, which are still
dependent on FSH for maintenance, become atretic. The dominant follicle
acquires its status about 7 days before ovulation. It may also secrete an inhibiting
substance that acts directly on the other growing follicles.

Spermatogenesis

Spermatogenesis begins in the seminiferous tubules of the testes after the onset
of puberty. In the broadest sense, the process begins with mitotic proliferation of
the spermatogonia. At the base of the seminiferous epithelium are several
populations of spermatogonia. Type A spermatogonia represent the stem cell
population that mitotically maintains proper numbers of spermatogonia
throughout life. Type A spermatogonia give rise to type B spermatogonia,
which are destined to leave the mitotic cycle and enter meiosis. Entry into



meiosis is stimulated by retinoic acid (a derivative of vitamin A). Many
spermatogonia and their cellular descendants are connected by intercellular
cytoplasmic bridges, which may be instrumental in maintaining the synchronous
development of large clusters of sperm cells.

All spermatogonia are sequestered at the base of the seminiferous epithelium by
interlocking processes of Sertoli cells, which are complex cells that are regularly
distributed throughout the periphery of the seminiferous epithelium and that
occupy about 30% of its volume (see Fig. 1.6). As the progeny of the type B
spermatogonia (called primary spermatocytes) complete the leptotene stage of
the first meiotic division, they pass through the Sertoli cell barrier to the interior
of the seminiferous tubule. This translocation is accomplished by the formation
of a new layer of Sertoli cell processes beneath these cells and, slightly later, the
dissolution of the original layer that was between them and the interior of the
seminiferous tubule. The Sertoli cell processes are very tightly joined and form
an immunological barrier (blood-testis barrier [see Fig. 1.6]) between the
forming sperm cells and the rest of the body, including the spermatogonia. When
they have begun meiosis, developing sperm cells are immunologically different
from the rest of the body. Autoimmune infertility can arise if the blood-testis
barrier is broken down.

The progeny of the type B spermatogonia, which have entered the first meiotic
division, are the primary spermatocytes (see Fig. 1.6). Located in a
characteristic position just inside the layer of spermatogonia and still deeply
embedded in Sertoli cell cytoplasm, primary spermatocytes spend 24 days
passing through the first meiotic division. During this time, the developing
sperm cells use a strategy similar to that of the egg—producing in advance
molecules that are needed at later periods when changes occur very rapidly.
Such preparation involves the production of mRNA molecules and their storage
in an inactive form until they are needed to produce the necessary proteins.

A well-known example of preparatory mRNA synthesis involves the formation
of protamines, which are small, arginine-rich, and cysteine-rich proteins that
displace the lysine-rich nuclear histones and allow the high degree of
compaction of nuclear chromatin required during the final stages of sperm
formation. Protamine mRINAs are first synthesized in primary spermatocytes but
are not translated into proteins until the spermatid stage. In the meantime, the
protamine mRINAs are complexed with proteins and are inaccessible to the
translational machinery. If protamine mRNAs are translated before the spermatid



stage, the chromosomes condense prematurely, and sterility results.

After completion of the first meiotic division, the primary spermatocyte gives
rise to 2 secondary spermatocytes, which remain connected by a cytoplasmic
bridge. The secondary spermatocytes enter the second meiotic division without
delay. This phase of meiosis is very rapid, typically completed in approximately
8 hours. Each secondary spermatocyte produces 2 immature haploid gametes,
the spermatids. The 4 spermatids produced from a primary spermatocyte
progenitor are still connected to one another and typically to as many as 100
other spermatids as well. In mice, some genes are transcribed as late as the
spermatid stage.

Spermatids do not divide further, but they undergo a series of profound changes
that transform them from ordinary-looking cells to highly specialized
spermatozoa (singular, spermatozoon). The process of transformation from
spermatids to spermatozoa is called spermiogenesis or spermatid
metamorphosis.

Several major categories of change occur during spermiogenesis (Fig. 1.12).
One is the progressive reduction in the size of the nucleus and tremendous
condensation of the chromosomal material, which is associated with the
replacement of histones by protamines. Along with the changes in the nucleus, a
profound reorganization of the cytoplasm occurs. Cytoplasm streams away from
the nucleus, but a condensation of the Golgi apparatus at the apical end of the
nucleus ultimately gives rise to the acrosome. The acrosome is an enzyme-filled
structure that plays a crucial role in the fertilization process. At the other end of
the nucleus, a prominent flagellum grows out of the centriolar region.
Mitochondria are arranged in a spiral around the proximal part of the flagellum.
During spermiogenesis, the plasma membrane of the head of the sperm is
partitioned into several antigenically distinct molecular domains. These domains
undergo numerous changes as the sperm cells mature in the male and at a later
point when the spermatozoa are traveling through the female reproductive tract.
As spermiogenesis continues, the remainder of the cytoplasm (residual body
[see G in Fig. 1.12]) moves away from the nucleus and is shed along the
developing tail of the sperm cell. The residual bodies are phagocytized by Sertoli
cells (Box 1.1 and Fig. 1.13).
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Fig. 1.12 Summary of the major stages in spermiogenesis, starting with a
spermatid (A) and ending with a mature spermatozoon (I).

Box 1.1 Passage of Sperm Precursors through the Blood-Testis Barrier

During spermatogenesis, developing sperm cells are closely linked with Sertoli
cells, and the topography of maturation occurs in regular but complex patterns.
A striking example involves the coordinated detachment of mature spermatids
from the apical surface of Sertoli cells and the remodeling of the inter-Sertoli
cell tight-junction complex that constitutes the blood-testis barrier (see Fig.
1.13). Type B spermatogonia, which are just entering the preleptotene stage of
the first meiotic division and becoming primary spermatocytes, are located



outside (basal to) the blood-testis barrier. Late-stage spermatids are attached to
the apical surface of Sertoli cells by aggregates of tight-junction proteins, called
surface adhesion complexes.

At a specific stage in spermatid development, the surface adhesion complexes
break down, and the mature spermatids are released into the lumen of the
seminiferous tubule. Biologically active laminin fragments, originating from the
degenerating surface adhesion complexes, make their way to the tight-junction
complex that constitutes the blood-testis barrier. These fragments, along with
certain cytokines and proteinases, degrade the tight-junctional proteins of the
blood-testis barrier, and the blood-testis barrier, located apically to the
preleptotene primary spermatocyte, breaks down. Then testosterone, which is 50
to 100 times more concentrated in the seminiferous tubule than in the general
circulation, stimulates the synthesis of new tight-junction proteins on the basal
side of that preleptotene spermatocyte, thus reestablishing the integrity of the
blood-testis barrier. In parallel, a new set of spermatids becomes adherent to the
apical surface of the Sertoli cells through the formation of new surface adhesion
complexes.
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Fig. 1.13 Diagram showing coordination between release of mature spermatids
and the dissolution and reconstruction of the blood-testis barrier; (1) with
degradation of the surface adhesion complex, mature spermatids are released
into the lumen of the seminiferous tubule; (2) active laminin fragments join with
cytokines and proteinases to begin to degrade the junctional proteins at the
blood-testis barrier located apically to the late type B spermatogonium; (3) the
old blood-testis barrier breaks down; (4) under the influence of testosterone, a
new blood-testis barrier forms basal to what is now a preleptotene primary
spermatocyte. BTB, blood-testis barrier; EI°S, early primary spermatocyte; ESt,
early spermatid; LI°S, late primary spermatocyte; LSt, late spermatid; S-A, type
A spermatogonium; S-B, type B spermatogonium; St, spermatid.

For many years, gene expression in postmeiotic (haploid) spermatids was
considered to be impossible. Molecular biological research on mice has shown,
however, that gene expression in postmeiotic spermatids is not only possible but
also common. Nearly 100 proteins are produced only after the completion of the
second meiotic division, and many additional proteins are synthesized during



and after meiosis.

On completion of spermiogenesis (approximately 64 days after the start of
spermatogenesis), the spermatozoon is a highly specialized cell well adapted for
motion and the delivery of its packet of DNA to the egg. The sperm cell consists
of the following: a head (2 to 3 pm wide and 4 to 5 pm long) containing the
nucleus and acrosome; a midpiece containing the centrioles, the proximal part of
the flagellum, and the mitochondrial helix; and the tail (about 50 pm long),
which consists of a highly specialized flagellum (see Fig. 1.12). (Specific
functional properties of these components of the sperm cell are discussed in

Chapter 2.)

Abnormal Spermatozoa

Substantial numbers (up to 10%) of mature spermatozoa are grossly abnormal.
The spectrum of anomalies ranges from double heads or tails to defective
flagella or variability in head size. Such defective sperm cells are highly unlikely
to fertilize an egg. If the percentage of defective spermatozoa increases to greater
than 20% of the total, reduced fertility may result.
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Structure

The structure and function of the female reproductive tract are well adapted for
the transport of gametes and maintenance of the embryo. Many of the subtler
features of this adaptation are under hormonal control and are cyclic. This
section briefly reviews the aspects of female reproductive structure that are of
greatest importance in understanding gamete transport and embryonic
development.

Ovaries and Uterine Tubes

The ovaries and uterine (or fallopian) tubes form a functional complex devoted
to the production and transport of eggs. In addition, the uterine tubes play an
important role as a conduit for spermatozoa and in preparing them to be fully
functional during the fertilization process. The uterine tube consists of three
anatomically and functionally recognizable segments: the ampulla, the isthmus,
and the intramural segments.

The almond-shaped ovaries, located on either side of the uterus, are positioned
very near the open, funnel-shaped ends of the ampullary segments of the uterine
tubes. Numerous fingerlike projections, called fimbriae (Fig. 1.14), project
toward the ovary from the open infundibulum of the uterine tube and are
involved in directing the ovulated egg into the tube. The uterine tube is
characterized by a complex internal lining, with a high density of prominent
longitudinal folds in the upper ampulla. These folds become progressively
simpler in parts of the tube closer to the uterus. The lining epithelium of the
uterine tubes contains a mixture of ciliated cells that assist in gamete transport
and secretory cells that produce a fluid supporting the early development of the
embryo. Layers of smooth muscle cells throughout the uterine tubes provide the
basis for peristaltic contractions. The amount and function of many of these
components are under cyclic hormonal control, and the overall effect of these
changes is to facilitate the transport of gametes and the fertilized egg.
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Fig. 1.14 Structure of the female reproductive tract.

The two segments of the uterine tubes closest to the uterus play particularly
important roles as pathways for sperm transport toward the ovulated egg. The
intramural segment, which is embedded in the uterine wall, has a very thin
lumen containing mucus, the composition of which varies with phases in the
menstrual cycle. This segment serves as a gateway regulating the passage of
spermatozoa into the uterine tube, but it also restricts the entry of bacteria into
the tube. The middle isthmus segment serves as an important site of temporary
sperm storage and participates in the final stages of functional maturation of
sperm cells (see Chapter 2).

Uterus



The principal functions of the uterus are to receive and maintain the embryo
during pregnancy and to expel the fetus at the termination of pregnancy. The
first function is carried out by the uterine mucosa (endometrium) and the second
by the muscular wall (myometrium). Under the cyclic effect of hormones, the
uterus undergoes a series of prominent changes throughout the course of each
menstrual cycle.

The uterus is a pear-shaped organ with thick walls of smooth muscle
(myometrium) and a complex mucosal lining (see Fig. 1.14). The mucosal
lining, called the endometrium, has a structure that changes daily throughout
the menstrual cycle. The endometrium can be subdivided into two layers: a
functional layer, which is shed with each menstrual period or after parturition,
and a basal layer, which remains intact. The general structure of the
endometrium consists of (1) a columnar surface epithelium, (2) uterine glands,
(3) a specialized connective tissue stroma, and (4) spiral arteries that coil from
the basal layer toward the surface of the endometrium. All these structures
participate in the implantation and nourishment of the embryo.

The lower outlet of the uterus is the cervix. The mucosal surface of the cervix is
not typical uterine endometrium, but is studded with a variety of irregular crypts.
The cervical epithelium produces glycoprotein-rich cervical mucus, the
composition of which varies considerably throughout the menstrual cycle. The
differing physical properties of cervical mucus make it easier or more difficult
for spermatozoa to penetrate the cervix and find their way into the uterus.

Vagina

The vagina is a channel for sexual intercourse and serves as the birth canal. It is
lined with a stratified squamous epithelium, but the epithelial cells contain
deposits of glycogen, which vary in amount throughout the menstrual cycle.
Glycogen breakdown products contribute to the acidity (pH 4.3) of the vaginal
fluids. The low pH of the upper vagina serves a bacteriostatic function and
prevents infectious agents from entering the upper genital tract through the
cervix and ultimately spreading to the peritoneal cavity through the open ends of
the uterine tubes.



Hormonal Control of the Female Reproductive Cycle

Reproduction in women is governed by a complex series of interactions between
hormones and the tissues that they influence. The hierarchy of cyclic control
begins with input to the hypothalamus of the brain (Fig. 1.15). The
hypothalamus influences hormone production by the anterior lobe of the
pituitary gland. The pituitary hormones are spread via the blood throughout the
entire body and act on the ovaries, which are stimulated to produce their own sex
steroid hormones. During pregnancy, the placenta exerts a powerful effect on the
mother by producing several hormones. The final level of hormonal control of
female reproduction is exerted by the ovarian or placental hormones on other
reproductive target organs (e.g., uterus, uterine tubes, vagina, breasts).
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Fig. 1.15 General scheme of hormonal control of reproduction in women.
Inhibitory factors are represented by purple arrows. Stimulatory factors are
represented by red arrows. Hormones involved principally in the proliferative
phase of the menstrual cycle are represented by dashed arrows; those involved
principally in the secretory phase are represented by solid arrows. FSH, follicle-
stimulating hormone; LH, luteinizing hormone.



Hypothalamic Control

The first level of hormonal control of reproduction is in the hypothalamus.
Various inputs stimulate neurosecretory cells in the hypothalamus to produce
gonadotropin-releasing hormone (GnRH), along with releasing factors for
other pituitary hormones. Releasing factors and an inhibiting factor are carried to
the anterior lobe of the pituitary gland by blood vessels of the
hypothalamohypophyseal portal system, where they stimulate the secretion of
pituitary hormones (Table 1.1).

Table 1.1 Major Hormones Involved in Mammalian Reproduction



Hormone

Chemical Nature

Function

HYPOTHALAMUS

Gonadotropin-releasing
hormone (GnRH, LHRH)

Prolactin-inhibiting factor
ANTERIOR PITUITARY

Decapeptide

Dopamine

Stimulates release of LH and FSH by anterior pituitary

Inhibits release of prolactin by anterior pituitary

Follicle-stimulating
hormone (FSH)

Glycoprotein (o and [
subunits) (MW =35,000)

Male: Stimulates Sertoli cells to produce androgen-binding protein
Female: Stimulates follicle cells to produce estrogen

Luteinizing hormaone (LH) Glycoprotein (o and f Male: Stimulates Leydig cells to secrete testosterane
subunits) (MW =28,000) Female: Stimulates follicle cells and corpus luteum to produce

progesterone

Prolactin 5ingle-chain polypeptide Promates lactation

(198 amino acids)

POSTERIOR PITUITARY

Oxytacin Oligopeptide (MW =1100) Stimulates ejection of milk by mammary gland
Stimulates uterine contractions during labor

OVARY

Estrogens Steroid Has multiple effects on reproductive tract, breasts, body fat, and
bone growth

Progesterone Steroid Has multiple effects on reproductive tract and breast development

Testosterone Steroid Is precursor for estrogen biosynthesis, induces follicular atresia

Inhibin Protein (MW =32,000) Inhibits F5H secretion, has local effects on ovaries

Activin Protein (MW =28,000) Stimulates granulosa cell proliferation

TESTIS

Testosterone Steroid Has multiple effects on male reproductive tract, hair growth, and
other secondary sexual characteristics

Inhibin Protein (MW =32,000) Inhibits F5H secretion, has local effects on testis

PLACENTA

Estrogens Sterold Has same functions as ovarian estrogens

Progesterone Steroid Has same functions as ovarian progesterone

Human charionic
gonadotropin (HCG)

Human placental lactogen
(somatomammatropin)

Glycoprotein (MW =30,000)

Polypeptide (MW =20,000)

Maintains activity of corpus luteum during pregnancy

Promotes development of breasts during pregnancy

LHRH, luteinizing hormone—elsasing hormone; MW, molecular weight.

Pituitary Gland (Hypophysis)

Producing its hormones in response to stimulation by the hypothalamus, the
pituitary gland constitutes a second level of hormonal control of reproduction.
The pituitary gland consists of two components: the anterior pituitary
(adenohypophysis), an epithelial glandular structure that produces various
hormones in response to factors carried to it by the hypothalamohypophyseal
portal system; and the posterior pituitary (neurohypophysis), a neural



structure that releases hormones by a neurosecretory mechanism.

Under the influence of GnRH and direct feedback by steroid hormone levels in
the blood, the anterior pituitary secretes two polypeptide gonadotropic
hormones, FSH and LH, from the same cell type (see Table 1.1). In the absence
of an inhibiting factor (dopamine) from the hypothalamus, the anterior pituitary
also produces prolactin, which acts on the mammary glands.

The only hormone from the posterior pituitary that is directly involved in
reproduction is exytocin, an oligopeptide involved in childbirth and the stimulus
for milk let-down from the mammary glands in lactating women.

Ovaries and Placenta

The ovaries and, during pregnancy, the placenta constitute a third level of
hormonal control. Responding to blood levels of the anterior pituitary hormones,
the granulosa cells of the ovarian follicles convert androgens (androstenedione
and testosterone) synthesized by the theca interna into estrogens (mainly
estrone and the 10-fold more powerful 17p-estradiol), which then pass into the
bloodstream. After ovulation, progesterone is the principal secretory product of
the follicle after its conversion into the corpus luteum (see Chapter 2). During
later pregnancy, the placenta supplements the production of ovarian steroid
hormone by synthesizing its own estrogens and progesterone. It also produces
two polypeptide hormones (see Table 1.1). Human chorionic gonadotropin
(HCG) acts on the ovary to maintain the activity of the corpus luteum during
pregnancy. Human placental lactogen (somatomammeotropin) acts on the
corpus luteum; it also promotes breast development by enhancing the effects of
estrogens and progesterone and stimulates the synthesis of milk constituents.

Reproductive Target Tissues

The last level in the hierarchy of reproductive hormonal control constitutes the
target tissues, which ready themselves structurally and functionally for gamete
transport or pregnancy in response to ovarian and placental hormones binding to
specific cellular receptors. Changes in the number of ciliated cells and in smooth
muscle activity in the uterine tubes, the profound changes in the endometrial
lining of the uterus, and the cyclic changes in the glandular tissues of the breasts
are some of the more prominent examples of hormonal effects on target tissues.
These changes are described more fully later.



A general principle recognized some time ago is the efficacy of first priming
reproductive target tissues with estrogen so that progesterone can exert its full
effects. Estrogen induces the target cells to produce large quantities of
progesterone receptors, which must be in place for progesterone to act on these
same cells.



Hormonal Interactions with Tissues during Female
Reproductive Cycles

All tissues of the female reproductive tract are influenced by the reproductive
hormones. In response to the hormonal environment of the body, these tissues
undergo cyclic modifications that improve the chances for successful
reproduction.

Knowledge of the changes the ovaries undergo is necessary to understand
hormonal interactions and tissue responses during the female reproductive cycle.
Responding to both FSH and LH secreted by the pituitary just before and during
a menstrual period, a set of secondary ovarian follicles begins to mature and
secrete 17[-estradiol. By ovulation, all of these follicles except one have
undergone atresia, their main contribution having been to produce part of the
supply of estrogens needed to prepare the body for ovulation and gamete
transport.

During the preovulatory, or proliferative, phase (days 5 to 14) of the menstrual
cycle, estrogens produced by the ovary act on the female reproductive tissues
(see Fig. 1.15). The uterine lining becomes re-epithelialized from the just-
completed menstrual period. Then, under the influence of estrogens, the
endometrial stroma progressively thickens, the uterine glands elongate, and the
spiral arteries begin to grow toward the surface of the endometrium. The mucous
glands of the cervix secrete glycoprotein-rich but relatively watery mucus, which
facilitates the passage of spermatozoa through the cervical canal. As the
proliferative phase progresses, a higher percentage of the epithelial cells lining
the uterine tubes becomes ciliated, and smooth muscle activity in the tubes
increases. In the days preceding ovulation, the fimbriated ends of the uterine
tubes move closer to the ovaries.

Toward the end of the proliferative period, a pronounced increase in the levels of
estradiol secreted by the developing ovarian follicle acts on the
hypothalamohypophyseal system, thus causing increased responsiveness of the
anterior pituitary to GnRH and a surge in the hypothalamic secretion of GnRH.
Approximately 24 hours after the level of 17p3-estradiol reaches its peak in the
blood, a preovulatory surge of LH and FSH is sent into the bloodstream by the
pituitary gland (Fig. 1.16). The LH surge is not a steady increase in



gonadotropin secretion; rather, it constitutes a series of sharp pulses of secretion
that appear to be responding to a hypothalamic timing mechanism.
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Fig. 1.16 Comparison of curves representing daily serum concentrations of
gonadotropins and sex steroids and basal body temperature in relation to events
in the human menstrual cycle. FSH, follicle-stimulating hormone; LH,
luteinizing hormone.

(Redrawn from Midgley AR and others: In Hafez ES, Evans TN, eds: Human
reproduction, New York, 1973, Harper & Row.)

The LH surge leads to ovulation, and the graafian follicle becomes transformed
into a corpus luteum (yellow body). The basal lamina surrounding the
granulosa of the follicle breaks down and allows blood vessels to grow into the



layer of granulosa cells. Through proliferation and hypertrophy, the granulosa
cells undergo major structural and biochemical changes and now produce
progesterone as their primary secretory product. Some estrogen is still secreted
by the corpus luteum. After ovulation, the menstrual cycle, which is now
dominated by the secretion of progesterone, is said to be in the secretory phase
(days 14 to 28 of the menstrual cycle).

After the LH surge and with the increasing concentration of progesterone in the
blood, the basal body temperature increases (see Fig. 1.16). Because of the link
between an increase in basal body temperature and the time of ovulation,
accurate temperature records are the basis of the rhythm method of birth
control.

Around the time of ovulation, the combined presence of estrogen and
progesterone in the blood causes the uterine tube to engage in a rhythmic series
of muscular contractions designed to promote transport of the ovulated egg.
Progesterone prompts epithelial cells of the uterine tube to secrete fluids that
provide nutrition for the cleaving embryo. Later during the secretory phase, high
levels of progesterone induce regression of some of the ciliated cells in the tubal
epithelium.

In the uterus, progesterone prepares the estrogen-primed endometrium for
implantation of the embryo. The endometrium, which has thickened under the
influence of estrogen during the proliferative phase, undergoes further changes.
The straight uterine glands begin to coil and accumulate glycogen and other
secretory products in the epithelium. The spiral arteries grow farther toward the
endometrial surface, but mitosis in the endometrial epithelial cells decreases.
Through the action of progesterone, the cervical mucus becomes highly viscous
and acts as a protective block, inhibiting the passage of materials into or out of
the uterus. During the secretory period, the vaginal epithelium becomes thinner.

In the mammary glands, progesterone furthers the estrogen-primed development
of the secretory components and causes water retention in the tissues. More
extensive development of the lactational apparatus awaits its stimulation by
placental hormones.

Midway through the secretory phase of the menstrual cycle, the epithelium of
the uterine tubes has already undergone considerable regression from its
midcycle peak, whereas the uterine endometrium is at full readiness to receive a



cleaving embryo. If pregnancy does not occur, a series of hormonal interactions
brings the menstrual cycle to a close. One of the early feedback mechanisms is
the production of the protein inhibin by the granulosa cells. Inhibin is carried by
the bloodstream to the anterior pituitary, where it directly inhibits the secretion
of gonadotropins, especially FSH. Through mechanisms that are unclear, the
secretion of LH is also reduced. This inhibition results in regression of the
corpus luteum and marked reduction in the secretion of progesterone by the
ovary.

Some of the main consequences of the regression of the corpus luteum are the
infiltration of the endometrial stroma with leukocytes, the loss of interstitial
fluid, and the spasmodic constriction and breakdown of the spiral arteries that
cause local ischemia. The ischemia results in local hemorrhage and the loss of
integrity of areas of the endometrium. These changes initiate menstruation (by
convention, constituting days 1 to 5 of the menstrual cycle). Over the next few
days, the entire functional layer of the endometrium is shed in small bits, along
with the attendant loss of about 30 mL of blood. By the time the menstrual
period is over, only a raw endometrial base interspersed with the basal
epithelium of the uterine glands remains as the basis for the healing and
reconstitution of the endometrium during the next proliferative period.

Clinical Vignette

A 33-year-old woman has had both ovaries removed because of large bilateral
ovarian cysts. The next year she is on an extended expedition in northern
Canada, and her canoe tips, sending her replacement hormonal medication to the
bottom of the lake. More than 6 weeks elapse before she is able to obtain a new
supply of medication.

Which of the following would be least affected by the loss of the woman’s
medication?

A. Blood levels of follicle-stimulating hormone and luteinizing hormone
B. Ciliated cells of the uterine tube
C. Mass of the heart

D. Glandular tissue of the breasts



E. Thickness of the endometrium




Hormonal Interactions Involved with
Reproduction in Males

Along with the homologies of certain structures between the testis and ovary,
some strong parallels exist between the hormonal interactions involved in
reproduction in males and females. The most important homologies are between
granulosa cells in the ovarian follicle and Sertoli cells in the seminiferous tubule
of the testis and between theca cells of the ovary and Leydig cells in the testis
(Table 1.2).

Table 1.2 Homologies between Hormone-Producing Cells in Male and Female
Gonads

Parameter Granulosa Cells (Female)  Sertoll Cells (Male) Theca Cells (Female) Leydig Cells (Male)
Origin Rete ovarll Rete testis Stromal mesenchyme Stromal mesenchyme
Major receptors  FSH FSH LH LH

Major secretory  Estrogens, progesterone, Estrogen, inhibin, Androgens Testosterone
products Inhibin androgen-binding proteln,

Leydig cell stimulatory factor

F5H, follicle-stimulating hormone: LH, Iuteinizing homane.

The hypothalamic secretion of GnRH stimulates the anterior pituitary to secrete
FSH and LH. The LH binds to the nearly 20,000 LH receptors on the surface of
each Leydig (interstitial) cell, and through a cascade of second messengers, LH
stimulates the synthesis of testosterone from cholesterol. Testosterone is released
into the blood and is taken to the Sertoli cells and throughout the body, where it
affects a variety of secondary sexual tissues, often after it has been locally
converted to dihydrotestosterone.

Sertoli cells are stimulated by pituitary FSH via surface FSH receptors and by
testosterone from the Leydig cells via cytoplasmic receptors. After FSH
stimulation, the Sertoli cells convert some of the testosterone to estrogens (as the
granulosa cells in the ovary do). Some of the estrogen diffuses back to the
Leydig cells along with a Leydig cell stimulatory factor, which is produced by
the Sertoli cells and reaches the Leydig cells by a paracrine (non—blood-borne)
mode of secretion (Fig. 1.17). The FSH-stimulated Sertoli cell produces
androgen-binding protein, which binds testosterone and is carried into the fluid



compartment of the seminiferous tubule, where it exerts a strong influence on
the course of spermatogenesis. Similarly, their granulosa cell counterparts in the
ovary, the hormone-stimulated Sertoli cells produce inhibin, which is carried by
the blood to the anterior pituitary and possibly the hypothalamus. There inhibin
acts by negative feedback to inhibit the secretion of FSH. In addition to inhibin
and androgen-binding protein, the Sertoli cells have a wide variety of other
functions, the most important of which are summarized in Box 1.2 and Clinical
Correlation 1.2.
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Fig. 1.17 General scheme of hormonal control in the male reproductive system.
Red arrows represent stimulatory influences. Purple arrows represent inhibitory
influences. Suspected interactions are represented by dashed arrows. FSH,
follicle-stimulating hormone; LH, luteinizing hormone.



Box 1.2 Major Functions of Sertoli Cells
Maintenance of the blood-testis barrier

Secretion of tubular fluid (10 to 20 pL/g of testis/hr)
Secretion of androgen-binding protein

Secretion of estrogen and inhibin

Secretion of a wide variety of other proteins (e.g., growth factors, transferrin,
retinal-binding protein, metal-binding proteins)

Maintenance and coordination of spermatogenesis

Phagocytosis of residual bodies of sperm cells

Clinical Correlation 1.2 Dating of Pregnancy

Two different systems for dating pregnancies have evolved. One, used by
embryologists, dates pregnancy from the time of fertilization (fertilization age),
so that a 6-week-old embryo is 6 weeks (42 days) from the day of fertilization.
The other system, used by obstetricians and many clinicians, dates pregnancy
from the woman’s last menstrual period (menstrual age) because this is a
convenient reference point from the standpoint of a history taken from a patient.
The menstrual age of a human embryo is 2 weeks greater than the fertilization
age because usually 2 weeks elapse between the start of the last menstrual period
and fertilization. An embryo with a fertilization age of 6 weeks is assigned a
menstrual age of 8 weeks, and the typical duration of pregnancy is 38 weeks’
fertilization age and 40 weeks’ menstrual age (Fig. 1.18; see also Fig. 18.16).



Fertilization age

3 weeks B weeks 38 weeks

Birth

Onset of last First Trimester Second Trimestar

0
|
|
|
T
|

menstrual peried :

o i 40 weeks
Fertilization
Menstrual age

K l:l Period of Peried of embryonic
ey early embryo Organogenasis

. Fetal period

Fig. 1.18 Comparison between dating events in pregnancy by the fertilization
age and the menstrual age.

For valid clinical reasons, obstetricians subdivide pregnancy into three equal
trimesters, whereas embryologists divide pregnancy into unequal periods
corresponding to major developmental events.

0-3 weeks—Early development (cleavage, gastrulation)
4-8 weeks—Period of embryonic organogenesis
9-38 weeks—Fetal period

Recognition of the existence of different systems for dating pregnancy is
essential. In a courtroom case involving a lawsuit about a birth defect, a 2-week
misunderstanding about the date of a pregnancy could make the difference
between winning or losing the case. In a case involving a cleft lip or cleft palate
(see p. 300), the difference in development of the face between 6 and 8 weeks
(see Fig. 14.6) would make some scenarios impossible. For example, an insult at
6 weeks potentially could be the cause of a cleft lip, whereas by 8 weeks, the lips
have formed, so a cleft would be most unlikely to form at that time.




Summary

m Gametogenesis is divided into four phases:

1. Extraembryonic origin of germ cells and their migration into the gonads
2. An increase in the number of germ cells by mitosis

3. A reduction in chromosomal material by meiosis

4. Structural and functional maturation

m Primordial germ cells are first readily recognizable in the yolk sac endoderm.
They then migrate through the dorsal mesentery to the primordia of the gonads.

m In the female, oogonia undergo intense mitotic activity in the embryo only. In
the male, spermatogonia are capable of mitosis throughout life.

m Meiosis involves a reduction in chromosome number from diploid to haploid,
independent reassortment of paternal and maternal chromosomes, and further
redistribution of genetic material through the process of crossing-over.

m In the oocyte, there are two meiotic blocks—in diplotene of prophase I and in
metaphase II. In the female, meiosis begins in the 5-month embryo; in the male,
meiosis begins at puberty.

m Failure of chromosomes to separate properly during meiosis results in
nondisjunction, which is associated with multiple anomalies, depending on
which chromosome is affected.

m Developing oocytes are surrounded by layers of follicular cells and interact
with them through gap junctions. When stimulated by pituitary hormones (e.g.,
FSH, LH), the follicular cells produce steroid hormones (estrogens and
progesterone). The combination of oocyte and follicular (granulosa) cells is
called a follicle. Under hormonal stimulation, certain follicles greatly increase in
size, and each month, one of these follicles undergoes ovulation.

m Spermatogenesis occurs in the testis and involves successive waves of mitosis
of spermatogonia, meiosis of primary and secondary spermatocytes, and final
maturation (spermiogenesis) of postmeiotic spermatids into spermatozoa.



Functional maturation of spermatozoa occurs in the epididymis.

m Female reproductive tissues undergo cyclic, hormonally induced preparatory
changes for pregnancy. In the uterine tubes, this involves the degree of ciliation
of the epithelium and smooth muscle activity of the wall. Under the influence of
estrogens and then progesterone, the endometrium of the uterus builds up in
preparation to receive the embryo. In the absence of fertilization and with the
subsequent withdrawal of hormonal support, the endometrium breaks down and
is shed (menstruation). Cyclic changes in the cervix involve thinning of the
cervical mucus at the time of ovulation.

m Hormonal control of the female reproductive cycle is hierarchical, with
releasing or inhibiting factors from the hypothalamus acting on the
adenohypophysis and causing the release of pituitary hormones (e.g., FSH, LH).
The pituitary hormones sequentially stimulate the ovarian follicles to produce
estrogens and progesterone, which act on the female reproductive tissues. In
pregnancy, the remains of the follicle (corpus luteum) continue to produce
progesterone, which maintains the early embryo until the placenta begins to
produce sufficient hormones to maintain pregnancy.

m In the male, LH stimulates the Leydig cells to produce testosterone, and FSH
acts on the Sertoli cells, which support spermatogenesis. In males and females,
feedback inhibition decreases the production of pituitary hormones.

m There are two systems for dating pregnancy:

1. Fertilization age: dates the age of the embryo from the time of fertilization.

2. Menstrual age: dates the age of the embryo from the start of the mother’s
last menstrual period. The menstrual age is 2 weeks greater than the fertilization
age.

Review Questions

1. During spermatogenesis, histone is replaced by which of the following, to
allow better packing of the condensed chromatin in the head of the
spermatozoon?

A. Inhibin
B. Prostaglandin E
C. Testosterone



D. Protamine
E. Androgen-binding protein

2. Which cell type is located outside the blood-testis barrier?

A. Spermatozoon

B. Secondary spermatocyte
C. Spermatid

D. Primary spermatocyte
E. Spermatogonium

3. Which of the following cells normally participates in mitotic divisions?

A. Primary oocyte

B. Oogonium

C. Primary spermatocyte
D. Spermatid

E. Secondary spermatocyte

4. In a routine chest x-ray examination, the radiologist sees what appear to
be teeth in a mediastinal mass. What is the likely diagnosis, and what is a
probable embryological explanation for its appearance?

5. When does meiosis begin in the female and in the male?
6. At what stages of oogenesis is meiosis arrested in the female?

7. What is the underlying cause of most spontaneous abortions during the
early weeks of pregnancy?

8. What is the difference between spermatogenesis and spermiogenesis?

9. The actions of what hormones are responsible for the changes in the
endometrium during the menstrual cycle?

10. Sertoli cells in the testis are stimulated by what two major reproductive
hormones?
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“Considerable controversy surrounds the use of the term “migration” with
respect to embryonic development. On the one hand, some believe that
displacements of cells relative to other structural landmarks in the embryo are
due to active migration (often through ameboid motion). On the other hand,
others emphasize the importance of directed cell proliferation and growth forces
in causing what is interpreted as apparent migration of cells. As is often true in
scientific controversies, both active migration and displacement as a result of
growth seem to operate in many cases where cells in the growing embryo appear
to shift with respect to other structural landmarks.



Ovulation and Egg and Sperm
Transport



Ovulation

Toward the midpoint of the menstrual cycle, the mature graafian follicle,
containing the egg that has been arrested in prophase of the first meiotic
division, has moved to the surface of the ovary. Under the influence of follicle-
stimulating hormone (FSH) and luteinizing hormone (LH), the follicle expands
dramatically. The first meiotic division is completed, and the second meiotic
division proceeds until the metaphase stage, at which the second meiotic arrest
occurs. After the first meiotic division, the first polar body is expelled. By this
point, the follicle bulges from the surface of the ovary. The apex of the
protrusion is the stigma.

The stimulus for ovulation is the surge of LH secreted by the anterior pituitary at
the midpoint of the menstrual cycle (see Fig. 1.16). Within hours of exposure to
the LH surge, the follicle reorganizes its program of gene expression from one
directed toward development of the follicle to one producing molecules that set
into gear the processes of follicular rupture and ovulation. Shortly after the LH
peak, local blood flow increases in the outer layers of the follicular wall. Along
with the increased blood flow, plasma proteins leak into the tissues through the
postcapillary venules, with resulting local edema. The edema and the release of
certain pharmacologically active compounds, such as prostaglandins, histamine,
vasopressin, and plasminogen activator, provide the starting point for a series of
reactions that result in the local production of matrix metalloproteinases—a
family of lytic enzymes that degrade components of the extracellular matrix. At
the same time, the secretion of hyaluronic acid by cells of the cumulus results in
a loosening of the cells surrounding the egg. The lytic action of the matrix
metalloproteinases produces an inflammatorylike reaction that ultimately results
in rupture of the outer follicular wall about 28 to 36 hours after the LH surge
(Fig. 2.1). Within minutes after rupture of the follicular wall, the cumulus
oophorus detaches from the granulosa, and the egg is released from the ovary.
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Fig. 2.1 Changes in the cumulus-oocyte complex (COC) of rabbits during
follicular maturation and ovulation. In the preovulatory follicle, the cumulus
cells (arrow) are tightly packed around the oocyte. Because the follicle is
stimulated by luteinizing hormone (LH) before ovulation, the cumulus cells
produce extracellular matrix and become much less tightly packed by the time of
ovulation. The ovulated oocyte is still surrounded by cumulus cells.

(From Espey LL, Richards JS: Ovulation. In Neill JD, ed: Physiology of
reproduction, ed 3, Amsterdam, 2006, Elsevier.)

Ovulation results in the expulsion of both antral fluid and the ovum from the
ovary into the peritoneal cavity. The ovum is not ovulated as a single naked cell,
but as a complex consisting of (1) the ovum, (2) the zona pellucida, (3) the two-
to three-cell-thick corona radiata, and (4) a sticky matrix containing surrounding
cells of the cumulus oophorus. By convention, the adhering cumulus cells are
designated the corona radiata after ovulation has occurred. Normally, one egg
is released at ovulation. The release and fertilization of two eggs can result in
fraternal twinning.

Some women experience mild to pronounced pain at the time of ovulation. Often
called mittelschmerz (German for “middle pain”), this pain may accompany
slight bleeding from the ruptured follicle.



Egg Transport

The first step in egg transport is capture of the ovulated egg by the uterine tube.
Shortly before ovulation, the epithelial cells of the uterine tube become more
highly ciliated, and smooth muscle activity in the tube and its suspensory
ligament increases as the result of hormonal influences. By ovulation, the
fimbriae of the uterine tube move closer to the ovary and seem to sweep
rhythmically over its surface. This action, in addition to the currents set up by
the cilia, efficiently captures the ovulated egg complex. Experimental studies on
rabbits have shown that the bulk provided by the cellular coverings of the
ovulated egg is important in facilitating the egg’s capture and transport by the
uterine tube. Denuded ova or inert objects of that size are not so readily
transported. Capture of the egg by the uterine tube also involves an adhesive
interaction between the egg complex and the ciliary surface of the tube.

Even without these types of natural adaptations, the ability of the uterine tubes to
capture eggs is remarkable. If the fimbriated end of the tube has been removed,
egg capture occurs remarkably often, and pregnancies have even occurred in
women who have had one ovary and the contralateral uterine tube removed. In
such cases, the ovulated egg would have to travel free in the pelvic cavity for a
considerable distance before entering the ostium of the uterine tube on the other
side.

When inside the uterine tube, the egg is transported toward the uterus, mainly as
the result of contractions of the smooth musculature of the tubal wall. Although
the cilia lining the tubal mucosa may also play a role in egg transport, their
action is not obligatory because women with immotile cilia syndrome are often
fertile.

While in the uterine tube, the egg is bathed in tubal fluid, which is a
combination of secretion by the tubal epithelial cells and transudate from
capillaries just below the epithelium. In some mammals, exposure to oviductal
secretions is important to the survival of the ovum and for modifying the
composition of the zona pellucida, but the role of tubal fluid in humans is less
clear.

Tubal transport of the egg usually takes 3 to 4 days, whether or not fertilization
occurs (Fig. 2.2). Egg transport typically occurs in two phases: slow transport in



the ampulla (approximately 72 hours) and a more rapid phase (8 hours) during
which the egg or embryo passes through the isthmus and into the uterus (see p.
51). By a poorly understood mechanism, possibly local edema or reduced
muscular activity, the egg is temporarily prevented from entering the isthmic
portion of the tube, but under the influence of progesterone, the uterotubal
junction relaxes and permits entry of the ovum.
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Fig. 2.2 Follicular development in the ovary, ovulation, fertilization, and
transport of the early embryo down the uterine tube and into the uterus.

By roughly 80 hours after ovulation, the ovulated egg or embryo has passed
from the uterine tube into the uterus. If fertilization has not occurred, the egg
degenerates and is phagocytized. (Implantation of the embryo is discussed in

Chapter 3.)



Sperm Transport

Sperm transport occurs in both the male reproductive tract and the female
reproductive tract. In the male reproductive tract, transport of spermatozoa is
closely connected with their structural and functional maturation, whereas in the
female reproductive tract, it is important for spermatozoa to pass to the upper
uterine tube, where they can meet the ovulated egg.

After spermiogenesis in the seminiferous tubules, the spermatozoa are
morphologically mature but are nonmotile and incapable of fertilizing an egg
(Fig. 2.3). Spermatozoa are passively transported via testicular fluid from the
seminiferous tubules to the caput (head) of the epididymis through the rete testis
and the efferent ductules. They are propelled by fluid pressure generated in the
seminiferous tubules and are assisted by smooth muscle contractions and ciliary
currents in the efferent ductules. Spermatozoa spend about 12 days in the highly
convoluted duct of the epididymis, which measures 6 m in the human, during
which time they undergo biochemical maturation. This period of maturation is
associated with changes in the glycoproteins in the plasma membrane of the
sperm head. By the time the spermatozoa have reached the cauda (tail) of the
epididymis, they are capable of fertilizing an egg.
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Fig. 2.3 Sperm transport in (A) the male and (B) the female reproductive tract. In
B, numbers of spermatozoa typically found in various parts of the female
reproductive tract are indicated in red.

On ejaculation, the spermatozoa rapidly pass through the ductus deferens and
become mixed with fluid secretions from the seminal vesicles and prostate
gland. Prostatic fluid is rich in citric acid, acid phosphatase, zinc, and
magnesium ions, whereas fluid of the seminal vesicle is rich in fructose (the
principal energy source of spermatozoa) and prostaglandins. The 2 to 6 mL of
ejaculate (semen, or seminal fluid) typically consists of 40 to 250 million
spermatozoa mixed with alkaline fluid from the seminal vesicles (60% of the
total) and acid secretion (pH 6.5) from the prostate (30% of the total). The pH of
normal semen ranges from 7.2 to 7.8. Despite the numerous spermatozoa (>100
million) normally present in an ejaculate, a number as small as 25 million
spermatozoa per ejaculate may be compatible with fertility.

In the female reproductive tract, sperm transport begins in the upper vagina and
ends in the ampulla of the uterine tube, where the spermatozoa make contact
with the ovulated egg. During copulation, the seminal fluid is normally
deposited in the upper vagina (see Fig. 2.3), where its composition and buffering
capacity immediately protect the spermatozoa from the acid fluid found in the
upper vaginal area. The acidic vaginal fluid normally serves a bactericidal
function in protecting the cervical canal from pathogenic organisms. Within
about 10 seconds, the pH of the upper vagina is increased from 4.3 to as much as
7.2. The buffering effect lasts only a few minutes in humans, but it provides
enough time for the spermatozoa to approach the cervix in an environment (pH
6.0 to 6.5) optimal for sperm motility.

The next barriers that the sperm cells must overcome are the cervical canal and
the cervical mucus that blocks it. Changes in intravaginal pressure may suck
spermatozoa into the cervical os, but swimming movements also seem to be
important for most spermatozoa in penetrating the cervical mucus.

The composition and viscosity of cervical mucus vary considerably throughout
the menstrual cycle. Composed of cervical mucin (a glycoprotein with a high
carbohydrate composition) and soluble components, cervical mucus is not
readily penetrable. Between days 9 and 16 of the cycle, however, its water
content increases, and this change facilitates the passage of sperm through the
cervix around the time of ovulation; such mucus is sometimes called E mucus.



After ovulation, under the influence of progesterone, the production of watery
cervical mucus ceases, and a new type of sticky mucus, which has a much
decreased water content, is produced. This progestational mucus, sometimes
called G mucus, is almost completely resistant to sperm penetration. A highly
effective method of natural family planning makes use of the properties of
cervical mucus.

There are two main modes of sperm transport through the cervix. One is a phase
of initial rapid transport, by which some spermatozoa can reach the uterine tubes
within 5 to 20 minutes of ejaculation. Such rapid transport relies more on
muscular movements of the female reproductive tract than on the motility of the
spermatozoa themselves. These early-arriving sperm, however, appear not to be
as capable of fertilizing an egg as do those that have spent more time in the
female reproductive tract. The second, slow phase of sperm transport involves
the swimming of spermatozoa through the cervical mucus (traveling at a rate of
2 to 3 mm/hour), their storage in cervical crypts, and their final passage through
the cervical canal as much as 2 to 4 days later.

Relatively little is known about the passage of spermatozoa through the uterine
cavity, but the contraction of uterine smooth muscle, rather than sperm motility,
seems to be the main intrauterine transport mechanism. At this point, the
spermatozoa enter one of the uterine tubes. According to some more recent
estimates, only several hundred spermatozoa enter the uterine tubes, and most
enter the tube containing the ovulated egg.

Once inside the uterine tube, the spermatozoa collect in the isthmus and bind to
the epithelium for about 24 hours. During this time, they are influenced by
secretions of the tube to undergo the capacitation reaction. One phase of
capacitation is removal of cholesterol from the surface of the sperm. Cholesterol
is a component of semen and acts to inhibit premature capacitation. The next
phase of capacitation consists of removal of many of the glycoproteins that were
deposited on the surface of the spermatozoa during their tenure in the
epididymis. Capacitation is required for spermatozoa to be able to fertilize an
egg (specifically, to undergo the acrosome reaction; see p. 29). After the
capacitation reaction, the spermatozoa undergo a period of hyperactivity and
detach from the tubal epithelium. Hyperactivation helps the spermatozoa to
break free of the bonds that held them to the tubal epithelium. It also assists the
sperm in penetrating isthmic mucus, as well as the corona radiata and the zona
pellucida, which surround the ovum. Only small numbers of sperm are released



at a given time. This may reduce the chances of polyspermy (see p. 31).

On their release from the isthmus, the spermatozoa make their way up the tube
through a combination of muscular movements of the tube and some swimming
movements. The simultaneous transport of an egg down and spermatozoa up the
tube is currently explained on the basis of peristaltic contractions of the uterine
tube muscles. These contractions subdivide the tube into compartments. Within a
given compartment, the gametes are caught up in churning movements that over
1 or 2 days bring the egg and spermatozoa together. Fertilization of the egg
normally occurs in the ampullary portion (upper third) of the uterine tube.
Estimates suggest that spermatozoa retain their function in the female
reproductive tract for about 80 hours.

After years of debate concerning the possibility that mammalian spermatozoa
may be guided to the egg through attractants, more recent research suggests that
this could be the case. Mammalian spermatozoa have been found to possess
odorant receptors of the same family as olfactory receptors in the nose, and they
can respond behaviorally to chemically defined odorants. Human spermatozoa
also respond to cumulus-derived progesterone and to yet undefined
chemoattractants emanating from follicular fluid and cumulus cells. Human
spermatozoa are also known to respond to a temperature gradient, and studies on
rabbits have shown that the site of sperm storage in the oviduct is cooler than
that farther up the tube where fertilization occurs. It seems that only capacitated
spermatozoa have the capability of responding to chemical or thermal stimuli.
Because many of the sperm cells that enter the uterine tube fail to become
capacitated, these spermatozoa are less likely to find their way to the egg.



Formation and Function of the Corpus Luteum of
Ovulation and Pregnancy

While the ovulated egg is passing through the uterine tubes, the ruptured follicle
from which it arose undergoes a series of striking changes that are essential for
the progression of events leading to and supporting pregnancy (see Fig. 1.8).
Soon after ovulation, the basement membrane that separates the granulosa cells
from the theca interna breaks down, thus allowing thecal blood vessels to grow
into the cavity of the ruptured follicle. The granulosa cells simultaneously
undergo a series of major changes in form and function (luteinization). Within
30 to 40 hours of the LH surge, these cells, now called granulosa lutein cells,
begin secreting increasing amounts of progesterone along with some estrogen.
This pattern of secretion provides the hormonal basis for the changes in the
female reproductive tissues during the last half of the menstrual cycle. During
this period, the follicle continues to enlarge. Because of its yellow color, it is
known as the corpus luteum. The granulosa lutein cells are terminally
differentiated. They have stopped dividing, but they continue to secrete
progesterone for 10 days.

In the absence of fertilization and a hormonal stimulus provided by the early

embryo, the corpus luteum begins to deteriorate (luteolysis) late in the menstrual
cycle. Luteolysis seems to involve both the preprogramming of the luteal cells to
apoptosis (cell death) and uterine luteolytic factors, such as prostaglandin F,.

Regression of the corpus luteum and the accompanying reduction in
progesterone production cause the hormonal withdrawal that results in the
degenerative changes of the endometrial tissue during the last days of the
menstrual cycle.

During the regression of the corpus luteum, the granulosa lutein cells degenerate
and are replaced with collagenous scar tissue. Because of its white color, the

former corpus luteum now becomes known as the corpus albicans (“white
body™).

If fertilization occurs, the production of the protein hormone chorionic
gonadotropin by the future placental tissues maintains the corpus luteum in a
functional condition and causes an increase in its size and hormone production.
Because the granulosa lutein cells are unable to divide and cease producing



progesterone after 10 days, the large corpus luteum of pregnancy is composed
principally of theca lutein cells. The corpus luteum of pregnancy remains
functional for the first few months of pregnancy. After the second month, the
placenta produces enough estrogens and progesterone to maintain pregnancy on
its own. At this point, the ovaries can be removed, and pregnancy would
continue.



Fertilization

Fertilization is a series of processes rather than a single event. Viewed in the
broadest sense, these processes begin when spermatozoa start to penetrate the
corona radiata that surrounds the egg and end with the intermingling of the
maternal and paternal chromosomes after the spermatozoon has entered the egg.



Penetration of the Corona Radiata

When the spermatozoa first encounter the ovulated egg in the ampullary part of
the uterine tube, they are confronted by the corona radiata and some remnants of
the cumulus oophorus, which represents the outer layer of the egg complex (Fig.
2.4). The corona radiata is a highly cellular layer with an intercellular matrix
consisting of proteins and a high concentration of carbohydrates, especially
hyaluronic acid. It is widely believed that hyaluronidase emanating from the
sperm head plays a major role in penetration of the corona radiata, but the active
swimming movements of the spermatozoa are also important.
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Fig. 2.4 The sequence of events in penetration of the coverings and plasma
membrane of the egg. A and B, Penetration of the corona radiata. C and D,
Attachment to the zona pellucida, the acrosomal reaction, and penetration of the
zona. E and F, Binding to plasma membrane and entry into the egg.



Attachment to and Penetration of the Zona Pellucida

The zona pellucida, which is 13 pm thick in humans, consists principally of
four glycoproteins—ZP, to ZP,. ZP, and ZP; combine to form basic units that

polymerize into long filaments. These filaments are periodically linked by cross-
bridges of ZP, and ZP, molecules (Fig. 2.5). The zona pellucida of an

unfertilized mouse egg is estimated to contain more than 1 billion copies of the
2P protein.

I

Fig. 2.5 A, Filamentous components of the mammalian (mouse) zona pellucida.
B, Molecular organization of the filaments in the zona pellucida (ZP). Far right,
Structure of the ZP5 glycoprotein.

(From Wassarman PM: Sci Am 259(6):82, 1988.)

After they have penetrated the corona radiata, spermatozoa bind tightly to the
zona pellucida by means of the plasma membrane of the sperm head (see Fig.
2.4). Spermatozoa bind specifically to a sialic acid molecule, which is the
terminal part of a sequence of four sugars at the end of O-linked
oligosaccharides that are attached to the polypeptide core of the ZP; molecule.



Molecules on the surface of the sperm head are specific binding sites for the ZP,

sperm receptors on the zona pellucida. More than 24 molecules have been
proposed, but the identity of the zona-binding molecules remains unknown.
Interspecies molecular differences in the sperm-binding regions of the ZP,

molecule may serve as the basis for the inability of spermatozoa of one species
to fertilize an egg of another species. In mammals, there is less species variation
in the composition of ZP5; this may explain why penetration of the zona

pellucida by spermatozoa of closely related mammalian species is sometimes
possible, whereas it is rare among lower animals.

On binding to the zona pellucida, mammalian spermatozoa undergo the
acrosomal reaction. The essence of the acrosomal reaction is the fusion of parts
of the outer acrosomal membrane with the overlying plasma membrane and the
pinching off of fused parts as small vesicles. This results in the liberation of the
multitude of enzymes that are stored in the acrosome (Box 2.1).

Box 2.1 Some Major Mammalian Acrosomal Enzymes

Acid proteinase B-Galactosidase
Acrosin B-Glucuronidase
Arylaminidase Hyaluronidase
Arylsulfatase Neuraminidase
Collagenase Phospholipase C
Esterase Proacrosin

The acrosomal reaction in mammals is stimulated by the ZP5 molecule acting
through G proteins in the plasma membrane on the sperm head. In contrast to the
sperm receptor function of ZP,, a large segment of the polypeptide chain of the
ZP; molecule must be present to induce the acrosomal reaction. An initiating
event of the acrosomal reaction is a massive influx of calcium (Ca™) through the
plasma membrane of the sperm head. This process, accompanied by an influx of

sodium (Na") and an efflux of hydrogen (H"), increases the intracellular pH.
Fusion of the outer acrosomal membrane with the overlying plasma membrane
soon follows. As the vesicles of the fused membranes are shed, the enzymatic



contents of the acrosome are freed and can assist the spermatozoa in making
their way through the zona pellucida.

After the acrosomal reaction, the inner acrosomal membrane forms the outer
surface covering of most of the sperm head (see Fig. 2.4D). Toward the base of
the sperm head (in the equatorial region), the inner acrosomal membrane fuses
with the remaining postacrosomal plasma membrane to maintain membrane
continuity around the sperm head.

Only after completing the acrosomal reaction can the spermatozoon successfully
begin to penetrate the zona pellucida. Penetration of the zona is accomplished by
a combination of mechanical propulsion by movements of the sperm’s tail and
digestion of a pathway through the action of acrosomal enzymes. The most
important enzyme is acrosin, a serine proteinase that is bound to the inner
acrosomal membrane. When the sperm has made its way through the zona and
into the perivitelline space (the space between the egg’s plasma membrane and
the zona pellucida), it can make direct contact with the plasma membrane of the

egg.



Binding and Fusion of Spermatozoon and Egg

After a brief transit period through the perivitelline space, the spermatozoon
makes contact with the egg. In two distinct steps, the spermatozoon first binds to
and then fuses with the plasma membrane of the egg. Binding between the
spermatozoon and egg occurs when the equatorial region of the sperm head
contacts the microvilli surrounding the egg. Molecules on the plasma membrane
of the sperm head, principally sperm proteins called fertilins and cyritestin,
bind to ag integrin and CD9 protein molecules on the surface of the egg. The

acrosomal reaction causes a change in the membrane properties of the
spermatozoon because, if the acrosomal reaction has not occurred, the
spermatozoon is unable to fuse with the egg. Actual fusion between
spermatozoon and egg, mediated by integrin on the membrane of the oocyte,
brings their plasma membranes into continuity.

After initial fusion, the contents of the spermatozoon (the head, the midpiece,
and usually the tail) sink into the egg (Fig. 2.6), whereas the sperm’s plasma
membrane, which is antigenically distinct from that of the egg, becomes
incorporated into the egg’s plasma membrane and remains recognizable at least
until the start of cleavage. Although mitochondria located in the sperm neck
enter the egg, they do not contribute to the functional mitochondrial complement
of the zygote. In humans, the sperm contributes the centrosome, which is
required for cell cleavage.
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Fig. 2.6 Summary of the main events involved in fertilization.



Prevention of Polyspermy

When a spermatozoon has fused with an egg, the entry of other spermatozoa into
the egg (polyspermy) must be prevented, or abnormal development is likely to
result. Two blocks to polyspermy, fast and slow, are typically present in
vertebrate fertilization.

The fast block to polyspermy, which has been best studied in sea urchins,
consists of a rapid electrical depolarization of the plasma membrane of the egg.
The resting membrane potential of the egg changes from about —70 to +10 mV
within 2 to 3 seconds after fusion of the spermatozoon with the egg. This change
in membrane potential prevents other spermatozoa from adhering to the egg’s
plasma membrane. The fast block in mammals is short-lived, lasting only several
minutes, and may not be as heavily based on membrane depolarization as that in
sea urchins. This time is sufficient for the egg to mount a permanent slow block.
The exact nature of the fast block in the human egg is still not well defined.

Very soon after sperm entry, successive waves of Ca™" pass through the
cytoplasm of the egg. The first set of waves, spreading from the site of sperm-
egg fusion, is involved in stimulating completion of the second meiotic division

of the egg. Later waves of Ca™" initiate recruitment of maternal RNAs in the egg

and act on the cortical granules as they pass by them. Exposure to Ca™" causes
the cortical granules to fuse with the plasma membrane and to release their
contents (hydrolytic enzymes and polysaccharides) into the perivitelline space.
The polysaccharides released into the perivitelline space become hydrated and
swell, thus causing the zona pellucida to rise from the surface of the egg.

The secretory products of the cortical granules diffuse into the porous zona
pellucida and hydrolyze the sperm receptor molecules (ZP5 in the mouse) in the

zona. This reaction, called the zona reaction, essentially eliminates the ability of
spermatozoa to adhere to and penetrate the zona. The zona reaction has been
observed in human eggs that have undergone in vitro fertilization. In addition to
changes in the zona pellucida, alterations in sperm receptor molecules on the
plasma membrane of the human egg cause the egg itself to become refractory to
penetration by other spermatozoa.



Metabolic Activation of the Egg

The entry of the spermatozoon into the egg initiates several significant changes
within the egg, including the aforementioned fast and slow blocks to
polyspermy. In effect, the sperm introduces into the egg a soluble factor
(currently thought to be a phospholipase [phospholipase C zeta]), which

stimulates a pathway leading to the release of pulses of Ca™" within the
cytoplasm of the egg. In addition to initiating the blocks to polyspermy, the
released Ca™" stimulates a rapid intensification of the egg’s respiration and
metabolism through an exchange of extracellular Na* for intracellular H. This
exchange results in a rise in intracellular pH and an increase in oxidative
metabolism.



Decondensation of the Sperm Nucleus

In the mature spermatozoon, the nuclear chromatin is very tightly packed, in
large part because of the —SS— (disulfide) cross-linking that occurs among the
protamine molecules complexed with the DNA during spermatogenesis. Shortly
after the head of the sperm enters the cytoplasm of the egg, the permeability of
its nuclear membrane begins to increase, thereby allowing cytoplasmic factors
within the egg to affect the nuclear contents of the sperm. After reduction of the
—SS— cross-links of the protamines to sulfthydryl (—SH) groups by reduced
glutathione in the ooplasm, the protamines are rapidly lost from the chromatin of
the spermatozoon, and the chromatin begins to spread out within the nucleus
(now called a pronucleus) as it moves closer to the nuclear material of the egg.

Remodeling of the sperm head takes about 6 to 8 hours. After a short period
during which the male chromosomes are naked, histones begin to associate with
the chromosomes. During the period of pronuclear formation, the genetic
material of the male pronucleus becomes demethylated, whereas methylation in
the female genome is maintained.



Completion of Meiosis and the Development of
Pronuclei in the Egg

After penetration of the egg by the spermatozoon, the nucleus of the egg, which
had been arrested in metaphase of the second meiotic division, completes the last
division and releases a second polar body into the perivitelline space (see Fig.
2.6).

The nucleus of the oocyte moves toward the cortex as the result of the action of
myosin molecules acting on a network of actin filaments that connect one pole
of the mitotic spindle to the cortex. The resulting contraction draws the entire
mitotic apparatus toward the surface of the cell (Fig. 2.7). This determines the
location at which both the first and second polar bodies are extruded.

Paolar body

Mitotic MNucleus

spindle

Fig. 2.7 Schematic representation showing how the dividing nucleus of the
oocyte becomes translocated to the cortex of the egg and how that determines
where the polar body forms. A, The mitotic spindle is situated within a
meshwork of cytoplasmic actin filaments (green). Powered by myosin molecules
(blue), contractions of the actin-myosin complex pull on either end of the mitotic
spindle (red arrow). On the end of the spindle closest to the cell surface, the
intensity of the pull is greater (thick red arrow), and the entire spindle apparatus
moves toward that surface. B, As the mitotic process nears completion, one
daughter nucleus buds off from the oocyte as a polar body. The nucleus
remaining in the oocyte then divides again after fertilization and produces a
second polar body in the same location as the first, because the nucleus of the
oocyte is already near the cortex in that area.

(Based on Schuh M, Ellenberg J: Curr Biol 18:1986-1992, 2008.)



A pronuclear membrane, derived largely from the endoplasmic reticulum of the
egg, forms around the female chromosomal material. Cytoplasmic factors seem
to control the growth of the female and the male pronuclei. Pronuclei appear 6 to
8 hours after sperm penetration, and they persist for about 10 to 12 hours. DNA
replication occurs in the developing haploid pronuclei, and each chromosome
forms two chromatids as the pronuclei approach each other. When the male and
female pronuclei come into contact, their membranes break down, and the
chromosomes intermingle. The maternal and paternal chromosomes quickly
become organized around a mitotic spindle, derived from the centrosome of the
sperm, in preparation for an ordinary mitotic division. At this point, the process
of fertilization can be said to be complete, and the fertilized egg is called a
zygote.



What is Accomplished by Fertilization?

The process of fertilization ties together many biological loose ends, as follows:
1. It stimulates the egg to complete the second meiotic division.

2. It restores to the zygote the normal diploid number of chromosomes (46 in
humans).

3. The genetic sex of the future embryo is determined by the chromosomal
complement of the spermatozoon. (If the sperm contains 22 autosomes and an X
chromosome, the embryo is a genetic female, and if it contains 22 autosomes
and a Y chromosome, the embryo is a male. See Chapter 16 for further details.)

4. Through the mingling of maternal and paternal chromosomes, the zygote is a
genetically unique product of chromosomal reassortment, which is important for
the viability of any species.

5. The process of fertilization causes metabolic activation of the egg, which is
necessary for cleavage and subsequent embryonic development to occur.

Clinical Vignette

A 33-year-old woman who has had her uterus surgically removed desperately
wants her own child. She is capable of producing eggs because her ovaries
remain functional. She and her husband want to attempt in vitro fertilization and
embryo transfer. They find a woman who, for $20,000, is willing to allow the
couple’s embryo to be transferred to her uterus and to serve as a surrogate
mother during the pregnancy. Induction of superovulation is successful, and the
physicians are able to fertilize eight eggs in vitro. Three embryos are implanted
into the surrogate mother. The remaining embryos are frozen for possible future
use. The embryo transfer is successful, and the surrogate mother becomes
pregnant with twins. The twins are born, but the surrogate mother feels that she
has bonded with them so much that she should have the right to raise them. The
extremely wealthy genetic parents take the case to court, but before the case
comes to trial they are both killed in an airplane accident. The surrogate mother
now claims that she should get the large inheritance in the name of her twins, but



the father’s sister, equally aware of the financial implications, claims that she
should care for the twins. The issue of what to do with the remaining five frozen
embryos also comes up.

This case is fictitious, but all of its elements have occurred on an isolated basis.
How would you deal with the following legal and ethical issues?

1. To whom should the twins be awarded?

2. What should be done with the remaining frozen embryos?




Summary

m Ovulation is stimulated by a surge of LH and FSH in the blood. Expulsion of
the ovum from the graafian follicle involves local edema, ischemia, and collagen
breakdown, with a possible contribution by fluid pressure and smooth muscle
activity in rupturing the follicular wall.

m The ovulated egg is swept into the uterine tube and transported through it by
ciliary action and smooth muscle contractions as it awaits fertilization by a
sperm cell.

m Sperm transport in the male reproductive tract involves a slow exit from the
seminiferous tubules, maturation in the epididymis, and rapid expulsion at
ejaculation, where the spermatozoa are joined by secretions from the prostate
and seminal vesicles to form semen.

m In the female reproductive tract, sperm transport involves entry into the
cervical canal from the vagina, passage through the cervical mucus, and
transport through the uterus into the uterine tubes, where capacitation occurs.
The meeting of egg and sperm typically occurs in the upper third of the uterine
tube.

m The fertilization process consists of several sequential events:

. Penetration of the corona radiata

. Attachment to the zona pellucida

. Acrosomal reaction and penetration of the zona pellucida
. Binding and fusion of sperm and egg

. Prevention of polyspermy

. Metabolic activation of the egg

. Decondensation of the sperm nucleus

. Completion of meiosis in the egg

. Development and fusion of male and female pronuclei
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m Attachment of the spermatozoon to the zona pellucida is mediated by the ZP,
protein, which also stimulates the acrosomal reaction.



m The acrosomal reaction involves fusion of the outer acrosomal membrane with
the plasma membrane of the sperm cell and the fragmentation of the fused
membranes, thus leading to the release of the acrosomal enzymes. One of the
acrosomal enzymes, acrosin, is a serine proteinase, which digests components of
the zona pellucida and assists the penetration of the swimming spermatozoa
through the zona.

m After fusion of the spermatozoa to the egg membrane, a rapid electrical
depolarization produces the first block to polyspermy in the egg. This is

followed by a wave of Ca™ that causes the cortical granules to release their
contents into the perivitelline space and ultimately to inactivate the sperm
receptors in the zona pellucida.

m Sperm penetration stimulates a rapid intensification of respiration and
metabolism of the egg.

m Within the egg, the nuclear material of the spermatozoon decondenses and
forms the male pronucleus. At the same time, the egg completes the second
meiotic division, and the remaining nuclear material becomes surrounded by a
membrane, to form the female pronucleus.

m After DNA replication, the male and female pronuclei join, and their
chromosomes become organized for a mitotic division. Fertilization is complete,
and the fertilized egg is properly called a zygote.

m Treatment of infertility by in vitro fertilization and embryo transfer is a
multistage process involving stimulating gamete production by drugs such as
clomiphene citrate, obtaining eggs by laparoscopic techniques in the woman,
storing gametes by freezing, performing in vitro fertilization and culture of
embryos, preserving the embryo, and transferring the embryo to the mother
(Clinical Correlation 2.1).

m Other techniques used for the treatment of infertility are gamete intrafallopian
transfer (GIFT), which is the transfer of gametes directly into the uterine tube,
and zygote intrafallopian transfer (ZIFT), with is the transfer of zygotes into the
uterine tube. These techniques can be used with biological and surrogate
mothers.

Clinical Correlation 2.1 Treatment of Infertility by In Vitro Fertilization and



Embryo Transfer

Certain types of infertility caused by inadequate numbers or mobility of
spermatozoa or by obstruction of the uterine tubes are now treatable by
fertilizing an ovum in vitro and transferring the cleaving embryo into the
reproductive tract of the woman. The sequential application of various
techniques that were initially developed for the assisted reproduction of domestic
animals, such as cows and sheep, is required. The relevant techniques are (1)
stimulating gamete production, (2) obtaining male and female gametes, (3)
storing gametes, (4) fertilizing eggs, (5) culturing cleaving embryos in vitro, (6)
preserving embryos, and (7) introducing embryos into the uterus (Fig. 2.8).
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Fig. 2.8 Schematic representation of a typical in vitro fertilization and embryo
transfer procedure in humans.



Stimulation of Gamete Production

Ovulation is stimulated by altering existing hormonal relationships. For women
who are anovulatory (do not ovulate), these techniques alone may be sufficient
to allow conception.

Several methods have been used to stimulate gamete production. Earlier
methods employed clomiphene citrate, a nonsteroidal antiestrogen that
suppresses the normal negative feedback by estrogens on gonadotropin
production by the pituitary (see Fig. 1.15). This method has been largely
supplanted by the administration of various combinations of recombinant
gonadotropin (follicle-stimulating hormone or luteinizing hormone, or both)
preparations, sometimes in combination with gonadotropin-releasing hormone
agonists. These treatments result in multiple ovulation, a desired outcome for
artificial fertilization because fertilizing more than one egg at a time is more
efficient. Sometimes women who use these methods for the induction of
ovulation produce multiple children, however, and many quintuplet to septuplet
births have been recorded. Other methods of inducing ovulation are the
application of human menopausal gonadotropins or the pulsatile
administration of gonadotropin-releasing hormone. These techniques are more
expensive than the administration of clomiphene.



Obtaining Gametes

For artificial insemination in vivo or artificial fertilization in vitro, spermatozoa
are typically collected by masturbation. The collection of eggs requires
technological assistance. Ongoing monitoring of the course of induced ovulation
is accomplished by the application of imaging techniques, especially diagnostic
ultrasound.

The actual recovery of oocytes involves their aspiration from ripe follicles.
Although originally accomplished by laparoscopy (direct observation by
inserting a laparoscope through a small slit in the woman’s abdominal wall),
visualization is now done with the assistance of ultrasound. An aspiration needle
is inserted into each mature follicle, and the ovum is gently sucked into the
needle and placed into culture medium in preparation for fertilization in vitro.



Storing Gametes

Although eggs and sperm are usually placed together shortly after they are
obtained, in some circumstances the gametes (especially spermatozoa) are stored
for various periods before use. By bringing glycerinated preparations of
spermatozoa down to the temperature of liquid nitrogen, spermatozoa can be
kept for years without losing their normal fertilizing power. The freezing of eggs
is possible, but much more problematic.



In Vitro Fertilization and Embryo
Culture

Three ingredients for successful in vitro fertilization are as follows: (1) mature
eggs; (2) normal, active spermatozoa; and (3) an appropriate culture
environment. Having oocytes that are properly mature is one of the most
important factors in obtaining successful in vitro fertilization. The eggs aspirated
from a woman are sometimes at different stages of maturity. Immature eggs are
cultured for a short time to become more fertilizable. The aspirated eggs are
surrounded by the zona pellucida, the corona radiata, and a varying amount of
cumulus oophorus tissue.

Fresh or frozen spermatozoa are prepared by separating them as much as
possible from the seminal fluid. Seminal fluid reduces their fertilizing capacity,
partly because it contains decapacitating factors. After capacitation, which in a
human can be accomplished by exposing spermatozoa to certain ionic solutions,
defined numbers of spermatozoa are added to the culture in concentrations of
10,000 to 500,000/mL. Rates of fertilization in vitro vary from one center to
another, but 75% represents a realistic average.

In cases of infertility caused by oligospermia (too few spermatozoa) or
excessively high percentages of abnormal sperm cells, multiple ejaculates may
be obtained over an extended period. These are frozen and pooled to obtain
adequate numbers of viable spermatozoa. In some cases, a few spermatozoa are
microinjected into the perivitelline space inside the zona pellucida. Although
this procedure can compensate for very small numbers of viable spermatozoa, it
introduces the risk of polyspermy because the normal gating function of the zona
pellucida is bypassed. A more recent variant on in vitro fertilization is direct
injection of a spermatozoon into an oocyte (Fig. 2.9). This technique has been
used in cases of severe sperm impairment.



Fig. 2.9 Microinjection of a spermatozoon into a human oocyte.
The micropipet containing the spermatozoon is entering the oocyte from the
right side.

(From Veeck LL: Atlas of the human oocyte and early conceptus, vol 2,
Baltimore, 1991, Williams & Wilkins.)

The initial success of in vitro fertilization is determined the next day by
examination of the egg. If two pronuclei are evident (Fig. 2.10), fertilization is
assumed to have occurred.



Fig. 2.10 A, Photomicrograph of a mature human oocyte arrested at metaphase 11
in culture awaiting in vitro fertilization. The polar body is located beneath the
zona pellucida on top of the oocyte. B, A newly fertilized human oocyte, with
male and female pronuclei in the center and two polar bodies on top of the
oocyte.



(From Veeck LL, Zaninovic N: An atlas of human blastocysts, Boca Raton, Fla,
2003, Parthenon.)

The cleavage in vitro of human embryos is more successful than that of most
other mammalian species. The embryos are usually allowed to develop to the
two-to eight-cell stage before they are considered ready to implant into the
uterus.

Typically, all the eggs obtained from the multiple ovulations of the woman are
fertilized in vitro during the same period. Practical reasons exist for doing this.
One is that because of the low success rate of embryo transfer, implanting more
than one embryo (commonly up to three) into the uterus at a time is advisable.
Another reason is financial and also relates to the low success rate of embryo
transfer. Embryos other than those used during the initial procedure are stored
for future use if the first embryo transfer proves unsuccessful. Such stockpiling
saves a great deal of time and thousands of dollars for the patient.



Embryo Preservation

Embryos preserved for potential future use are treated with cryoprotectants
(usually glycerol or dimethyl sulfoxide) to reduce ice crystal damage. They are
slowly brought to very low temperatures (usually <100°C) to halt all metabolic
activity. The length of time frozen embryos should be kept and the procedure for
handling them if the first implantation attempt is successful are questions with
both technical and ethical aspects.



Embryo Transfer into the Mother

Transfer of the embryo into the mother is technically simple; yet this is the step
in the entire operation that is subject to the greatest failure rate. Typically, only
30% of embryo transfer attempts result in a viable pregnancy.

Embryo transfer is commonly accomplished by introducing a catheter through
the cervix into the uterine cavity and expelling the embryo or embryos from the
catheter. The patient remains quiet, preferably lying down for several hours after
embryo transfer.

The reasons for the low success rate of embryo transfers are poorly understood,
but the number of completed pregnancies after normal fertilization in vivo is also
likely to be only about one third. If normal implantation does occur, the
remainder of the pregnancy is typically uneventful and is followed by a normal
childbirth.



Intrafallopian Transfer

Certain types of infertility are caused by factors such as hostile cervical mucus
and pathological or anatomical abnormalities of the upper ends of the uterine
tubes. A simpler method for dealing with these conditions is to introduce male
and female gametes directly into the lower end of a uterine tube (often at the
junction of its isthmic and ampullary regions). Fertilization occurs within the
tube, and the early events of embryogenesis occur naturally. The method of
gamete intrafallopian transfer (GIFT) has resulted in slightly higher
percentages of pregnancies than the standard in vitro fertilization and embryo
transfer methods.

A variant on this technique is zygote intrafallopian transfer (ZIFT). In this
variant, a cleaving embryo that has been produced by in vitro fertilization is
implanted into the uterine tube.



Surrogacy

Sometimes a woman can produce fertile eggs but cannot become pregnant. An
example would be a woman whose uterus has been removed but who still
possesses functioning ovaries. One option in this case is in vitro fertilization and
embryo transfer, but the embryo is transferred into the uterus of another woman
(surrogate mother). From the biological perspective, this procedure differs little
from embryo transfer into the uterus of the biological mother, but it introduces a
host of social, ethical, and legal issues.

Review Questions

1. Of the barriers to sperm survival and transport within the female
reproductive tract, low pH is most important in the:

A. Upper uterine tube
B. Lower uterine tube
C. Uterine cavity

D. Cervix

E. Vagina

2. The principal energy source for ejaculated spermatozoa is:

A. Prostatic acid phosphatase

B. Internal glucose

C. Prostatic citric acid

D. Fructose in seminal vesicle fluid

E. Glycogen released from the vaginal epithelium

3. What is the principal hormonal stimulus for ovulation?
4. What is capacitation?
5. Where does fertilization occur?

6. Name two functions of the ZP; protein of the zona pellucida.



7. What is polyspermy, and how is it prevented after a spermatozoon enters
the egg?

8. A woman gives birth to septuplets. What is the likely reason for the
multiple births?

9. When multiple oocytes obtained by laparoscopy are fertilized in vitro,
why are up to three embryos implanted into the woman’s uterus, and why
are the other embryos commonly frozen?

10. Why do some reproductive technology centers insert spermatozoa under
the zona pellucida or even directly into the oocyte?
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Cleavage



Morphology

Compared with most other species, mammalian cleavage is a leisurely process
measured in days rather than hours. Development proceeds at the rate of roughly
one cleavage division per day for the first 2 days (Figs. 3.1 and 3.2). After the 2-
cell stage, mammalian cleavage is asynchronous, with 1 of the 2 cells
(blastomeres) dividing to form a 3-cell embryo. When the embryo consists of
approximately 16 cells, it is called a morula (derived from the Latin word
meaning “mulberry”).

Blastomere
Polar body Af
A, Sl i, T g )
x

9-Cell

Inner cell

mass
Zona
peliucida
- Blastocoele
16-Cell 58-Cell 107-Cell
(morula) (blastocyst) (blastocyst)
(3 days) {4 days) (5 days)

Fig. 3.1 Drawings of early cleavage stages in human embryos.
The drawings of the 58-cell and 107-cell stages represent bisected embryos.



Fig. 3.2 Photomicrographs of cleavage stages of human eggs fertilized in vitro.
A, Two blastomeres. B, Four blastomeres. C, Twelve blastomeres. D, Morula in
late stage of compaction (5 days). Note the indistinct cell outlines.

(From Veeck LL, Zaninovic N: An atlas of human blastocysts, Boca Raton, Fla,
2003, Parthenon.)

Starting after the eight-cell stage, the embryos of placental mammals enter into a
phase called compaction, during which the individual outer blastomeres tightly
adhere through gap and tight junctions and lose their individual identity when



viewed from the surface. Compaction is mediated by the concentration of
calcium (Ca*")-activated cell adhesion molecules, such as E-cadherin, in a ring
around the apical surface of the blastomeres. Through the activity of a sodium
(Na"), potassium (K*)-adenosine triphosphatase (ATPase)-based Na* transport
system, Na* and water (H,O) move across the epitheliumlike outer blastomeres
and accumulate in spaces among the inner blastomeres. This process, which
occurs about 4 days after fertilization, is called cavitation, and the fluid-filled
space is known as the blastocoele (blastocyst cavity). At this stage, the embryo
as a whole is known as a blastocyst (Fig. 3.3).




Fig. 3.3 Human embryos resulting from in vitro fertilization.

A, Morula, showing the beginning of cavitation. B, Blastocyst, showing a well-
defined inner cell mass (arrow) and blastocoele. At this stage, the zona pellucida
is very thin. C, A hatching blastocyst beginning to protrude through the zona
pellucida.

(From Veeck LL, Zaninovic N: An atlas of blastocysts, Boca Raton, Fla, 2003,
Parthenon.)

At the blastocyst stage, the embryo, which is still surrounded by the zona
pellucida, consists of two types of cells: an outer epithelial layer (the
trophoblast) that surrounds a small inner group of cells called the inner cell
mass (see Fig. 3.1). Each blastomere at the two-cell and the four-cell stage
contributes cells to both the inner cell mass and the trophoblast. The end of the
blastocyst that contains the inner cell mass is known as the embryonic pole, and
the opposite end is called the abembryonic pole. The appearance of these two
cell types reflects major organizational changes that have occurred within the
embryo and represents the specialization of the blastomeres into two distinct cell
lineages. Cells of the inner cell mass give rise to the body of the embryo itself in
addition to several extraembryonic structures, whereas cells of the trophoblast
form only extraembryonic structures, including the outer layers of the placenta.
There is increasing evidence that fibroblast growth factor-4, a growth factor
secreted by cells of the inner cell mass, acts to maintain mitotic activity in the
overlying trophoblast.



Molecular, Genetic, and Developmental Control of
Cleavage

Along with the increase in cell numbers, mammalian cleavage is a period
dominated by several critical developmental events. The earliest is the transition
from maternally to zygotically produced gene products. Another is the
polarization of individual blastomeres, which sets the stage for the
developmental decision that results in the subdivision of the cleaving embryo
into two distinct types of cells: the trophoblast and the inner cell mass (see Fig.
3.1). Most studies of the molecular biology and genetics of early mammalian
development have been done on mice. Until more information on early primate
embryogenesis becomes available, results obtained from experimentation on
mice must be used as a guide.

Because of the lack of massive storage of maternal ribosomes and RNAs during
oogenesis, development of the mammalian embryo must rely on the activation of
zygotic gene products at a very early stage. Most maternal transcription products
are degraded by the two-cell stage (Fig. 3.4). Some of these, however, stimulate
the activation of the embryonic genome, which begins producing RNAs from a
significant number of genes (>1500) by the time cleavage has advanced to the
four-cell stage. There does not seem to be a sharp transition between the
cessation of reliance on purely maternal gene products and the initiation of
transcription from the embryonic genome. Some paternal gene products (e.g.,
isoforms of pB-glucuronidase and 3,-microglobulin) appear in the embryo very

early, while maternal actin and histone mRNAs are still being used for the
production of corresponding proteins. As an indication of the extent to which the
early embryo relies on its own gene products, development past the two-cell
stage does not occur in the mouse if mRNA transcription is inhibited. In
contrast, similar treatment of amphibian embryos does not disrupt development
until late cleavage, at which time the embryos begin to synthesize the mRNAs
required to control morphogenetic movements and gastrulation.
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Fig. 3.4 Relative abundance of maternal versus zygotic transcription products in
early cleaving embryos.
Blue line, maternal mRNAs; red line, zygotic mRNAs.

Mature eggs and sperms are transcriptionally inactive. A major reason for this is
that their DNA is highly methylated. Methylation, which occurs on CpG
dinucleotides, normally inactivates the associated gene. Such inactivation is
often called epigenetic regulation because it does not alter the fundamental
DNA sequence. Methylation can inactivate informational genes or their
regulators (e.g., enhancers or promoters). Pronounced cycles of global
methylation and demethylation occur during the life span of an individual (Fig.
3.5). Within 4 hours after fertilization, the paternally derived genome undergoes
rapid, massive demethylation. Demethylation of the maternally derived genome
occurs more gradually until the early morula, at which stage all the DNA is
maximally demethylated. Remethylation ensues in the inner cell mass, until by
the late blastocyst stage it returns to maximal levels. Within the germ cell line,
the high methylation levels characteristic of the early embryo fall after the
primordial germ cells have entered the genital ridge. During later gametogenesis,
remethylation occurs. This remethylation imprints (see p. 43) maternal or



paternal characteristics on the gametes and for some genes has profound effects
on the embryos produced from these gametes. Epigenetic control is not confined
to methylation patterns. Even as early as the zygote, different patterns of histone
association with the chromatin account for pronounced differences in gene
expression between the male and female pronuclei.
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Fig. 3.5 Methylation of various classes of genes during gamete maturation and
cleavage.

Migrating primordial germ cells are highly methylated, but they lose their
methylation on entering the primitive gonad. Methylation is then lost and later
reacquired during late stages of gamete maturation. After fertilization,
methylation remains high in imprinted genes (black line), but DNA in the male
pronucleus undergoes rapid enzymatically mediated demethylation in the zygote
(blue line), whereas demethylation in the female chromosomes occurs more
slowly (over several days) (red line). This, in addition to changes in histone
patterns, accounts for the greater levels of transcription in the paternal genome
during very early development. By the blastocyst stage, high methylation levels
have returned.

(Modified from Santos F, Dean W: Reproduction 127:643-651, 2004.)

For the first couple of days after fertilization, transcriptional activity in the
cleaving embryo is very low. Similarly, fertilized eggs and early mammalian
embryos possess a limited capacity for the translation of mRNAs. The factor
limiting translational efficiency may be the small number of ribosomes stored in
the egg. As cleavage proceeds, products from maternally and paternally derived
chromosomes are active in guiding development. Haploid embryos commonly
die during cleavage or just after implantation. There is increasing evidence,
however, that the control of early development involves more than simply
having a diploid set of chromosomes in each cell.



One of the first manifestations of embryonic gene expression is the polarization
of the blastomeres of the 8-and 16-cell embryo so that they have clearly
recognizable apical and basal surfaces. The polarization of blastomeres leads to
one of the most important steps in early mammalian development, namely, the
decision that results in the appearance of two separate lines of cells—the
trophoblast and the inner cell mass—from the early homogeneous blastomeres.
In mice, up to the 8-cell stage all blastomeres are virtually identical. In the 8-cell
embryo, the surfaces of the cells are covered with microvilli, and intercellular
connections, mediated by E-cadherin, form. Shortly thereafter, differences are
noted between polarized cells that have at least one surface situated on the outer
border of the embryo and nonpolarized cells that are completely enclosed by
other blastomeres. The polarized outer cells are destined to become trophoblast,
whereas those cells located in the interior are destined to become the inner cell
mass, from which the body of the embryo arises.

The relationship between the position of the blastomeres and their ultimate
developmental fate was incorporated into the inside-outside hypothesis. The
essence of this hypothesis is that the fate of a blastomere derives from its
position within the embryo, rather than from its intrinsic properties. The outer
blastomeres ultimately differentiate into the trophoblast, whereas the inner
blastomeres form the inner cell mass. If marked blastomeres from disaggregated
embryos are placed on the surface of another early embryo, they typically
contribute to the formation of the trophoblast. Conversely, if the same marked
cells are introduced into the interior of the host embryo, they participate in the
formation of the inner cell mass (Fig. 3.6).
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Fig. 3.6 Experiments illustrating the inside-outside hypothesis of cell
determination in early mammalian embryos.

A, If a marked blastomere is inserted into the interior of a morula, it and its
progeny become part of the inner cell mass. B, If a marked blastomere is placed

on the outside of a host morula, it and its descendants contribute to the
trophoblast.

The cell polarity model offers an alternative explanation for the conversion of
generic blastomeres to trophoblast or inner cell mass. According to this
hypothesis, if the plane of cell division of a blastomere at the eight-cell stage is
parallel to the outer surface of the embryo, the outer daughter cell develops a
polarity, with its apical surface facing the zona pellucida (Fig. 3.7). The inner
daughter cell remains apolar and goes on to form part of the inner cell mass.
Experimental evidence suggests that a key element underlying a daughter cell’s
becoming an outer cell is inheritance of a patch of outer cell membrane
containing microvilli and the actin microfilament-stabilizing protein, ezrin. The
proteins that produce polarity in the outer cells are postulated to direct their
differentiation toward the trophoblastic lineage. Common to the inside-outside
hypothesis and the cell polarity model is the recognition that a cell that does not

contact the surface does not differentiate into trophoblast, but rather becomes
part of the inner cell mass.



Zona

pellu\cida = <Tr0ph0blast
T = Inner

ol cell
mass

Dividing
blastomere

Fig. 3.7 The cell polarity model of differentiation of blastomeres.

A, If the plane of cleavage of a blastomere is perpendicular to the surface of the
embryo, each daughter cell becomes trophoblast. B, If the plane of cleavage is
parallel to the surface, the daughter blastomere located at the surface becomes
trophoblast, whereas the daughter cell located on the interior becomes part of the
inner cell mass.

Even though by the 16-cell stage the embryo consists of clearly recognizable
polar outer cells and nonpolar inner cells, cells of either type still can become
transformed into cells of the other type. Thus, cells of the inner cell mass, if
transplanted to the outer surface of another embryo, can become trophoblast, and
at least some of the outer cells can turn into inner cell mass if transplanted into
the interior. By the 32-cell stage, this capability for phenotypic transformation
has become largely lost. Investigators have shown that cells of the inner cell
mass of 16-cell embryos still retain the molecular machinery to turn into
trophoblastic cells, because if the cells are exposed to the surface, they undergo
the transformation into trophoblastic cells without new mRINA synthesis.
Experiments of this type show that the developmental potential, or potency
(the types of cells that a precursor cell can form) of many cells is greater than
their normal developmental fate (the types of cells that a precursor cell
normally forms).

The changes in phenotype of the inner and outer cells are accompanied by
important molecular differences. Critical to the formation of cells of the



trophoblast is the transcription factor, Cdx-2. Cdx-2 is essential for trophoblastic
differentiation, and it also antagonizes the expression of molecules that are
associated with the inner cell mass. Increased Cdx-2 levels both enhance the
formation of molecules associated with polarization and increase the proportion
of cells that undergo symmetrical cell division, thus increasing the number of
trophoblastic cells. Cdx2 mutants fail to implant into the endometrial epithelium.

In contrast to cells of the trophoblast, which increasingly take on an epithelial
character, cells of the inner cell mass express molecules that are associated with
great developmental flexibility. Three such molecules are oct-4, Nanog, and
Sox-2.

The oct4 gene codes for a specific transcription factor that binds the octamer
ATTTGCAT on DNA. There is a close relationship between the expression of
the oct4 gene and the highly undifferentiated state of cells. In mice, maternally
derived oct-4 protein is found in developing oocytes and is active in the zygote.
After the experimentally induced loss of oct-4 protein, development is arrested at
the one-cell stage. This shows that maternally derived oct-4 protein is required to
permit development to proceed to the two-cell stage, when transcription of the
embryonic genes begins.

Oct-4 is expressed in all blastomeres up to the morula stage. As various
differentiated cell types begin to emerge in the embryo, the levels of oct4 gene
expression in these cells decrease until it is no longer detectable. Such a decrease
is first noted in cells that become committed to forming extraembryonic
structures and finally in cells of the specific germ layers as they emerge from the
primitive streak (see Chapter 5). Even after virtually all cells of the embryo have
ceased to express the oct4 gene, it is still detectable in the primordial germ cells
as they migrate from the region of the allantois to the genital ridges. Because of
its pattern of distribution, oct-4 protein is suspected to play a regulatory role in
maintenance of the undifferentiated state and in establishing and maintaining the
pluripotency of the germ cells.

Two other important genes in early development are Nanog and Sox2. Inner cells
resulting from the division of cells in the eight-cell embryo begin to produce
Sox-2, which binds onto DNA in partnership with oct-4 to regulate the
expression of genes that control cellular differentiation. Nanog first appears in
the late morula and along with Oct-4 functions to maintain the integrity of the
inner cell mass. In the absence of Nanog function, cells of the inner cell mass



differentiate into primitive endoderm (hypoblast), whereas lack of function of
oct-4 causes inner cell mass cells to differentiate into trophoblast. Overall, but
through different mechanisms, cells of both the trophoblast and inner cell mass
are normally inhibited from becoming transformed into the other type.

Parental Imprinting

Experimentation, coupled with observations on some unusual developmental
disturbances in mice and humans, has shown that the expression of certain genes
derived from the egg differs from the expression of the same genes derived from
the spermatozoon. Called parental imprinting, the effects are manifest in
different ways. It is possible to remove a pronucleus from a newly inseminated
mouse egg and replace it with a pronucleus taken from another inseminated egg
at a similar stage of development (Fig. 3.8). If a male or female pronucleus is
removed and replaced with a corresponding male or female pronucleus,
development is normal. If a male pronucleus is removed and replaced with a
female pronucleus (resulting in a zygote with two female pronuclei), however,
the embryo itself develops fairly normally, but the placenta and yolk sac are
poorly developed. Conversely, a zygote with two male pronuclei produces a
severely stunted embryo, whereas the placenta and yolk sac are nearly normal.
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Fig. 3.8 Experimental demonstrations of parental imprinting by the use of
pronuclear transplants.

Parental imprinting occurs during gametogenesis. Methylation of DNA, effected
through specific imprinting centers, is one of the major means of imprinting and
results in the differential expression of paternal and maternal alleles of the
imprinted genes. Imprinted genes are transcriptionally silenced. The imprinted
genes are maintained during development and possibly into adulthood, but a
given imprint is not passed onto that individual’s progeny. Instead, the parental
imprints on the genes are erased, and new imprints, corresponding to the sex of
that individual, are established in the oocytes and sperm during gametogenesis.

Not all genes are parentally imprinted. Present estimates suggest that up to 2100
human genes are imprinted. Clinical Correlation 3.1 discusses some conditions



and syndromes associated with disturbances in parental imprinting.

Clinical Correlation 3.1 Conditions and Syndromes Associated with Parental
Imprinting

A striking example of paternal imprinting in humans is a hydatidiform mole
(see Fig. 7.16), which is characterized by the overdevelopment of trophoblastic
tissues and the extreme underdevelopment of the embryo. This condition can
result from the fertilization of an egg by two spermatozoa and the consequent
failure of the maternal genome of the egg to participate in development or from
the duplication of a sperm pronucleus in an “empty” egg. This form of highly
abnormal development is consistent with the hypothesis that paternal imprinting
favors the development of the trophoblast at the expense of the embryo.

Several other syndromes are also based on parental imprinting. Beckwith-
Wiedemann syndrome, characterized by fetal overgrowth and an increased
incidence of childhood cancers, has been mapped to the imprinted region on
chromosome 11, which contains the genes for insulinlike growth factor-II (IGF-
I1, which promotes cell proliferation) and H19 (a growth suppressor). It occurs
when both alleles of the IGF2 gene express a paternal imprinting pattern.
Another instructive example involves deletion of regions in the long arm of
chromosome 15, specifically involving the gene UBE3A. Children of either sex
who inherit the maternal deletion develop Angelman’s syndrome, which
includes severe mental retardation, seizures, and ataxia. A child who inherits a
paternal deletion of the same region develops Prader-Willi syndrome,
characterized by obesity, short stature, hypogonadism, a bowed upper lip, and
mild mental retardation.

X-Chromosome Inactivation

Another example of the inequality of genetic expression during early
development is the pattern of X-chromosome inactivation in female embryos. It
is well known from cytogenetic studies that one of the two X chromosomes in
the cells of females is inactivated by extreme condensation. This is the basis for
the sex chromatin, or Barr body, which can be shown in cells of females, but
not in the cells of normal males. The purpose of X-chromosome inactivation is
dosage compensation, or preservation of the cells from an excess of X-



chromosomal gene products.

X-chromosome inactivation is initiated at the X-inactivation center, a unique
locus on the X chromosome. XIST (X-inactive specific transcript), one of the
genes in the X-inactivation center, produces a large RNA with no protein coding
potential. XIST RNA remains in the nucleus and coats the entire inactive X
chromosome, thus not allowing any further transcription from that chromosome.
In the inactivated X chromosome, the XIST gene is unmethylated and expressed,
whereas in the active X chromosome, this gene is methylated and silent.

Genetic studies show a complex ontogenetic history of X-chromosome
inactivation (Fig. 3.9). In the female zygote, both X chromosomes are
transcriptionally inactive, although not through the actions of XIST, because of
the global inactivation of transcription in the early cleaving embryo. By the four-
cell stage and into the morula stage, the paternally derived X chromosome
becomes inactivated as the result of parental imprinting. Then, as the embryo
forms the blastocyst, the paternally derived X chromosomes in the trophoblast
and the hypoblast (see Fig. 5.1) remain inactivated, but within the cells of the
inner cell mass both X chromosomes become active. As the cells of the inner
cell mass begin to differentiate, the somatic cells undergo random permanent
XIST-based X-chromosome inactivation of either the maternal or the paternal X
chromosome. Within the germ cell line, activation of both X chromosomes
occurs during the first meiotic division.
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Fig. 3.9 X-chromosomal inactivation and reactivation during the mammalian life
cycle.

The red and green symbols refer to inactivated paternally (red) and maternally
(green) derived X chromosomes. ICM, inner cell mass; P.B. I, first polar body;
PE, primitive (extraembryonic) endoderm; TE, trophectoderm.

(Based on Gartler SM, Riggs AD: Annu Rev Genet 17:155-190, 1983; and
Thorvaldsen JL, Verona RI, Bartolomei MS: Dev Biol 298:344-353, 2006.)



Developmental Properties of Cleaving Embryos

Early mammalian embryogenesis is considered to be a highly regulative process.
Regulation is the ability of an embryo or organ primordium to produce a normal
structure if parts have been removed or added.* At the cellular level, this means
that the fates of cells in a regulative system are not irretrievably fixed, and the
cells can still respond to environmental cues. Because the assignment of
blastomeres to different cell lineages is one of the principal features of
mammalian development, identifying the environmental factors that are involved
is important.

Of the experimental techniques used to show regulative properties of early
embryos, the simplest is to separate the blastomeres of early cleavage-stage
embryos and determine whether each one can give rise to an entire embryo. This
method has been used to show that single blastomeres from 2-cell and
sometimes 4-cell embryos can form normal embryos, although blastomeres from
later stages cannot do so. In mammalian studies, a single cell is more commonly
taken from an early cleavage-stage embryo and injected into the blastocoele of a
genetically different host. Such injected cells become incorporated into the host
embryo, to form cellular chimeras or mosaics. When genetically different donor
blastomeres are injected into host embryos, the donor cells can be identified by
histochemical or cytogenetic analysis, and their fate (the tissues that they form)
can be determined. Fate mapping experiments are important in embryology
because they allow one to follow the pathways along which a particular cell can
differentiate. Fate mapping experiments have shown that all blastomeres of an 8-
cell mouse embryo remain totipotent; that is, they retain the ability to form any
cell type in the body. Even at the 16-cell stage of cleavage, some blastomeres are
capable of producing progeny that are found in both the inner cell mass and the
trophoblastic lineage.

Another means of showing the regulative properties of early mammalian
embryos is to dissociate mouse embryos into separate blastomeres and to
combine the blastomeres of two or three embryos (Fig. 3.10). The combined
blastomeres soon aggregate and reorganize to become a single large embryo,
which goes on to become a normal-appearing tetraparental or hexaparental
mouse. By various techniques of making chimeric embryos, it is possible to
combine blastomeres to produce interspecies chimeras (e.g., a sheep-goat). It is



likely that many human genetic mosaics (chimeras), most commonly recognized
when some regions of the body are male and others are female, are the result of
the fusion of two early fraternal twin embryos. Other possibilities for chimerism
involve the exchange of cells through common vascular connections.
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Fig. 3.10 Procedure for producing tetraparental embryos.

A, Cleavage stages of two different strains of mice. B, Removal of the zona
pellucida (dashed circles). C, Fusion of the two embryos. D, Implantation of
embryos into a foster mother. E, Chimeric offspring obtained from the implanted
embryos.

A significant question in early mammalian embryology is whether any of the
three major body axes are represented in the egg or early embryo. Research on
mouse embryos has resulted in dramatically different views. According to one
view, the position of the second polar body, which after fertilization is typically
found in line with the first cleavage plane, is a marker for the future
anteroposterior axis. This would suggest that the egg before or just after
fertilization possesses at least one predetermined axis, as is the case in many
animals. Based on time-lapse photography, a contrary viewpoint posits that there
is no predetermined axial plane within the egg, and the plane of the first
cleavage division lies perpendicular to a line drawn between the final positions
of the male and female pronuclei. Similarly, conflicting experimental data have
not allowed researchers to determine whether there is any predetermined
relationship between structures in the two-or four-cell embryo and the definitive
body axes that become apparent at the time of early gastrulation. The bulk of
evidence suggests that the early mammalian embryo is a highly regulative
system and that the body axes do not become fixed until the end of cleavage or



early gastrulation.



Experimental Manipulations of Cleaving Embryos

Much of the knowledge about the developmental properties of early mammalian
embryos is the result of more recently devised techniques for experimentally
manipulating them. Typically, the use of these techniques must be combined
with other techniques that have been designed for in vitro fertilization, embryo
culture, and embryo transfer (see Chapter 2).

Classic strategies for investigating the developmental properties of embryos are
(1) removing a part and determining the way that the remainder of the embryo
compensates for the loss (such experiments are called deletion or ablation
experiments) and (2) adding a part and determining the way that the embryo
integrates the added material into its overall body plan (such experiments are
called addition experiments). Although some deletion experiments have been
done, the strategy of addition experiments has proved to be more fruitful in
elucidating mechanisms controlling mammalian embryogenesis.

Blastomere deletion and addition experiments (Fig. 3.11) have convincingly
shown the regulative nature (i.e., the strong tendency for the system to be
restored to wholeness) of early mammalian embryos. Such knowledge is
important in understanding why the exposure of early human embryos to
unfavorable environmental influences typically results in either death or a
normal embryo.
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Fig. 3.11 Blastomere addition and deletion experiments.

A, If one blastomere is killed with a needle, and the embryo is transferred into a
different-colored mother, a normal offspring of the color of the experimentally
damaged embryo is produced. B, If a blastomere of a different strain is
introduced into a blastocyst, a mosaic offspring with color markings
characteristic of the strain of the introduced blastomere is produced.

One of the most powerful experimental techniques has been the injection of
genetically or artificially labeled cells into the blastocyst cavity of a host embryo
(see Fig. 3.11B). This technique has been used to show that the added cells
become normally integrated into the body of the host embryo, thus providing
additional evidence for embryonic regulation. An equally powerful use of this
technique has been in the study of cell lineages in the early embryo. By
identifying the progeny of the injected marked cells, investigators have been able
to determine the developmental potency of the donor cells.

A technique that provides great insight into the genetic control mechanisms of
mammalian development is the production of transgenic embryos. Transgenic
embryos (commonly mice) are produced by directly injecting foreign DNA into
the pronuclei of zygotes (Fig. 3.12A). The DNA, usually recombinant DNA for
a specific gene, can be fused with a different regulatory element that can be



controlled by the investigator.

Eqgg held
by suction
A
1. Inject gene into 2. Transler zygote 3. Transgenic
pronucleus of a into host mouse mouse born
fertilized egg
s & N
i ™ 3. Inject embryonic
1. Qbtain stem cell into

stemn cells

& blastocyst
from embryo

4. Transfar
blastocyst into
host mouse

2. Gene transfer
into embryonic stem
cells in vitro

7. If progeny are genetically
altered, the changes
have been incorporated
inta germ ling

meric
mouse breeds

Fig. 3.12 A, Procedure for creating transgenic mice by pronuclear injection. B,
Procedure for inserting genes into mice by first introducing them into embryonic
stem cells and then inserting the transfected stem cells into an otherwise normal
blastocyst.

Transgenic mice can be created by injecting the rat growth hormone gene
coupled with a metallothionein promoter region (MT-I) into the pronuclei of
mouse zygotes. The injected zygotes are transplanted into the uteri of foster
mothers, which give birth to normal-looking transgenic mice. Later in life, when
these transgenic mice are fed a diet rich in zinc, which stimulates the MT-I



promoter region, the rat growth hormone gene is activated and causes the liver to
produce large amounts of the polypeptide growth hormone. The function of the
transplanted gene is obvious; under the influence of the rat growth hormone that
they are producing, the transgenic mice grow to a much larger size than their
normal littermates (Fig. 3.13).

Fig. 3.13 Photograph of two 10-week-old mice.

The one on the left (normal mouse) weighs 21.2 g. The one on the right (a
transgenic littermate of the normal mouse) carries a rat gene coding for growth
hormone. It weighs 41.2 g.

(From Palmiter RD and others: Nature 300:611-615, 1982.)

In addition to adding genes to embryos, several powerful techniques have been
developed to inactivate specific genes or gene products. At the DNA level, it is
now common to knock out a gene of interest as a way to determine its function
in normal development. Some genes have multiple functions at various times
and in various tissues throughout embryogenesis. Their function in early
development may be so critical that in the absence of its function the embryo
dies even as early as gastrulation. To deal with this problem, techniques have
been devised to interfere with tissue-specific promotors, so that the function of a
gene in a given organ (e.g., the eye) can be disrupted in the primordium of that
structure alone. Other techniques operate at the RNA level. For example,
noncoding RNAi (RNA interference), injected into an embryo, knocks down,
rather than blocks, gene expression. At the protein level, genetically engineered



nonfunctional receptor molecules injected into an embryo can displace their
normal counterparts and bind a signaling molecule without the ability to
transduce the signal into the interior of the cell. There are situations in which
each of these techniques is particularly useful in investigating a question in
development.

Some types of twinning represent a natural experiment that shows the highly
regulative nature of early human embryos, as described in Clinical Correlation
3.2

Clinical Correlation 3.2 Twinning

Some types of twinning represent a natural experiment that shows the highly
regulative nature of early human embryos. In the United States, about 1
pregnancy in 90 results in twins, and 1 in 8000 results in triplets. Of the total
number of twins born, approximately two thirds are fraternal, or dizygotic,
twins and one third are identical, or monozygotic, twins. Dizygotic twins are
the product of the fertilization of 2 ovulated eggs, and the mechanism of their
formation involves the endocrine control of ovulation. Monozygotic twins and
some triplets are the product of a single fertilized egg. They arise by the
subdivision and splitting of a single embryo. Although monozygotic twins could
theoretically arise by the splitting of a 2-cell embryo, it is commonly accepted
that most arise by the subdivision of the inner cell mass in a blastocyst, or
possibly even splitting of the epithelial epiblast a few days later (Fig. 3.14).
Because most monozygotic twins are normal, the early human embryo can
obviously be subdivided, and each component regulates to form a normal
embryo. Inferences on the origin and relationships of multiple births can be
made from the arrangement of the extraembryonic membranes at the time of
birth (see Chapter 7).



Fig. 3.14 Modes of monozygotic twinning.

A, Cleavage of an early embryo, with each half developing as a completely
separate embryo. B, Splitting of the inner cell mass of a blastocyst and the
formation of two embryos enclosed in a common trophoblast. This is the most
common mode of twinning. C, If the inner cell mass does not completely
separate, or if portions of the inner cell mass secondarily rejoin, conjoined twins
may result.

Apparently, among many sets of twins, one member does not survive to birth.
This is a reflection of the increasing recognition that perhaps most conceptuses
do not survive. According to some estimates, as many as one in eight live births
is a surviving member of a twin pair. Quadruplets or higher orders of multiple
births occur very rarely. In previous years, these could be combinations of
multiple ovulations and splitting of single embryos. In the modern era of
reproductive technology, most multiple births, sometimes up to septuplets, can
be attributed to the side effects of fertility drugs taken by the mother.



The separation of portions of an embryo is sometimes incomplete, and although
two embryos take shape, they are joined by a tissue bridge of varying
proportions. When this occurs, the twins are called conjoined twins (sometimes
colloquially called Siamese twins). The extent of bridging between the twins
varies from a relatively thin connection in the chest or back to massive fusions
along much of the body axis. Examples of the wide variety of types of conjoined
twins are illustrated in Figures 3.15 and 3.16. With the increasing sophistication
of surgical techniques, twins with more complex degrees of fusion can be
separated. A much less common variety of conjoined twin is a parasitic twin, in
which a much smaller but often remarkably complete portion of a body
protrudes from the body of an otherwise normal host twin (Fig. 3.17). Common
attachment sites of parasitic twins are the oral region, the mediastinum, and the
pelvis. The mechanism of conjoined twinning has not been directly shown
experimentally, but possible theoretical explanations are the partial secondary
fusion of originally separated portions of the inner cell mass or the formation of
two primitive streaks in a single embryo (see Chapter 5).

Fig. 3.15 Types of conjoined twins.
A, Head-to-head fusion (cephalopagus). B and C, Rump-to-rump fusion
(pygopagus). D, Massive fusion of head and trunk that results in a reduction in



the number of appendages and a single umbilical cord. E, Fusion involving head
and thorax (cephalothoracopagus). F, Chest-to-chest fusion (thoracopagus).

Fig. 3.16 A, Conjoined twins with broad truncal attachment (thoracopagus). B,
Dissected intestinal tracts from the same twins showing partial fusion of the
small intestine and mirror image symmetry of the stomachs.

(Courtesy of M. Barr, Ann Arbor, Mich.)



Fig. 3.17 Parasitic twin arising from the pelvic region of the host twin.
One well-defined leg and some hair can be seen on the parasitic twin.

(Courtesy of M. Barr, Ann Arbor, Mich.)

One phenomenon often encountered in conjoined twins is a reversal of
symmetry of the organs of one of the pair (see Fig. 3.16B). Such reversals of
symmetry are common in duplicated organs or entire embryos. More than a
century ago, this phenomenon was recorded in a large variety of biological
situations and was incorporated into what is now called Bateson’s rule, which
states that when duplicated structures are joined during critical developmental
stages, one structure is the mirror image of the other. Despite the long
recognition of this phenomenon, only in recent years has there been any
understanding of the mechanism underlying the reversal of symmetry.




Stem Cells and Cloning

A major development in biomedical research at the turn of the 21st century was
the realization that certain cells (stem cells) in both human embryos and adults
have the capacity to develop into a variety of cell and tissue types in response to
specific environments. In embryos, stem cells can be derived from the inner cell
mass (embryonic stem cells [ES cells]) or primordial germ cells (embryonic
germ cells). In adults, stem cells have been isolated from tissues as diverse as
bone marrow, skeletal muscle, brain tissue, and fat. Regardless of their origin,
stem cells are maintained and propagated in an undifferentiated state in culture.
Characteristically, stem cells express oct4, Sox2, and Nanog (see p. 42), which
are involved in maintaining the undifferentiated state.

In response to specific combinations of exogenous agents (e.g., cocktails of
growth factors) added to the culture medium, stem cells can be induced to
differentiate into specific adult cell types, for example, red and white blood cells,
neurons, skeletal and cardiac muscle, or cartilage. When introduced into living
tissues, poorly defined local factors can direct the differentiation of adult or
embryonic stem cells into specific adult cell types. These techniques have
tremendous potential for the treatment of a variety of conditions, including
diabetes, parkinsonism, blood diseases, and spinal cord injury, but many
complicating factors (e.g., immune rejection of the implanted cells) must be
dealt with before these techniques become practical and safe for human
application.

An important development in stem cell technology has been the production of
induced pluripotent stem cells (IPS cells) from somatic cells of adults. If genes
characteristic of embryonic stem cells (e.g., Oct4, Sox2, and Nanog) are
introduced into a differentiated adult cell (e.g., a fibroblast), the cell will then
assume the properties of an embryonic stem cell. Like an embryonic stem cell,
an artificially created stem cell that is exposed to an appropriate environment
will be capable of differentiating into a wide variety of other adult cell types.
This technique has great potential for patient-specific therapy. For example, in
the treatment of a genetic disease characterized by the inability to manufacture a
specific molecule, cells of a patient could be converted into IPS cells, subjected
to corrective gene therapy, and then reintroduced into that person’s body. Under
ideal conditions, the introduced IPS cells would then begin to produce the



deficient molecule. Cloning, which is often confused with stem cell technology,
consists of fusing or introducing an adult cell or nucleus into an enucleated
oocyte and allowing the hybrid cell to develop into an embryo and ultimately to
mature into an adult. Although forms of cloning have been successfully
accomplished since the 1960s, the creation of the sheep Dolly in 1996 had the
greatest influence on the public imagination. Cloning is not easily accomplished,
and there is a significant incidence of abnormal development among cloned
individuals.

Cloning and stem cell technology have brought to light significant ethical and
societal issues. For example, human embryonic stem cells have been introduced
into mouse blastocysts in an attempt to determine the influences that control
their differentiation. It will be fascinating to see how these issues, all sides of
which have profound implications, are resolved.

Genetic engineering of specific genes is possible in ES cells. When such
genetically manipulated cells are introduced into blastocysts, they can become
incorporated into the host embryo (see Fig. 3.12B). If the progeny of a
genetically engineered ES cell become incorporated into the germline, the
genetic trait can be passed to succeeding generations.



Embryo Transport and Implantation



Transport Mechanisms by the Uterine Tube

The entire period of early cleavage occurs while the embryo is being transported
from the place of fertilization to its implantation site in the uterus (see Fig. 2.2).
It is increasingly apparent that the early embryo and the female reproductive
tract influence one another during this period of transport. One such influence is
early pregnancy factor, a molecule of the heat shock protein family and
homologous to chaperonin 10, an intramitochondrial protein. Early pregnancy
factor, which is detectable in maternal blood within 36 to 48 hours after
fertilization, is an immunosuppressant and is postulated to provide
immunological protection to the embryo. Although this factor is produced by the
embryo, its presence in serum seems to result from its synthesis and secretion by
the ovary. Because the assay for this protein is cumbersome, it has not found
wide use in pregnancy testing.

At the beginning of cleavage, the zygote is still encased in the zona pellucida
and the cells of the corona radiata. The corona radiata is lost within 2 days of the
start of cleavage. The zona pellucida remains intact, however, until the embryo
reaches the uterus.

The embryo remains in the ampullary portion of the uterine tube for
approximately 3 days. It then traverses the isthmic portion of the tube in as little
as 8 hours. Under the influence of progesterone, the uterotubal junction relaxes,
thus allowing the embryo to enter the uterine cavity. A couple of days later (6 to
8 days after fertilization), the embryo implants into the midportion of the
posterior wall of the uterus.



Z.ona Pellucida

During the entire period from ovulation until entry into the uterine cavity, the
ovum and the embryo are surrounded by the zona pellucida. During this time,
the composition of the zona changes, through contributions from the blastomeres
and the maternal reproductive tissues. These changes facilitate the transport and
differentiation of the embryo. After the embryo reaches the uterine cavity, it
begins to shed the zona pellucida in preparation for implantation. This is
accomplished by a process called blastocyst hatching. A small region of the
zona pellucida, usually directly over the inner cell mass in the primate, dissolves,
and the blastocyst emerges from the hole. In rodents, blastocyst hatching is
accomplished through the action of cysteine protease enzymes that are released
from long microvillous extensions (trophectodermal projections) protruding
from the surfaces of the trophoblastic cells. Over a narrow time window (4 hours
in rodents), the zona pellucida in this area is digested, and the embryo begins to
protrude. In the uterus, the trophectodermal projections then make contact with
the endometrial epithelial cells as the process of implantation begins. Enzymatic
activity around the entire trophoblast soon begins to dissolve the rest of the zona
pellucida. Only a few specimens of human embryos have been taken in vivo
from the period just preceding implantation, but in vitro studies on human
embryos suggest a similar mechanism, which probably occurs 1 to 2 days before
implantation (see Fig. 3.3C). Box 3.1 summarizes the functions of the zona
pellucida.

Box 3.1 Summary of Functions of the Zona Pellucida
1. It promotes maturation of the oocyte and follicle.

2. The zona pellucida serves as a barrier that normally allows only sperm of the
same species access to the egg.

3. It initiates the acrosomal reaction.

4. After fertilization, the modified zona pellucida prevents any additional
spermatozoa from reaching the zygote.

5. During the early stages of cleavage, it acts as a porous filter through which



certain substances secreted by the uterine tube can reach the embryo.

6. Because it lacks histocompatibility (human leukocyte) antigens, the zona
pellucida serves as an immunological barrier between the mother and the
antigenically different embryo.

7. It prevents the blastomeres of the early cleaving embryo from dissociating.
8. It facilitates the differentiation of trophoblastic cells.

9. It normally prevents premature implantation of the cleaving embryo into the
wall of the uterine tube.




Implantation into the Uterine Lining

Approximately 6 to 7 days after fertilization, the embryo begins to make a firm
attachment to the epithelial lining of the endometrium. Soon thereafter, it sinks
into the endometrial stroma, and its original site of penetration into the
endometrium becomes closed over by the epithelium, similar to a healing skin
wound.

Successful implantation requires a high degree of preparation and coordination
by the embryo and the endometrium (Table 3.1). The complex hormonal
preparations of the endometrium that began at the close of the previous
menstrual period all are aimed at providing a suitable cellular and nutritional
environment for the embryo. Even before actual contact is made between the
embryo and endometrium, the uterine epithelium secretes into the uterine fluid
certain cytokines and chemokines that facilitate the implantation process. At the
same time, cytokine receptors appear on the surface of the trophoblast.
Dissolution of the zona pellucida signals the readiness of the embryo to begin
implantation.

Table 3.1 Stages in Human Implantation



Age

(Days) Developmental Event in Embryos

5 Maturation of blastocyst

5 Loss of zona pellucida from blastocyst

67 Attachment of blastocyst to uterine
epithelium

6-7 Epithelial penetration

7%-9 Trophoblastic plate formation and
invasion of uterine stroma by blastocyst

9-11 Lacuna formation along with erosion of
spiral arteries in endometrium

12-13 Primary villus formation

13-15 Secondary placental villi, secondary yolk
sac formation

16-18 Branching and anchoring villus formation

18-22 Tertiary villus formation

Modified from Enders AC: Implantation, embryclogy. In Encvclopedia of
human biology, vol 4, New York, 1991, Academic Press.

The first stage in implantation consists of attachment of the expanded blastocyst
to the endometrial epithelium. The apical surfaces of the hormonally conditioned
endometrial epithelial cells express various adhesion molecules (e.g., integrins)
that allow implantation to occur in the narrow window of 20 to 24 days in the
ideal menstrual cycle. Correspondingly, the trophoblastic cells of the
preimplantation blastocyst also express adhesion molecules on their surfaces.
The blastocyst attaches to the endometrial epithelium through the mediation of
bridging ligands. Some studies have stressed the importance of the cytokine
leukemia-inhibiting factor (LIF) on the endometrial surface and LIF receptors
on the trophoblast during implantation. In vivo and in vitro studies have shown
that attachment of the blastocyst occurs at the area above the inner cell mass
(embryonic pole), a finding suggesting that the surfaces of the trophoblast are
not all the same.

The next stage of implantation is penetration of the uterine epithelium. In
primates, the cellular trophoblast undergoes a further stage in its differentiation
just before it contacts the endometrium. In the area around the inner cell mass,
cells derived from the cellular trophoblast (cytotrophoblast) fuse to form a



multinucleated syncytiotrophoblast. Although only a small area of
syncytiotrophoblast is evident at the start of implantation, this structure
(sometimes called the syntrophoblast) soon surrounds the entire embryo. Small
projections of syncytiotrophoblast insert themselves between uterine epithelial
cells. They spread along the epithelial surface of the basal lamina that underlies
the endometrial epithelium to form a flattened tropheblastic plate. Within a day
or so, syncytiotrophoblastic projections from the small trophoblastic plate begin
to penetrate the basal lamina. The early syncytiotrophoblast is a highly invasive
tissue, and it quickly expands and erodes its way into the endometrial stroma
(Fig. 3.18A and B). Although the invasion of the syncytiotrophoblast into the
endometrium is obviously enzymatically mediated, the biochemical basis in
humans is not well understood. By 10 to 12 days after fertilization, the embryo is
completely embedded in the endometrium. The site of initial penetration is first
marked by a bare area or a noncellular plug and is later sealed by migrating
uterine epithelial cells (Fig. 3.18C and D).
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Fig. 3.18 Major stages in implantation of a human embryo.

A, The syncytiotrophoblast is just beginning to invade the endometrial stroma.
B, Most of the embryo is embedded in the endometrium; there is early formation
of the trophoblastic lacunae. The amniotic cavity and yolk sac are beginning to
form. C, Implantation is almost complete, primary villi are forming, and the
extraembryonic mesoderm is appearing. D, Implantation is complete; secondary
villi are forming.



As early implantation continues, projections from the invading
syncytiotrophoblast envelop portions of the maternal endometrial blood vessels.
They erode into the vessel walls, and maternal blood begins to fill the isolated
lacunae that have been forming in the trophoblast (see Fig. 3.18C and D).
Trophoblastic processes enter the blood vessels and even share junctional
complexes with the endothelial cells. By the time blood-filled lacunae have
formed, the trophoblast changes character, and it is not as invasive as it was
during the first few days of implantation. Leakage of blood from the uterus at
this stage can produce “spotting,” which is sometimes misinterpreted to be an
abnormal menstrual period.

While the embryo burrows into the endometrium, and some cytotrophoblastic
cells fuse into syncytiotrophoblast, the fibroblastlike stromal cells of the
edematous endometrium swell, with the accumulation of glycogen and lipid
droplets (see Fig. 7.6). These cells, called decidual cells, are tightly adherent
and form a massive cellular matrix that first surrounds the implanting embryo
and later occupies most of the endometrium. Concurrent with the decidual
reaction, as this transformation is called, the leukocytes that have infiltrated the
endometrial stroma during the late progestational phase of the endometrial cycle
secrete interleukin-2, which prevents maternal recognition of the embryo as a
foreign body during the early stages of implantation. An embryo is antigenically
different from the mother and consequently should be rejected by a cellular
immune reaction similar to the type that rejects an incompatible heart or kidney
transplant. A primary function of the decidual reaction apparently is to provide
an immunologically privileged site to protect the developing embryo from being
rejected, but a real understanding of how this is accomplished has resisted years
of intensive research.

Frequently, a blastocyst fails to attach to the endometrium, and implantation
does not occur. Failure of implantation is a particularly vexing problem in in
vitro fertilization and embryo transfer procedures, for which the success rate of
implantation of transferred embryos remains at about 25% to 30% (see Clinical
Carrelation 2.1).

Clinical Vignette

Within a week, 2 young women in their 20s come to the emergency department
of a large city hospital. Each woman complains of acute pain in the lower right



abdominal quadrant. On physical examination, both patients are exquisitely
sensitive to mild pressure in that area.

Further questioning of the first woman reveals that she had a menstrual period 2
weeks previously. Emergency surgery was performed and found that the woman
had a ruptured appendix.

The second young woman gives a history of gonorrhea and has been treated for
pelvic inflammation. Her last menstrual period was 9 weeks previously. During
emergency surgery, her right uterine tube is removed.

What was the likely reason for doing so?




Embryo Failure and Spontaneous Abortion

Many fertilized eggs (>50%) do not develop to maturity and are spontaneously
aborted. Most spontaneous abortions (miscarriages) occur during the first 3
weeks of pregnancy. Because of the small size of the embryo at that time,
spontaneous abortions are often not recognized by the mother, who may equate
the abortion and attendant hemorrhage with a late and unusually heavy
menstrual period.

Examinations of early embryos obtained after spontaneous abortion or from uteri
removed by hysterectomy during the early weeks of pregnancy have shown that
many of the aborted embryos are highly abnormal. Chromosomal abnormalities
represent the most common category of abnormality in abortuses (about 50% of
the cases). When viewed in the light of the accompanying pathological
conditions, spontaneous abortion can be viewed as a natural mechanism for
reducing the incidence of severely malformed infants.



Summary

m Early human cleavage is slow, with roughly a single cleavage division
occurring per day for the first 3 to 4 days. The cleaving embryo passes through
the morula stage (16 cells) and enters a stage of compaction. By day 4, a fluid-
filled blastocoele forms within the embryo, and the embryo becomes a blastocyst
with an inner cell mass surrounded by trophoblast.

m The zygote relies on maternal mRNAs, but by the two-cell stage, the
embryonic genome becomes activated. The oct4, Sox2, and Nanog genes are
important in very early development, and their expression is associated with the
undifferentiated state of cells.

m Through parental imprinting, specific homologous chromosomes derived from
the mother and father exert different effects on embryonic development. In
female embryos, one X chromosome per cell becomes inactivated through the
action of the XIST gene, thus forming the sex chromatin body. The early embryo
has distinct patterns of X-chromosomal inactivation.

m The early mammalian embryo is highly regulative. It can compensate for the
loss or addition of cells to the inner cell mass and still form a normal embryo.
The decision to form trophoblast versus inner cell mass relates to division
patterns of polarized cells, starting at the eight-cell stage. According to the
inside-outside hypothesis, the position of a blastomere determines its
developmental fate (i.e., whether it becomes part of the inner cell mass or the
trophoblast).

m Transgenic embryos are produced by injecting ribosomal DNA (rDNA) into
the pronuclei of zygotes. Such embryos are used to study the effects of specific
genes on development. Other techniques involve knocking out genes or
interfering with the further processing of gene products.

m Monozygotic twinning, usually caused by the complete separation of the inner
cell mass, is possible because of the regulative properties of the early embryo.
Incomplete splitting of the inner cell mass can lead to the formation of conjoined
twins.



m After fertilization, the embryo spends several days in the uterine tube before
entering the uterus. During this time, it is still surrounded by the zona pellucida,
which prevents premature implantation.

m Implantation of the embryo into the uterine lining involves several stages:
apposition of the expanded (hatched) blastocyst to the endometrial epithelium,
penetration of the uterine epithelium, invasion into the tissues underlying the
epithelium, and erosion of the maternal vascular supply. Connective tissue cells
of the endometrium undergo the decidual reaction in response to the presence of
the implanting embryo. Implantation is accomplished through the invasive
activities of the syncytiotrophoblast, which is derived from the cytotrophoblast.

m Implantation of the embryo into a site other than the upper uterine cavity
results in an ectopic pregnancy (Clinical Correlation 3.3). Ectopic pregnancy is
most often encountered in the uterine tube.

m High percentages of fertilized eggs and early embryos do not develop and are
spontaneously aborted. Many of these embryos contain major chromosomal
abnormalities.

Clinical Correlation 3.3 Ectopic Pregnancy

The blastocyst normally implants into the posterior wall of the uterine cavity. In
a small percentage (0.25% to 1%) of cases, however, implantation occurs in an
abnormal site. Such a condition is known as an ectopic pregnancy.

Tubal pregnancies are the most common type of ectopic pregnancy. Although
most tubal pregnancies are found in the ampullary portion of the tube, they can
be located anywhere, from the fimbriated end to the uterotubal junction (Fig.
3.19). Tubal pregnancies (Fig. 3.20) are most commonly seen in women who
have had endometriosis (a condition characterized by the presence of
endometriumlike tissue in abnormal locations), earlier surgery, or pelvic
inflammatory disease. Scarring from inflammation or sometimes anatomical
abnormalities result in blind pockets among the mucosal folds of the uterine
tube; these can trap a blastocyst. Typically, the woman shows the normal signs
of early pregnancy, but at about 2 to 2% months, the implanted embryo and its
associated trophoblastic derivatives have grown to the point where the stretching
of the tube causes acute abdominal pain. If untreated, a tubal pregnancy typically



ends with rupture of the tube and hemorrhage, often severe enough to be life-
threatening to the mother.

Interstitial 2%

Isthmic 25%

Abdominal 0.2%
on intestine

On rectouterine
¥ pouch 1.0%

Fig. 3.19 Sites of ectopic pregnancy (indicated by red dots) and the frequency of
their occurrence.



Fig. 3.20 Ruptured ectopic pregnancy in a 34-year-old woman.
Because of the increasing size of the fetus and associated membranes, the uterine
tube ruptured during the third month of pregnancy.

(From Rosai J: Ackerman’s surgical pathology, vol 2, ed 8, St Louis, 1996,
Mosby.)

Very rarely, an embryo implants in the ovary (ovarian pregnancy) or in the
abdominal cavity (abdominal pregnancy). Such instances can be the result of
fertilization of an ovum before it enters the tube, the reflux of a fertilized egg
from the tube, or, very rarely, the penetration of a tubal pregnancy through the
wall of the tube. The most common implantation site for an abdominal
pregnancy is in the rectouterine pouch (pouch of Douglas), which is located
behind the uterus. Implantation on the intestinal wall or mesentery is very
dangerous because of the likelihood of severe hemorrhage as the embryo grows.
In some instances, an embryo has developed to full term in an abdominal
location. If not delivered, such an embryo can calcify, forming a lithopedion.

Within the uterus, an embryo can implant close to the cervix. Although
embryonic development is likely to be normal, the placenta typically forms a



partial covering over the cervical canal. This condition, called placenta previa,
can result in hemorrhage during late pregnancy and, if untreated, is likely to
cause the death of the fetus, the mother, or both because of premature placental
detachment with accompanying hemorrhage. Implantation directly within the
cervical canal is extremely rare.

Review Questions

1. What is the most common condition associated with spontaneously
aborted embryos?

A. Maternal imprinting

B. Paternal imprinting

C. Ectopic pregnancy

D. Chromosomal abnormalities

E. Lack of X-chromosomal inactivation

2. What tissue from the implanting embryo directly interfaces with the
endometrial connective tissue?

A. Corona radiata

B. Inner cell mass

C. Extraembryonic mesoderm
D. Epiblast

E. Syncytiotrophoblast

3. Identical twinning is made possible by what process or property of the
early embryo?

A. Regulation

B. Aneuploidy

C. Paternal imprinting

D. Maternal imprinting

E. X-chromosomal inactivation

4. The zona pellucida:

A. Aids in penetration of the endometrial epithelium
B. Serves as a source of nutrients for the embryo



C. Prevents premature implantation of the cleaving embryo
D. All of the above
E. None of the above

5. What is the importance of the inner cell mass of the cleaving embryo?

6. Parental imprinting is a phenomenon showing that certain homologous
maternal and paternal chromosomes have different influences on the
development of the embryo. Excess paternal influences result in the
abnormal development of what type of tissue at the expense of development
of the embryo itself?

7. What is the function of integrins in implantation?

8. What is the cellular origin of the syncytiotrophoblast of the implanting
embryo?

9. A woman who is 2 to 3 months pregnant suddenly develops severe lower
abdominal pain. In the differential diagnosis, the physician must include the
possibility of what condition?
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“In contrast to regulative development is mosaic development, which is
characterized by the inability to compensate for defects or to integrate extra cells
into a unified whole. In a mosaic system, the fates of cells are rigidly
determined, and removal of cells results in an embryo or a structure missing the
components that the removed cells were destined to form. Most regulative
systems have an increasing tendency to exhibit mosaic properties as
development progresses.



Fundamental Molecular Processes in
Development

From a functional standpoint, many of the important molecules that guide
embryonic development can be grouped into relatively few categories. Some of
them remain in the cells that produced them and act as transcription factors
(Fig. 4.2). Transcription factors are proteins possessing domains that bind to the
DNA of promoter or enhancer regions of specific genes. They also possess a
domain that interacts with RNA polymerase II or other transcription factors and
consequently regulates the amount of messenger RNA (mRNA) produced by the
gene.
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Transcription molecules
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matrix
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Fig. 4.2 Schematic representation of types of developmentally important
molecules and their sites of action.

Other molecules act as intercellular signaling molecules. Such molecules leave
the cells that produce them and exert their effects on others, which may be



neighboring cells or cells located at greater distances from the cells that produce
the signaling molecules. Many signaling molecules are members of large
families of related proteins, called growth factors. To exert their effect,
signaling molecules typically bind as ligands to receptor molecules that are
often transmembrane proteins protruding through the plasma membrane of the
cells that they affect. When these receptor molecules form complexes with
signaling molecules, they set off a cascade of events in a signal transduction
pathway that transmits the molecular signal to the nucleus of the responding
cell. This signal influences the nature of the gene products produced by that cell
and often the cell’s future course of development.



Transcription Factors

Many families of molecules act as transcription factors. Some transcription
factors are general ones that are found in virtually all cells of an organism. Other
transcription factors are specific for certain types of cells and stages of
development. Specific transcription factors are often very important in initiating
patterns of gene expression that result in major developmental changes. They
typically do so by acting on promoters or enhancers to activate or repress the
transcription of specific genes. Based on their structure and how they interact
with DNA, transcription factors can be subdivided into several main groups, the
most important of which are introduced here.

Homeobox-Containing Genes and Homeodomain Proteins

One of the most important types of transcription factors is represented by the
homeodomain proteins. These proteins contain a highly conserved
homeodomain of 60 amino acids; a homeodomain is a type of helix-loop-helix
region (Fig. 4.3). The 180 nucleotides in the gene that encode the homeodomain
are collectively called a homeobox. Homeobox regions were first discovered in
the homeotic genes of the antennapedia and bithorax complex in Drosophila
(see Fig. 4.1), hence their name. This designation sometimes confuses students
because, since their initial description, homeoboxes have been found in several
more distantly related genes outside the homeotic gene cluster. Many other gene
families contain not only a homeobox but also other conserved sequences (Fig.
4.4).
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Fig. 4.3 Structure of a typical homeodomain protein.
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represent the homeobox within each gene class. The other boxes represent
conserved motifs specific to each class of genes.

(Modified from Duboule D, ed: Guidebook to the homeobox genes, Oxford,
1994, Oxford University Press.)

HOX Genes

The Drosophila antennapedia-bithorax complex consists of 8 homeobox-
containing genes located in 2 clusters on one chromosome. Mice and humans
possess at least 39 homologous homeobox genes (called Hox genes in
vertebrates [HOX in humans]), which are found in 4 clusters on 4 different
chromosomes (Fig. 4.5). The Hox genes on the 4 mammalian chromosomes are
arranged in 13 paralogous groups.
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Fig. 4.5 Organization of the human HOX complex.
Genes on the 3’ ends of each of the complexes are expressed earlier and more
anteriorly than those on the 5" end (right).

(Based on Scott MP: Cell 71:551-553, 1992.)

Vertebrate Hox genes play a prominent role in the craniocaudal segmentation of
the body, and their spatiotemporal expression proceeds according to some
remarkably regular rules. The genes are activated and expressed according to a
strict sequence in the 3’ to 5’ direction, corresponding to their positions on the
chromosomes. Consequently, in Drosophila and mammals, 3" genes are
expressed earlier and more anteriorly than are 5’ genes (Fig. 4.6). Mutations of
Hox genes result in morphological transformations of the segmental structures in
which a specific gene is normally expressed. Generally, loss-of-function
mutations result in posterior-to-anterior transformations (e.g., cells of a given
segment form the structural equivalent of the next most anterior segment), and
gain-of-function mutations result in anterior-to-posterior structural
transformations. Figure 4.7 illustrates an experiment in which injection of an
antibody to a homeodomain protein into an early frog embryo resulted in the
transformation of the anterior spinal cord into an expanded hindbrain.
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(Based on DeRobertis EM, Oliver G, Wright CVE: Sci Am 263:46-52, 1990.
Copyright Patricia J. Wynne.)
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Fig. 4.7 Effect of interference of XIHbox 1 (~Hoxc-6) function on development
in Xenopus.

A, Normal larva, showing a discrete band (green) of XIHbox 1 expression. B,
Caudal expansion of the hindbrain after antibodies to XIHbox 1 protein are
injected into the early embryo.

(Based on Wright CV and others: Cell 59:81-93, 1989.)

Although Hox genes were originally described to operate along the main body
axis, sequential arrays of expression are found in developing organs or regions
as diverse as the gut, the limbs, and the internal and external genitalia. The
expression of isolated Hox genes also occurs in locations such as hair follicles,
blood cells, and developing sperm cells. The principal function of the Hox genes
is involved in setting up structures along the main body axis, but ordered groups
of Hox genes are later reused in guiding the formation of several specific
nonaxial structures. In mammals, individual members of a paralogous group
often have similar functions, so that if one Hox gene is inactivated, the others of
that paralogous group may compensate for it. If all members of a paralogous
group are inactivated, profound morphological disturbances often result (see p.

171 in Chapter 9).

The regulation of Hox gene expression is complex. A major regulator along parts



of the anteroposterior axis of the developing central nervous system is retinoic
acid, but this effect is mediated by other genes. At a different level, Hox
expression is influenced by modifications of chromatin and the three-
dimensional organization of the chromosomes. Even after the transcription has
occurred, microRNAs (miRNAs) may cleave Hox mRNAs and inactivate them.

Pax Genes

The Pax gene family, consisting of 9 known members, is an important group of
genes that are involved in many aspects of mammalian development (Fig. 4.8).
The Pax genes are homologous to the Drosophila pair-rule segmentation genes
(see Fig. 4.1). All Pax proteins contain a paired domain of 128 amino acids that
binds to DNA. Various members of this group also contain entire or partial
homeobox domains and a conserved octapeptide sequence. Pax genes play a
variety of important roles in the sense organs and developing nervous system,
and outside the nervous system they are involved in cellular differentiative
processes when epithelial-mesenchymal transitions occur.

Chromosomal
localization Mutants
|Gene | Human | N PD Oct HD C Sites of expression Mouse Human |
' [ 1t Scleralome, perivertebral | Undulated Verebral
Fax-1 | 20p11 E,—ZIDO mesenchyme, thymus {Lan) mallormaltions
; 14q12 ——-h Sclerotome, perivertebral i . 4 s
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=it Urogenital, CNS, eye, e Ocular-renal
A B D!—- D DOUH inner ear KO: no kidneys syndromes
Pax-5 ‘ 9p13 —ﬂ"' ,IjD-O[lﬂi Pro-B cells, CNS KO: no B cells
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Fig. 4.8 Summary diagram of the members of the Pax gene family, showing
their location on human chromosomes, sites of expression, and known effects of



mutants in human and mouse.
The structures of conserved elements of these genes are schematically
represented. CNS, central nervous system; KO, knockout.

(Modified from Wehr R, Gruss P: Int J Dev Biol 40:369-377, 1996; and Epstein
JC: Trends Cardiovasc Med 6:255-260, 1996.)

Other Homeobox-Containing Gene Families

The POU gene family is named for the acronym of the first genes identified:
Pitl, a gene uniquely expressed in the pituitary; Octl and Oct2; and Unc86, a
gene expressed in a nematode. Genes of the POU family contain, in addition to a
homeobox, a region encoding 75 amino acids, which also bind to DNA through
a helix-loop-helix structure. As described in Chapter 3 (see p. 42), Oct-4 plays
an important role during early cleavage.

The Lim proteins constitute a large family of homeodomain proteins, some of
which bind to the DNA in the nucleus and others of which are localized in the
cytoplasm. Lim proteins are involved at some stage in the formation of virtually
all parts of the body. As discussed in Chapter 5 (see p. 83), the absence of
certain Lim proteins results in the development of headless mammalian
embryos.

The DIx gene family, similar to the Hox gene family, is a group of genes that
have been phylogenetically conserved. The six members of this group in
mammals are related to the single distalless gene in Drosophila, and they play
important roles in patterning, especially of outgrowing structures, in early
embryos. The mammalian DIx genes operate in pairs, which are closely
associated with Hox genes. DIx5 and DIx6 are located 5' to Hoxal3; DIx3 to
DIx7 are 5' to Hoxb13; and DIx1 and DIx2 are 5' to Hoxd13. In addition to being
involved in appendage development, DIx gene products are involved in
morphogenesis of the jaws and inner ear and in early development of the
placenta.

The Msx genes (homologous to the muscle-segment homeobox [msh] gene in
Drosophila) constitute a small, highly conserved family of homeobox-containing
genes, with only two representatives in humans. Nevertheless, the Msx proteins
play important roles in embryonic development, especially in
epitheliomesenchymal interactions in the limbs and face. Msx proteins are



general inhibitors of cell differentiation in prenatal development, and in
postnatal life they maintain the proliferative capacity of tissues.

T-Box Gene Family

The T-box (Tbx) genes take their names from the brachyury (T) locus, which
was recognized as early as 1927 to cause short tails in heterozygotic mice. In
1990, the gene was cloned and found to contain a conserved region (the T-box),
coding 180 to 200 amino acids, which binds to a specific nucleotide sequence in
the DNA. Initially thought to be a single gene, an entire family of T-box genes
with more than 100 members (18 genes in the human genome) has been
described. Genes of this family play important roles in development, such as
inducing the mesodermal germ layer and in coordinating outgrowth of either the
arm or the leg.

Helix-Loop-Helix Transcription Factors
Basic Helix-Loop-Helix Proteins

The transcription factors of the basic helix-loop-helix type are proteins that
contain a short stretch of amino acids in which two a-helices are separated by an
amino acid loop. This region, with an adjacent basic region, allows the
regulatory protein to bind to specific DNA sequences. The basic regions of these
proteins bind to DNA, and the helix-loop-helix domain is involved in
homodimerization or heterodimerization. This configuration is common in
numerous transcription factors that regulate myogenesis (see Fig. 9.33).

Forkhead Gene Family

Another large family of transcription factors (>100 members, with 30 in mice)
constitutes the forkhead (Fox) genes. As a variant of the helix-loop-helix theme,
a common element among the forkhead proteins is the forkhead DNA-binding
region, which is constituted as a winged helix structure. The Fox genes are
expressed in many developing organs throughout the body. They tend to have
microscopically distinct domains within a developing organ and can work
together to direct the morphogenesis of a structure.

Zinc Finger Transcription Factors



The zinc finger family of transcription factors consists of proteins with regularly
placed cystidine and histidine units that are bound by zinc ions to cause the
polypeptide chain to pucker into fingerlike structures (Fig. 4.9). These “fingers”
can be inserted into specific regions in the DNA helix.

Fig. 4.9 A, Binding to DNA of a zinc finger. B, Structure of a zinc finger DNA-
binding sequence.

Sox Genes

The Sox genes comprise a large family (>20 members) that have in common an
HMG (high-mobility group) domain on the protein. This domain is unusual for
a transcription factor in that, with a partner protein, it binds to 7 nucleotides on
the minor instead of the major groove on the DNA helix and causes a
pronounced conformational change in the DNA. Sox proteins were first
recognized in 1990, when the SRY gene was shown to be the male-determining
factor in sex differentiation (see p. 389), and the name of this group, Sox, was
derived from Sry HMG box. One characteristic of Sox proteins is that they work
in concert with other transcription factors to influence expression of their target
genes (Fig. 4.10). As may be expected from their large number, Sox proteins are
expressed by most structures at some stage in their development.
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Fig. 4.10 Examples of Sox proteins forming complexes with other transcription
factors as they influence the expression of specific genes (labels below the helix
representing DNA).

Tissues influenced by the Sox-based gene regulation (right).

WT1

WT1 (Wilms tumor suppressor gene) is an isolated gene that in prenatal life
plays a prominent role in formation of both the kidneys and gonads. It is crucial
for the development of the early forms of the kidney and for the formation of the
definitive adult kidney. In addition, WT1 is necessary for formation of the
gonads. Its name derives from Wilms tumor, a prominent type of kidney tumor
in young children.



Signaling Molecules

Much of embryonic development proceeds on the basis of chemical signals sent
from one group of cells and received and acted on by another. A significant
realization is that the same signaling molecule can be used at many different
times and places as the embryo takes shape. Locally controlled factors, such as
the concentration or duration of exposure to a signaling molecule, are often
important determinants of the fate of a group of responding cells. This situation
reduces greatly the number of signaling molecules that need to be employed.
Most signaling molecules are members of several, mostly large, families. The
specific sequence of signaling molecule (ligand) — receptor — signal
transduction pathway is often called a signaling pathway. This section outlines
the major families of signaling molecules that guide embryonic development.

Transforming Growth Factor-p Family

The transforming growth factor-p (TGF-B) superfamily consists of numerous
molecules that play a wide variety of roles during embryogenesis and postnatal
life. The TGF family was named because its first-discovered member (TGF-f3,)

was isolated from virally transformed cells. Only later was it realized that many
signaling molecules with greatly different functions during embryonic and
postnatal life bear structural similarity to this molecule. Table 4.1 summarizes
some of these molecules and their functions.

Table 4.1 Members of the Transforming Growth Factor-f3 Superfamily
Mentioned in This Text



Member Representative Functions Chapters

TGF-§1 to TGF-35 Mesodermal induction 5
Myoblast proliferation 9
Invasion of cardiac jelly by atrioventricular endathelial cells 17
Activin Granulosa cell proliferation 1
Mesodermal Induction 5
Inhibin Inhibition of gonadotropin secretion by hypophysis 1
Mallerian inhibiting substance Regression of paramesonephric ducts 16
Decapentaplegic Signaling in limb development 10
Vgl Mesodermal and primitive streak induction 5
BMP-1 to BMP-15 Induction of neural plate, induction of skeletal differentiation, and 5, 9,10
other inductions
Nodal Formation of mesoderm and primitive streak, left-right axial fixation 5
Glial cell line-derived neurotrophic factor Induction of outgrowth of ureteric bud, neural colenization of gut 16,12
Lefty Determination of body asymmetry 5

BMP. bone marphogenetic protein; TGF-, trareforming growth factor-f.

The formation, structure, and modifications of TGF-[3; are representative of

many types of signaling molecules and are used as an example (Fig. 4.11).
Similar to many members of this family, TGF-f; is a disulfide-linked dimer,

which is synthesized as a pair of inactive 390-amino acid precursors. The
glycosylated precursor consists of a small N-terminal signal sequence, a much
larger proregion, and a 112-amino acid C-terminal bioactive domain. The
proregion is enzymatically cleaved off the bioactive domain at a site of 4 basic
amino acids adjoining the bioactive domain. After secretion from the cell, the
proregion of the molecule remains associated with the bioactive region, thus
causing the molecule to remain in a latent form. Only after dissociation of the
proregion from the bioactive region does the bioactive dimer acquire its
biological activity.
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Fig. 4.11 Steps in the activation of the growth factor, TGF-b1.

A, The newly synthesized peptide consists of a C-terminal bioactive region, to
which is attached a long glycosylated proregion and an N-terminal signal
sequence. B, The proregion is cleaved off from the bioactive region, and two
secreted bioactive regions form a dimer that is maintained in a latent form by
being complexed with the separated proregions. C, Through an activation step,
the bioactive dimer is released from the proregions and can function as a
signaling molecule.

Among the most important subfamilies of the TGF-3 family are the bone
morphogenetic proteins (BMPs). Although BMP was originally discovered to
be the active agent in the induction of bone during fracture healing, the 15
members of this group play important roles in the development of most
structures in the embryo. BMPs often exert their effects by inhibiting other
processes in the embryo. To make things even more complicated, certain very
important interactions in embryonic development (e.g., induction of the central
nervous system; see p. 84) occur because of the inhibition of BMP by some
other molecule. The net result is an effect caused by the inhibition of an
inhibitor. Molecules that inhibit or antagonize the action of BMPs are listed in
Table 4.2. These molecules bind to secreted BMP dimers and interfere with their
binding to specific receptors.

Table 4.2 Major Molecular Antagonists of Growth Factors



EMPs WNT

Noggin Axin-1, Axin-2
Chordin Dickkopf
Chordinlike Cerberus

Twvisted gastrulation Wit (Wnt inhibitory
Follistatin factor-1)

FSRP (follistatin-related protein)
DAN/Scerberus

5frp (Secreted frizzled-
related protein)

Gremlin Wise (Wnt modulator
Ectodin in surface ectoderm)
Coco
SHH FGF (FGFR)
Cycdopamine (in plants) Sprouty

NODAL

Lefty-1

Cerberus-like

Fibroblast Growth Factor Family

Fibroblast growth factor (FGF) was initially described in 1974 as a substance
that stimulates the growth of fibroblasts in culture. Since then, the originally
described FGF has expanded into a family of 22 members, each of which has
distinctive functions. Many members of the FGF family play important roles in a
variety of phases of embryonic development and in fulfilling functions, such as
the stimulation of capillary growth, in the postnatal body. Some of the functions
of the FGFs in embryonic development are listed in Table 4.3. Secreted FGFs
are closely associated with the extracellular matrix and must bind to heparan
sulfate to activate their receptors.

Table 4.3 Members of the Fibroblast Growth Factor Family Mentioned in This
Text



FGF Developmental System Chapter

FGF-1 Stimulation of keratinocyte proliferation 9
Early liver induction 15
FGF-2 Stimulation of keratinocyte proliferation 9
Induction of hair growth 9
Apical ectodermal ridge in limb outgrowth 10
Stimulation of proliferation of jaw mesenchyme 14
Early liver induction 15
Induction of renal tubules 16
FGF-3 Inner ear formation 13
FGF-4 Maintenance of mitotic activity in trophoblast 3
Apical ectodermal ridge in limb outgrowth 10
Enamel knot of developing toaoth 14
Stimulation of proliferation of jaw mesenchyme 14
FGF-5 Stimulation of ectodermal placode formation )
FGF-8 Isthmic organizer: midbrain patterning 6
Apical ectodermal ridge in limb outgrowth 10
From anterior neural ridge, regulation of development of optic vesicles and telencephalon 11
Early tooth induction 14
Stimulation of proliferation of neural crest mesenchyme of frontonasal region 14
Stimulation of proliferation of jaw mesenchyme 14
Induction of filiform papillae of tongue 14
Early liver induction 15
Outgrowth of genital tubercle 16
FGF-9 Apical ectodermal ridge in limb outgrowth 10
FGF-10 Limb induction 10
Branching morphogenesis in developing lung 15
Induction of prostate gland 16
Outgrowth of genital tubercle 16
FGF-17 Apical ectodermal ridge in limb outgrowth 10

FGF, fibroblast growth factar.

Similar to other signaling molecules, FGF activity is regulated in many ways. In
contrast to the BMPs, which are regulated by several molecules that bind to them
in the extracellular space, FGFs are mainly regulated farther downstream. Means
of FGF regulation include the following: (1) modifications of their interaction
with heparan proteoglycans in the receptor complex; (2) regulation at the
membrane of the responding cell through the actions of transmembrane proteins;
and (3) intracellular regulation by molecules, such as sprouty, which complex
with parts of the signal transduction machinery of the responding cell. A main
theme in the role of signaling molecules in embryonic development is variation,



both in the variety of forms of signal molecules in the same family and in the
means by which their activity is regulated. Most of the details of these are
beyond the scope of this book, but for the beginning student it is important to
recognize that they exist.

Hedgehog Family

The hedgehog signaling molecules burst on the vertebrate embryological scene
in 1994 and are among the most important signaling molecules known (Table
4.4). Related to the segment-polarity molecule, hedgehog, in Drosophila, the
three mammalian hedgehogs have been given the whimsical names of desert,
Indian, and sonic hedgehog. The name hedgehog arose because mutant larvae in
Drosophila contain thick bands of spikey outgrowths on their bodies.

Table 4.4 Sites in the Embryo Where Sonic Hedgehog Serves as a Signaling
Molecule

Signaling Center Chapters
Primitive node 5
Motochord 6, 11
Floor plate (nervous system) 1
Intestinal portals 6
Zone of polarizing activity (limb) 10
Hair and feather buds 9
Ectodermal tips of facial processes 14
Apical ectoderm of second pharyngeal arch 14
Tips of epithelial buds in outgrowing lung 15
Patterning of retina 13
Outgrowth of genital tubercle 16

Sonic hedgehog (shh) is a protein with a highly conserved N-terminal region
and a more divergent C-terminal region. After its synthesis and release of the
propeptide from the rough endoplasmic reticulum, the signal peptide is cleaved
off, and glycosylation occurs on the remaining peptide (Fig. 4.12). Still within
the cell, the shh peptide undergoes autocleavage through the catalytic activity of
its C-terminal portion. During cleavage, the N-terminal segment becomes
covalently bonded with cholesterol. The 19-kD N-terminal peptide is secreted
from the cell, but it remains bound to the surface of the cell that produced it. All
the signaling activity of shh resides in the N-terminal segment. Through the



activity of another gene product (disp [dispatched] in Drosophila), the N-
terminal segment of shh, still bound with cholesterol, is released from the cell.
The C-terminal peptide plays no role in signaling.
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Fig. 4.12 The sonic hedgehog (shh) signaling pathway.

(1) The signal peptide is cleaved off the newly synthesized polypeptide, and the
remainder undergoes glycosylation; (2) the remaining peptide undergoes
autocleavage under the influence of the C-terminal portion, and cholesterol binds
to the N-terminal part, which is the active part of the molecule; (3) the N-
terminal part is secreted and bound to the cell surface; (4) the bound shh



molecule is released from the cell surface through the action of a product of
dispersed (disp); (5) the released shh inhibits the inhibitory effect of Patched on
smoothened; (6) on release from the inhibitory influence of Patched, smoothened
emits a signal that (7) releases the transcription factor Gli from a complex of
molecules bound to microtubules; (8) Gli enters the nucleus and binds to the
DNA, (9) influencing the expression of many genes.

At the surface of a target cell, shh, still complexed with cholesterol, binds to a
receptor, Patched (Ptc), closely associated with another transmembrane protein,
smoothened (smo). Ptc normally inhibits the signaling activity of smo, but shh
inhibits the inhibitory activity of Ptc, thus allowing smo to give off an
intracellular signal. Through the mediation of several other molecules, which are
normally bound to microtubules, smo ultimately activates the 5-zinc finger
transcription factor, Gli, which moves to the nucleus, binds to specific sites on
the DNA of that cell, and thereby affects gene expression of the target cell.

Wnt Family

The Wnt family of signaling molecules is complex, with 18 members
represented in the mouse. Related to the segment-polarity gene Wingless in
Drosophila, Wnts play dramatically different roles in different classes of
vertebrates. In amphibians, Wnts are essential for dorsalization in the very early
embryo, whereas their role in preimplantation mouse development seems to be
minimal. In mammals, Wnts play many important roles during the period of
gastrulation. As many organ primordia begin to take shape, active Wnt pathways
stimulate the cellular proliferation that is required to bring these structures to
their normal proportions. Later in development, Wnts are involved in a variety of
processes relating to cellular differentiation and polarity.

Whts have been described as being “stickier” than other signaling molecules,
and they often interact with components of the extracellular matrix. Their
signaling pathway is complex and is still not completely understood (see Fig.
4.16). Similar to most other signaling molecules, the activity of Wnts can be
regulated by other inhibitory molecules (see Table 4.2). Some inhibitory
molecules, such as Wnt-inhibitory factor-1 (WIF-1) and cerberus, directly
bind to the Wnt molecule. Others, such as dickkopf, effect inhibition by binding
to the receptor complex.

Other Actions of Signaling Molecules



An important and more recent realization in molecular embryology is how often
signaling molecules act by inhibiting the actions of other signaling molecules.
For example, the signaling molecules chordin, noggin, and gremlin all inhibit
the activity of BMP, which itself often acts as an inhibitor (see Table 4.2).

Evidence from several developing organ systems indicates that some signaling
molecules (e.g., shh and members of the FGF family) are positive regulators of
growth, whereas others (e.g., some members of the BMP family) serve as
negative regulators of growth. Normal development of a variety of organs
requires a balance between the activities of these positive and negative
regulators. Such interactions are described later in the text for developing organ
systems as diverse as limbs, hair (or feathers), teeth, and the branching of ducts
in the lungs, kidneys, and prostate gland.



Receptor Molecules

For intercellular signaling molecules to exert an effect on target cells, they must
normally interact with receptors in these cells. Most receptors are located on the
cell surface, but some, especially those for lipid-soluble molecules, such as
steroids, retinoids, and thyroid hormone, are intracellular.

Cell surface receptors are typically transmembrane proteins with extracellular,
transmembrane, and cytoplasmic domains (see Fig. 4.2). The extracellular
domain contains a binding site for the ligand, which is typically a hormone,
cytokine, or growth factor. When the ligand binds to a receptor, it effects a
conformational change in the cytoplasmic domain of the receptor molecule. Cell
surface receptors are of two main types: (1) receptors with intrinsic protein
kinase activity and (2) receptors that use a second messenger system to activate
cytoplasmic protein kinases. An example of the first type is the family of
receptors for FGFs, in which the cytoplasmic domain possesses tyrosine kinase
activity. Receptors for growth factors of the TGF-f3 superfamily are also of this
type, but in them the cytoplasmic domain contains serine/threonine kinase
activity. In cell surface receptors of the second type, the protein kinase activity is
separate from the receptor molecule itself. This type of receptor is also activated
by binding with a ligand (e.g., neurotransmitter, peptide hormone, growth
factor), but a series of intermediate steps is required to activate cytoplasmic
protein kinases. A surface receptor, Notch, is introduced in greater detail in Box
4.2 as a specific example of a receptor that plays many important roles in
embryonic development.

Box 4.2 Lateral Inhibition and the Notch Receptor

The normal development of many tissues begins with a population of
developmentally equivalent cells. At some point, one of these cells begins to
differentiate into a dominant mature cell type, such as a neuron, and, in doing so,
it transmits to its neighboring cells a signal that prevents them from
differentiating into that same cell type. As a consequence, these neighboring
cells are forced to differentiate into a secondary cell type, such as a glial cell in
the central nervous system (Fig. 4.13). This type of signaling of a dominant cell
to its subservient neighbors is called lateral inhibition.
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Fig. 4.13 An example of lateral inhibition.

(1) A population of developmentally equivalent cells; (2) one cell, whether by its
position or through stochastic (random) factors, begins to develop along a
dominant pathway before its neighbors; (3) the selected cell gives off inhibitory
signals (lateral inhibition) that prevent its neighbors from differentiating into the
dominant cell type; (4) the selected cell differentiates into a mature cell type
(e.g., a neuron), whereas its neighbors differentiate into secondary phenotypes
(e.g., glial cells).

The common mechanism of lateral inhibition is the Notch signaling pathway,
which is so basic that it has been preserved largely unchanged throughout the
animal kingdom. Notch is a 300-kD cell surface receptor with a large
extracellular domain and a smaller intracellular domain. The Notch receptor
becomes activated when it combines with ligands (Delta or Jagged in
vertebrates) that extend from the surface of the dominant cell. This sets off a
pathway that inhibits the neighboring cell from differentiating into the dominant
phenotype.

An abbreviated version of this pathway is as follows (Fig. 4.14): The
complexing of Notch with its ligand (e.g., Delta) stimulates an intracellular
protease reaction that cleaves off the intracellular domain of the Notch molecule.
The liberated intracellular domain of Notch becomes translocated to the nucleus,
but on its way it may become associated with regulatory proteins, such as
Deltex. Within the nucleus, the intracellular domain of Notch combines with
several helix-loop-helix transcription factors, and this complex binds to the DNA
of a gene called enhancer of split. The product of this gene is another



transcription factor that regulates other genes. It represses certain genes of the
Achaete-Scute complex, whose function is to promote neuronal development.
By this complex pathway, the subservient cells, in the nervous system for
example, are denied the opportunity to differentiate into neurons and instead
follow a secondary pathway, which leads to their becoming glial cells.

As complex as it seems, this description is a greatly abbreviated version of this
inhibitory pathway and its controlling elements. When more is learned about all
the elements involved in this pathway, it will likely look like a component of an
immense network of regulatory pathways that interact in very complex ways to
integrate internal and external environmental influences that determine the
ultimate developmental fate of a cell.
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Fig. 4.14 The Delta-Notch pathway.

When Delta from a dominant cell binds to Notch on the surface of the
neighboring cell, proteolytic cleavage releases the intracellular domain of Notch,
which complexes with Deltex and enters the nucleus. There it becomes linked to
Suppressor of hairless and serves as a transcription factor, which binds to
Enhancer of split. This sends off an inhibitory influence that represses the
expression of genes, such as the Achaete-Scute complex, which would otherwise
promote differentiation.




Signal Transduction

Signal transduction is the process by which the signal provided by the first
messenger (i.e., the growth factor or other signaling molecule) is translated into
an intracellular response. Signal transduction is very complex. It begins with a
response to binding of the signaling molecule to its receptor and the resulting
change in the conformation of the receptor. This process sets off a chain reaction
of activation or inhibition of a string of cytoplasmic molecules whose function is
to carry the signal to the nucleus, where it ultimately influences gene expression.
It is common to speak about signal transduction pathways as though they are
straight lines, but in reality signal transduction should be viewed as a massive
network subject to a wide variety of modulating influences. Despite this
complexity, signal transduction can be viewed as linear pathways for purposes of
introduction. Several major pathways of relevance to signaling molecules treated
in this text are summarized here.

Members of the FGF family connect with the receptor tyrosine kinase (TRK)
pathway (Fig. 4.15A). After FGF has bound to the receptor, a G protein near the
receptor becomes activated and sets off a long string of intracytoplasmic
reactions, starting with RAS and ending with the entry of ERK into the nucleus,
and its interaction with transcription factors. Members of the TGF-3 family first
bind to a type II serine/threonine kinase receptor, which complexes with a type I
receptor (Fig. 4.15B). This process activates a pathway dominated by Smad
proteins. Two different Smads (R-Smad and Co-Smad) dimerize and enter the
nucleus. The Smad dimer binds with a cofactor and is then capable of binding
with some regulatory element on the DNA.
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Fig. 4.15 A, Fibroblast growth factor (FGF) and the receptor tyrosine kinase
signal transduction pathway. B, Transforming growth factor-f (TGF-f3) binding
to a type II serine/threonine kinase receptor and activating a downstream
pathway involving Smad proteins.

The hedgehog pathway was already introduced in Figure 4.12. The complex
Wnt pathway first involves binding of the Wnt molecule to its transmembrane
receptor, Frizzled. In a manner not yet completely understood, Frizzled interacts
with the cytoplasmic protein Disheveled, which ties up a complex of numerous
molecules (destruction complex), which in the absence of Wnt cause the
degradation of an important cytoplasmic protein, B-catenin (Fig. 4.16). If (-
catenin is not destroyed, it enters the nucleus, where it acts as a powerful adjunct
to transcription factors that determine patterns of gene expression.
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Fig. 4.16 The Wnt signaling pathway, operating through [(3-catenin.

A, In the absence of a Wnt signal, $-catenin is bound in a destruction complex
and is degraded. B, In the presence of Wnt, the receptor Frizzled (Fz) activates
Disheveled (Dsh), which prevents the destruction complex from degrading [3-
catenin. [3-catenin then enters the nucleus, where it forms complexes with
transcription factors.

The more recently discovered Hippo pathway, highly conserved in phylogeny, is
proving to be very important in regulating organ growth throughout the animal
kingdom. Loss of Hippo function results in unrestrained growth of structures
ranging from the cuticle of Drosophila to the liver of mammals. In mammals,
Hippo restricts cellular proliferation and promotes the removal of excess cells
through apoptosis. It is involved in maintaining the balance between stem cells
and differentiated cells both prenatally and postnatally.

These and other less prominent signal transduction pathways are the intracellular
effectors of the many signaling events that are necessary for the unfolding of the
numerous coordinated programs that guide the orderly progression of embryonic
development. Specific examples involving these signaling pathways are
frequently mentioned in subsequent chapters.



Small RNAs

The discovery of miRNAs just before 2000 added a new and complex dimension
to our understanding of the genetic regulation of development. Small RNAs are
small noncoding RNA molecules that exert an enormous array of influences on
gene expression, mainly at the posttranscriptional level. In vertebrates, small
RNAs can be divided into two main groups: those involved in gametogenesis
and those that act during embryogenesis. Of those that act during gametogenesis,
Piwi-interacting RNAs (piRNAs) are important in spermatogenesis, and
endogenous small interfering RNAs (endo-siRINAs) play vital roles in
oogenesis. miRNAs are expressed in somatic tissues during embryonic
development.

Although small RNAs function through a bewildering array of mechanisms, one
major pathway is close to being common (Fig. 4.17). miRNAs often begin as
double-stranded molecules with a hairpin loop. Through the activity of an
enzyme called Dicer, the miRNA precursor is cleaved, resulting in a single-
stranded miRNA, which is then bound to a member of the Argonaute (AGO)
protein family. In many cases, the AGO-siRNA complex has RNase activity
and is able to disrupt a target RNA molecule enzymatically. In this way specific
gene expression is modulated. By applying this principle, developmental
geneticists are able to target the disruption of specific genes under investigation
by interfering with the mRNAs that these genes produce.
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Fig. 4.17 Schematic summary of the main elements of the microRNA (miRNA)
pathway.

The double helical precursor molecule, often containing a hairpin loop, is
cleaved by Dicer, resulting in a small miRNA molecule, which is then
complexed with an Argonaute (AGO) protein. This complex approaches the
target mRINA and through its intrinsic RNase activity, it cleaves the target
mRNA molecule, thereby inactivating it.



Retinoic Acid

For years, vitamin A (retinol) and its metabolite, retinoic acid, have been
known to play very important but equally enigmatic roles in embryonic
development. In the 1960s, investigators found that either a severe deficiency or
an excess of vitamin A results in a broad spectrum of severe congenital
anomalies that can involve the face, eye, hindbrain, limbs, or urogenital system.
It was only in the 1990s, when the binding proteins and receptors for the
retinoids were characterized and the development of various knockouts was
investigated, that specific clues to the function of vitamin A in embryogenesis
began to emerge.

Vitamin A enters the body of the embryo as retinol and binds to a retinol-binding
protein, which attaches to specific cell surface receptors (Fig. 4.18). Retinol is
released from this complex and enters the cytoplasm, where it is bound to
cellular retinol-binding protein (CRBP I). In the cytoplasm, the all-trans
retinol is enzymatically converted first to all-trans retinaldehyde and then to all-
trans retinoic acid, the retinoid with the most potent biological activity (see Fig.
4.18). CRBP and CRABRP I (cellular retinoic acid—binding protein) may
function to control the amount of retinoids that enters the nucleus. When
released from CRABP, retinoic acid enters the nucleus, where it typically binds
to a heterodimer consisting of a member of the retinoic acid receptor (RAR) a,
B, or y family and a member of the retinoid X receptor (RXR) a, [3, or y family.
This complex of retinoic acid and receptor heterodimer binds to a retinoic acid
response element (RARE) on DNA, usually on the enhancer region of a gene,
and it acts as a transcription factor, controlling the production of a gene product.



Retinal
il
-
RBFP
\2
RBP :
receplcrﬁ RBP \ 3
COH
éw
4 Retinol
Retinol
dehydrogenase
ijw COH

Retinaldehyde

5

EN‘ s COCH
dehydrogenase

Retinoic acid
6

e
=
S >

8

RARE \‘
9 Transcriptional

activation

Fig. 4.18 The pathway of vitamin A in a cell.

(1) Retinol becomes bound to a retinol-binding protein (RBP) outside the cell;
(2) this complex is bound to an RBP receptor on the cell surface; (3) the retinol
is released into the cytoplasm and is bound to a cytoplasmic RBP (CRBP I); (4)
through the action of retinol dehydrogenase, retinol is converted to retinaldehyde
(5), which is converted to retinoic acid by retinal dehydrogenase; (6) retinoic
acid is bound to a cytoplasmic receptor (CRABP I) and taken into the nucleus;
(7) within the nucleus, retinoic acid is bound to a dimer of two nuclear retinoic
acid receptors (RXR and RAR); (8) this complex binds to a retinoic acid
response element (RARE) on the DNA and (9) activates transcription of target
genes.

Retinoic acid is produced and used in specific local regions at various times



during prenatal and postnatal life. Among its well-defined targets early in
development are certain Hox genes (e.g., Hoxb-1); misexpression of these genes
caused by either too little or too much retinoic acid can result in serious
disturbances in the organization of the hindbrain and pharyngeal neural crest.
One of the most spectacular examples of the power of retinoic acid is its ability
to cause extra pairs of limbs to form alongside the regenerating tails of
amphibians (Fig. 4.19). This is a true example of a homeotic shift in a vertebrate,
similar to the formation of double-winged flies or legs instead of antennae in
Drosophila (see p. 59).

Fig. 4.19 A skeletal preparation showing a cluster of four supernumerary legs
(right) growing out of the regenerating tail of a tadpole that had been placed in a
solution of vitamin A after amputation of the tail.

This is an example of a homeotic transformation.

(Courtesy of M. Maden, London.)



Developmental Genes and Cancer

Many cancers are caused by mutated genes, and many of these are genes that
play a role in normal embryonic development. Two main classes of genes are
involved in tumor formation, and each class uses a different mechanism in
stimulating tumor formation.

Proto-oncogenes, a class involving a variety of different types of molecules,
induce tumor formation through dominant gain-of-function alleles that result in
deregulated growth. Through several types of mechanisms, such as single-point
mutations, selective amplification, or chromosomal rearrangements, proto-
oncogenes can become converted to oncogenes, which are the actual effectors of
poorly controlled cellular proliferation. Proto-oncogenes direct the normal
formation of molecules including certain growth factors, growth factor receptors,
membrane-bound and cytoplasmic signal proteins, and transcription factors.

The other class of genes involved in tumor formation consists of the tumor
suppressor genes, which normally function to limit the frequency of cell
divisions. Recessive loss-of-function alleles of these genes fail to suppress cell
division, thus resulting in uncontrolled divisions in defined populations of cells.
A good example of a tumor suppressor gene is Patched, already discussed as the
transmembrane receptor for the signaling molecule, shh. Patched normally
inhibits the activity of smo. Mutations of Patched eliminate the inhibition of smo
and allow uncontrolled downstream activity from smo that stimulates the
genome of the affected cell. Such a Patched mutation is the basis for the most
common type of cancer, basal cell carcinoma, of the skin. shh itself is involved
in tumors of the digestive tract. shh is increased in tumors of the esophagus,
stomach, biliary tract, and pancreas, but the hedgehog pathway is not active in
cell line tumors from the colon.



Summary

m Evidence is increasing that the basic body plan of mammalian embryos is
under the control of many of the same genes that have been identified as
controlling morphogenesis in Drosophila. In this species, the basic axes are
fixed through the actions of maternal-effect genes. Batteries of segmentation
genes (gap, pair-rule, and segment-polarity genes) are then activated. Two
clusters of homeotic genes next confer a specific morphogenetic character to
each body segment. Because of their regulative nature, mammalian embryos are
not as rigidly controlled by genetic instructions as are Drosophila embryos.

m The homeobox, a highly conserved region of 180 base pairs, is found in
multiple different genes in almost all animals. The homeobox protein is a
transcription factor. Homeobox-containing genes are arranged along the
chromosome in a specific order and are expressed along the craniocaudal axis of
the embryo in the same order. Activation of homeobox genes may involve
interactions with other morphogenetically active agents, such as retinoic acid
and TGF-p.

m Many of the molecules that control development can be assigned to several
broad groups. One group is the transcription factors, of which the products of
homeobox-containing genes are just one of many types. A second category is
signaling molecules, many of which are effectors of inductive interactions. Some
of these are members of large families, such as the TGF-f3 and FGF families. An
important class of signaling molecules is the hedgehog proteins, which mediate
the activities of many important organizing centers in the early embryo.
Signaling molecules interact with responding cells by binding to specific surface
or cytoplasmic receptors. These receptors represent the initial elements of
complex signal transduction pathways, which translate the signal to an
intracellular event that results in new patterns of gene expression in the
responding cells. Small RNAs play important roles in the control of gene
expression, mainly at posttranscriptional levels. Retinoic acid (vitamin A) is a
powerful, but poorly understood, developmental molecule. Misexpression of
retinoic acid causes level shifts in axial structures through interactions with Hox
genes.

m Many cancers are caused by mutations of genes involved in normal



development. Two major classes of cancer-causing genes are proto-oncogenes,
which induce tumor formation through gain-of-function mechanisms, and tumor
suppressor genes, which cause cancers through loss-of-function mutations.

Review Questions
1. What is a homeobox?
2. Which of the following is a transcription factor?

A. FGF
B. Pax
C. TGF
D. Notch
E. Wnt

3. Where in the cell is the retinoic acid receptor located?
4. A mutation of what receptor is the basis for basal carcinomas of the skin?

A. Patched

B. Retinoic acid

C. Notch

D. FGF receptor

E. None of the above

5. Zinc fingers or helix-loop-helix arrangements are characteristic of
members of what class of molecules?

A. Proto-oncogenes

B. Signaling molecules
C. Receptors

D. Transcription factors
E. None of the above

6. Based on your knowledge of paralogous groups, which gene would be
expressed most anteriorly in the embryo?

A. Hoxa-13
B. Hoxc-9



C. Hoxd-13
D. Hoxb-1
E. Hoxb-6

7. Sonic hedgehog is produced in which signaling center?

A. Notochord
B. Intestinal portals
C. Floor plate of neural tube

D. Zone of polarizing activity in the limb bud
E. All of the above
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Chapter 5

Formation of Germ Layers and Early Derivatives

As it is implanting into the uterine wall, the embryo undergoes profound changes
in its organization. Up to the time of implantation, the blastocyst consists of the
inner cell mass, from which the body of the embryo proper arises, and the outer
trophoblast, which represents the future tissue interface between the embryo and
mother. Both components of the blastocyst serve as the precursors of other
tissues that appear in subsequent stages of development. Chapter 3 discusses the
way in which the cytotrophoblast gives rise to an outer syncytial layer, the
syncytiotrophoblast, shortly before attaching to uterine tissue (see Fig. 3.18). Not
long thereafter, the inner cell mass begins to give rise to other tissue derivatives
as well. The subdivision of the inner cell mass ultimately results in an embryonic
body that contains the three primary embryonic germ layers: the ectoderm
(outer layer), mesoderm (middle layer), and endoderm (inner layer). The
process by which the germ layers are formed through cell movements is called
gastrulation.

After the germ layers have been laid down, the continued progression of
embryonic development depends on a series of signals called embryonic
inductions, which are exchanged between the germ layers or other tissue
precursors. In an inductive interaction, one tissue (the inductor) acts on another
(responding tissue) so that the developmental course of the latter is different
from what it would have been in the absence of the inductor. The developments
that can be seen with a microscope during this period are tangible reflections of
profound changes in gene expression and cellular properties of implanting
embryos.



Two-Germ-Layer Stage

Just before the embryo implants into the endometrium early in the second week,
significant changes begin to occur in the inner cell mass and in the trophoblast.
As the cells of the inner cell mass become rearranged into an epithelial
configuration, sometimes referred to as the embryonic shield, a thin layer of
cells appears ventral to the main cellular mass (see Fig. 3.18). The main upper
layer of cells is known as the epiblast, and the lower layer is called the
hypoblast, or primitive endoderm (Fig. 5.1).

Extraembryonic
endoderm

Allantoic
endoderm

Fig. 5.1 Cell and tissue lineages in the mammalian embryo.
(Note: The colors in the boxes are found in all illustrations involving the
embryonic and extraembryonic germ layers.)

How the hypoblast forms in human embryos is not understood, but studies on
mouse embryos have shown that as early as the 64-cell stage, some cells of the
inner cell mass express the transcription factor nanog, whereas others express



Gata 6. These cells are arranged in a salt and pepper pattern within the inner cell
mass (Fig. 5.2A). The nanog-expressing cells represent the precursors of the
epiblast, and those expressing Gata 6 will become the hypoblast. The basis for
the differentiation of these two distinct precursor cell types is not completely
understood, but according to the “time inside—time outside” hypothesis, those
cells that enter the inner cell mass earliest are biased to express nanog, which
perpetuates their pluripotency. Possibly because of the influence of fibroblast
growth factor-4 (FGF-4), secreted by these first arrivals to the inner cell mass,
later immigrants are then biased to express Gata 6. The Gata 6—expressing cells
produce molecules that increase their adhesive properties, as well as their
mobility, and they make their way to the lower surface of the inner cell mass to
form a thin epithelium, the hypoblast. Those Gata 6 cells that fail to reach the
surface of the inner cell mass undergo apoptosis (cell death). The nanog-
expressing cells of the inner cell mass also assume an epithelial configuration as
they form the epiblast. Between the epiblast and hypoblast a basal lamina forms.
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Fig. 5.2 Origins of the major extraembryonic tissues.

The syncytiotrophoblast is not shown. A, Late blastocyst. Within the inner cell
mass, blue nanog-expressing pre-epiblastic cells and yellow Gata 6-expressing
prehypoblastic cells are mixed in a salt and pepper pattern. B, Beginning of
implantation at 6 days. The hypoblast has formed and is beginning to spread
beneath the cytotrophoblast as the parietal endoderm. C, Implanted blastocyst at
% days. D, Implanted blastocyst at 8 days. E, Embryo at 9 days. F, Late second
week.

A small group of hypoblast cells that becomes translocated to the future anterior
end of the embryo (called anterior visceral endoderm by mouse embryologists)
has been shown to possess remarkable signaling powers. The cells first secrete
the signaling molecules, lefty-1 and Cerberus-1 (Cer-1), which inhibit the



activity of the signaling molecules, nodal and Wnt, in the overlying epiblast but
allow nodal and Wnt-3 expression in the posterior epiblast (see Fig. 5.8A).
(Nodal signaling from the posterior epiblast stimulates the initial formation of
the anterior visceral endoderm.) This represents the first clear expression of
anteroposterior polarity in the embryo. It also forms two signaling domains
within the early embryo. The anterior visceral endoderm soon begins to induce
much of the head and forebrain and inhibits the formation of posterior structures.
In the posterior part of the epiblast, nodal signaling activity stimulates the
formation of the primitive streak (see next section), which is the focal point for
gastrulation and germ layer formation. After the hypoblast has become a well-
defined layer, and the epiblast has taken on an epithelial configuration, the
former inner cell mass is transformed into a bilaminar disk, with the epiblast on
the dorsal surface and the hypoblast on the ventral surface.

The epiblast contains the cells that make up the embryo itself, but
extraembryonic tissues also arise from this layer. The next layer to appear after
the hypoblast is the amnion, a layer of extraembryonic ectoderm that ultimately
encloses the entire embryo in a fluid-filled chamber called the amniotic cavity
(see Chapter 7). Because of the paucity of specimens, the earliest stages in the
formation of the human amnion and amniotic cavity are not completely
understood. Studies on primate embryos indicate that a primordial amniotic
cavity first arises by cavitation (formation of an internal space) within the pre-
epithelial epiblast; it is covered by cells derived from the inner cell mass (see
Fig. 5.2). According to some investigators, the roof of the amnion then opens,
thus exposing the primordial amniotic cavity to the overlying cytotrophoblast.
Soon thereafter (by about 8 days after fertilization), the original amniotic
epithelium reforms a solid roof over the amniotic cavity.

While the early embryo is still sinking into the endometrium (about 9 days after
fertilization), cells of the hypoblast begin to spread and line the inner surface of
the cytotrophoblast with a continuous layer of extraembryonic endoderm called
parietal endoderm (Fig. 5.3; see Fig. 5.2). When the endodermal spreading is
completed, a vesicle called the primary yolk sac has taken shape (see Fig.
3.18C). At this point (about 10 days after fertilization), the embryo complex
constitutes the bilaminar germ disk, which is located between the primary yolk
sac on its ventral surface and the amniotic cavity on its dorsal surface (Fig. 5.4).
Shortly after it forms, the primary yolk sac becomes constricted, forming a
secondary yolk sac and leaving behind a remnant of the primary yolk sac (see

Figs. 3.18D and 5.2F).
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Fig. 5.3 Digital photomicrograph of a 12-day human embryo (Carnegie No.
7700) taken just as implantation within the endometrium is completed.

(Courtesy of Dr. Ray Gasser.)
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Fig. 5.4 Dorsal views of 16-day (A) and 18-day (B) human embryos. Top,
Sagittal section through an embryo and its extraembryonic membranes during
early gastrulation.

Starting at about 12 days after fertilization, another extraembryonic tissue, the
extraembryonic mesoderm, begins to appear (see Fig. 5.2). The first
extraembryonic mesodermal cells seem to arise from a transformation of parietal
endodermal cells. These cells are later joined by extraembryonic mesodermal
cells that have originated from the primitive streak. The extraembryonic
mesoderm becomes the tissue that supports the epithelium of the amnion and
yolk sac and the chorionic villi, which arise from the trophoblastic tissues (see
Chapter 7). The support supplied by the extraembryonic mesoderm is not only
mechanical, but also trophic because the mesoderm serves as the substrate
through which the blood vessels supply oxygen and nutrients to the various
epithelia.



Gastrulation and the Three
Embryonic Germ Layers

At the end of the second week, the embryo consists of two flat layers of cells:
the epiblast and the hypoblast. As the third week of pregnancy begins, the
embryo enters the period of gastrulation, during which the three embryonic germ
layers form from the epiblast (see Fig. 5.1). The morphology of human
gastrulation follows the pattern seen in birds. Because of the large amount of
yolk in birds’ eggs, the avian embryo forms the primary germ layers as three
overlapping flat disks that rest on the yolk, similar to a stack of pancakes. Only
later do the germ layers fold to form a cylindrical body. Although the
mammalian egg is essentially devoid of yolk, the morphological conservatism of
early development still constrains the human embryo to follow a pattern of
gastrulation similar to that seen in reptiles and birds. Because of the scarcity of
material, even the morphology of gastrulation in human embryos is not known in
detail. Nevertheless, extrapolation from avian and mammalian gastrulation can
provide a reasonable working model of human gastrulation.

Gastrulation begins with the formation of the primitive streak, a linear midline
condensation of cells derived from the epiblast in the posterior region of the
embryo through an induction by cells at the edge of the embryonic disk in that
region (see Fig. 5.4). Members of the transforming growth factor-§ (TGF-3) and
Whnt families of signaling molecules have been identified as likely inducing
agents. Initially triangular, the primitive streak soon becomes linear and
elongates, largely through a combination of proliferation and migration, as well
as internal cellular rearrangements, called convergent-extension movements.
With the appearance of the primitive streak, the anteroposterior (craniocaudal)
and right-left axes of the embryo can be readily identified (see Fig. 5.4).

The primitive streak is a region where cells of the epiblast converge in a well-
defined spatial and temporal sequence. As cells of the epiblast reach the
primitive streak, they change shape and pass through it on their way to forming
new layers beneath (ventral to) the epiblast (Fig. 5.5C). Marking studies have
shown that cells entering the primitive streak form distinct lineages as they
leave. The most posterior cells both to enter and leave the streak as it is



beginning to elongate form the extraembryonic mesoderm lining the
trophoblast and yolk sac, as well as that forming the blood islands (see Fig.
6.19). Another wave of mesoderm, arising later and more anteriorly in the
primitive streak, forms the paraxial, lateral plate, and cardiac mesoderm. A
final wave, which enters and leaves the anteriormost end of the primitive streak,
gives rise to midline axial structures (the notochord, the prechordal plate, and
the primitive node itself) and also the embryonic endoderm. The composite
results of such marking experiments are organized into fate maps, such as that
illustrated in Figure 5.5A.
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Fig. 5.5 A, Dorsal view through a human embryo during gastrulation. Arrows
show the directions of cellular movements across the epiblast toward, through,
and away from the primitive streak as newly formed mesoderm. The illustrated
fates of the cells that have passed through the primitive streak are based on
studies of mouse embryos. B, Sagittal section through the craniocaudal axis of
the same embryo. The curved arrow indicates cells passing through the primitive
node into the notochord. C, Cross section through the level of the primitive
streak in A (dashed lines).

The endodermal precursor cells that pass through the anterior primitive streak
largely displace the original hypoblast, but research has shown that some of the
original hypoblastic cells become integrated into the newly forming embryonic
endodermal layer. The displaced hypoblastic cells form extraembryonic
endoderm. The movement of cells through the primitive streak results in the



formation of a groove (primitive groove) along the midline of the primitive
streak. At the anterior end of the primitive streak is a small but well-defined
accumulation of cells, called primitive node, or Hensen’s node.* This structure
is of great developmental significance because, in addition to being the major
posterior signaling center of the embryo (Box 5.1), it is the area through which
cells migrate in a stream toward the anterior end of the embryo. These cells,
called mesendoderm, soon segregate into a rodlike mesodermal notochord and
the endodermal dorsal wall of the forming gut. Anterior to the notochord is a
group of mesodermal cells called the prechordal plate (see Fig. 5.5A and B).
(The important functions of the notochord and prechordal plate are discussed on

p. 80.)

Box 5.1 Molecular Aspects of Gastrulation

Many decades of research on birds and amphibians have resulted in a reasonable
understanding of the cellular and molecular aspects of gastrulation in these
species. More recent research suggests that despite some species differences, the
basic aspects of gastrulation in mammals are fundamentally similar to those in
birds.

The events of gastrulation are guided by a series of molecular inductions
emanating from a succession of signaling centers, starting with the anterior
visceral endoderm and progressing to the future caudal (posterior) part of the
embryo. Early posterior signaling results in the formation of the primitive streak
and the induction of mesoderm. When the primitive streak is established, the
primitive node takes over as the center that organizes the fundamental structure
of the body axis. As the notochord takes shape from cells that flow through the
primitive node, it becomes an important signaling center. In humans, the role of
the cells of the prechordal plate is not well understood. In birds, the prechordal
plate acts as an anterior signaling center, similar to the anterior visceral
endoderm in mice. Whether anterior signaling in humans is confined to anterior
hypoblast (anterior visceral endoderm) or the prechordal plate, or both, remains
to be determined.



Establishment of the Anterior
Visceral Endoderm and Induction of
the Primitive Streak (The Early
Gastrula Organizer)

For this aspect of early development, we must rely almost entirely on studies of
mouse embryos. The original symmetry of the embryo is broken by the
displacement of the future anterior visceral endoderm to the anterior side of the
embryonic disk. This is a function of proliferation and later migration of the cells
that will constitute the anterior visceral endoderm. Migration of these cells (and
the resulting establishment of the anteroposterior axis) depends on the activation
of the Wnt antagonist Dkk 1 (Dickkopf 1) in the future anterior part of the
embryo. This confines Wnt activity to the future posterior part of the embryo,
where it induces the expression of the signaling molecule Nodal (Fig. 5.8A).
When the anterior visceral endoderm has become stabilized in the anterior part
of the embryonic disk, it produces the Nodal inhibitors lefty-1 and Cer-1, which
confine Nodal activity to the posterior end of the embryo where, responding to
extraembryonic Wnt signals, it establishes a posterior signaling center, which
induces the formation of the primitive streak, the definitive endoderm, and the
mesoderm. In the chick embryo, the ectopic application of two other signaling
molecules, chordin and Vg1, induces the formation of an ectopic primitive
streak.
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Fig. 5.8 Summary of major genes involved in various stages of early embryonic
development.

A, Preprimitive streak (sagittal section). B, Early formation of the primitive
streak. C, Gastrulation (period of germ layer formation). D, Late gastrulation
and neural induction. The molecules in red are signaling molecules, and the
molecules in blue are transcription factors. Names of specific molecules (bold)
are placed by the structures in which they are expressed.



Primitive Node (Organizer)

As the primitive streak elongates, migrating cells of the epiblast join the tip of
the streak, and a dynamic mass of cells, called the primitive node, becomes
evident at the tip of the primitive streak. Cells of the node express many genes,
including three classic molecular markers of the organizer region in many
vertebrates—chordin, goosecoid, and hepatic nuclear factor-3p (now called
Foxa-2). Not only is the winged helix transcription factor, Foxa-2, important for
the formation of the node itself, but also it is vital for the establishment of
midline structures cranial to the node. Foxa-2 is required for the initiation of
notochord function. In its absence, the notochord and the floor plate of the neural
tube (see Chapter 11) fail to form. In contrast, endoderm, the primitive streak,
and intermediate mesoderm do develop. Goosecoid, a homeodomain
transcription factor, is prominently expressed in the organizer region of all
vertebrates studied. Goosecoid activates chordin, noggin, and other genes of the
organizer region. If ectopically expressed, it stimulates the formation of a
secondary body axis. Chordin and noggin, signaling molecules associated with
the node, are involved with neural induction, and expression of nodal on the left
side of the embryo is a key element in the setting of left-right asymmetry.

Two genes, T and nodal, play prominent roles in the function of the primitive
streak and posterior mesoderm formation. Expression of the T gene seems to be
activated by products of the Foxa-2 and goosecoid genes. In T mutants
(brachyury), the notochord begins to form through the activity of Foxa-2, but it
fails to complete development. Studies on T mutants have shown that activity of
the brachyury gene is necessary for normal movements of future mesodermal
cells through the primitive streak during gastrulation. In brachyury (short tail)
mutant mice, mesodermal cells pile up at a poorly formed primitive streak, and
the embryos show defective elongation of the body axis (including a short tail)
posterior to the forelimbs. T gene mutants may be responsible for certain gross
caudal body defects in humans. Nodal, a member of the transforming growth
factor-f3 (TGF-f) family of growth factor genes (see Table 4.1), is expressed
throughout the posterior epiblast before gastrulation, but its activity is
concentrated at the primitive node during gastrulation. Similar to the brachyury
gene, the effects of nodal are strongly seen in the caudal region of the embryo.
In the null mutant of nodal, the primitive streak fails to form, and the embryo is



deficient in mesoderm. Similarly, mutants of cripto, an early-acting member of
the epidermal growth factor family and an essential cofactor in the nodal
signaling pathway, produce a trunkless phenotype.

As cells pass through the primitive streak, a region of Hox gene expression
begins to form around the streak. The pattern of Hox gene expression in the
future trunk and posterior part of the embryo is based on signaling by three
molecules—retinoic acid, Wnt, and FGF—that act on the transcription factor
Cdx (the mammalian equivalent of caudal in Drosophila) in the area of the
regressing primitive streak just behind the last-forming somites. Cdx acts on the
Hox genes, which impose unique characteristics to the segmental structures that
form along the anteroposterior axis of the embryo (Fig. 5.8D).



Prechordal Plate and Notochord

The first cells passing through the primitive node form a discrete midline mass
of cells, the prechordal plate, which is closely associated with endoderm in the
region just caudal to the oropharyngeal membrane. The next generation of cells
passing through the node forms the notochord.

The notochord is a major axial signaling center of the trunk in the early embryo,
and it is important in the formation of many axial structures. Under the influence
of Foxa-2 and goosecoid, cells of the forming notochord produce noggin and
chordin, molecules known to be potent neural inducers in many species. The
notochord also produces sonic hedgehog (shh), the effector molecule for many
notochordal inductions of axial structures after the neural plate is induced.
Despite inducing the neural plate within the overlying ectoderm, however, the
notochord does not stimulate the formation of anterior parts of the brain or head
structures. This function is reserved for the anterior visceral endoderm.

The prechordal plate, sometimes called the head organizer, consists of early
mesendodermal cells passing through the primitive node. These cells are
structurally and functionally closely associated with cells of the underlying
anterior endoderm. Along with anterior visceral endoderm (see later), the
prechordal plate is the source of important signals, especially shh, that are
involved in ventral patterning of the forebrain. In addition, the prechordal plate
is the source of signals that are important for the survival of neural crest cells
that emigrate from the early forebrain.



Anterior Visceral Endoderm
(Hypoblast)

In mammals, even before mesodermal cells begin migrating through the
primitive node, the anterior hypoblast (called the anterior visceral endoderm
by mouse embryologists) expresses genes characteristic of the prechordal plate
and initiates head formation. The anterior visceral endoderm itself is subdivided
into an anterior part, which serves as a signaling center for early heart formation
(see p. 104), and a more posterior part, which becomes part of the prechordal
plate complex and induces formation of the head. According to one model,
induction of the head and forebrain in mammals is a two-step process, in which
an early induction by the anterior visceral endoderm confers a labile anterior
character to the head and brain, and a later induction by the prechordal plate
mesoderm reinforces and maintains this induction.

A major function of the anterior visceral endoderm is to emit molecular signals
that inhibit the development of posterior embryonic structures. To produce a
head, it is necessary to block the bone morphogenetic protein-4 (BMP-4) signal
(by noggin) and a Wnt signal (by Dkk-1). Signaling molecules and transcription
factors are produced in the head signaling centers. In mice bearing mutants of
Lim-1 (Lhx-1), a homeobox-containing transcription factor, and cereberus-like
1, a signaling molecule, headless mice are born (Fig. 5.9). The headless mice are
born without neural structures anterior to rhombomere 3 (see Fig. 6.3). Otx-2,
another transcription factor present in the head signaling center, is also a general
marker of the induced anterior region of the central nervous system. Many other
molecules are also expressed in the head signaling center. How these orchestrate
the formation of the head remains to be determined.



Fig. 5.9 Newborn headless mice and a normal mouse.
The headless mice have a null mutant of the Lim-1 gene.

(From Shawlot W, Behringer RR: Nature 374:425-430, 1994.)

The specific craniocaudal characteristics of the structures arising from the newly
formed paraxial mesoderm are specified by patterns of Hox gene expression,
first in the epiblast and then in the mesodermal cells themselves. The
transformations of morphology and the behavior of the cells passing through the
primitive streak are associated with profound changes not only in their adhesive
properties and internal organization, but also in the way that they relate to their
external environment. Much of the extraembryonic mesoderm forms the body
stalk, which connects the caudal part of the embryo to the extraembryonic
tissues that surround it (see Figs. 5.4 and 7.1). The body stalk later becomes the
umbilical cord.




The movements of the cells passing through the primitive streak are
accompanied by major changes in their structure and organization (Fig. 5.6).
While in the epiblast, the cells have the properties of typical epithelial cells, with
well-defined apical and basal surfaces, and they are associated with a basal
lamina that underlies the epiblast. As they enter the primitive streak, these cells
elongate, lose their basal lamina, and take on a characteristic morphology that
has led to their being called bottle cells. When they become free of the epiblastic
layer in the primitive groove, the bottle cells assume the morphology and
characteristics of mesenchymal cells, which are able to migrate as individual
cells if they are provided with the proper extracellular environment (see Fig.
5.6). Included in this transformation is the loss of specific cell adhesion
molecules (CAMs), in particular E-cadherin (see p. 254) as the cells convert
from an epithelial to a mesenchymal configuration. This transformation is
correlated with the expression of the transcription factor snail, which is also
active in the separation of mesenchymal neural crest cells from the epithelial
neural tube (see p. 254). As cells in the epiblast are undergoing epithelial-
mesenchymal transition, they begin to express the CAM N-cadherin, which is
necessary for their spreading out from the primitive streak in the newly forming
mesodermal layer.

Bottle cell

Endoderm

Fig. 5.6 Cross-sectional view of an embryo during gastrulation.

Changes in the shape of a cell as it migrates along the epiblast (epithelium),
through the primitive streak (bottle cell), and away from the groove as a
mesenchymal cell that will become part of the mesodermal germ layer. The
same cell can later assume an epithelial configuration as part of a somite.

Starting in early gastrulation, cells of the epiblast produce hyaluronic acid,



which enters the space between the epiblast and hypoblast. Hyaluronic acid, a
polymer consisting of repeating subunits of D-glucuronic acid and N-
acetylglucosamine, is frequently associated with cell migration in developing
systems. The molecule has a tremendous capacity to bind water (up to 1000
times its own volume), and it functions to keep mesenchymal cells from
aggregating during cell migrations. Although after leaving the primitive streak
the mesenchymal cells of the embryonic mesoderm find themselves in a
hyaluronic acid-rich environment, hyaluronic acid alone is not enough to
support their migration from the primitive streak. In all vertebrate embryos that
have been investigated to date, the spread of mesodermal cells away from the
primitive streak or the equivalent structure is found to depend on the presence of
fibronectin associated with the basal lamina beneath the epiblast. The
embryonic mesoderm ultimately spreads laterally as a thin sheet of mesenchymal
cells between the epiblast and hypoblast layers (see Fig. 5.5C).

By the time the mesoderm has formed a discrete layer in the human embryo, the
upper germ layer (remains of the former epiblast) is called the ectoderm, and the
lower germ layer, which has displaced the original hypoblast, is called the
endoderm. This terminology is used for the remainder of this text. As the three
definitive germ layers are taking shape, bone morphogenetic protein-4 (BMP-
4) signals, arising from extraembryonic tissues at the caudal end of the embryo,
stimulate a group of cells in the posterior region of the epiblast to become
transformed into primordial germ cells.



Regression of the Primitive Streak

After its initial appearance at the extreme caudal end of the embryo, the
primitive streak expands cranially until about 18 days after fertilization (see Fig.
5.4). Thereafter, it regresses caudally (see Fig. 5.11) and strings out the
notochord in its wake. Vestiges remain into the fourth week. During that time,
the formation of mesoderm continues by means of cells migrating from the
epiblast through the primitive groove. Regression of the primitive streak is
accompanied by the establishment and patterning of the paraxial mesoderm (see
p. 97), which gives rise to the somites and ultimately the segmental axial
structures of the trunk and caudal regions of the body. As regression of the
primitive streak comes to a close, its most caudal extent is marked by a mass of
mesenchymal cells, which form the tail bud. This structure plays an important
role in forming the most posterior portion of the neural tube (see p. 93).

The primitive streak normally disappears without a trace, but in rare instances,
large tumors called teratomas appear in the sacrococcygeal region (see Fig.
1.2A). Teratomas often contain bizarre mixtures of many different types of
tissue, such as cartilage, muscle, fat, hair, and glandular tissue. Because of this,
sacrococcygeal teratomas are thought to arise from remains of the primitive
streak (which can form all germ layers). Teratomas also are found in the gonads
and the mediastinum. These tumors are thought to originate from germ cells.



Notochord and Prechordal Plate

The notochord, the structure that is the basis for giving the name Chordata to the
phylum to which all vertebrates belong, is a cellular rod running along the
longitudinal axis of the embryo just ventral to the central nervous system.
Although phylogenetically and ontogenetically it serves as the original
longitudinal support for the body, the notochord also plays a crucial role as a
prime mover in a series of signaling episodes (inductions) that transform
unspecialized embryonic cells into definitive tissues and organs. In particular,
inductive signals from the notochord (1) stimulate the conversion of overlying
surface ectoderm into neural tissue, (2) specify the identity of certain cells (floor
plate) within the early nervous system, (3) transform certain mesodermal cells of
the somites into vertebral bodies, and (4) stimulate the earliest steps in the
development of the dorsal pancreas.

Cranial to the notochord is a small region where embryonic ectoderm and
endoderm abut without any intervening mesoderm. Called the oropharyngeal
membrane (see Fig. 5.5), this structure marks the site of the future oral cavity.
Between the cranial tip of the notochordal process and the oropharyngeal
membrane is a small aggregation of mesodermal cells closely apposed to
endoderm, called the prechordal plate (see Fig. 5.5). In birds, the prechordal
plate emits molecular signals that are instrumental in stimulating the formation
of the forebrain, similar to the anterior visceral endoderm in mammals.

Both the prechordal plate and the notochord arise from the ingression of a
population of epiblastic cells, which join other cells of primitive streak origin,
within the primitive node. As the primitive streak regresses, the cellular
precursors of first the prechordal plate and then the notochord migrate rostrally
from the node, but they are left behind as a rodlike aggregation of cells
(notochordal process; see Fig. 5.5A and B) in the wake of the regressing
primitive streak. In mammals, shortly after ingression, the cells of the
notochordal process temporarily spread out and fuse with the embryonic
endoderm (Fig. 5.7). The result is the formation of a transitory neurenteric
canal that connects the emerging amniotic cavity with the yolk sac. Later, the
cells of the notochord separate from the endodermal roof of the yolk sac and
form the definitive notochord, a solid rod of cells in the midline between the
embryonic ectoderm and endoderm (see Fig. 5.7).
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Induction of the Nervous System



Neural Induction

The inductive relationship between the notochord (chordamesoderm) and the
overlying ectoderm in the genesis of the nervous system was recognized in the
early 1900s. Although the original experiments were done on amphibians,
similar experiments in higher vertebrates have shown that the essential elements
of neural (or primary) induction are the same in all vertebrates.

Deletion and transplantation experiments in amphibians set the stage for the
present understanding of neural induction. (See Chapters 6 and 11 for further
details on the formation of the nervous system.) In the absence of
chordamesoderm moving from the dorsal lip of the blastopore (the amphibian
equivalent of the primitive node), the nervous system does not form from the
dorsal ectoderm. In contrast, if the dorsal lip of the blastopore is grafted beneath
the belly ectoderm of another host, a secondary nervous system and body axis
form in the area of the graft (Fig. 5.10).
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Fig. 5.10 Early experiments showing neural induction.

Top, Graft of the dorsal lip of the blastopore in a salamander embryo induces a
secondary embryo to form. Bottom, Graft of Hensen’s node from one avian
embryo to another induces the formation of a secondary neural tube.

(Top based on studies by Spemann H: Embryonic development and induction,
New York, 1938, Hafner; Bottom based on studies by Waddington C: J Exp Biol
10:38-46, 1933.)

The dorsal lip has been called the organizer because of its ability to stimulate
the formation of a secondary body axis. Subsequent research has shown that the
interactions occurring in the region of the dorsal lip in amphibians are far more
complex than a single induction between chordamesoderm and ectoderm.
Deletion and transplantation experiments have also been conducted on embryos
of birds and mammals (see Fig. 5.10); clearly, the primitive node and the
notochordal process in birds and mammals are homologous in function to the
dorsal lip and chordamesoderm in amphibians. This means that, in higher
vertebrates, the primitive node and the notochordal process act as the neural
inductor, and the overlying ectoderm is the responding tissue. Over the years,
embryologists have devoted an enormous amount of research to identifying the
nature of the inductive signal that passes from the chordamesoderm to the
ectoderm.

Early attempts to uncover the nature of the inductive stimulus were marked by
great optimism. As early as the 1930s, various laboratories had proposed that
molecules as diverse as proteins and steroids were the inductive stimulus. Soon
thereafter came the discovery that an even wider variety of stimuli, such as
inorganic ions or killed tissues, could elicit neural induction. With such a
plethora of possible inductors, attention turned to the properties of the
responding tissue (the dorsal ectoderm) and ways that it could react, through a
final common pathway, to the inductive stimulus. The quest for the neural
inductive molecules and their mode of action has been arduous and frustrating,
with many blind alleys and wrong turns along the way.

Many laboratories found that isolated ectoderm could respond in vitro to
inductive stimuli and become transformed into neural tissue. A useful technique
for studying induction in vitro involved separating the responding tissue from
the inducing tissue by a filter with pores that permitted the passage of molecules,
but not cells. This technique has been used in the analysis of a variety of



mammalian inductive systems.

Various experimental manipulations have shown that neural induction is not a
simple all-or-nothing process. Rather, considerable regional specificity exists.
(For example, certain artificial inductors stimulate the formation of more anterior
neural structures, and others stimulate the formation of more posterior ones.) In
amphibian embryos, anterior chordamesoderm has inducing properties different
from those of posterior chordamesoderm.

More recent research has identified specific molecules that bring about neural
induction. In amphibians, three signaling molecules—noggin, follistatin, and
chordin—given off by the notochord are the inductive agents. It was first
thought that these molecules directly stimulate uncommitted cells of the dorsal
ectoderm to form neural tissue, but subsequent research on amphibians has
shown that these inductors act by blocking the action of an inhibitor, BMP-4, in
the dorsal ectoderm. In the absence of BMP-4 activity, dorsal ectoderm forms
neural tissue as a default state.

In mammals, our current understanding of neural induction presents a more
complex picture, with both the location and timing of inductive interactions
playing a role in defining the initiation and organization of the central nervous
system. According to a more contemporary model, during the early primitive
streak stage, the precursor of the primitive node, called the gastrula organizer,
secretes Cer-1, a BMP inhibitor. In the absence of BMP activity, the anterior
epiblast is induced to become anterior neural tissue by default. At subsequent
stages of gastrulation the anterior character of the induced neural tissue is
maintained first through signals emanating from the anterior visceral endoderm
(or its equivalent in the human) and then by signaling from anterior
mesendoderm (the notochord and prechordal plate). The signals are Cer-1, a
BMP inhibitor, and lefty-1, an inhibitor of nodal, which exerts a posteriorizing
influence.

As gastrulation proceeds and the primitive node takes shape, the node induces
epiblast to form neural tissue through a similar BMP-inhibition mechanism. This
induced neural tissue is posteriorized through the action of nodal, which is
concentrated in the posterior end of the embryo.



Early Formation of the Neural Plate

The first obvious morphological response of the embryo to neural induction is
the transformation of the dorsal ectoderm overlying the notochordal process into
an elongated patch of thickened epithelial cells called the neural plate (Fig.
5.11). The border of the neural plate is specified by exposure of those cells to a
certain concentration of BMP. This is the region from which the neural crest (see

p. 254) arises.
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Fig. 5.11 Relationships between the neural plate and primitive streak.
A, Day 15. B, Day 18. C, Day 19. D, Days 20 to 21.

With the formation of the neural plate, the ectodermal germ layer becomes
subdivided into two developmental lineages: neural and non-neural. This
example illustrates several fundamental developmental concepts: restriction,
determination, and differentiation. The zygote and blastomeres resulting from
the first couple of cleavage divisions are totipotent (i.e., capable of forming any
cell in the body).



As development progresses, certain decisions are made that narrow the
developmental options of cells (Fig. 5.12). For example, at an early stage in
cleavage, some cells become committed to the extraembryonic trophoblastic line
and are no longer capable of participating in the formation of the embryo itself.
At the point at which cells are committed to becoming trophoblast, a restriction
event has occurred. When a group of cells has gone through its last restriction
event (e.g., the transition from cytotrophoblast to syncytiotrophoblast), their fate
is fixed, and they are said to be determined.* These terms, which were coined in
the early days of experimental embryology, are now understood to reflect
limitations in gene expression as cell lineages follow their normal developmental
course. The rare instances in which cells or tissues strongly deviate from their
normal developmental course, a phenomenon called metaplasia, are of
considerable interest to pathologists and individuals who study the control of
gene expression.
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Fig. 5.12 Restriction during embryonic development.

The labels on the right illustrate the progressive restriction of the developmental

potential of cells that are in the line leading to the formation of the epidermis. On
the left are developmental events that remove groups of cells from the epidermal

track.



Restriction and determination signify the progressive limitation of the
developmental capacities in the embryo. Differentiation describes the actual
morphological or functional expression of the portion of the genome that
remains available to a particular cell or group of cells. Differentiation commonly
connotes the course of phenotypic specialization of cells. One example of
differentiation occurs in spermatogenesis, when spermatogonia, relatively
ordinary-looking cells, become transformed into highly specialized spermatozoa.

Box 5.2 Molecular Basis for Left-Right Asymmetry

Up to the time of gastrulation, the embryo is bilaterally symmetrical, but at that
time mechanisms are set in place that ultimately result in the right-sided looping
of the heart, followed by asymmetric looping of the gut and the asymmetric
positioning of the liver, spleen, and lobation of the lungs. In mammalian
embryos, the earliest known manifestation of asymmetry involves the beating of
cilia around the primitive node (Fig. 5.13). This beating results in a directional
current leading to the expression of two signaling molecules in the transforming
growth factor-f (TGF-3) family—nodal, a symmetry-breaking molecule in the
left side of the embryo, and lefty-1 along the left side of the primitive streak—
over a very restricted developmental time (from the two-somite to the six-somite
stage in the mouse). Lefty-1 may function to prevent the diffusion of left-
determining molecules to the right side of the embryo. A sequence of molecular
interactions downstream of nodal results in the activation of the Pitx2 gene, a
transcription factor, also on the left side. The Pitx2 protein leads to later
asymmetric development, such as rotation of the gut and stomach, position of the
spleen, and the asymmetric lobation of the lungs. Although the left-sided
expression of nodal in the lateral mesoderm seems to be a point of commonality
in the determination of left-right asymmetry in all vertebrates, earlier (upstream)
molecular events differ among the classes of vertebrates. In the chick, important
signaling molecules, such as sonic hedgehog (shh) and fibroblast growth factor-8
(FGF-8), are asymmetrically distributed around the node, whereas in the mouse,
the distribution is uniform.
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Fig. 5.13 Summary of the molecular basis for body asymmetry.

Ciliary currents at the primitive node sweep the symmetry-breaking molecule
nodal toward the left side of the embryo, where it stimulates an asymmetric
cascade of gene expression via Pitx-2. Lefty-1, expressed along the left side of
the embryo, may prevent diffusion of molecules to the right side. Only the most
important molecules in a complex cascade are shown. FGF-8, fibroblast growth
factor-8; Shh, sonic hedgehog.

How the anteroposterior polarity, exemplified by the primitive streak, is
translated via ciliary currents into left-right asymmetry is the subject of
considerable research. A likely candidate is planar cell polarity, which is a
mechanism directing cells to orient themselves along an axis in the plane of a
flat epithelial tissue. This is accomplished by the asymmetric distribution of
several planar cell polarity proteins along this axis. In the node, Dishevelled is



concentrated in the posterior region of the cells, and a counterpart, Prickle, is
arranged along the anterior border (Fig. 5.14). The basal body in each of the 200
to 300 monociliated cells of the node is associated with Dishevelled, and the
cilium that protrudes from the cell does so at an angle that produces the leftward
fluid current when the cilium beats. There is speculation that a Wnt gradient lies
behind the asymmetric distribution of Dishevelled and Prickle, but this remains
to be confirmed.

Anterior
Mode
Lesft Right
Fluid
current
Maonocilium
Posteror

Fig. 5.14 The relationship between the planar cell polarity proteins Dishevelled
(red) and Prickle (green) and the location of the monocilium in cells of the
primitive node. The posterior location of the monocilia is such that their beat
leads to a leftward fluid current around the node.

In roughly 1 in 10,000 individuals, the left-right asymmetry of the body is totally
reversed, a condition called situs inversus (Fig. 5.15). This condition is often
not recognized until the individual is examined relatively late in life by an astute



diagnostician. Several mutations and syndromes are associated with this
condition, but one of the most instructive is Kartagener’s syndrome, in which
situs inversus is associated with respiratory symptoms (sinusitis and
bronchiectasis) resulting from abnormalities of the dynein arms in cilia
(immotile cilia). In a similar mouse mutant, the cilia around the primitive node
do not function properly, and the lack of directionality of the resulting fluid
currents around the node is suspected to result in the random localization of
nodal and other asymmetry-producing molecules to the right side of the embryo.
Partial situs inversus, such as an isolated right-sided heart (dextrocardia), can
also occur. With more than 24 genes currently known to be involved in left-right
asymmetry, such isolated occurrences of organ asymmetry are probably the
result of mutations of genes farther downstream in the asymmetry cascade.
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Fig. 5.15 Complete situs inversus in an adult.




Cell Adhesion Molecules

In the early 1900s, researchers determined that suspended cells of a similar type
have a strong tendency to aggregate. If different types of embryonic cells are
mixed together, they typically sort according to tissue type. Their patterns of
sorting even give clues to their properties and behavior in the mature organism.
For example, if embryonic ectodermal and mesodermal cells are mixed, they
come together into an aggregate with a superficial layer of ectodermal cells
surrounding a central aggregate of mesodermal cells.

Contemporary research has provided a molecular basis for many of the cell
aggregation and sorting phenomena described by earlier embryologists. Of
several families of CAMs that have been described, three are of greatest
importance to embryonic development. The first are the cadherins, which are
single transmembrane glycoproteins typically arranged as homodimers that

protrude from the cell surface. In the presence of calcium (Ca™"), cadherin
dimers from adjacent cells adhere to one another and cause the cells to become
firmly attached to one another (Fig. 5.16). One of the most ubiquitous is E-
cadherin, which binds epithelial cells to one another (see Fig. 16.6). During
epithelial-mesenchymal transformations, such as that shown in Figure 5.8, the
epithelial cells lose their E-cadherins as they transform into mesenchymal cells,
but if these cells reform an epithelium later in development, they re-express E-
cadherins.
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Fig. 5.16 Three major cell adhesion molecules.
CAM, cell adhesion molecule; Ig, immunoglobulin.

The immunoglobulin Ig (immunoglobulin)-CAMs are characterized by having
varying numbers of immunoglobulinlike extracellular domains. These molecules
adhere to similar (homophilic binding) or different (heterophilic binding)
CAMs on neighboring cells, and they do so without the mediation of calcium
ions (see Fig. 5.16). One of the most prominent members of this family is N-
CAM, which is strongly expressed within the developing nervous system. Ig-
CAMs do not bind cells as tightly as cadherins, and they provide for fine-tuning
of intercellular connections. N-CAM is unusual in having a high concentration
of negatively charged sialic acid groups in the carbohydrate component of the
molecule, and embryonic forms of N-CAM have three times as much sialic acid
as the adult form of the molecule.

In the early embryo, before primary induction of the central nervous system, the
ectoderm expresses N-CAM and E-cadherin (formerly known as L-CAM). After
primary induction, cells within the newly formed neural tube continue to express
N-CAM, but they no longer express E-cadherin. They also strongly express N-
cadherin. In contrast, the ectoderm ceases to express N-CAM, but it continues to
express E-cadherin (Fig. 5.17).
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Fig. 5.17 Distribution of cell adhesion molecules in early ectoderm.
Preinduced ectoderm (A) after induction of the neural tube (B). CAM, cell
adhesion molecule.

The third major family of CAMs, the integrins, attaches cells to components of
basal laminae and the extracellular matrix (see Fig. 5.16). Integrins form
heterodimers consisting of 1 of 16 a chains and 1 of 8 § chains. The matrix
molecules to which they bind cells include fibronectin, laminin, and tenascin

(see Fig. 12.3).

Clinical Vignette

A 35-year-old married man with a history of chronic respiratory infections is
found on a routine x-ray examination to have dextrocardia. Further physical
examination and imaging studies reveal that he has complete situs inversus. He
has also been going to another clinic for a completely different problem, which
is related to the same underlying defects.



Which is the most likely clinic?

A. Urology B. Dermatology C. Infertility D. Orthopedic E. Oncology




Summary

m Just before implantation, the inner cell mass becomes reorganized as an
epithelium (epiblast), and a second layer (hypoblast) begins to form beneath it.
Within the epiblast, the amniotic cavity forms by cavitation; outgrowing cells of
the hypoblast give rise to the endodermal lining of the yolk sac. Extraembryonic
mesoderm seems to form by an early transformation of parietal endodermal cells
and cells migrating through the primitive streak.

m The pregastrula embryo sets up two signaling centers. The anterior visceral
endoderm induces the head and inhibits anterior extension of the primitive
streak. The posterior center induces the primitive streak and the formation of
mesoderm.

m During gastrulation, a primitive streak forms in the epiblast at the caudal end
of the bilaminar embryo. Cells migrating through the primitive streak form the
mesoderm and endoderm, and the remaining epiblast becomes ectoderm.

m The primitive node, located at the cranial end of the primitive streak, is the
source of the cells that become the notochord. It also functions as the organizer
or primary inductor of the future nervous system.

m As they pass through the primitive streak, future mesodermal cells in the
epiblast change in morphology from epithelial epiblastic cells to bottle cells and
then to mesenchymal cells. Extraembryonic mesodermal cells form the body
stalk. The migration of mesenchymal cells during gastrulation is facilitated by
extracellular matrix molecules such as hyaluronic acid and fibronectin.

m Late in the third week after fertilization, the primitive streak begins to regress
caudally. Normally, the primitive streak disappears, but sacrococcygeal
teratomas occasionally form in the area of regression.

m The essential elements of neural induction are the same in all vertebrates. In
mammals, the primitive node and the notochordal process act as the primary
inductors of the nervous system. Mesodermal induction occurs even earlier than
neural induction. Growth factors such as Vg1 and activin are the effective agents
in mesodermal induction.



m Numerous signaling centers control the organization of many important
embryonic structures during early development. Each is associated with a
constellation of important developmental genes. The early gastrula organizer is
involved in initiation of the primitive streak. The primitive node organizes the
formation of the notochord and nervous system and many aspects of cellular
behavior associated with the primitive streak. The notochord is important in the
induction of many axial structures, such as the nervous system and somites.
Formation of the head is coordinated by the anterior visceral endoderm
(hypoblast) and the prechordal plate.

m Early blastomeres are totipotent. As development progresses, cells pass
through restriction points that limit their differentiation. When the fate of a cell
is fixed, the cell is said to be determined. Differentiation refers to the actual
expression of the portion of the genome that remains available to a determined
cell, and the term connotes the course of phenotypic specialization of a cell.

m Left-right asymmetry in the early embryo is accomplished by the action of
ciliary currents at the node carrying nodal to the left side of the embryo. This
releases a cascade of molecules, with Pitx-2 prominent, that causes the
asymmetric formation of structures, such as the heart, liver, lungs, and stomach.

m Embryonic cells of the same type adhere to one another and reaggregate if
separated. The molecular basis for cell aggregation and adherence is the
presence of adhesion molecules on their surfaces. The three main families are
the cadherins and the Ig-CAMs, which mediate cell-to-cell adhesion, and the
integrins, which bind cells to the surrounding extracellular matrix.

Review Questions
1. The principal inductor in primary neural induction is the:

A. Hypoblast

B. Primitive streak

C. Extraembryonic mesoderm
D. Notochordal process

E. Embryonic ectoderm

2. Which of the following tissues arises from cells passing through the
primitive streak?



A. Embryonic endoderm
B. Hypoblast

C. Cytotrophoblast

D. Primary yolk sac

E. Amnion

3. Cells of which germ layer are not present in the oropharyngeal
membrane?

A. Ectoderm
B. Mesoderm
C. Endoderm
D. All are present

4. The prechordal plate plays an important role in regionalization of the:

A. Notochord

B. Forebrain

C. Embryonic mesoderm
D. Primitive node

E. Hindbrain

5. Brachyury, a deficiency in caudal tissues in the body, is caused by a
mutation in what gene?

A. Lim-1

B. Noggin

C.T

D. Sonic hedgehog
E. Activin

6. Which layer of the bilaminar (two-layered) embryo gives rise to all of the
embryonic tissue proper?

7. Of what importance is the primitive node in embryonic development?

8. The migration of mesodermal cells from the primitive streak is facilitated
by the presence of what molecules of the extracellular matrix?

9. What molecules can bring about mesodermal induction in an early



embryo?

10. At what stage in the life history of many cells are cell adhesion molecules
lost?
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Chapter 6

Establishment of the Basic Embryonic Body Plan

After gastrulation is complete, the embryo proper consists of a flat, three-layered
disk containing the ectodermal, mesodermal, and endodermal germ layers. Its
cephalocaudal axis is defined by the location of the primitive streak. Because of
the pattern of cellular migration through the primitive streak and the regression
of the streak toward the caudal end of the embryo, a strong cephalocaudal
gradient of maturity is established. This gradient is marked initially by the
formation of the notochord and later by the appearance of the neural plate, which
results from the primary induction of the dorsal ectoderm by the notochord.

As seen in Chapter 5, despite the relatively featureless appearance of the
gastrulating embryo, complex patterns of gene expression set up the basic body
plan of the embryo. One of the earliest morphological manifestations of this
pattern is the regular segmentation that becomes evident along the craniocaudal
axis of the embryo. Such a segmental plan, which is a dominant characteristic of
all early embryos, becomes less obvious as development progresses.
Nonetheless, even in an adult the regular arrangement of the vertebrae, ribs, and
spinal nerves persists as a reminder of humans’ highly segmented phylogenetic
and ontogenetic past.

Another major change crucial in understanding the fundamental organization of
the body plan is the lateral folding of the early embryo from three essentially
flat, stacked, pancakelike disks of cells (the primary embryonic germ layers) to a
cylinder, with the ectoderm on the outside, the endoderm on the inside, and the
mesoderm between them. The cellular basis for lateral folding still remains
better described than understood.

This chapter concentrates on the establishment of the basic overall body plan. In
addition, it charts the appearance of the primordia of the major organ systems of
the body from the undifferentiated primary germ layers (see Fig. 6.27).



Development of the Ectodermal
Germ Layer



Neurulation: Formation of the Neural Tube

The principal early morphological response of the embryonic ectoderm to neural
induction is an increase in the height of the cells that are destined to become
components of the nervous system. These transformed cells are evident as a
thickened neural plate visible on the dorsal surface of the early embryo (Figs.
6.1A and 6.2A). Unseen but also important is the restricted expression of cell
adhesion molecules (Ig-CAMs), from N-CAM and E-cadherin in the preinduced
ectoderm to N-CAM and N-cadherin in the neural plate.




A Cut edge of amnion

Meural fald

Meural plate

Meural groove
Somite
Primitive node
Primitive streak

18 days 20 days

Anterior
neuropore

Meural fold

Pericardial bulge

neuropore

22 days 23 days

Fig. 6.1 Early stages in the formation of the human central nervous system.
A, At 18 days. B, At 20 days. C, At 22 days. D, At 23 days.
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The first of four major stages in the formation of the neural tube is
transformation of the general embryonic ectoderm into a thickened neural plate.



The principal activity of the second stage is further shaping of the overall
contours of the neural plate so that it becomes narrower and longer. To a great
extent, this is accomplished by convergent extension, during which the
ectodermal cells forming the neural plate migrate toward the midline and also
become longer along the anteroposterior axis and narrower laterally. This
process, which is guided by planar cell polarity (see p. 87), results in the
formation of a key-shaped neural plate (see Fig. 6.1A).

The third major stage in the process of neurulation is the lateral folding of the
neural plate that results in the elevation of each side of the neural plate along a
midline neural groove (see Figs. 6.1B and 6.2B). Many explanations have been
proposed for lateral folding of the neural plate and ultimate closure of the neural
tube. Most of these explanations have invoked a single or dominant mechanism,
but it is now becoming apparent that lateral folding is the result of numerous
region-specific mechanisms intrinsic and extrinsic to the neural plate.

The ventral midline of the neural plate, sometimes called the median hinge
point, acts like an anchoring point around which the two sides become elevated
at a sharp angle from the horizontal. At the median angle, bending can be largely
accounted for by notochord-induced changes in the shape of the neuroepithelial
cells of the neural plate. These cells become narrower at their apex and broader
at their base (see Fig. 6.2B) through a combination of a basal position of the
nuclei (thus causing a lateral expansion of the cell in that area) and a purse
string—like contraction of a ring of actin-containing microfilaments in the apical
cytoplasm. Throughout the lateral folding of the neural plate in the region of the
spinal cord, much of the wall area of the neural plate initially remains flat (see
Fig. 6.2B), but in the brain region, a lateral hinge point forms as a result of
apical constriction of cells in a localized area (see Fig. 6.2C). Elevation of the
neural folds seems to be accomplished largely by factors extrinsic to the neural
epithelium, in particular, pushing forces generated by the expanding surface
epithelium lateral to the neural plate.

The fourth stage in the formation of the neural tube consists of apposition of the
two most lateral apical surfaces of the neural folds, their fusion (mediated by cell
surface glycoconjugates), and the separation of the completed segment of the
neural tube from the overlying ectodermal sheet (see Fig. 6.2C and D). At the
same time, cells of the neural crest begin to separate from the neural tube.

Closure of the neural tube begins almost midway along the craniocaudal extent



of the nervous system of a 21-to 22-day-old embryo (see Fig. 6.1C). Over the
next couple of days, closure extends caudally in a zipperlike fashion, but
cranially there are commonly two additional discontinuous sites of closure. The
unclosed cephalic and caudal parts of the neural tube are called the anterior
(cranial) and posterior (caudal) neuropores. The neuropores also ultimately
close off so that the entire future central nervous system resembles an irregular
cylinder sealed at both ends. Occasionally, one or both neuropores remain open,
and serious birth defects result (see p. 248).

Caudal to the posterior neuropore, the remaining neural tube (more prominent in
animals with large tails) is formed by the process of secondary neurulation.
Secondary neurulation in mammals begins with the formation of a rodlike
condensation of mesenchymal cells, the medullary cord, beneath the dorsal
ectoderm of the tail bud. Within the mesenchymal rod, a central canal forms
directly by cavitation (the formation of a space within a mass of cells). This
central canal becomes continuous with the one formed during primary
neurulation by the lateral folding of the neural plate and closure of the posterior
neuropore. Because of the poor development of the tail bud, secondary
neurulation in humans is not a prominent process.



Segmentation in the Neural Tube

Morphological Manifestations of Segmentation

Soon after the neural tube has taken shape, the region of the future brain can be
distinguished from the spinal cord. The brain-forming region undergoes a series
of subdivisions that constitute the basis for the fundamental gross organization
of the adult brain. Segmentation by subdivision of an existing structure (in the
case of the neural tube) contrasts with segmentation by adding terminal
segments, as is the case in the formation of somites (see p. 99). An early set of
subdivisions results in a three-part brain, consisting of a forebrain
(prosencephalon), midbrain (mesencephalon), and hindbrain
(rhombencephalon). Later, the prosencephalon becomes subdivided into a
telencephalon and diencephalon, and the rhombencephalon is subdivided into a
metencephalon and myelencephalon (see Fig. 11.2).

Superimposed on the traditional gross morphological organization of the
developing brain is another, more subtle, level of segmentation, which
subdivides certain regions of the brain into transiently visible series of regular
segments called neuromeres (Fig. 6.3). In the hindbrain, the neuromeres, often
called rhombomeres, are visible from early in the fourth to late in the fifth week
(Fig. 6.3B). The midbrain does not seem to be segmented, but the
prosencephalon contains a less regular series of prosomeres.



Fig. 6.3 Neuromeres in 3-day old chick brain (A) and a 5-week human embryo
(B). The scanning electron micrograph in B looks down onto the
rhombencephalon through the dissected roof. The neuromeres (rhombomeres)
are the paired white horizontal stripes on either side of the midline groove.

(B, From Steding G: The Anatomy of the human embryo, Basel, 2009, Karger.
Courtesy of Dr. J. Manner.)

Rhombomeres are arranged as odd and even pairs, and when established, they
act like isolated compartments in insect embryos. Because of specific surface
properties, cells from adjacent rhombomeres do not intermingle across
boundaries between even and odd segments; however, marked cells from two
even or two odd rhombomeres placed side by side do intermingle. During their
brief existence, rhombomeres provide the basis for the fundamental organization
of the hindbrain. In an adult, the segmental organization of the rhombomeres is
manifest in the rhombomere-specific origin of many cranial nerves and parts of
the reticular formation within the brainstem (see Fig. 11.13).



Mechanisms of Early Segmentation of the Neural Tube

While gastrulation is still taking place, the newly induced neural tube is
subjected to vertical inductions from the notochord and head organizing regions
(anterior visceral endoderm and prechordal plate), which are important in
inducing the forebrain region. These inductions, together with a gradient of
Wnt-8 (product of a gene homologous with Wingless, a segment polarity gene in
Drosophila [see Fig. 4.1]) signaling, effectively subdivide it into
forebrain/midbrain and hindbrain/spinal cord segments. This subdivision is
marked by the expression of two transcription factors, Otx-2 (orthodenticle
homologue 2) in the forebrain/midbrain region, and in the hindbrain, Gbx-2
(gastrulation brain homeobox 2), whose boundaries sharply define the midbrain-
hindbrain border (Fig. 6.4A). Fibroblast growth factors (FGFs), produced in the
early primitive streak, are known to exert a posteriorizing effect on the newly
forming neural plate.
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Fig. 6.4 Schematic representation of signaling centers acting on and within the
early embryonic brain.

A, In response to signals (green arrows) from the anterior visceral endoderm, the
prechordal plate, and the notochord, the neural tube expresses Otx-2 in the future
forebrain and midbrain regions and Gbx-2 in the hindbrain and spinal cord. B,
Later in development, signals (fibroblast growth factor-8 [FGF-8] [green] and



Whnt-1 [yellow]) from the isthmic organizer induce decreasing gradients of En-1
and En-2 (blue) on either side. Another organizer—the anterior neural ridge—
secretes sonic hedgehog (red) and FGF-8 (green), and both the zona limitans and
the ventral part (floor plate) of the neural tube secrete sonic hedgehog. D,
diencephalon; Mes, mesencephalon; r, rhombomere; T, telencephalon.

(B, After Lumsden A, Krumlauf R: Science 274:1109-1115, 1996.)

The midbrain-hindbrain border becomes a powerful local signaling center, called
the isthmic organizer. Wnt-1 is synthesized in the neural ectoderm anterior,
and FGF-8 is formed posterior to the isthmic organizer (Fig. 6.4B). The
transcription factors Pax-2 and Pax-5 and engrailed (En-1 and En-2) are
expressed on both sides of the isthmic organizer as gradients that are crucial in
organizing the development of the midbrain and the cerebellum, a hindbrain
derivative.

Two additional organizing or signaling centers are established early in the
formation of the forebrain region. One, the anterior neural ridge, is located at
the anterior pole of the brain (see Fig. 6.4B). It is a site of sonic hedgehog and
FGF-8 signaling activity and is important in organizing the formation of the
telencephalon, parts of the diencephalon, the olfactory area, and the pituitary
gland. A third signaling center, the zona limitans (see Fig. 6.4B), is a sonic
hedgehog—secreting group of cells that organize the border between the future
dorsal and ventral thalamus. Chapter 11 presents additional information on the
organization and segmentation of the forebrain.

Segmentation in the Hindbrain Region

Segmentation of the hindbrain into seven rhombomeres in humans, and eight in
some other animals, is the result of the expression of several categories of genes,
which operate in a manner remarkably reminiscent of the way in which the early
Drosophila embryo becomes subdivided into segments (see Fig. 4.1). Individual
rhombomeres are initially specified through the ordered expression of unique
combinations of transcription factors; this patterning is then translated into
cellular behavior by the patterned expression of cell surface molecules.

After the Gbx-2—expressing area defines the rough limits of the hindbrain,
several segmentation genes are involved in setting up the basic pattern of
segmentation that leads to rhombomere formation. Krox 20, a zinc finger



transcription factor, is expressed in and guides the formation of rhombomeres 3
and 5 (r3 and r5) (see Fig. 11.12), whereas kreisler, another transcription factor,
and Hoxa-1 are also involved in the formation of r5. A decreasing gradient of
retinoic acid, produced by the anterior somites, plays an important role in the
formation of the posterior rhombomeres (r4 to r7). These molecules are not
involved in the specification of r1 to r3, which is regulated by Gbx-2.

The Hox genes are principally involved in specifying segmental identity, but
before any molecular marker of morphological segmentation exists, the
previously mentioned gradient of retinoic acid stimulates the expression of
Hoxa-1 and Hoxb-1. The influence of these two Hox genes and of the
segmentation genes, Krox 20 and kreisler, initiates the expression of the various
Hox paralogues in a highly specific sequence along the hindbrain and spinal cord
(see Fig. 11.12). As seen in Chapters 11 and 14, the pattern of Hox gene
expression determines the morphological identity of the cranial nerves and other
pharyngeal arch derivatives that arise from specific rhombomeres. At successive
times during the formation of the hindbrain, different regulatory networks
controlling Hox gene expression come into play, but details of these networks
are not presented in this text. The orderly expression of Hox gene paralogues
extends anteriorly through r2. Hox proteins are not found in r1 largely because
of the antagonistic action of FGF-8, which is produced in response to signals
from the isthmic organizer at the anterior end of r1. In the absence of FGF-8§,
Hox proteins are expressed in r1. Another rhombencephalic protein, sprouty 2,
acts as an antagonist of FGF-8, and this protein, in addition to the presence of
Hoxa-2 in 12, confines FGF-8 mostly to r1 and contains the primordium of the
cerebellum to the anterior part of rl.

Another family of genes, the ephrins and their receptors, determines the
behavioral properties of the cells in the rhombomeres. The action of ephrins,
which are expressed in even-numbered rhombomeres (2, 4, and 6), and of ephrin
receptors, which are expressed in odd-numbered rhombomeres (3 and 5), seems
to account for the lack of mixing behavior of cells from adjacent rhombomeres
and maintains the separation of the various streams of neural crest cells that
emigrate from the rhombomeres (see Fig. 12.8).

Formation and Segmentation of the Spinal Cord

Although neuromeres are not seen in the region of the neural tube that gives rise
to the spinal cord, the regular arrangement of the exiting motor and sensory



nerve roots is evidence of a fundamental segmental organization in this region of
the body as well. In contrast to the brain, however, segmentation of the spinal
cord is to a great extent imposed by signals emanating from the paraxial
mesoderm, rather than from molecular signals intrinsic to the neural tube.

As the body axis is elongating, and somites are forming, the caudalmost part of
the newly induced neural plate possesses the properties of a stem cell zone (Fig.
6.5). Under the influence of FGF-8, secreted by the adjacent presomitic paraxial
mesoderm, these cells, which go on to form the spinal cord, proliferate without
undergoing differentiation. Some of the daughter cells are left behind by the
posteriorly advancing stem cell zone. These cells fall under the influence of
retinoic acid, produced by the newly formed somites, which are also being
formed in a posterior direction (see Fig. 6.8). Retinoic acid stimulates these cells
to differentiate into neurons. Elongation of the tail bud region comes to a close
when the caudal extent of presomitic mesoderm is reduced, thus allowing the
retinoic acid produced in the area to diffuse farther posteriorly and inhibit the
action of FGF-8. As a result, proliferation of tail bud mesenchyme is greatly
reduced, causing growth to cease.
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Fig. 6.5 Elongation of the spinal cord in the early embryo.



Under the influence of fibroblast growth factor-8 (FGF-8) secreted by presomitic
paraxial mesoderm, cells in the most posterior region continue to proliferate,
whereas retinoic acid (RA), secreted by newly formed somites, stimulates the
neuronal differentiation.

The opposing actions of retinoic acid, which promotes differentiation, and FGF,
which fosters proliferation at the expense of differentiation, represent a recurring
theme in the development of other structures. For example, the spread of FGF-8
from the isthmic organizer (see Fig. 6.4B) antagonizes the influence of retinoic
acid in r1. This permits the exuberant proliferation of the cells in this
rhombomere, which is necessary for the formation of the large cerebellum from
this structure. Interactions between FGF-8 and retinoic acid in the forming spinal
cord and paraxial mesoderm help to set the Hox code that confers
anteroposterior identity to regions of the spinal cord and the adjacent somites.



Neural Crest

As the neural tube is closing and separating from the general cutaneous
ectoderm, a population of cells called the neural crest leaves the dorsal part of
the neural tube and begins to spread throughout the body of the embryo (see Fig.
6.2). The neural crest produces an astonishing array of structures in the embryo
(see Table 12.1), and its importance is such that the neural crest is sometimes
called the fourth germ layer of the body. (The neural crest is discussed further in

Chapter 12.)



Sensory Placodes and Secondary Inductions in the
Cranial Region

As the cranial region begins to take shape, several series of ectodermal
placodes (thickenings) appear lateral to the neural tube and neural crest (Fig.
6.6). These placodes arise from a horseshoe-shaped preplacodal domain around
the anterior neural plate that is established during the gastrulation and early
neurulation periods, and the individual placodes result from a variety of
secondary inductive processes between neural or mesenchymal tissues and the
overlying ectoderm (see Table 13.1). In several cases, cells from the placodes
and neural crest interact closely to form the sensory ganglia of cranial nerves (V,
VII, IX, and X). Deficiencies of one of these two components can often be made
up by an increased contribution by the other component. Further details of
placodes and their developmental fate are given in Chapter 13.
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Fig. 6.6 Early stages in the formation of cranial ectodermal placodes in the chick
embryo, as viewed from the dorsal aspect.
The placodes are shown in blue.
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Basic Plan of the Mesodermal Layer

After passing through the primitive streak, the mesodermal cells spread laterally
between the ectoderm and endoderm as a continuous layer of mesenchymal cells
(see Fig. 5.6). Subsequently, three regions can be recognized in the mesoderm of
cross-sectioned embryos (Fig. 6.7B). Nearest the neural tube is a thickened
column of mesenchymal cells known as the paraxial mesoderm, or segmental
plate. This tissue soon becomes organized into somites. Lateral to the paraxial
mesoderm is a compact region of intermediate mesoderm, which ultimately
gives rise to the urogenital system. Beyond that, the lateral plate mesoderm
ultimately splits into two layers and forms the bulk of the tissues of the body
wall, the wall of the digestive tract, and the limbs (see Fig. 6.27).
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Paraxial Mesoderm

As the primitive node and the primitive streak regress toward the caudal end of
the embryo, they leave behind the notochord and the induced neural plate.
Lateral to the neural plate, the paraxial mesoderm appears to be a homogeneous
strip of closely packed mesenchymal cells. However, if scanning electron
micrographs of this mesoderm are examined with stereoscopic techniques, a
series of regular pairs of segments can be discerned. These segments, called
somitomeres, have been most studied in avian embryos, but they are also found
in mammals. New pairs of somitomeres form along the primitive node as it
regresses toward the caudal end of the embryo (Fig. 6.8). Not until almost 20
pairs of somitomeres have formed, and the primitive node has regressed quite far
caudally, does the first pair of somites (brick-shaped masses of paraxial
mesoderm) form behind the seventh pair of somitomeres.
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Fig. 6.8 Relationship between somitomeres and somites in the early chick
embryo.

Cranial somitomeres (open circles) take shape along Hensen’s node until 7 pairs
have formed. Caudal to the seventh somitomere, somites (rectangles) form from
caudal somitomeres (ovals). As the most anterior of the caudal somitomeres
transform into somites, additional caudal somitomeres take shape posteriorly.



For a while, the equilibrium between transformation into somites anteriorly and
new formation posteriorly keeps the number of caudal somitomeres at 11.

After the first pair of somites has been established (approximately 20 days after
fertilization), a regular relationship develops between the regression of the
primitive streak and the formation of additional somites and somitomeres. The
first 7 pairs of somitomeres in the cranial region do not undergo further
separation or segmentation. Cells from these somitomeres (cranial mesoderm)
will form most of the skeletal musculature of the head, and they have quite
different cellular and molecular properties from those derived from somites of
the trunk. The first pair of somites forms at the expense of the eighth pair of
somitomeres. In the types of embryos studied to date, there is a constant
relationship between the caudalmost pair of definitive somites and the number of
somitomeres (usually 10 to 11) that can be shown behind them. Every few hours,
the pair of somitomeres located caudal to the last-formed somites becomes
transformed into a new pair of somites, and a new pair of somitomeres is laid
down at the caudal end of the paraxial mesoderm near the primitive node (see
Fig. 6.8). As regression of the primitive streak comes to a close, the formation of
paraxial mesoderm continues through the cells contributed by the tail bud. The
cervical, thoracic, and lumbar vertebrae and associated structures are derived
from cells migrating through the primitive streak, whereas the cellular precursors
of the sacrum and coccyx come from the tail bud.

Formation of Individual Somites

The formation of individual somites from a seemingly homogeneous strip of
paraxial mesoderm is a complex process that involves a variety of levels of
molecular control and changes in cellular behavior within the paraxial
mesoderm. Our basic understanding of somitogenesis (somite formation) comes
from studies on the chick. The first significant step in somitogenesis is
segmentation of the paraxial mesoderm. In contrast to segmentation in the
hindbrain (see p. 95), somite formation occurs by the sequential addition of new
segments in a craniocaudal sequence.

Somitogenesis involves two mechanisms in what is often referred to as a clock
and wavefront model. The first step (the wavefront) is associated with the
elongation of the caudal end of the body through proliferative activity of
mesenchymal cells in the most posterior nonsegmented part of the primitive
streak (Fig. 6.9A). Cells in this area divide actively under the influence of a high



local concentration of FGF-8. More anteriorly, where the cells are older, the
concentration of FGF-8 decreases as the FGF molecules become broken down
over time. Conversely, the cells closer to the last-formed somite become exposed
to increasing concentrations of retinoic acid, which is produced in the most
posterior somites and whose action opposes that of FGF. At some point in their
life history, the mesenchymal cells are exposed to a balance of FGF-8 and
retinoic acid concentrations that results in their crossing a developmental
threshold (the wavefront, or determination front) that prepares them for
entering the process of segmentation (somite formation). This is characterized by
the expression of a transcription factor, Mesp-2, which prefigures a future
somite. With the continued caudal elongation of the embryo and the addition of
new somites, the location of the wavefront extends caudally in the growing
embryo, but it remains a constant distance from the last-formed somite pair.
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oscillating molecules in the Notch pathway stimulate the expression of lunatic
fringe at the anterior and c-hairy at the posterior border of a future somite. Later
interactions between Eph A and ephrin B maintain the intersomitic space.

Next, the segmentation clock is initiated in those presomitic cells that have
passed over the previously mentioned threshold and are expressing Mesp-2. The
exact mechanism that starts the clock is still not fully defined, but many
molecules in the interacting Notch, Wnt, and FGF pathways are known to be
synthesized at regular periodic intervals and become localized at critical
locations in the forming somite. In the chick, in which a new somite forms every
90 minutes, lunatic fringe becomes concentrated at the future anterior border of
the somite, and c-hairy (a homologue of a segmentation gene in Drosophila)
becomes concentrated along the future posterior border (Fig. 6.9B).

At the level of cellular behavior, cells at the anterior border of the forming
somite express the ephrin receptor Eph A. Because the cells on the posterior
border of the previously formed somite express the ephrin ligand ephrin B, the
cells of the two adjacent somites are prevented from mixing (as is the case with
adjacent rhombomeres in the developing hindbrain), and a fissure forms between
the two somites. Finally, the action of Wnt-6 from the overlying ectoderm
stimulates the expression of the transcription factor paraxis in the newly
forming somite. This, along with the downregulation of Snail, results in the
transformation of the mesenchymal cells of the anterior part of the somite, and
later all the mesenchymal cells, into an epithelial cell type (Fig. 6.10A). While in
the earliest stages of its formation, a somite also undergoes an internal
subdivision into anterior and posterior halves. Differences in cellular properties
stemming from this subdivision are of great significance in the formation of
vertebrae and in guiding the migration of neural crest cells and outgrowing
axons.
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Fig. 6.10 Stages in the life history of a somite in a human embryo.

A, Epithelial stage of a somite in the preneural tube stage. B,
Epitheliomesenchymal transformation of the ventromedial portion into the
sclerotome. C, Appearance of a separate myotome from the original
dermomyotome. D, Early stage of breakup of the epithelial dermatome into
dermal fibroblasts.

The continued development of a somite involves the complete transformation of
the segmented blocks of mesenchymal cells into a sphere of epithelial cells
through the continued action of paraxis (see Fig. 6.10A). The cells of the
epithelial somite are arranged so that their apical surfaces surround a small
central lumen, the somitocoel (which contains a few core cells), and their outer
basal surfaces are surrounded by a basal lamina (containing laminin, fibronectin,
and other components of the extracellular matrix).

Shortly after the formation of the epithelial somite, the cells of its ventromedial
wall are subjected to an inductive stimulus in the form of the signaling



molecules sonic hedgehog and noggin, originating from the notochord and the
ventral wall of the neural tube. The response is the expression of Pax1 and Pax9
in the ventral half of the somite, which is now called the sclerotome (Fig. 6.11).
This leads to a burst of mitosis, the loss of intercellular adhesion molecules (N-
cadherin), the dissolution of the basal lamina in that region, and the
transformation of the epithelial cells in that region back to a mesenchymal
morphology (these cells are called secondary mesenchyme). These secondary
mesenchymal cells migrate or are otherwise displaced medially from the
remainder of the somite (see Fig. 6.10B) and begin to produce chondroitin
sulfate proteoglycans and other molecules characteristic of cartilage matrix as
they aggregate around the notochord.
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Fig. 6.11 Molecular events involved in the differentiation of somites.
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(Adapted from Brand-Saberi B and others: Int J Dev Biol 40:411-420, 1996.)

Under the influence of secreted products of Wnt genes produced by the dorsal
neural tube and the surface ectoderm, the dorsal half of the epithelial somite
becomes transformed into the dermomyotome (see Fig. 6.10B) and expresses its
own characteristic genes (Pax3, Pax7, paraxis). Mesenchymal cells arising from
the dorsomedial and ventrolateral borders of the dermomyotome form a separate
layer, the myotome, beneath the remaining somitic epithelium, which is now
called the dermatome (see Fig. 6.10C). As their names imply, cells of the
myotome produce muscle, and cells of the dermatome contribute to the dermis.

Organization of the Somite and the Basic Segmental Body Plan

The fates of the cells in the most recently formed somites are not fixed; if such a
somite is rotated 180 degrees in a dorsoventral direction, the cells respond to
their new environment and form perfectly oriented derivatives. By the time three
other new somites have formed behind a somite, however, its cells have received
sufficient environmental input that their developmental course is set in place.
Even within the early epithelial somite (see Fig. 6.10A), the structures that form
from cells of the main epithelial sectors of the somite and from the mesenchymal
somitocoel cells in the center of the somite can be mapped out.

The breakup of the ventral part of the epithelial somite into mesenchyme under
the influence of sonic hedgehog and noggin coming from the notochord leads to
the formation of the early sclerotome. As the sclerotome develops, it can be
subdivided into many compartments, each of which gives rise to specific
derivatives (Box 6.1 and Fig. 6.12). Cells from several somitic compartments—
the ventral, central, and dorsal—come together to form a vertebra (see Box 6.1),
whereas cells from the central and lateral compartments form the ribs. Late in
the development of the sclerotome, cells from its medial edge (meningotome)
surround the developing spinal cord to form the meninges and their vasculature.
Cells of the somitocoel (arthrotome) join with some ventral cells to form the
intervertebral disks and the vertebral joint surfaces.

Box 6.1 Somite Compartments and Their Derivatives

Sclerotome



Ventral: vertebral bodies and their intervertebral disks

Lateral: distal ribs, some tendons

Dorsal: dorsal part of neural arch, spinous process

Central: pedicles and ventral parts of neural arches, proximal ribs, or
transverse processes of vertebrae

Medial (meningotome): meninges and blood vessels of meninges

Arthrotome

Intervertebral disks, vertebral joint surfaces, and proximal ribs
Dermatome

Dermis, blade of scapula
Myotome

Dorsomedial: intrinsic back muscles (epaxial)
Ventrolateral: limb muscles or muscles of ventrolateral body wall (hypaxial)

Neurotome

Endoneurial and perineurial cells
Syndetome

Tendons of epaxial musculature

Adapted from Christ B, Huang R, Scaal M: Dev Dyn 236:2383, 2007.
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Fig. 6.12 Organization of somites at earlier (A) and later (B) stages of
development.

(Based on Christ B, Huang R, Scaal M: Anat Embryol 208:333-350, 2004.)

After the Wnt-mediated formation of the dermomyotome, cells in its
dorsomedial sector find themselves exposed to a balance of sonic hedgehog
signaling from the notochord and Wnt signaling from the dorsal neural tube and
overlying surface ectoderm that leads them to becoming committed to the
myogenic lineage. Conditions for myogenesis here are set by the inhibition of
ectodermally produced bone morphogenetic protein-4 (BMP-4) (which in itself
inhibits myogenesis) by noggin. These cells then stop producing Pax-3 and Pax-
7 and begin to express myogenic regulatory molecules, such as MyoD and Myf-
5 (see p. 184). Ultimately, these cells form the intrinsic back (epaxial)
musculature.



Meanwhile, under the influence of BMP-4, produced by the lateral plate
mesoderm, the expression of myogenic factors in the ventrolateral
dermomyotome is suppressed, and these cells continue to express Pax-3. They
also produce a receptor molecule, c-met. Scatter factor (also called hepatic
growth factor), a growth factor secreted in the region of the limb buds, binds to
the c-met receptor of the lateral dermomyotomal cells. This stimulates these cells
(30 to 100 cells per somite) to migrate out of the somite and into the limb bud
even before the myotome forms. While migrating, they continue to express their
dermomyotomal marker, Pax-3, and the cell adhesion molecule, N-cadherin.

In the anterior and posterior borders of the somite, FGF signals from the
developed myotome induce a layer of cells along the lateral edge of the
sclerotome to produce scleraxis, a transcription factor found in tendons. These
cells form a discrete layer, called the syndetome, and they represent the
precursors of the tendons that connect the epaxial muscles to their skeletal
origins and insertions. Research with cell markers has shown that almost all
components of the somites are able to give rise to blood vessels that nourish the
various structures derived from the somitic mesoderm. Box 6.2 lists the types of
mature cells that are derived from somites.

Box 6.2 Mature Cell Types Derived from Somites
Adipocytes

Chondrocytes

Osteocytes

Endothelial cells

Arteries
Veins
Capillaries
Lymphatics

Pericytes

Fibrocytes



Connective tissues
Dermal
Tendons and ligaments

Muscle cells

Skeletal
Smooth

Nervous system

Arachnoid cells
Epineurial cells
Perineurial cells
Endoneurial cells
Fibrocytes of dura mater

Adapted from Christ B, Huang R, Scaal M: Dev Dyn 236:2383, 2007.

Within a single somite, cells of the posterior sclerotome multiply at a greater rate
than do those of the anterior part, and the result is higher cellular density in the
posterior sclerotome (Fig. 6.13B). Properties of these cells and their extracellular
matrix (see p. 255) do not permit the passage of either outgrowing nerve fibers
or neural crest cells, which instead pass through the anterior sclerotome. Because
of the outgrowing neural structures that either pass through or are derived from
the anterior sclerotome, it has sometimes been called the neurotome.
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Fig. 6.13 A, Early movement of seemingly homogeneous sclerotome from the
somite. B, Breakup of the sclerotomal portions of the somites into anterior (A)
and posterior (P) halves, and the coalescence of the posterior portion of one
somite with the anterior portion of the one caudal to it to form the body of a
vertebra. C, With this rearrangement, the segmental muscles (derived from the
myotomes) extend across intervertebral joints and are supplied by spinal nerves
that grow out between the anterior and posterior halves of the somites.

As the cells of the sclerotome disperse around the notochord, cells of the anterior
half of one somite aggregate with cells of the posterior half of the more cranial
somite. Ultimately, this aggregate forms a single vertebra. Such an arrangement,



which depends on interactions with the neural tube, places the bony vertebrae
out of phase with the myotomally derived segmental muscles of the trunk (Fig.
6.13C). This structure allows the contracting segmental muscles to move the
vertebral column laterally. The relationship between the anterior half of one
somite and the adjoining posterior half of its neighboring somite is reminiscent
of the parasegments of Drosophila (similarly arranged subdivisions of the
segments into two parts), but whether they are functionally similar in terms of
genetic control is undetermined.



Intermediate Mesoderm

Connecting the paraxial mesoderm and the lateral plate mesoderm in the early
embryo is a small cord of cells called the intermediate mesoderm, which runs
along the entire length of the trunk (see Fig. 6.7C). How the intermediate
mesoderm forms remains unclear. It appears to arise as a response of early
mesoderm to BMP, secreted by lateral ectoderm, and activin and other signals
emanating from the paraxial mesoderm. The response to these signals is the
expression of Pax-2 within what becomes the intermediate mesoderm. The
cranial and caudal extent of the intermediate mesoderm is defined by expression
of members of the Hox-4 paralogue cranially and Hox-11 caudally. In
experiments involving a cranial shift of expression of Hox-4, the cranial border
of the intermediate mesoderm is correspondingly shifted toward the head. The
intermediate mesoderm is the precursor of the urogenital system. The earliest
signs of differentiation of the intermediate mesoderm are in the most cranial
regions, where vestiges of the earliest form of the kidney, the pronephros,
briefly appear. In the lateral region of the intermediate mesoderm, a longitudinal
pronephric duct appears on each side of the embryo. The pronephric duct is
important in organizing the development of much of the adult urogenital system,
which forms largely from cells of the caudal portions of the intermediate
mesoderm (see Chapter 16).



Lateral Plate Mesoderm

Shortly after gastrulation, the ectoderm overlying the lateral plate mesoderm
produces BMP-4. Soon thereafter, the lateral plate mesoderm itself begins to
produce BMP-4. Experimental studies have shown that this molecule has the
ability to cause mesoderm, whether paraxial or lateral plate, to assume the
molecular and cellular properties of lateral plate mesoderm. Whether early
mesoderm develops the properties of paraxial or lateral plate mesoderm seems to
depend on a balance between medializing influences emanating from the axial
structures (neural tube and notochord) and lateralizing influences initially
produced by lateral ectoderm.

The lateral plate mesoderm soon divides into two layers as the result of the
formation and coalescence of coelomic (body cavity) spaces within it (see Fig.
6.7B and C). The dorsal layer, which is closely associated with the ectoderm, is
called somatic mesoderm, and the combination of somatic mesoderm and
ectoderm is called the somatopleure (see Fig. 6.7D). The ventral layer, called
splanchnic mesoderm, is closely associated with the endoderm and is specified
by the transcription factor Foxf-1. The combined endoderm and splanchnic
mesoderm is called the splanchnopleure. The intraembryonic somatic and
splanchnic mesodermal layers are continuous with the layers of extraembryonic
mesoderm that line the amnion and yolk sac.

While the layers of somatic and splanchnic mesoderm are taking shape, the
entire body of the embryo undergoes a lateral folding process that effectively
transforms its shape from three flat germ layers to a cylinder, with a tube of
endoderm (gut) in the center, an outer tubular covering of ectoderm (epidermis),
and an intermediate layer of mesoderm. This transformation occurs before the
appearance of the limbs.



Formation of the Coelom

As the embryo undergoes lateral folding, the small coelomic vesicles that formed
within the lateral plate mesoderm coalesce into the coelomic cavity (see Fig.
6.7). Initially, the intraembryonic coelom is continuous with the
extraembryonic coelom, but as folding is completed in a given segment of the
embryo, the two coelomic spaces are separated. The last region of the embryo to
undergo complete lateral folding is the area occupied by the yolk sac. In this
area, small channels connecting the intraembryonic and extraembryonic coeloms
persist until the ventral body wall is completely sealed.

In the cylindrical embryo, the somatic mesoderm constitutes the lateral and
ventral body wall, and the splanchnic mesoderm forms the mesentery and the
wall of the digestive tract. The somatic mesoderm of the lateral plate also forms
the mesenchyme of the limb buds, which begin to appear late in the fourth week

of pregnancy (see Fig. 10.1).



Extraembryonic Mesoderm and the Body Stalk

The thin layers of extraembryonic mesoderm that line the ectodermal lining of
the amnion and the endodermal lining of the yolk sac are continuous with the
intraembryonic somatic and splanchnic mesoderm (see Fig. 6.7A and B). The
posterior end of the embryo is connected with the trophoblastic tissues (future
placenta) by the mesodermal body stalk (see Fig. 7.1). As the embryo grows and
a circulatory system becomes functional, blood vessels from the embryo grow
through the body stalk to supply the placenta, and the body stalk itself becomes
better defined as the umbilical cord. The extraembryonic mesoderm that lines
the inner surface of the cytotrophoblast ultimately becomes the mesenchymal
component of the placenta.




Early Stages in the Formation of the Circulatory
System

As the embryo grows during the third week, it attains a size that does not permit
simple diffusion to distribute oxygen and nutrients to all of its cells or efficiently
remove waste products. The early development of the heart and circulatory
system is an embryonic adaptation that permits the rapid growth of the embryo
by providing an efficient means for the distribution of nutrients. The circulatory
system faces the daunting task of having to grow and become continuously
remodeled to keep pace with the embryo’s overall growth while remaining fully
functional in supplying the needs of the embryo’s cells.

Heart and Great Vessels

The earliest development of the circulatory system consists of the migration of
heart-forming cells arising in the epiblast through the primitive streak in a well-
defined anteroposterior order. According to a commonly accepted model of heart
development, the cells passing through the streak closest to the primitive node
form the outflow tract, the cells passing through the midstreak form the
ventricles, and the cells that form the atria enter the streak most posteriorly (Fig.
6.14A). After leaving the primitive streak, the precardiac cells, which are
associated with endodermal cells as a splanchnic mesoderm, become arranged in
the same anteroposterior order in a U-shaped region of cardiogenic mesoderm,
called the cardiac crescent (Fig. 6.14B). Following an inductive influence
(involving members of the BMP and FGF families) by the endoderm (likely the
anterior visceral endoderm, which also serves as the head organizer in
mammals), the cells in this field are committed to the heart-forming pathway. In
response, these cells express genes for several sets of transcription factors
(Nkx2-5, MEF2, and GATA4) that are important in early heart development.
From the cardiogenic mesoderm, the heart and great vessels form from
bilaterally paired tubes that fuse in the midline beneath the foregut to produce a
single tube (Fig. 6.15; see Fig. 6.14C).
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Fig. 6.14 Early stages in heart formation.

A, Topographically precise movements of cardiogenic cells through the
primitive streak. B, Horseshoe-shaped distribution of cardiogenic cells after their
migration through the primitive streak. At this stage, the cardiogenic area is
anterior to the rostralmost extent of the neural plate. C, The straight tubular
heart. D, Ventral view of the S-shaped heart.
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Fig. 6.15 Cross sections through the level of the developing heart from 20 to 22
days.

A, Two-somite embryo. B, Four-somite embryo. C, Seven-somite embryo. D,
Ten-somite embryo.

A secondary (anterior) heart field has been described in chick and mouse
embryos. Located in the splanchnic mesoderm on the posteromedial side of the
cardiac crescent (see Fig. 6.14B), cells from the anterior part of the second heart
field form most of the outflow tract and the right ventricle, and those from the
posterior part of this field contribute to the formation of the atria (see Fig.
6.14D). In contrast, cells derived from the cardiac crescent form the left ventricle
and most of the atria and make minor contributions to the outflow tract and right
ventricle.

In human embryos, the earliest recognizable precardiac mesoderm is a crescent-



shaped zone of thickened mesoderm rostral to the embryonic disk of the
gastrulating embryo early in the third week (see Fig. 6.14B). As the mesoderm
begins to split into the splanchnic and somatic layers, a cardiogenic plate is
recognizable in the splanchnic mesoderm rostral to the oropharyngeal membrane
(Fig. 6.16A). In this area, the space between the two layers of mesoderm is the
forerunner of the pericardial cavity. The main layer of splanchnic mesoderm in
the precardiac region thickens to become the myocardial primordium. Between
this structure and the endoderm of the primitive gut, isolated mesodermal
vesicles appear, which soon fuse to form the tubular endocardial primordia
(see Fig. 6.15A and B). The endocardial primordia ultimately fuse and become
the inner lining of the heart.
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Fig. 6.16 Sagittal sections through the cranial ends of 18-to 22-day-old embryos
showing the roughly 180-degree rotation of the primitive heart tube and
pericardium with the expansion of the cranial end of the embryo.

As the head of the embryo takes shape by lateral and ventral folding, the
bilateral cardiac primordia come together in the midline ventral to the gut and
fuse to form a primitive single tubular heart. This structure consists of an inner
endocardial lining surrounded by a loose layer of specialized extracellular
matrix that has historically been called cardiac jelly (see Fig. 6.15C). Outside
the cardiac jelly is the myocardium, which ultimately forms the muscular part
of the heart. The outer lining of the heart, called the epicardium, and fibroblasts
within the heart muscles are derived from the proepicardial primordium,
which is located near the dorsal mesocardium (see Figs. 6.14C and D and 6.18).




Cells migrating from the proepicardium cover the surface of the tubular heart.
The entire tubular heart is located in the space known as the pericardial coelom.
Shortly after the single tubular heart is formed, it begins to form a characteristic
S-shaped loop that presages its eventual organization into the configuration of
the adult heart (Fig. 6.17). (Additional cellular and molecular aspects of early
cardiogenesis are discussed in Chapter 17.)
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Fig. 6.17 Formation of the S-shaped heart from fused cardiac tubes in the human
embryo at about 21 to 23 days.

A, Four-somite embryo. B, Eight-somite embryo. C, Ten-to 11-somite embryo.
D, Twelve-somite embryo.

The heart is formed from a variety of cell lineages. Within the cardiogenic
mesoderm are cells that express N-cadherin and cells that do not (Fig. 6.18A).
Depending on their location within the cardiogenic mesoderm, N-cadherin—
positive cells go on to form either atrial or ventricular myocytes, whereas N-
cadherin—negative cells form the endocardial lining and, later, cells of the
endocardial cushions (see p. 428). Cells of the cardiac conduction system are
derived from modified atrial and ventricular cardiac myocytes.



Endocardial
cushpon celis

M-cadherin- .,.--"" .
negative cells

Endocardial
ﬂ Er'-dulhalml cells

Atrial myocyte

N-cadharin- /"-—)

positive cells

ﬁ AV conducting cells
é’\“&r
M-cadherin-

positive cells
ﬂ —\l Ventricular myocytes

Puriuma

Smooth muscle
of great vessels

Parasympathetic

Coronary Endothelivm
Smoocth muscle
Fibroblasts

Fig. 6.18 Cell lineages in the developing heart.
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(After Mikawa T: In Harvey RP, Rosenthal N, eds: Heart development, San
Diego, 1999, Academic Press.)



The early heart does not form in isolation. At its caudal end, the endocardial
tubes do not fuse, but rather extend toward the posterior part of the body as the
venous inflow tract of the heart (see Fig. 6.17A). Similarly, the endothelial tube
leading out from the heart at its cranial end produces vascular arches that loop
around the pharynx. Migrating neural crest cells form much of the walls of these
vessels. By 21 or 22 days after fertilization, differentiation of cardiac muscle
cells in the myocardium is sufficiently advanced to allow the heart to begin
beating.

Blood and Blood Vessels

The formation of blood and blood vessels begins in the mesodermal wall of the
yolk sac and in the wall of the chorion outside the embryo proper. Stimulated by
an inductive interaction with the endoderm of the yolk sac and possibly also with
the visceral endoderm, many small blood islands, consisting of stem cells called
hemangioblasts, appear in the extraembryonic splanchnic mesoderm of the yolk
sac (Fig. 6.19). Experimental evidence suggests that the inductive signal from
the yolk sac endoderm is the signaling molecule Indian hedgehog. The yolk sac
mesoderm responds to this signal by producing BMP-4, which feeds back onto
itself. In a yet undefined manner, this interaction triggers the formation of blood
islands within the mesoderm of the yolk sac. Within the blood islands, the
central cells are blood-forming cells (hemocytoblasts), whereas the cells on the
outside acquire the characteristics of endothelial lining cells, which form the
inner walls of blood vessels. As the vesicular blood islands in the wall of the
yolk sac fuse, they form primitive vascular channels that extend toward the body
of the embryo. Connections are made with the endothelial tubes associated with
the tubular heart and major vessels, and the primitive plan of the circulatory
system begins to take shape.



Hemangiohlasts

in pl'im':lﬂ:ﬁﬂ Snlanchnic
blood island mﬂmﬂarm
of yolk sac

Endothelium

Yolk sac endoderm

Fig. 6.19 Development of blood islands in the yolk sac of human embryos.
A, Gross view of a 10-somite human embryo showing the location of blood
islands on the yolk sac. B to D, Successive stages in the formation of blood
islands.

(Redrawn from Corner G: Carnegie Contr Embryol 20:81-102, 1929.)



Development of the Endodermal
Germ Layer

Starting at the time of gastrulation, the developing gut becomes specified into
successively more discrete anteroposterior regions. The formation of endoderm
as a germ layer depends on nodal signaling during gastrulation. In the high
nodal environment close to the primitive node, the endodermal cells assume an
anterior fate, whereas more posteriorly, the newly formed endodermal cells,
which are exposed to lower levels of nodal and the presence of FGF-4, are
specified to become more posterior structures as development proceeds. The
posterior gut responds by expressing the transcription factor Cdx-2, which both
promotes hindgut identity and suppresses the foregut differentiation program.
Within the anterior domain, the gut expresses Hex, Sox-2, and Foxa-2. These
early subdivisions of the gut set the stage for the more finely graded partitioning
of the gut by the Hox genes (see Fig. 15.2) and the later induction of gut
derivatives, such as the liver, pancreas, and lungs.

Development of the endodermal germ layer continues with the transformation of
the flat intraembryonic endodermal sheet into a tubular gut as a result of the
lateral folding of the embryonic body and the ventral bending of the cranial and
caudal ends of the embryo into a roughly C-shaped structure (Fig. 6.20; see Fig.
6.7). A major morphological consequence of these folding processes is the sharp
delineation of the yolk sac from the digestive tube.
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(After Patten. From Carlson BM: Patten’s foundations of embryology, ed 6, New



York, 1996, McGraw-Hill.)

Early in the third week, when the three embryonic germ layers are first laid
down, the intraembryonic endoderm constitutes the roof of the roughly spherical
yolk sac (see Fig. 6.20). Expansion of either end of the neural plate, particularly
the tremendous growth of the future brain region, results in the formation of the
head fold and tail fold along the sagittal plane of the embryo. This process,
along with concomitant lateral folding, results in the formation of the beginnings
of the tubular foregut and hindgut. This process also begins to delineate the
yolk sac from the gut proper.

The sequence of steps in the formation of the tubular gut can be likened to a
purse string constricting the ventral region of the embryo, although the actual
mechanism is more related to the overall growth of the embryo than to a real
constriction. The region of the imaginary purse string becomes the yolk stalk
(also called the omphalomesenteric or vitelline duct), with the embryonic gut
above and the yolk sac below it (see Figs. 6.7D and 6.20D). The portion of the
gut that still opens into the yolk sac is called the midgut, and the points of
transition between the open-floored midgut and the tubular anterior and posterior
regions of the gut are called the anterior and posterior intestinal portals (see

Fig. 6.20B).

The endodermal edges of the anterior and posterior intestinal portals are also
sites of expression of the signaling molecule sonic hedgehog. In the posterior
intestinal portal, the appearance of sonic hedgehog in the endoderm is followed
shortly by the expression of another signaling molecule, BMP-4. This is
followed by the appearance of a gradient of mesodermal expression of
paralogous groups 9 through 13 of the Hox genes (see Fig. 4.5 for an illustration
of paralogous groups), with Hoxa-d9 being expressed most cranially and Hoxa-
d13 being expressed most caudally, near the cloaca. This distribution of Hox
gene expression associated with hindgut formation is reminiscent of that already
described for the early hindbrain region (see p. 96).

In some cases, normal development of the gut and its related structures can
proceed only when sonic hedgehog signaling is repressed. As discussed further
on page 355, the dorsal pancreatic bud (see Fig. 6.20D) is induced by the
notochord. A direct result of this induction is repression of sonic hedgehog
signaling within the gut endoderm in the area of the dorsal pancreas. This
repression allows the expression of the genes associated with the formation of



the pancreas. At roughly the same anteroposterior level, but on the ventral side
of the gut where the liver will form, hepatic endoderm expresses albumin in
response to signals from the adjacent precardiac mesoderm.

The anterior end of the foregut remains temporarily sealed off by an ectodermal-
endodermal bilayer called the oropharyngeal membrane (see Fig. 6.20B). This
membrane separates the future mouth (stomodeum), which is lined by ectoderm,
from the pharynx, the endodermally lined anterior part of the foregut. Without
an intervening layer of mesoderm, this bilayer of two epithelial sheets is
inherently unstable and eventually breaks down. As discussed in Chapter 14, the
endoderm of the anterior foregut acts as a powerful signaling center. Pharyngeal
gut-derived molecular signals guide the formation and specific morphology of
the pharyngeal arches.

The rapid bulging of the cephalic region, in conjunction with the constriction of
the ventral region, has a major topographic effect on the rapidly developing
cardiac region. In the early embryo, the cardiac primordia are located cephalic to
the primitive gut. The forces that shape the tubular foregut cause the bilateral
cardiac primordia to turn 180 degrees in the craniocaudal direction while the
paired cardiac tubes are moving toward one another in the ventral midline (see

Fig. 6.16).

In the region of the hindgut, the expansion of the embryo’s body is not as
prominent as it is in the cranial end, but nevertheless a less exaggerated ventral
folding also occurs in that region. Even as the earliest signs of the tail fold are
taking shape, a tubular evagination of the hindgut extends into the mesoderm of
the body stalk. This evagination is called the allantois (see Fig. 6.20B). In most
mammals and birds, the allantois represents a major structural adaptation for the
exchange of gases and the removal of urinary wastes. Because of the efficiency
of the placenta, however, the allantois never becomes a prominent structure in
the human embryo. Nevertheless, because of the blood vessels that become
associated with it, the allantois remains a vital part of the link between the
embryo and the mother (see Chapter 7).

Caudal to the allantois is another ectodermal-endodermal bilayer called the
cloacal plate, or proctodeal membrane (see Fig. 6.20C). This membrane,
which ultimately breaks down, covers the cloaca, which in the early embryo
represents a common outlet for the digestive and the urogenital systems. The
shallow depression outside the proctodeal membrane is called the proctodeum.



As the gut becomes increasingly tubular, a series of local inductive interactions
between the epithelium of the digestive tract and the surrounding mesenchyme
initiates the formation of most of the major digestive and endocrine glands (e.g.,
thyroid gland, salivary glands, pancreas), the respiratory system, and the liver. In
the region of the stomodeum, an induction between forebrain and stomodeal
ectoderm initiates the formation of the anterior pituitary gland. (Further
development of these organs is discussed in Chapters 14 and 15.)



Basic Structure of a 4-Week-0Old
Embryo



Gross Appearance

By the end of the fourth week of pregnancy, the embryo, which is still only
about 4 mm long, has established the rudiments of most of the major organ
systems except for the limbs (which are still absent) and the urogenital system
(which has developed only the earliest traces of the embryonic kidneys).
Externally, the embryo is C-shaped, with a prominent row of somites situated
along either side of the neural tube (Figs. 6.21 and 6.22). Except for the
rudiments of the eyes and ears and the oropharyngeal membrane, which is
beginning to break down (Fig. 6.23), the head is relatively featureless. In the
cervical region, pharyngeal arches are prominent (Fig. 6.24; see Fig. 6.21B and
C). The body stalk still occupies a significant part of the ventral body wall, and
cephalic to the body stalk, the heart and liver make prominent bulges in the
contours of the ventral body wall. Posterior to the body stalk, the body tapers to
a spiraled tail, which is prominent in embryos of this age.
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Fig. 6.21 Gross development of human embryos during the period of early
organogenesis.

A, Early in the fourth week. B, Middle of the fourth week. C, End of the fourth
week.



Fig. 6.22 Scanning electron micrograph of a 3-mm human embryo
approximately 26 days old.
S, Somite.

(From Jirasek JE: Atlas of human prenatal morphogenesis, Amsterdam, 1983,
Martinus Nijhoff.)
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Fig. 6.23 Face of a human embryo during the fourth week showing the
breakdown of the oropharyngeal membrane.




Fig. 6.24 Scanning electron micrograph of a 4-mm human embryo 30 days old.
H, heart. Numbers 1 to 3 indicate pharyngeal arches.

(From Jirasek JE: Atlas of human prenatal morphogenesis, Amsterdam, 1983,
Martinus Nijhoff.)

Another prominent but little understood feature of embryos of this age is a ring
of thickened ectoderm, called the wolffian ridge, which encircles the lateral
aspect of the body (Fig. 6.25). Its function is not well understood, but it spans
the primordia of many structures (e.g., nose, eye, inner ear, pharyngeal arches,
limbs) that require tissue interactions for their early development. The wolffian
ridge is marked molecularly by the expression of members of the Wnt signaling
pathway. What role the thickened ectoderm plays in early organogenesis remains
to be determined.
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Leg bud
ridge S

Fig. 6.25 Ventrolateral view of a 30-somite (4.2-mm) human embryo showing
the thickened ectodermal ring (blue).
The portion of the ring between the upper and lower limb buds is the wolffian



ridge.

(Based by O’Rahilly R, Gardner E: Anat Embryol 148:1-23, 1975.)



Circulatory System

At 4 weeks of age, the embryo has a functioning two-chamber heart and a blood
vascular system that consists of three separate circulatory arcs (Fig. 6.26). The
first, the intraembryonic circulatory arc, is organized in a manner similar to
that of a fish. A ventral aortic outflow tract from the heart splits into a series of
aortic arches passing around the pharynx through the pharyngeal arches and then
collecting into a cephalically paired dorsal aorta that distributes blood
throughout the body. A system of cardinal veins collects the blood and returns it
to the heart via a common inflow tract.
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Fig. 6.26 Basic circulatory arcs in a 4-week-old human embryo.

The second arc, commonly called the vitelline or omphalomesenteric arc, is
principally an extraembryonic circulatory loop that supplies the yolk sac (see
Fig. 6.26). The third circulatory arc, also extraembryonic, consists of the vessels
associated with the allantois. In humans, this third arc consists of the umbilical
vessels, which course through the body stalk and spread in an elaborate network
in the placenta and chorionic tissues. This set of vessels represents the real



lifeline between the embryo and mother. Although the two extraembryonic
circulatory loops do not persist as such after birth, the intraembryonic portions of
these arcs are retained as vessels or ligaments in the adult body.



Derivatives of the Embryonic Germ Layers

By the end of the fourth week of development, primordia of most of the major
structures and organs in the body have been laid down, many of them the result
of local inductive interactions. Each of the embryonic germ layers contributes to
the formation of many of these structures. Figure 6.27 summarizes the germ
layer origins of most of the major structures in the embryonic body. This figure
is designed to be a guide that allows specific structures that are being studied to
be viewed in the context of the whole body, rather than something that should be
memorized at this stage. Students have found that a flow chart such as this is
useful for review at the end of an embryology course.
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Fig. 6.27 Flow chart showing the formation of the organs and tissues of the

embryo from the fundamental germ layers.
The arrows are color-coded according to the germ layer of origin of the structure

(see Fig. 4.1 for color code).



Summary

m The response of dorsal ectodermal cells to primary induction is to thicken, thus
forming a neural plate. Neurulation consists of lateral folding of the neural plate
at hinge points to form a neural groove. Opposing sides of the thickened
epithelium of the neural groove join to form a neural tube. The temporarily
unclosed cranial and caudal ends of the neural tube are the anterior and posterior
neuropores.

m Cranially, the neural tube subdivides into a primitive three-part brain
consisting of the prosencephalon, mesencephalon, and rhombencephalon. The
caudal part of the early brain also becomes subdivided into segments called
neuromeres, of which the rhombomeres are most prominent. Specific homeobox
genes are expressed in a regular order in the rhombomeres. A signaling center,
the isthmic organizer, located at the midbrain and hindbrain junction acts via the
production of Wnt-1 anteriorly and FGF-8 posteriorly.

m As the neural tube closes, neural crest cells emigrate from the neural
epithelium and spread through the body along well-defined paths. Secondary
inductions acting on ectoderm in the cranial region result in the formation of
several series of ectodermal placodes, which are the precursors of sense organs
and sensory ganglia of cranial nerves.

m The embryonic mesoderm is subdivided into three craniocaudal columns: the
paraxial, intermediate, and lateral plate mesoderm. Paraxial mesoderm is the
precursor tissue to the paired somites and somitomeres. Segmentation of the
paraxial mesoderm into somites occurs through the action of a clock mechanism
that leads to the periodic expression of c-hairy and a variety of downstream
molecules. As the result of a complex series of inductive interactions involving
numerous signaling molecules, the epithelial somites become subdivided into
sclerotomes (precursors of vertebral bodies) and dermomyotomes, which form
dermatomes (dermal precursors) and myotomes (precursors of axial muscles). In
further subdivisions, precursor cells of limb muscles are found in the lateral
halves of the somites, and precursor cells of axial muscles are found in the
medial halves. The posterior half of one sclerotome joins with the anterior half
of the next caudal somite to form a single vertebral body.



m Intermediate mesoderm forms the organs of the urogenital system. The lateral
plate mesoderm splits to form somatic mesoderm (associated with ectoderm) and
splanchnic mesoderm (associated with endoderm). The space between becomes
the coelom. The limb bud arises from lateral plate mesoderm, and
extraembryonic mesoderm forms the body stalk.

m Blood cells and blood vessels form initially from blood islands located in the
mesodermal wall of the yolk sac. The heart, originating from a horseshoe-shaped
region of splanchnic mesoderm anterior to the oropharyngeal membrane, forms
two tubes on either side of the foregut. As the foregut takes shape, the two
cardiac tubes come together to form a single tubular heart, which begins to beat
around 22 days after fertilization.

m The embryonic endoderm initially consists of the roof of the yolk sac. As the
embryo undergoes lateral folding, the endodermal gut forms cranial and caudal
tubes (foregut and hindgut), but the middle region (midgut) remains open to the
yolk sac ventrally. Regional specification of the gut begins with sonic hedgehog
signals from the endoderm of the intestinal portals, which are translated to
gradients of Hox gene expression in the neighboring mesoderm. As the tubular
gut continues to take shape, the connection to the yolk sac becomes attenuated to
form the yolk stalk. The future mouth (stomodeum) is separated from the foregut
by an oropharyngeal membrane, and the hindgut is separated from the
proctodeum by the cloacal plate. A ventral evagination from the hindgut is the
allantois, which in many animals is an adaptation for removing urinary and
respiratory wastes.

m In a 4-week-old embryo, the circulatory system includes a functioning two-
chamber heart and a blood vascular system that consists of three circulatory arcs.
In addition to the intraembryonic circulation, the extraembryonic vitelline
circulatory arc, which supplies the yolk sac, and the umbilical circulation, which
is associated with the allantois and supplies the placenta, are present.

Review Questions
1. The sclerotome arises from cells that were located in the:

A. Notochord
B. Paraxial mesoderm
C. Intermediate mesoderm



3.

D. Lateral plate mesoderm
E. None of the above

. The cardiogenic plate arises from:

A. Embryonic endoderm
B. Somatic mesoderm

C. Splanchnic mesoderm
D. Intermediate mesoderm
E. Neural crest

An inductive stimulus from which structure stimulates the

transformation of the epithelial sclerotome into secondary mesenchyme?

6.

A. Neural crest

B. Somite

C. Ectodermal placodes
D. Embryonic endoderm
E. Notochord

. Which of these structures in the embryo is unsegmented?

A. Somitomeres
B. Neuromeres
C. Notochord
D. Somites

. The intermediate mesoderm is the precursor of the:

A. Urogenital system
B. Heart

C. Somites

D. Body wall

E. Vertebral bodies

What forces are involved in the folding of the neural plate to form the

neural tube?

7.

What role do neuromeres play in the formation of the central nervous

system?



8. From what structures do the cells that form skeletal muscles arise?
9. Where do the first blood cells of the embryo form?
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Extraembryonic Tissues



Amnion

The origin of the amniotic cavity within the ectoderm of the inner cell mass in
the implanting embryo is described in Chapter 5 (see Figs. 3.18 and 5.2). As the
early embryo undergoes cephalocaudal and lateral folding, the amniotic
membrane surrounds the body of the embryo like a fluid-filled balloon (Fig.
7.1), thus allowing the embryo to be suspended in a liquid environment for the
duration of pregnancy. The amniotic fluid serves as a buffer against mechanical
injury to the fetus; in addition, it accommodates growth, allows normal fetal
movements, and protects the fetus from adhesions.
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Fig. 7.1 Human embryos showing the relationships of the chorion and other
extraembryonic membranes.

(Adapted from Carlson BM: Patten’s foundations of embryology, ed 6, New
York, 1996, McGraw-Hill.)



The thin amniotic membrane consists of a single layer of extraembryonic
ectodermal cells lined by a nonvascularized layer of extraembryonic mesoderm.
Keeping pace with fetal growth, the amniotic cavity steadily expands until its
fluid content reaches a maximum of nearly 1 L. by weeks 33 to 34 of pregnancy

(Fig. 7.2).
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Fig. 7.2 Volumes of amniotic fluid in women at various weeks of pregnancy.
The lined and shaded area represents the mean + standard deviation. Dots
represent outlying values.

(Data from Queenan JT and others: Am J Obstet Gynecol 114:34-38, 1972.)

In many respects, amniotic fluid can be viewed as a dilute transudate of maternal
plasma, but the origins and exchange dynamics of amniotic fluid are complex
and not completely understood. There are two phases in amniotic fluid
production. The first phase encompasses the first 20 weeks of pregnancy, during
which the composition of amniotic fluid is quite similar to that of fetal fluids.
During this period, the fetal skin is unkeratinized, and there is evidence that fluid
and electrolytes are able to diffuse freely through the embryonic ectoderm of the
skin. In addition, the amniotic membrane itself secretes fluid, and components of
maternal serum pass through the amniotic membrane.

As pregnancy advances (especially after week 20, when the fetal epidermis
begins to keratinize), changes occur in the source of amniotic fluid. There is not
complete agreement on the sources (and their relative contributions) of amniotic
fluid in the second half of pregnancy. Nonetheless, there are increasing
contributions from fetal urine, filtration from maternal blood vessels near the



chorion laeve (which is closely apposed to the amniotic membrane at this stage),
and possibly filtration from fetal vessels in the umbilical cord and chorionic
plate.

In the third trimester of pregnancy, the amniotic fluid turns over completely
every 3 hours, and at term, the fluid-exchange rate may approach 500 mL/hour.
Although much of the amniotic fluid is exchanged across the amniotic
membrane, fetal swallowing is an important mechanism in late pregnancy, with
about 20 mL/hour of fluid swallowed by the fetus. Swallowed amniotic fluid
ultimately enters the fetal bloodstream after absorption through the gut wall. The
ingested water can leave the fetal circulation through the placenta. During the
fetal period, excreted urine from the fetus contributes to amniotic fluid. Clinical
Carrelation 7.1 discusses conditions related to the amount of amniotic fluid or
substance concentrations in the fluid.

CLINICAL CORRELATION 7.1 Conditions Related to Amniotic Fluid

The normal amount of amniotic fluid at term is typically 500 to 1000 mL. An
excessive amount (>2000 mL) is hydramnies. This condition is frequently
associated with multiple pregnancies and esophageal atresia or anencephaly (a
congenital anomaly characterized by gross defects of the head and often the
inability to swallow [see Fig. 8.4]). Such circumstantial evidence supports the
important role of fetal swallowing in the overall balance of amniotic fluid
exchange. Too little amniotic fluid (<500 mL) is oligohydramnios. This
condition is often associated with bilateral renal agenesis (absence of kidneys)
and points to the role of fetal urinary excretion in amniotic fluid dynamics.
Oligohydramnios also can be a consequence of preterm rupture of the amniotic
membrane, which occurs in about 10% of pregnancies.

There are many components, both fetal and maternal, in amniotic fluid; more
than 200 proteins of maternal and fetal origin have been detected in amniotic
fluid. With the analytical tools available, much can be learned about the
condition of the fetus by examining the composition of amniotic fluid.
Amniocentesis involves removing a small amount of amniotic fluid by inserting
a needle through the mother’s abdomen and into the amniotic cavity. Because of
the small amount of amniotic fluid in early embryos, amniocentesis is usually
not performed until the thirteenth or fourteenth week of pregnancy. Amniotic
fluid has bacteriostatic properties, which may account for the low incidence of



infections after amniocentesis is performed.

Fetal cells present in the amniotic fluid can be cultured and examined for various
chromosomal and metabolic defects. More recent techniques now permit the
examination of chromosomes in the cells immediately obtained, instead of
having to wait up to 2 to 3 weeks for cultured amniotic cells to proliferate to the
point of being suitable for genetic analysis. In addition to the detection of
chromosomal defects (e.g., trisomies), it is possible to determine the sex of the
fetus by direct chromosomal analysis. Many cells of the amniotic fluid have
been shown to possess stem cell properties. Whether amniotic stem cells have as
broad a capacity to differentiate into as wide a variety of mature cell types as
embryonic stem cells remains to be established.

A high concentration of a-fetoprotein (a protein of the central nervous system)
in amniotic fluid is a strong indicator of a neural tube defect. Fetal maturity can
be assessed by determining the concentration of creatinine or the lecithin-to-
sphingomyelin ratio (which is a reflection of the maturity of the lungs). The
severity of erythroblastosis fetalis (Rh disease) can also be assessed by
examination of amniotic fluid.

Traditionally, the amniotic membrane has been discarded along with the
placenta and other extraembryonic tissues after the child has been born. In more
recent years, however, important medical uses have been found for amniotic
membranes. Because of the anti-inflammatory and antiangiogenic properties of
amnion, sheets of amnion have been used to cover a variety of wounds or burn
surfaces, especially in ophthalmic surgery. The amnion, as well as amniotic fluid
and other placental tissues, has proven to be a major source of stem cells, which
have the capability of differentiating into cell types from each of the three germ
layers.



Yolk Sac

The yolk sac, which is lined by extraembryonic endoderm, is formed ventral to
the bilayered embryo when the amnion appears dorsal to the embryonic disk (see
Fig. 5.2). In contrast to birds and reptiles, the yolk sac of mammals is small and
devoid of yolk. Although vestigial in terms of its original function as a major
source of nutrition, the yolk sac remains vital to the embryo because of other
functions that have become associated with it. The human yolk sac has
traditionally been considered to be a vestigial structure with respect to nutrition;
some evidence indicates that before the placental circulation is established,
nutrients, such as folic acid and vitamins A, B,, and E, are concentrated in the
yolk sac and are absorbed by endocytosis. Because this form of histiotrophic
nutrition occurs during the time of neurulation, it may play a role in the
prevention of neural tube defects (see p. 138 in Chapter 8).

When it first appears, the yolk sac is in the form of a hemisphere bounded at the
equatorial region by the dorsal wall of the primitive gut (see Fig. 7.1). As the
embryo grows and undergoes lateral folding and curvature along the
craniocaudal axis, the connection between the yolk sac and the forming gut
becomes attenuated in the shape of a progressively narrowing stalk attached to a
more spherical yolk sac proper at its distal end. In succeeding weeks, the yolk
stalk becomes very long and attenuated as it is incorporated into the body of the
umbilical cord. The yolk sac itself moves nearer the chorionic plate of the

placenta (Fig. 7.3).



Fig. 7.3 A 7-week-old human embryo surrounded by its amnion.
The embryo was exposed by cutting open the chorion. The small sphere to the
right of the embryo is the yolk sac.

(Carnegie embryo No. 8537A, Courtesy of Chester Reather, Baltimore.)

The endoderm of the yolk sac is lined on the outside by well-vascularized
extraembryonic mesoderm. Cells found in each of these la