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Preface

MC have entered an era of achievement in the fields of molecular biology, genetics, and
clinical embryology, perhaps like no other. The sequencing of the human genome has been
achieved and several mammalian species, as well as the human embryo, have been cloned.
Scientists have created and isolated human embryonic stem cells, and their use in treating
certain intractable diseases continues to generate widespread debate. These remarkable
scientific developments have already provided promising directions for research in human
embryology, which will have an impact on medical practice in the future.

The 10th edition of The Developing Human has been thoroughly revised to reflect current
understanding of some of the molecular events that guide development of the embryo. This
book also contains more clinically oriented material than previous editions; these sections
are set as blue boxes to differentiate them from the rest of the text. In addition to focusing
on clinically relevant aspects of embryology, we have revised the Clinically Oriented Prob-
lems with brief answers and added more case studies online that emphasize the importance
of embryology in modern medical practice.

This edition follows the official international list of embryologic terms (Terminologia
Embryologica, Georg Thieme Verlag, 2013). It is important that physicians and scientists
throughout the world use the same name for each structure.

This edition includes numerous new color photographs of embryos (normal and abnor-
mal). Many of the illustrations have been improved using three-dimensional renderings and
more effective use of colors. There are also many new diagnostic images (ultrasound and
magnetic resonance image) of embryos and fetuses to illustrate their three-dimensional
aspects. An innovative set of 18 animations that will help students understand the complexi-
ties of embryologic development now comes with this book. When one of the animations

is especially relevant to a passage in the text, the icon has been added in the margin.

Maximized animations are available to teachers who have adopted The Developing Human
for their lectures (consult your Elsevier representative).

The coverage of teratology (studies concerned with birth defects) has been increased
because the study of abnormal development of embryos and fetuses is helpful in understand-
ing risk estimation, the causes of birth defects, and how malformations may be prevented.
Recent advances in the molecular aspects of developmental biology have been highlighted
(in italics) throughout the book, especially in those areas that appear promising for clinical
medicine or have the potential for making a significant impact on the direction of future
research.

We have continued our attempts to provide an easy-to-read account of human develop-
ment before birth and during the neonatal period (1 to 28 days). Every chapter has been
thoroughly reviewed and revised to reflect new findings in research and their clinical
significance.

The chapters are organized to present a systematic and logical approach to embryo devel-
opment. The first chapter introduces readers to the scope and importance of embryology,

xi



xii PREFACE

the historical background of the discipline, and the terms used to describe the stages of
development. The next four chapters cover embryonic development, beginning with the
formation of gametes and ending with the formation of basic organs and systems. The
development of specific organs and systems is then described in a systematic manner, fol-
lowed by chapters dealing with the highlights of the fetal period, the placenta and fetal
membranes, the causes of human birth defects, and common signaling pathways used during
development. At the end of each chapter there are summaries of key features, which provide
a convenient means of ongoing review. There are also references that contain both classic
works and recent research publications.
Keith L. Moore
T.V.N. (Vid) Persaud
Mark G. Torchia
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m uman development is a continuous process that begins when an oocyte (ovum) from a
female is fertilized by a sperm (spermatozoon) from a male (Fig. 1-1). Cell division, cell
migration, programmed cell death (apoptosis), differentiation, growth, and cell rearrange-
ment transform the fertilized oocyte, a highly specialized, totipotent cell, a zygote, into a
multicellular human being. Most changes occur during the embryonic and fetal periods;
however, important changes occur during later periods of development: neonatal period (first
4 weeks), infancy (first year), childhood (2 years to puberty), and adolescence (11 to 19
years). Development does not stop at birth; other changes, in addition to growth, occur after
birth (e.g., development of teeth and female breasts).

DEVELOPMENTAL PERIODS

It is customary to divide human development into prenatal (before birth) and postnatal (after
birth) periods. The development of a human from fertilization of an oocyte to birth is divided
into two main periods, embryonic and fetal. The main changes that occur prenatally are
illustrated in the Timetable of Human Prenatal Development (see Fig. 1-1). Examination of
the timetable reveals that the most visible advances occur during the third to eighth weeks—
the embryonic period. During the fetal period, differentiation and growth of tissues and
organs occur and the rate of body growth increases.

1



2 THE DEVELOPING HUMAN

Stages of Embryonic Development

Early development is described in stages because of the
variable period it takes for embryos to develop certain
morphologic characteristics. Stage 1 begins at fertiliza-
tion and embryonic development ends at stage 23, which
occurs on day 56 (see Fig. 1-1). A trimester is a period
of 3 months, one third of the 9-month period of gesta-
tion. The most critical stages of development occur during
the first trimester (13 weeks), when embryonic and early
fetal development is occurring.

Postnatal Period

This is the period occurring after birth. Explanations of
frequently used developmental terms and periods follow.

Infancy

This is the period of extrauterine life, roughly the first
year after birth. An infant age 1 month or younger
is called a neonate. Transition from intrauterine to

extrauterine existence requires many critical changes,
especially in the cardiovascular and respiratory systems.
If neonates survive the first crucial hours after birth, their
chances of living are usually good. The body grows
rapidly during infancy; total length increases by approxi-
mately one half and weight is usually tripled. By 1 year
of age, most infants have six to eight teeth.

Childhood

This is the period between infancy and puberty. The
primary (deciduous) teeth continue to appear and are
later replaced by the secondary (permanent) teeth. During
early childhood, there is active ossification (formation of
bone), but as the child becomes older, the rate of body
growth slows down. Just before puberty, however, growth
accelerates—the prepubertal growth spurt.

Puberty

This is the period when humans become functionally
capable of procreation (reproduction). Reproduction is

TIMETABLE OF HUMAN PRENATAL DEVELOPMENT
1TO 10 WEEKS

Primary follicles

EARLY DEVELOPMENT OF OVARIAN FOLLICLE

MENSTRUAL PHASE >
Day 1 of last normal
menstrual cycle
Antrum Mature Oocyte:z
Ovulation_z @

[ COMPLETION OF DEVELOPMENT OF FOLLICLE

Oocyte: Ovary
CONTINUATION OF PROLIFERATIVE PHASE OF MENSTRUAL CYCLE >

AGE

2] Stage 2 begins

(D

Stage 1
Zona pellucida

(weeks) 1]

4 ] Stage 3 begins |5 |

Stage 4
Implantation begins

LA
Ve =8

i

%

Trophoblast ﬂ

syncytiotrophoblast
/\

Bilaminar embryonic
disc

Fertilization Zygote divides Morula Early blastocyst Late blastocyst Embryoblast
SECRETORY PHASE OF MENSTRUAL CYCLE >
B 9 | 10| Cytotrophoblast ~ [11] Maternalblood  142]  £yiraembryonic [13] Stage 6 begins
Lacunae appear in Y Lacunar e

Primary villi

Prechordal plate

FIGURE 1-1 Early stages of development. Development of an ovarian follicle containing an oocyte, ovulation, and the phases
of the menstrual cycle are illustrated. Human development begins at fertilization, approximately 14 days after the onset of the last
normal menstrual period. Cleavage of the zygote in the uterine tube, implantation of the blastocyst in the endometrium (lining) of the
uterus, and early development of the embryo are also shown. The alternative term for the umbilical vesicle is the yolk sac; this is an
inappropriate term because the human vesicle does not contain yolk.
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the process by which organisms produce children. In
females, the first signs of puberty may be after age 8; in
males, puberty commonly begins at age 9.

Adulthood

Attainment of full growth and maturity is generally
reached between the ages of 18 and 21 years. Ossification
and growth are virtually completed during early adult-
hood (21 to 25 years).

SIGNIFICANCE OF EMBRYOLOGY

Clinically oriented embryology refers to the study of
embryos; the term generally means prenatal development
of embryos, fetuses, and neonates (infants aged 1 month
and younger). Developmental anatomy refers to the
structural changes of a human from fertilization to adult-
hood; it includes embryology, fetology, and postnatal
development. Teratology is the division of embryology
and pathology that deals with abnormal development
(birth defects). This branch of embryology is concerned
with various genetic and/or environmental factors that
disturb normal development and produce birth defects
(see Chapter 20).
Clinically oriented embryology:

Bridges the gap between prenatal development and
obstetrics, perinatal medicine, pediatrics, and clinical
anatomy

Develops knowledge concerning the beginnings of life
and the changes occurring during prenatal development
Builds an understanding of the causes of variations in
human structure

Illuminates clinically oriented anatomy and explains
how normal and abnormal relations develop
Supports the research and application of stem cells for
treatment of certain chronic diseases

Knowledge that physicians have of normal develop-
ment and the causes of birth defects is necessary for
giving the embryo and fetus the best possible chance of
developing normally. Much of the modern practice
of obstetrics involves applied embryology. Embryologic
topics of special interest to obstetricians are oocyte and
sperm transport, ovulation, fertilization, implantation,
fetal-maternal relations, fetal circulation, critical periods
of development, and causes of birth defects.

In addition to caring for the mother, physicians guard
the health of the embryo and fetus. The significance of
embryology is readily apparent to pediatricians because
some of their patients have birth defects resulting from
maldevelopment, such as diaphragmatic hernia, spina
bifida cystica, and congenital heart disease.

Birth defects cause most deaths during infancy. Knowl-
edge of the development of structure and function is
essential for understanding the physiologic changes that
occur during the neonatal period (first 4 weeks) and for
helping fetuses and neonates in distress. Progress in
surgery, especially in the fetal, perinatal, and pediatric age
groups, has made knowledge of human development even
more clinically significant. Surgical treatment of fetuses is

now possible in some situations. The understanding and
correction of most defects depend on knowledge of
normal development and the deviations that may occur.
An understanding of common congenital birth defects
and their causes also enables physicians, nurses, and other
health-care providers to explain the developmental basis
of birth defects, often dispelling parental guilt feelings.

Health-care professionals who are aware of common
birth defects and their embryologic basis approach
unusual situations with confidence rather than surprise.
For example, when it is realized that the renal artery
represents only one of several vessels originally supplying
the embryonic kidney, the frequent variations in the
number and arrangement of renal vessels are understand-
able and not unexpected.

HISTORICAL GLEANINGS

If I have seen further, it is by standing on the shoulders
of giants.
— Sir Isaac Newton, English mathematician, 1643-1727

This statement, made more than 300 years ago, empha-
sizes that each new study of a problem rests on a base of
knowledge established by earlier investigators. The theo-
ries of every age offer explanations based on the knowl-
edge and experience of investigators of the period.
Although we should not consider them final, we should
appreciate rather than scorn their ideas. People have
always been interested in knowing how they developed
and were born and why some embryos and fetuses
develop abnormally. Ancient people developed many
answers to the reasons for these birth defects.

Ancient Views of Human Embryology

Egyptians of the Old Kingdom, approximately 3000 BC,
knew of methods for incubating birds’ eggs, but they left
no records. Akhnaton (Amenophis IV) praised the sun
god Aton as the creator of the germ in a woman, maker
of the seed in man, and giver of life to the son in the body
of his mother. The ancient Egyptians believed that the
soul entered the infant at birth through the placenta.

A brief Sanskrit treatise on ancient Indian embryology
is thought to have been written in 1416 BC. This scrip-
ture of the Hindus, called Garbha Upanishad, describes
ancient views concerning the embryo. It states:

From the conjugation of blood and semen (seed), the
embryo comes into existence. During the period
favorable for conception, after the sexual intercourse,
(it) becomes a Kalada (one-day-old embryo). After
remaining seven nights, it becomes a vesicle. After a
fortnight it becomes a spherical mass. After a month it
becomes a firm mass. After two months the head is
formed. After three months the limb regions appear.

Greek scholars made many important contributions to
the science of embryology. The first recorded embryologic
studies are in the books of Hippocrates of Cos, the
famous Greek physician (circa 460-377 BC), who is
regarded as the father of medicine. In order to understand
how the human embryo develops, he recommended:
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Take twenty or more eggs and let them be incubated by
two or more hens. Then each day from the second to
that of hatching, remove an egg, break it, and examine
it. You will find exactly as I say, for the nature of the
bird can be likened to that of man.

Aristotle of Stagira (circa 384-322 BC), a Greek phi-
losopher and scientist, wrote a treatise on embryology in
which he described development of the chick and other
embryos. Aristotle promoted the idea that the embryo
developed from a formless mass, which he described as a
“less fully concocted seed with a nutritive soul and all
bodily parts.” This embryo, he thought, arose from men-
strual blood after activation by male semen.

Claudius Galen (circa 130-201 AD), a Greek physi-
cian and medical scientist in Rome, wrote a book,
On the Formation of the Foetus, in which he described
the development and nutrition of fetuses and the
structures that we now call the allantois, amnion, and
placenta.

The Talmud contains references to the formation of
the embryo. The Jewish physician Samuel-el-Yehudi, who
lived during the second century AD, described six stages
in the formation of the embryo from a “formless, rolled-up
thing” to a “child whose months have been completed.”
Talmud scholars believed that the bones and tendons, the
nails, the marrow in the head, and the white of the eyes,
were derived from the father, “who sows the white,” but
the skin, flesh, blood, and hair were derived from the
mother, “who sows the red.” These views were according
to the teachings of both Aristotle and Galen.

Embryology in the Middle Ages

The growth of science was slow during the medieval
period, but a few high points of embryologic investiga-
tion undertaken during this time are known to us. It is
cited in the Quran (seventh century AD), the Holy Book
of Islam, that human beings are produced from a mixture
of secretions from the male and female. Several references
are made to the creation of a human being from a nutfa
(small drop). It also states that the resulting organism
settles in the womb like a seed, 6 days after its beginning.
Reference is made to the leech-like appearance of the
early embryo. Later the embryo is said to resemble a
“chewed substance.”

Constantinus Africanus of Salerno (circa 1020-1087
AD) wrote a concise treatise entitled De Humana Natura.
Africanus described the composition and sequential
development of the embryo in relation to the planets and
each month during pregnancy, a concept unknown in
antiquity. Medieval scholars hardly deviated from the
theory of Aristotle, which stated that the embryo was
derived from menstrual blood and semen. Because of a
lack of knowledge, drawings of the fetus in the uterus
often showed a fully developed infant frolicking in the
womb (Fig. 1-2).

The Renaissance

Leonardo da Vinci (1452-1519) made accurate draw-
ings of dissections of pregnant uteri containing fetuses

INTRODUCTION TO HUMAN DEVELOPMENT 5

FIGURE 1-2 A-G, lllustrations from Jacob Rueff's De Con-
ceptu et Generatione Hominis (1554) showing the fetus develop-
ing from a coagulum of blood and semen in the uterus. This
theory was based on the teachings of Aristotle, and it survived
until the late 18th century. (From Needham J: A history of embry-
ology, ed 2, Cambridge, United Kingdom, 1934, Cambridge Uni-
versity Press; with permission of Cambridge University Press,
England.)

(Fig. 1-3). He introduced the quantitative approach to
embryology by making measurements of prenatal growth.

It has been stated that the embryologic revolution
began with the publication of William Harvey’s book De
Generatione Animalium in 1651. Harvey believed that
the male seed or sperm, after entering the womb or
uterus, became metamorphosed into an egg-like sub-
stance from which the embryo developed. Harvey (1578-
1657) was greatly influenced by one of his professors at
the University of Padua, Fabricius of Acquapendente, an
Italian anatomist and embryologist who was the first to
study embryos from different species of animals. Harvey
examined chick embryos with simple lenses and made
many new observations. He also studied the development
of the fallow deer; however, when unable to observe early
developmental stages, he concluded that embryos were
secreted by the uterus. Girolamo Fabricius (1537-1619)
wrote two major embryologic treatises, including one
entitled De Formato Foetu (The Formed Fetus), which
contained many illustrations of embryos and fetuses at
different stages of development.

Early microscopes were simple but they opened an
exciting new field of observation. In 1672, Regnier de
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FIGURE 1-3 Reproduction of Leonardo da Vinci’s drawing
made in the 15th century showing a fetus in a uterus that has
been incised and opened.

Graaf observed small chambers in the rabbit’s uterus and
concluded that they could not have been secreted by the
uterus. He stated that they must have come from organs
that he called ovaries. Undoubtedly, the small chambers
that de Graaf described were blastocysts (see Fig. 1-1).
He also described follicles which were called graafian
follicles; they are now called vesicular ovarian follicles.

Marcello Malpighi, studying what he believed was
unfertilized hen’s eggs in 1675, observed early embryos.
As a result, he thought the egg contained a miniature
chick. A young medical student in Leiden, Johan
Ham van Arnheim, and his countryman Anton van
Leeuwenhoek, using an improved microscope in 1677,
first observed human sperms. However, they misunder-
stood the sperm’s role in fertilization. They thought the
sperm contained a miniature preformed human being
that enlarged when it was deposited in the female genital
tract (Fig. 1-4).

Caspar Friedrich Wolff refuted both versions of the
preformation theory in 1759, after observing that parts
of the embryo develop from “globules” (small spherical
bodies). He examined unincubated eggs but could not see
the embryos described by Malpighi. He proposed the
layer concept, whereby division of what we call the zygote
produces layers of cells (now called the embryonic disc)
from which the embryo develops. His ideas formed the
basis of the theory of epigenesis, which states that “devel-
opment results from growth and differentiation of spe-
cialized cells.” These important discoveries first appeared
in Wolff’s doctoral dissertation Theoria Generationis. He
also observed embryonic masses of tissue that partly con-
tribute to the development of the urinary and genital
systems—wolffian bodies and wolffian ducts—now called
the mesonephros and mesonephric ducts, respectively (see
Chapter 12).

FIGURE 1-4 Copy of a 17th-century drawing of a sperm
by Hartsoeker. The miniature human being within it was thought
to enlarge after the sperm entered an ovum. Other embryologists
at this time thought the oocyte contained a miniature human
being that enlarged when it was stimulated by a sperm.

The preformation controversy ended in 1775 when
Lazzaro Spallanzani showed that both the oocyte and
sperm were necessary for initiating the development of a
new individual. From his experiments, including artificial
insemination in dogs, he concluded that the sperm was
the fertilizing agent that initiated the developmental pro-
cesses. Heinrich Christian Pander discovered the three
germ layers of the embryo, which he named the blasto-
derm. He reported this discovery in 1817 in his doctoral
dissertation.

Etienne Saint Hilaire and his son, Isidore Saint Hilaire,
made the first significant studies of abnormal develop-
ment in 1818. They performed experiments in animals
that were designed to produce birth defects, initiating
what we now know as the science of teratology.

Karl Ernst von Baer described the oocyte in the ovarian
follicle of a dog in 1827, approximately 150 years after
the discovery of sperms. He also observed cleaving zygotes
in the uterine tube and blastocysts in the uterus. He con-
tributed new knowledge about the origin of tissues and
organs from the layers described earlier by Malpighi and
Pander. Von Baer formulated two important embryologic
concepts, namely, that corresponding stages of embryonic
development and that general characteristics precede spe-
cific ones. His significant and far-reaching contributions
resulted in his being regarded as the father of modern
embryology.

Matthias Schleiden and Theodor Schwann were
responsible for great advances being made in embryology
when they formulated the cell theory in 1839. This
concept stated that the body is composed of cells and cell
products. The cell theory soon led to the realization that
the embryo developed from a single cell, the zygote,
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which underwent many cell divisions as the tissues and
organs formed.

Wilhelm His (1831-1904), a Swiss anatomist and
embryologist, developed improved techniques for fixa-
tion, sectioning, and staining of tissues and for recon-
struction of embryos. His method of graphic reconstruction
paved the way for producing current three-dimensional,
stereoscopic, and computer-generated images of embryos.

Franklin P. Mall (1862-1917), inspired by the work of
Wilhelm His, began to collect human embryos for scien-
tific study. Mall’s collection forms a part of the Carnegie
Collection of embryos that is known throughout the
world. It is now in the National Museum of Health and
Medicine in the Armed Forces Institute of Pathology in
Washington, DC.

Wilhelm Roux (1850-1924) pioneered analytic experi-
mental studies on the physiology of development in
amphibia, which was pursued further by Hans Spemann
(1869-1941). For his discovery of the phenomenon of
primary induction—how one tissue determines the fate
of another—Spemann received the Nobel Prize in 1935.
Over the decades, scientists have been isolating the sub-
stances that are transmitted from one tissue to another,
causing induction.

Robert G. Edwards and Patrick Steptoe pioneered one
of the most revolutionary developments in the history of
human reproduction: the technique of in vitro fertiliza-
tion. These studies resulted in the birth of Louise Brown,
the first “test tube baby,” in 1978. Since then, many mil-
lions of couples throughout the world, who were consid-
ered infertile, have experienced the birth of their children
because of this new reproductive technology.

GENETICS AND HUMAN
DEVELOPMENT

In 1859, Charles Darwin (1809-1882), an English biolo-
gist and evolutionist, published his book On the Origin
of Species, in which he emphasized the hereditary nature
of variability among members of a species as an impor-
tant factor in evolution. Gregor Mendel, an Austrian
monk, developed the principles of heredity in 1865, but
medical scientists and biologists did not understand the
significance of these principles in the study of mammalian
development for many years.

Walter Flemming observed chromosomes in 1878 and
suggested their probable role in fertilization. In 1883,
Eduard von Beneden observed that mature germ
cells have a reduced number of chromosomes. He also
described some features of meiosis, the process whereby
the chromosome number is reduced in germ cells.

Walter Sutton (1877-1916) and Theodor Boveri
(1862-1915) declared independently in 1902 that the
behavior of chromosomes during germ cell formation
and fertilization agreed with Mendel’s principles of
inheritance. In the same year, Garrod reported alcapto-
nuria (a genetic disorder of phenylalanine-tyrosine metab-
olism) as the first example of mendelian inheritance in
human beings. Many geneticists consider Sir Archibald
Garrod (1857-1936) the father of medical genetics. It
was soon realized that the zygote contains all the genetic
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information necessary for directing the development of a
new human being.

Felix von Winiwarter reported the first observations
on human chromosomes in 1912, stating that there were
47 chromosomes in body cells. Theophilus Shickel Painter
concluded in 1923 that 48 was the correct number, a
conclusion that was widely accepted until 1956, when Joe
Hin Tjio and Albert Levan reported finding only 46 chro-
mosomes in embryonic cells.

James Watson and Francis Crick deciphered the molec-
ular structure of DNA in 1953, and in 2000, the human
genome was sequenced. The biochemical nature of the
genes on the 46 human chromosomes has been decoded.
Chromosome studies were soon used in medicine in a
number of ways, including clinical diagnosis, chromo-
some mapping, and prenatal diagnosis.

Once the normal chromosomal pattern was firmly
established, it soon became evident that some persons
with congenital birth defects had an abnormal number of
chromosomes. A new era in medical genetics resulted
from the demonstration by Jérome Jean Louis Marie
Lejeune and associates in 1959 that infants with Down
syndrome (trisomy 21) have 47 chromosomes instead of
the usual 46 in their body cells. It is now known that
chromosomal aberrations are a significant cause of birth
defects and embryonic death (see Chapter 20).

In 1941, Sir Norman Gregg reported an “unusual
number of cases of cataracts” and other birth defects in
infants whose mothers had contracted rubella (caused by
the rubella virus) in early pregnancy. For the first time,
concrete evidence was presented showing that the devel-
opment of the human embryo could be adversely affected
by an environmental factor. Twenty years later, Widukind
Lenz and William McBride reported rare limb deficiencies
and other severe birth defects, induced by the sedative
thalidomide, in the infants of mothers who had ingested
the drug. The thalidomide tragedy alerted the public and
health-care providers to the potential hazards of drugs,
chemicals, and other environmental factors during preg-
nancy (see Chapter 20).

Sex chromatin was discovered in 1949 by Dr. Murray
Barr and his graduate student Ewart (Mike) Bertram at
Western University in London, Ontario, Canada. Their
research revealed that the nuclei of nerve cells of female
cats had sex chromatin and that cats that did not have
sex chromatin were males. The next step was to deter-
mine if a similar phenomenon existed in human neurons.
Keith L. Moore, who joined Dr. Barr’s research group in
1950, discovered that sex chromatin patterns existed in
somatic cells of humans and many representatives of the
animal kingdom. He also developed a buccal smear
sex chromatin test that is used clinically. This research
forms the basis of several techniques currently used
worldwide for the screening and diagnosis of human
genetic conditions.

MOLECULAR BIOLOGY OF
HUMAN DEVELOPMENT

Rapid advances in the field of molecular biology have
led to the application of sophisticated techniques (e.g.,
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recombinant DNA technology, RNA genomic hybridiza-
tion, chimeric models, transgenic mice, and stem cell
manipulation). These techniques are now widely used in
research laboratories to address such diverse problems as
the genetic regulation of morphogenesis, the temporal
and regional expression of specific genes, and how cells
are committed to form the various parts of the embryo.
For the first time, we are beginning to understand
how, when, and where selected genes are activated and
expressed in the embryo during normal and abnormal
development (see Chapter 21).

The first mammal, a sheep named Dolly, was cloned
in 1997 by Ian Wilmut and his colleagues using the tech-
nique of somatic cell nuclear transfer. Since then, other
animals have been successfully cloned from cultured dif-
ferentiated adult cells. Interest in human cloning has gen-
erated considerable debate because of social, ethical, and
legal implications. Moreover, there is concern that cloning
may result in neonates with birth defects and serious
diseases.

Human embryonic stem cells are pluripotential,
capable of self-renewal and able to differentiate into spe-
cialized cell types. The isolation and reprogrammed
culture of human embryonic stem cells hold great poten-
tial for the treatment of chronic diseases, including amyo-
trophic lateral sclerosis, Alzheimer disease, and Parkinson
disease as well as other degenerative, malignant, and
genetic disorders (see National Institute of Health Guide-
lines on Human Stem Cell Research, 2009).

HUMAN BIOKINETIC EMBRYOLOGY

In the middle of the last century a series of precise recon-
structions were made of the surface ectoderm and all
organs and cavities within human embryos at representa-
tive stages of development. They provided holistic views
of human development and revealed new findings on
the movements that occur from one stage to the next
(Blechschmidt and Gasser, 1978). Because all movement
is caused by force (biokinetics), the forces acting where
specific tissues arise were discovered to take place simul-
taneously at every level of magnification, in the cell
membrane all the way to the surface of the embryo.
The movements and forces bring about differentiation
that begins on the outside of the cell and then moves
to the inside to react with the nucleus. The nucleus
responds to various stimuli at particular times and in
specific ways. Specific movements and forces act as
regions differentiate. The forces act in regions named
metabolic fields. New terms were needed to describe the
unique forces acting in each field. Eight late metabolic
fields were discovered where specific tissues differentiate
from either mesenchyme or epithelium. The name of each
field and the specific tissue that arises are as follows:
condensation = mesenchymal condensation; contusion =
precartilage; distussion = cartilage; dilation = muscle;
retension = fibrous tissue; detraction = bone; corrosion =
epithelial breakdown; and parathelial loosening = glands.
The movements and forces begin at fertilization and con-
tinue throughout life (e.g., the cell membrane of the

fertilized oocyte [ovum] moves inward, marking the
beginning of cleavage).

DESCRIPTIVE TERMS IN EMBRYOLOGY

The English equivalents of the standard Latin forms of
terms are given in some cases, such as sperm (spermato-
zoon). The Federative International Committee on Ana-
tomical Terminology does not recommend the use of
eponyms (a word derived from someone’s name), but they
are commonly used clinically; hence, they appear in
parentheses, such as uterine tube (fallopian tube). In
anatomy and embryology, several terms relating to posi-
tion and direction are used and reference is made to
various planes of the body. All descriptions of the adult
are based on the assumption that the body is erect, with
the upper limbs by the sides and the palms directed ante-
riorly (Fig. 1-5A). This is the anatomical position.

The terms anterior or ventral and posterior or dorsal
are used to describe the front or back of the body or limbs
and the relations of structures within the body to one
another. When describing embryos, the terms ventral and
dorsal are used (see Fig. 1-5B). Superior and inferior are
used to indicate the relative levels of different structures
(see Fig. 1-5A). For embryos, the terms cranial (or rostral)
and caudal are used to denote relationships to the head
and caudal eminence (tail), respectively (see Fig. 1-5B).
Distances from the center of the body or the source or
attachment of a structure are designated as proximal
(nearest) or distal (farthest). In the lower limb, for
example, the knee is proximal to the ankle and distal to
the hip.

The median plane is an imaginary vertical plane of
section that passes longitudinally through the body.
Median sections divide the body into right and left halves
(see Fig. 1-5C). The terms lateral and medial refer to
structures that are, respectively, farther from or nearer to
the median plane of the body. A sagittal plane is any
vertical plane passing through the body that is parallel to
the median plane (see Fig. 1-5C). A transverse (axial)
plane refers to any plane that is at right angles to both
the median and coronal planes (see Fig. 1-5D). A frontal
(coronal) plane is any vertical plane that intersects
the median plane at a right angle (see Fig. 1-5E) and
divides the body into anterior or ventral and posterior or
dorsal parts.

CLINICALLY ORIENTED PROBLEMS

% What sequence of events occurs during puberty?
Are the events the same in males and females?
At what age does presumptive puberty occur in
males and females?

* How do the terms embryology and teratology
differ?

# What is the difference between the terms egg,
ovum, ovule, gamete, and oocyte?

Discussion of these problems appears in the Appendix at
the back of the book.
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FIGURE 1-5 Drawings illustrating descriptive terms of position, direction, and planes of the body. A, Lateral view of an adult
in the anatomical position. B, Lateral view of a 5-week embryo. C and D, Ventral views of a 6-week embryo. E, Lateral view of a 7-week
embryo. In describing development, it is necessary to use words denoting the position of one part to another or to the body as a
whole. For example, the vertebral column (spine) develops in the dorsal part of the embryo and the sternum (breast bone) develops
in the ventral part of the embryo.
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muman development begins at fertilization when a sperm fuses with an oocyte to form
a single cell, the zygote. This highly specialized, totipotent cell (capable of giving rise to any
cell type) marks the beginning of each of us as a unique individual. The zygote, just visible
to the unaided eye, contains chromosomes and genes that are derived from the mother and
father. The zygote divides many times and becomes progressively transformed into a multi-
cellular human being through cell division, migration, growth, and differentiation.

GAMETOGENESIS

Gametogenesis (gamete formation) is the process of formation and development of spe-
cialized generative cells, gametes (oocytes/sperms) from bipotential precursor cells. This

11
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development, involving the chromosomes and cytoplasm
of the gametes, prepares these sex cells for fertiliza-
tion. During gametogenesis, the chromosome number is
reduced by half and the shape of the cells is altered (Fig.
-1). A chromosome is defined by the presence of a cen-
tromere, the constricted portion of a chromosome. Before
DNA replication in the S phase of the cell cycle, chro-
mosomes exist as single-chromatid chromosomes (Fig.
2-2). A chromatid (one of a pair of chromosome strands)
consists of parallel DNA strands. After DNA replication,
chromosomes are double-chromatid chromosomes.

The sperm and oocyte (male and female gametes) are
highly specialized sex cells. Each of these cells contains
half the number of chromosomes (haploid number) that
are present in somatic (body) cells. The number of chro-
mosomes is reduced during meiosis, a special type of cell
division that occurs only during gametogenesis. Gamete
maturation is called spermatogenesis in males and oogen-
esis in females. The timing of events during meiosis differs
in the two sexes.

MEIOSIS

Meiosis is a special type of cell division that involves two
meiotic cell divisions (see Fig. 2-2); diploid germ cells give
rise to haploid gametes (sperms and oocytes).

The first meiotic division is a reduction division because
the chromosome number is reduced from diploid to
haploid by pairing of homologous chromosomes in pro-
phase (first stage of meiosis) and their segregation at
anaphase (stage when the chromosomes move from the
equatorial plate). Homologous chromosomes, or homo-
logs (one from each parent), pair during prophase and
separate during anaphase, with one representative of
each pair randomly going to each pole of the meiotic
spindle (see Fig. 2-2A to D). The spindle connects to the
chromosome at the centromere (the constricted part of
the chromosome) (see Fig. 2-2B). At this stage, they are
double-chromatid chromosomes.

The X and Y chromosomes are not homologs, but they
have homologous segments at the tips of their short arms.
They pair in these regions only. By the end of the first
meiotic division, each new cell formed (secondary oocyte)
has the haploid chromosome number, that is, half the
number of chromosomes of the preceding cell. This sepa-
ration or disjunction of paired homologous chromosomes
is the physical basis of segregation, the separation of
allelic genes (may occupy the same locus on a specific
chromosome) during meiosis.

The second meiotic division (see Fig. 2-1) follows the
first division without a normal interphase (i.e., without
an intervening step of DNA replication). Each double-
chromatid chromosome divides, and each half, or chro-
matid, is drawn to a different pole. Thus, the haploid
number of chromosomes (23) is retained and each
daughter cell formed by meiosis has one representative
of each chromosome pair (now a single-chromatid chro-
mosome). The second meiotic division is similar to
an ordinary mitosis except that the chromosome number
of the cell entering the second meiotic division is
haploid.

Meiosis:

Provides constancy of the chromosome number from
generation to generation by reducing the chromosome
number from diploid to haploid, thereby producing
haploid gametes

Allows random assortment of maternal and paternal
chromosomes between the gametes

Relocates segments of maternal and paternal chromo-
somes by crossing over of chromosome segments,
which “shuffles” the genes and produces a recombina-
tion of genetic material

I ABNORMAL GAMETOGENESIS

Disturbances of meiosis during gametogenesis, such as
nondisjunction (Fig. 2-3), result in the formation of chro-
mosomally abnormal gametes. If involved in fertilization,
these gametes with numeric chromosome abnormalities
cause abnormal development, as occurs in infants with
Down syndrome (see Chapter 20).

SPERMATOGENESIS

Spermatogenesis is the sequence of events by which sper-
matogonia (primordial germ cells) are transformed into
mature sperms; this maturation process begins at puberty
(see Fig. 2-1). Spermatogonia are dormant in the seminif-
erous tubules of the testes during the fetal and postnatal
periods (see Fig. 2-12). They increase in number during
puberty. After several mitotic divisions, the spermatogo-
nia grow and undergo changes.

Spermatogonia are transformed into primary sper-
matocytes, the largest germ cells in the seminiferous
tubules of the testes (see Fig. 2-1). Each primary sper-
matocyte subsequently undergoes a reduction division—
the first meiotic division—to form two haploid secondary
spermatocytes, which are approximately half the size of
primary spermatocytes. Subsequently, the secondary sper-
matocytes undergo a second meiotic division to form four
haploid spermatids, which are approximately half the
size of secondary spermatocytes (see Fig. 2-1). The sper-
matids (cells in a late stage of development of sperms) are
gradually transformed into four mature sperms by a
process known as sperm10genes1s (F1g 2-4). The entire
process, which includes spermiogenesis, takes approxi-
mately 2 months. When spermiogenesis is complete, the
sperms enter the lumina of the seminiferous tubules (see
Fig. 2-12).

Sertoli cells lining the seminiferous tubules support
and nurture the germ cells (sex cells—sperms/oocytes)
and are involved in the regulation of spermatogenesis.
Sperms are transported passively from the seminifer-
ous tubules to the epididymis, where they are stored
and become functionally mature during puberty.
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NORMAL GAMETOGENESIS
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FIGURE 2-1 Normal gametogenesis: conversion of germ cells into gametes (sex cells). The drawings compare spermatogenesis
and oogenesis. Oogonia are not shown in this figure, because they differentiate into primary oocytes before birth. The chromosome
complement of the germ cells is shown at each stage. The number designates the total number of chromosomes, including the sex
chromosome(s) shown after the comma. Notes: (1) Following the two meiotic divisions, the diploid number of chromosomes, 46, is
reduced to the haploid number, 23. (2) Four sperms form from one primary spermatocyte, whereas only one mature oocyte results
from maturation of a primary oocyte. (3) The cytoplasm is conserved during oogenesis to form one large cell, the mature oocyte (see
Fig. 2-5C). The polar bodies are small nonfunctional cells that eventually degenerate.
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FIGURE 2-2 Diagrammatic representation of meiosis. Two chromosome pairs are shown. A to D, Stages of prophase of the
first meiotic division. The homologous chromosomes approach each other and pair; each member of the pair consists of two chroma-
tids. Observe the single crossover in one pair of chromosomes, resulting in the interchange of chromatid segments. E, Metaphase.
The two members of each pair become oriented on the meiotic spindle. F, Anaphase. G, Telophase. The chromosomes migrate to
opposite poles. H, Distribution of parental chromosome pairs at the end of the first meiotic division. | to K, Second meiotic division.
It is similar to mitosis except that the cells are haploid.
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ABNORMAL GAMETOGENESIS
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FIGURE 2-3 Abnormal gametogenesis. The drawings show how nondisjunction (failure of one or more pairs of chromosomes
to separate at the meiotic stage) results in an abnormal chromosome distribution in gametes. Although nondisjunction of sex chromo-
somes is illustrated, a similar defect may occur in autosomes (any chromosomes other than sex chromosomes). When nondisjunction
occurs during the first meiotic division of spermatogenesis, one secondary spermatocyte contains 22 autosomes plus an X and a Y
chromosome and the other one contains 22 autosomes and no sex chromosome. Similarly, nondisjunction during cogenesis may give
rise to an oocyte with 22 autosomes and 2 X chromosomes (as shown), or it may result in one with 22 autosomes and no sex

chromosome.
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FIGURE 2-4 lllustrations of spermiogenesis, the last phase of spermatogenesis. During this process, the rounded spermatid is
transformed into an elongated sperm. Note the loss of cytoplasm (see Fig. 2-5C), development of the tail, and formation of the acro-
some. The acrosome, derived from the Golgi region (first drawing) of the spermatid, contains enzymes that are released at the begin-

ning of fertilization to assist the sperm in penetrating the corona radiata and zona pellucida surrounding the secondary oocyte.

Acrosome
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FIGURE 2-5 Male and female gametes (sex cells). A, The main parts of a human sperm (x1250). The head, composed mostly
of the nucleus, is partly covered by the cap-like acrosome, an organelle containing enzymes. The tail of the sperm consists of three
regions, the middle piece, principal piece, and end piece. B, A sperm drawn to approximately the same scale as the oocyte. C, A

human secondary oocyte (x200), surrounded by the zona pellucida and corona radiata.

The epididymis is an elongated coiled duct (see Fig. 2-12).
The epididymis is continuous with the ductus deferens,
which transports the sperms to the urethra (see Fig. 2-12).

Mature sperms are free-swimming, actively motile cells
consisting of a head and a tail (Fig. 2-5A). The neck of
the sperm is the junction between the head and tail. The
head of the sperm forms most of the bulk of the sperm

and contains the nucleus. The anterior two thirds of the
head is covered by the acrosome, a cap-like saccular
organelle containing several enzymes (see Figs. 2-4 and
2-5A). When released, the enzymes facilitate dispersion
of follicular cells of the corona radiata and sperm pene-
tration of the zona pellucida during fertilization (see Figs.
2-5A and C and 2-13A and B).
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The tail of the sperm consists of three segments: middle
piece, principal piece, and end piece (see Fig. 2-5A). The
tail provides the motility of the sperm that assists its
transport to the site of fertilization. The middle piece
contains mitochondria, which provide adenosine triphos-
phate, necessary to support the energy required for
motility.

Many genes and molecular factors are implicated in
spermatogenesis. For example, recent studies indicate
that proteins of the Bcl-2 family are involved in the matu-
ration of germ cells, as well as their survival at different
stages. At the molecular level, HOX genes influence
microtubule dynamics and the shaping of the head of the
sperm and formation of the tail. For normal spermato-
genesis, the Y chromosome is essential; microdeletions
result in defective spermatogenesis and infertility.

OOGENESIS

Oogenesis is the sequence of events by which oogonia
(primordial germ cells) are transformed into mature
oocytes. All oogonia develop into primary oocytes before
birth; no oogonia develop after birth. Oogenesis contin-
ues to menopause, which is the permanent cessation of
the menstrual cycle (see Figs. 2-7 and 2-11).

Prenatal Maturation of Oocytes

During early fetal life, oogonia proliferate by mitosis
(reproduction of cells), a special type of cell division (see
Fig. 2-2). Oogonia (primordial sex cells) enlarge to form
primary oocytes before birth; for this reason, no oogonia
are shown in Figures 2-1 and 2-3. As the oocytes form,
connective tissue cells surround them and form a single
layer of flattened, follicular cells (see Fig. 2-8). The
primary oocyte enclosed by this layer of cells constitutes
a primordial follicle (see Fig. 2-9A). As the primary
oocyte enlarges during puberty, the follicular epithelial
cells become cuboidal in shape and then columnar,
forming a primary follicle (see Fig. 2-1).

The primary oocyte is soon surrounded by a covering
of amorphous, acellular, glycoproteinaceous material, the
zona pellucida (see Figs. 2-8 and 2-9B). Scanning electron
microscopy of the surface of the zona pellucida reveals a
regular mesh-like appearance with intricate fenestrations.
Primary oocytes begin the first meiotic divisions before
birth (see Fig. 2.3), but completion of prophase (see
Fig. 2-2A to D) does not occur until adolescence (begin-
ning with puberty). The follicular cells surrounding the
primary oocytes secrete a substance, oocyte maturation
inhibitor, which keeps the meiotic process of the oocyte
arrested.

Postnatal Maturation of Oocytes

Beginning during puberty, usually one ovarian follicle
matures each month and ovulation (release of oocyte
from the ovarian follicle) occurs (see Fig. 2-7), except
when oral contraceptives are used. The long duration of
the first meiotic division (up to 45 years) may account in

part for the relatively high frequency of meiotic errors,
such as nondisjunction (failure of paired chromatids of a
chromosome to dissociate), that occur with increasing
maternal age. The primary oocytes in suspended pro-
phase (dictyotene) are vulnerable to environmental agents
such as radiation.

No primary oocytes form after birth, in contrast to the
continuous production of primary spermatocytes (see Fig.
2-3). The primary oocytes remain dormant in ovarian
follicles until puberty (see Fig. 2-8). As a follicle matures,
the primary oocyte increases in size, and shortly before
ovulation, the primary oocyte completes the first meiotic
division to give rise to a secondary oocyte (see Fig. 2-10A
and B) and the first polar body. Unlike the corresponding
stage of spermatogenesis, however, the division of cyto-
plasm is unequal. The secondary oocyte receives almost
all the cytoplasm (see Fig. 2-1), and the first polar body
receives very little. The polar body is a small cell destined
for degeneration.

At ovulation, the nucleus of the secondary oocyte
begins the second meiotic division, but it progresses only
to metaphase (see Fig. 2-2E), when division is arrested.
If a sperm penetrates the secondary oocyte, the second
meiotic division is completed, and most cytoplasm is
again retained by one cell, the fertilized oocyte (see Fig.
2-1). The other cell, the second polar body, is also formed
and will degenerate. As soon as the polar bodies are
extruded, maturation of the oocyte is complete.

There are approximately 2 million primary oocytes in
the ovaries of a neonate, but most of them regress during
childhood so that by adolescence no more than 40,000
primary oocytes remain. Of these, only approximately
400 become secondary oocytes and are expelled at ovula-
tion during the reproductive period. Very few of these
oocytes, if any, are fertilized. The number of oocytes that
ovulate is greatly reduced in women who take oral con-
traceptives because the hormones in them prevent ovula-
tion from occurring.

COMPARISON OF GAMETES

The gametes (oocytes/sperms) are haploid cells (have half
the number of chromosomes) that can undergo karyog-
amy (fusion of nuclei of two sex cells). The oocyte is a
massive cell compared with the sperm and it is immotile,
whereas the microscopic sperm is highly motile (see
Fig. 2-5A). The oocyte is surrounded by the zona pellu-
cida and a layer of follicular cells, the corona radiata (see
Fig. 2-5C).

With respect to sex chromosome constitution, there
are two kinds of normal sperms: 23,X and 23,Y, whereas
there is only one kind of secondary oocyte: 23,X (see Fig.
2-1). By convention, the number 23 is followed by a
comma and an X or Y to indicate the sex chromosome
constitution; for example, 23,X indicates that there are
23 chromosomes in the complement, consisting of 22
autosomes (chromosomes other than sex chromosomes)
and 1 sex chromosome (X in this case). The difference in
the sex chromosome complement of sperms forms the
basis of primary sex determination.
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I ABNORMAL GAMETES

The ideal biologic maternal age for reproduction is from
20 to 35 years. The likelihood of chromosomal abnormali-
ties in an embryo gradually increases as the mother ages.
In older mothers, there is an appreciable risk of Down
syndrome (trisomy 21) or other form of trisomy in the
infant (see Chapter 20). The likelihood of a fresh gene
mutation (change in DNA) also increases with age. The
older the parents are at the time of conception, the more
likely they are to have accumulated mutations that the
embryo might inherit.

During gametogenesis, homologous chromosomes
sometimes fail to separate, a pathogenic process called
nondisjunction; as a result, some gametes have 24 chro-
mosomes and others only 22 (see Fig. 2-3). If a gamete
with 24 chromosomes unites with a normal one with 23
chromosomes during fertilization, a zygote with 47 chro-
mosomes forms (see Chapter 20, Fig. 20-2). This condi-
tion is called trisomy because of the presence of three
representatives of a particular chromosome, instead of
the usual two. If a gamete with only 22 chromosomes
unites with a normal one, a zygote with 45 chromosomes
forms. This condition is called monosomy because only
one representative of the particular chromosome pair is
present. For a description of the clinical conditions asso-
ciated with numeric disorders of chromosomes, see
Chapter 20.

As many as 10% of sperms ejaculated are grossly
abnormal (e.g., with two heads), but it is believed that
these abnormal sperms do not fertilize oocytes due to
their lack of normal motility. Most morphologically abnor-
mal sperms are unable to pass through the mucus in the
cervical canal. Measurement of forward progression is a
subjective assessment of the quality of sperm movement.
Such sperms are not believed to affect fertility unless their
number exceeds 20%. Although some oocytes have two
or three nuclei, these cells die before they reach maturity.
Similarly, some ovarian follicles contain two or more
oocytes, but this phenomenon is rare.

UTERUS, UTERINE TUBES,
AND OVARIES

A brief description of the structure of the uterus, uterine
tubes, and ovaries is presented as a basis for understand-
ing reproductive ovarian cycles and implantation of blas-
tocysts (Figs. 2-6 and 2-7, and see Fig. 2-19).

Uterus

The uterus is a thick-walled, pear-shaped muscular organ,
averaging 7 to 8 c¢cm in length, 5 to 7 cm in width at its
superior part, and 2 to 3 ¢m in wall thickness. The uterus
consists of two major parts (see Fig. 2-6A and B): the

body, the superior two thirds, and the cervix, the cylin-
dric inferior one third.

The body of the uterus narrows from the fundus, the
rounded superior part of the body, to the isthmus, the
1-cm-long constricted region between the body and cervix
(see Fig. 2-6A). The cervix of the uterus is its tapered
vaginal end that is nearly cylindric in shape. The lumen
of the cervix, the cervical canal, has a constricted opening
at each end. The internal os (opening) of the uterus com-
municates with the cavity of the uterine body, and the
external os communicates with the vagina (see Fig. 2-6A
and B).

The walls of the body of the uterus consist of three
layers (see Fig. 2-6B):

Perimetrium, the thin external layer
Myometrium, the thick smooth muscle layer
Endometrium, the thin internal layer

The perimetrium is a peritoneal layer that is firmly
attached to the myometrium (see Fig. 2-6B). During the
luteal (secretory) phase of the menstrual cycle, three
layers of the endometrium can be distinguished micro-
scopically (see Fig. 2-6C):

A thin, compact layer consisting of densely packed
connective tissue around the necks of the uterine
glands

A thick, spongy layer composed of edematous (having
large amounts of fluid) connective tissue containing the
dilated, tortuous bodies of the uterine glands

A thin, basal layer containing the blind ends of the
uterine glands

At the peak of its development, the endometrium is 4
to 5 mm thick (see Fig. 2-6B and C). The basal layer
of the endometrium has its own blood supply and is
not sloughed off during menstruation (see Fig. 2-7).
The compact and spongy layers, known collectively
as the functional layer, disintegrate and are shed
during menstruation and after parturition (delivery of
a fetus).

Uterine Tubes

The uterine tubes, approximately 10 cm long and 1 cm
in diameter, extend laterally from the horns of the uterus
(see Fig. 2-6A and B). Each tube opens at its proximal
end into the horn of the uterus and into the peritoneal
cavity at its distal end. For descriptive purposes, the
uterine tube is divided into four parts: infundibulum,
ampulla, isthmus, and uterine part (see Fig. 2-6B). One
of the tubes carries an oocyte from one of the ovaries;
the tubes also carry sperms entering from the uterus to
reach the fertilization site, the ampulla (see Figs. 2-6B and
2-20). The uterine tube also conveys the cleaving zygote
to the uterine cavity.

Ovaries

The ovaries are almond-shaped reproductive glands
located close to the lateral pelvic walls on each side of
the uterus. The ovaries produce oocytes (see Fig. 2-6B)
and estrogen and progesterone, the hormones responsible



FIGURE 2-6 A, Parts of the uterus and vagina. B, Diagrammatic frontal section of the uterus, uterine tubes, and vagina. The
ovaries are also shown. C, Enlargement of the area outlined in B. The functional layer of the endometrium is sloughed off during
menstruation.
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FIGURE 2-7 Schematic drawings illustrating the interrelations of the hypothalamus of the brain, pituitary gland, ovaries, and
endometrium. One complete menstrual cycle and the beginning of another are shown. Changes in the ovaries, the ovarian cycle, are
induced by the gonadotropic hormones (follicle-stimulating hormone [FSH] and luteinizing hormone [LH]). Hormones from the ovaries
(estrogens and progesterone) then promote cyclic changes in the structure and function of the endometrium, the menstrual cycle.
Thus, the cyclic activity of the ovary is intimately linked with changes in the uterus. The ovarian cycles are under the rhythmic endocrine
control of the pituitary gland, which in turn is controlled by the gonadotropin-releasing hormone produced by neurosecretory cells in
the hypothalamus.

for the development of secondary sex characteristics and  release of two hormones produced by this gland that act
regulation of pregnancy. on the ovaries:

Follicle-stimulating hormone (FSH) stimulates the
development of ovarian follicles and the production of
FEMALE REPRODUCTIVE CYCLES estrogen by the follicular cells.
Luteinizing hormone (LH) serves as the “trigger” for
ovulation (release of a secondary oocyte) and stimu-
lates the follicular cells and corpus luteum to produce
progesterone.
These hormones also induce growth of the ovarian
follicles and the endometrium.

Commencing at puberty (10 to 13 years of age), females
undergo reproductive cycles (sexual cycles), involving
activities of the hypothalamus of the brain, pituitary
gland, ovaries, uterus, uterine tubes, vagina, and
mammary glands (see Fig. 2-7). These monthly cycles
prepare the reproductive system for pregnancy.

A gonadotropin-releasing hormone is synthesized by
neurosecretory cells in the hypothalamus. This hormone  QVARIAN CYCLE
is carried by a capillary network, the portal hypophyseal
circulation (hypophyseal portal system), to the anterior ~ FSH and LH produce cyclic changes in the ovaries—
lobe of the pituitary gland. The hormone stimulates the  the ovarian cycle (see Fig. 2-7)—development of follicles
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(Fig. 2-8), ovulation (release of an oocyte from a mature
follicle), and corpus luteum formation. During each cycle,
FSH promotes growth of several primordial follicles into
5 to 12 primary follicles (Fig. 2-9A); however, only one
primary follicle usually develops into a mature follicle
and ruptures through the surface of the ovary, expelling
its oocyte (Fig. 2-10).

Antrum

3 »
Follicular

Zona
pellucida

o« M . 3 *‘ ’
FIGURE 2-8 Photomicrograph of a human primary oocyte
in a secondary follicle, surrounded by the zona pellucida and
follicular cells. The mound of tissue, the cumulus oophorus, proj-
ects into the antrum. (From Bloom W, Fawcett DW: A textbook
of histology, 10th ed, Philadelphia, 1975, Saunders. Courtesy L.
Zamboni.)
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FIGURE 2-9 Micrographs of the ovarian cortex. A, Several
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Follicular Development

Development of an ovarian follicle (see Figs. 2-8 and 2-9)
is characterized by:

Growth and differentiation of a primary oocyte
Proliferation of follicular cells

Formation of the zona pellucida

Development of the theca folliculi

As the primary follicle increases in size, the adjacent
connective tissue organizes into a capsule, the theca fol-
liculi (see Fig. 2-7). This theca soon differentiates into
two layers, an internal vascular layer and glandular layer,
the theca interna, and a capsule-like layer, the theca
externa. Thecal cells are thought to produce an angiogen-
esis factor that promotes growth of blood vessels in the
theca interna, which provide nutritive support for follicu-
lar development. The follicular cells divide actively, pro-
ducing a stratified layer around the oocyte (see Fig. 2-9B).
The ovarian follicle soon becomes oval and the oocyte
eccentric in position. Subsequently, fluid-filled spaces
appear around the follicular cells, which coalesce to form
a single large cavity, the antrum, which contains follicular
fluid (see Figs. 2-8 and 2-9B). After the antrum forms,
the ovarian follicle is called a vesicular or secondary
follicle.

The primary oocyte is pushed to one side of the follicle,
where it is surrounded by a mound of follicular cells, the
cumulus oophorus, that projects into the antrum (see Fig.
2-9B). The follicle continues to enlarge until it reaches
maturity and produces a swelling (follicular stigma) on
the surface of the ovary (see Fig. 2-10A).

The early development of ovarian follicles is induced
by FSH, but final stages of maturation require LH as well.
Growing follicles produce estrogen, a hormone that regu-
lates development and function of the reproductive
organs. The vascular theca interna produces follicular

Antrum

Primary oocyte

primordial follicles (P) are visible (x270). Observe that the primary

oocytes are surrounded by follicular cells. B, Secondary ovarian follicle. The oocyte is surrounded by granulosa cells of the cumulus
oophorus (x132). The antrum can be clearly seen. (From Gartner LP, Hiatt JL: Color textbook of histology, 2nd ed, Philadelphia, 2001,

Saunders.)
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FIGURE 2-10 A-D, lllustrations of ovulation. Note that
fimbriae of the infundibulum of the uterine tube are closely
applied to the ovary. The finger-like fimbriae move back and forth
over the ovary and “sweep” the oocyte into the infundibulum.
When the stigma (swelling) ruptures, the secondary oocyte is
expelled from the ovarian follicle with the follicular fluid. After
ovulation, the wall of the follicle collapses and is thrown into folds.
The follicle is transformed into a glandular structure, the corpus
luteum.

fluid and some estrogen (see Fig. 2-10B). Its cells also
secrete androgens that pass to the follicular cells (see Fig.
2-8), which, in turn, convert them into estrogen. Some
estrogen is also produced by widely scattered groups of
stromal secretory cells, known collectively as the intersti-
tial gland of the ovary.

Ovulation

Around the middle of the ovarian cycle, the ovarian fol-
licle, under the influence of FSH and LH, undergoes a
sudden growth spurt, producing a cystic swelling or bulge
on the surface of the ovary. A small avascular spot, the
stigma, soon appears on this swelling (see Fig. 2-10A).
Before ovulation, the secondary oocyte and some cells of
the cumulus oophorus detach from the interior of the
distended follicle (see Fig. 2-10B).

Ovulation is triggered by a surge of LH production
(Fig. 2-11). Ovulation usually follows the LH peak by 12
to 24 hours. The LH surge, elicited by the high estrogen
level in the blood, appears to cause the stigma to balloon
out, forming a vesicle (see Fig. 2-10A). The stigma soon
ruptures, expelling the secondary oocyte with the follicu-
lar fluid (see Fig. 2-10B to D). Expulsion of the oocyte is
the result of intrafollicular pressure, and possibly by con-
traction of smooth muscle in the theca externa (sheath)
owing to stimulation by prostaglandins.

Mitogen-activated protein kinases 3 and 1 (MAPK
3/1), also known as extracellular signal-regulated kinases
1 and 2 (ERK1/2), in ovarian follicular cells seem to regu-
late signaling pathways that control ovulation. Plasmins
and matrix metalloproteins appear also to play a role in
controlling rupture of the follicle. The expelled secondary
oocyte is surrounded by the zona pellucida (see Fig. 2-8)
and one or more layers of follicular cells, which are radi-
ally arranged as the corona radiata (see Fig. 2-10C),
forming the oocyte—cumulus complex. The LH surge also
seems to induce resumption of the first meiotic division
of the primary oocyte. Hence, mature ovarian follicles
contain secondary oocytes (see Fig. 2-10A and B). The
zona pellucida (see Fig. 2-8) is composed of three glyco-
proteins (ZPA, ZPB, and ZPC), which usually form a
network of filaments with multiple pores. Binding of the
sperm to the zona pellucida (sperm—oocyte interactions)
is a complex and critical event during fertilization (see
Fig. 2-13A and B.)

Corpus Luteum

Shortly after ovulation, the walls of the ovarian follicle
and theca folliculi collapse and are thrown into folds (see
Fig. 2-10D). Under LH influence, they develop into a
glandular structure, the corpus luteum, which secretes
progesterone and some estrogen, causing the endometrial
glands to secrete and prepare the endometrium for
implantation of the blastocyst (see Figs. 2-7 and 2-10).
If the oocyte is fertilized, the corpus luteum enlarges
to form a corpus luteum of pregnancy and increases its
hormone production. Degeneration of the corpus luteum
is prevented by human chorionic gonadotropin, a
hormone secreted by the syncytiotrophoblast of the blas-
tocyst (see Fig. 2-19B). The corpus luteum of pregnancy
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FIGURE 2-11 lllustration of the blood levels of various
hormones during the menstrual cycle. Follicle-stimulating
hormone (FSH) stimulates the ovarian follicles to develop and
produce estrogens. The level of estrogens rises to a peak just
before the luteinizing hormone (LH) surge. Ovulation normally
occurs 24 to 36 hours after the LH surge. If fertilization does not
occur, the blood levels of circulating estrogens and progesterone
fall. This hormone withdrawal causes the endometrium to regress
and menstruation to start again.

remains functionally active throughout the first 20 weeks
of pregnancy. By this time, the placenta has assumed the
production of estrogen and progesterone necessary for
the maintenance of pregnancy (see Chapter 7).

If the oocyte is not fertilized, the corpus luteum invo-
lutes and degenerates 10 to 12 days after ovulation (see
Fig. 2-7). It is then called a corpus luteum of menstrua-
tion. The corpus luteum is subsequently transformed into

MITTELSCHMERZ AND OVULATION

A variable amount of abdominal pain, mittelschmerz
(German mittel, mid + schmerz, pain), accompanies ovu-
lation in some women. In these cases, ovulation results
in slight bleeding into the peritoneal cavity, which results
in sudden constant pain in the lower abdomen. Mittel-
schmerz may be used as a secondary indicator of ovula-
tion, but there are better primary indicators, such as
elevation of basal body temperature.

ANOVULATION

Some women do not ovulate (cessation of ovulation, or
anovulation) because of an inadequate release of gonad-
otropins. In some of these women, ovulation can be
induced by the administration of gonadotropins or an
ovulatory agent such as clomiphene citrate. This drug
stimulates the release of pituitary gonadotropins (FSH
and LH), resulting in maturation of several ovarian follicles
and multiple ovulations. The incidence of a multiple
pregnancy increases significantly when ovulation is
induced. Rarely do more than seven embryos survive.

white scar tissue in the ovary, called a corpus albicans.
Ovarian cycles terminate at menopause, the permanent
cessation of menstruation due to ovarian failure. Meno-
pause usually occurs between the ages of 48 and 55 years.
The endocrine, somatic (body), and psychological changes
occurring at the termination of the reproductive period
are called the climacteric.

MENSTRUAL CYCLE

The menstrual cycle is the time during which the oocyte
matures, is ovulated, and enters the uterine tube. The
hormones produced by the ovarian follicles and corpus
luteum (estrogen and progesterone) produce cyclic
changes in the endometrium (see Fig. 2-11). These
monthly changes in the internal layer of the uterus con-
stitute the endometrial cycle, commonly referred to as the
menstrual cycle (period) because menstruation (flow of
blood from the uterus) is an obvious event.

The endometrium is a “mirror” of the ovarian cycle
because it responds in a consistent manner to the fluctuat-
ing concentrations of gonadotropic and ovarian hor-
mones (see Figs. 2-7 and 2-11). The average menstrual
cycle is 28 days, with day 1 of the cycle designated as the
day on which menstrual flow begins. Menstrual cycles
normally vary in length by several days. In 90% of
women, the length of the cycles ranges between 23 and
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35 days. Almost all these variations result from altera-
tions in the duration of the proliferative phase of the
menstrual cycle (see Fig. 2-11).

I ANOVULATORY MENSTRUAL CYCLES

The typical menstrual cycle, illustrated in Figure 2-11, is
not always realized, because the ovary may not produce
a mature follicle and so ovulation does not occur. In
anovulatory cycles, the endometrial changes are minimal;
the proliferative endometrium develops as usual, but
ovulation does not occur and no corpus luteum forms.
Consequently, the endometrium does not progress to
the luteal phase; it remains in the proliferative phase
until menstruation begins. Anovulatory cycles may result
from ovarian hypofunction. The estrogen, with or without
progesterone, in oral contraceptives (birth control pills)
acts on the hypothalamus and pituitary gland, resulting
in inhibition of secretion of gonadotropin-releasing
hormone, FSH, and LH, the secretion of which is essential
for ovulation to occur.

Phases of Menstrual Cycle

Changes in the estrogen and progesterone levels cause
cyclic changes in the structure of the female reproductive
tract, notably the endometrium. The menstrual cycle is a
continuous process; each phase gradually passes into the
next one (see Fig. 2-11).

Menstrual Phase

The functional layer of the uterine wall (see Fig. 2-6C) is
sloughed off and discarded with the menstrual flow, or
menses (monthly bleeding), which usually lasts 4 to 5
days. The blood discharged from the vagina is combined
with small pieces of endometrial tissue. After menstrua-
tion, the eroded endometrium is thin (see Fig. 2-11).

Proliferative Phase

This phase, lasting approximately 9 days, coincides with
the growth of ovarian follicles and is controlled by estro-
gen secreted by the follicles. There is a two- to three-fold
increase in the thickness of the endometrium and in its
water content during this phase of repair and prolifera-
tion (see Fig. 2-11). Early during this phase, the surface
epithelium reforms and covers the endometrium. The
glands increase in number and length and the spiral arter-
ies elongate (see Fig. 2-6).

Luteal Phase

The luteal (secretory phase), lasting approximately 13
days, coincides with the formation, functioning, and
growth of the corpus luteum. The progesterone produced
by the corpus luteum stimulates the glandular epithelium
to secrete a glycogen-rich material. The glands become
wide, tortuous, and saccular, and the endometrium thick-
ens because of the influence of progesterone and estrogen

from the corpus luteum (see Figs. 2-7 and 2-11) and
because of increased fluid in the connective tissue. As the
spiral arteries grow into the superficial compact layer,
they become increasingly coiled (see Fig. 2-6C). The
venous network becomes complex, and large lacunae
(venous spaces) develop. Direct arteriovenous anastomo-
ses are prominent features of this stage.
If fertilization does not occur:

The corpora lutea degenerate.

Estrogen and progesterone levels fall and the secretory
endometrium enters an ischemic phase.

Menstruation occurs (see Fig. 2-7).

Ischemia

Ischemia occurs when the oocyte is not fertilized; spiral
arteries constrict (see Fig. 2-6C), giving the endometrium
a pale appearance. This constriction results from the
decreasing secretion of hormones, primarily progester-
one, by the degenerating corpora lutea (see Fig. 2-11). In
addition to vascular changes, the hormone withdrawal
results in the stoppage of glandular secretion, a loss of
interstitial fluid, and a marked shrinking of the endome-
trium. Toward the end of the ischemic phase, the spiral
arteries become constricted for longer periods. This
results in venous stasis (congestion and slowing of circu-
lation in veins) and patchy ischemic necrosis (death) in
the superficial tissues. Eventually, rupture of damaged
vessel walls follows and blood seeps into the surrounding
connective tissue. Small pools of blood form and break
through the endometrial surface, resulting in bleeding
into the uterine cavity and through the vagina. As small
pieces of the endometrium detach and pass into the
uterine cavity, the torn ends of the arteries bleed into the
cavity, resulting in a loss of 20 to 80 ml of blood. Eventu-
ally, over 3 to 5 days, the entire compact layer and most
of the spongy layer of the endometrium are discarded in
the menses (see Fig. 2-11). Remnants of the spongy and
basal layers remain to undergo regeneration during the
subsequent proliferative phase of the endometrium. It is
obvious from the previous descriptions that the cyclic
hormonal activity of the ovary is intimately linked with
cyclic histologic changes in the endometrium.
If fertilization occurs:

Cleavage of the zygote and blastogenesis (formation of
a blastocyst) begin.

The blastocyst begins to implant in the endometrium
on approximately the sixth day of the luteal phase (see
Fig. 2-19A).

Human chorionic gonadotropin, a hormone produced
by the syncytiotrophoblast (see Fig. 2-19B), keeps the
corpora lutea secreting estrogens and progesterone.
The luteal phase continues and menstruation does not
occur.

Pregnancy

If pregnancy occurs, the menstrual cycles cease and the
endometrium passes into a pregnancy phase. With the
termination of pregnancy, the ovarian and menstrual
cycles resume after a variable period (usually 6 to 10
weeks if the woman is not breast-feeding her baby).
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Except during pregnancy, the reproductive cycles nor-
mally continue until menopause.

°TRANSPORTATION OF GAMETES

Oocyte Transport

The secondary oocyte is expelled at ovulation from the
ovarian follicle with the escaping follicular fluid (see Fig.
2-10C and D). During ovulation, the fimbriated end of
the uterine tube becomes closely applied to the ovary. The
finger-like processes of the tube, fimbriae, move back and
forth over the ovary. The sweeping action of the fimbriae
and fluid currents produced by the cilia (motile exten-
sions) of the mucosal cells of the fimbriae “sweep” the
secondary oocyte into the funnel-shaped infundibulum of
the uterine tube (see Fig. 2-10B). The oocyte then passes
into the ampulla of the tube (see Fig. 2-10C), mainly as
the result of peristalsis (movements of the wall of the tube
characterized by alternate contraction and relaxation),
which causes the oocyte to pass toward the uterus.

Sperm Transport

The reflex ejaculation of semen may be divided into two
phases:

Emission: Semen passes to the prostatic part of the
urethra through the ejaculatory ducts after peristalsis
(peristaltic movements) of the ductus deferens (Fig.
2-12); emission is a sympathetic response.

Fjaculation: Semen is expelled from the urethra
through the external urethral orifice; this results from
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closure of the vesical sphincter at the neck of the
bladder, contraction of the urethral muscle, and con-
traction of the bulbospongiosus muscles.

The sperms are rapidly transported from the epididy-
mis to the urethra by peristaltic contractions of the thick
muscular coat of the ductus deferens (see Fig. 2-12). The
accessory sex glands, that is, the seminal glands (vesicles),
prostate, and bulbourethral glands, produce secretions
that are added to the sperm-containing fluid in the ductus
deferens and urethra.

From 200 to 600 million sperms are deposited around
the external os of the uterus and in the fornix of the vagina
during intercourse (see Fig. 2-6 A and B). The sperms pass
through the cervical canal by movements of their tails (see
Fig. 2-5A). The enzyme vesiculase, produced by the pros-
tate gland, assists with reducing the viscosity (liquifica-
tion) of a seminal fluid coagulum that forms shortly after
ejaculation. When ovulation occurs, the cervical mucus
increases in amount and becomes less viscid (sticky),
making it more favorable for sperm transport.

Passage of sperms through the uterus into the uterine
tubes results mainly from muscular contractions of the
walls of these organs. Prostaglandins (physiologically
active substances) in the semen are thought to stimulate
uterine motility at the time of intercourse and assist in
the movement of sperms to the site of fertilization in the
ampulla of the uterine tube. Fructose, secreted by the
seminal glands, is an energy source for the sperms in
the semen.

The volume of ejaculate (sperms mixed with secretions
from the accessory sex glands) averages 3.5 ml, with a
range of 2 to 6 ml. The sperms move 2 to 3 mm per
minute, but the speed varies with the pH of the
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FIGURE 2-12 Sagittal section of the male pelvis showing the parts of the male reproductive system.
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environment. The sperms are nonmotile during storage
in the epididymis (see Fig. 2-12) but become motile in the
ejaculate. They move slowly in the acid environment of
the vagina but move more rapidly in the alkaline environ-
ment of the uterus. It is not known how long it takes
sperms to reach the fertilization site in the ampulla of the
uterine tube (see Figs. 2-10C and 2-20), but the time of
transport is probably short. Motile sperms have been
recovered from the ampulla 5 minutes after their deposi-
tion near the external uterine os (see Fig. 2-6B). Some
sperms, however, take as long as 45 minutes. Approxi-
mately 200 sperms reach the fertilization site; however,
most sperms degenerate and are absorbed in the female
genital tract.

MATURATION OF SPERMS

Freshly ejaculated sperms are unable to fertilize an oocyte.
Sperms must undergo a period of conditioning, or capaci-
tation, lasting approximately 7 hours. During this period,
a glycoprotein coat and seminal proteins are removed
from the surface of the sperm acrosome (see Figs. 2-4 and
2-5A). The membrane components of the sperms are
extensively altered. Capacitated sperms show no mor-
phologic changes, but they are more active. Sperms are
usually capacitated while they are in the uterus or uterine
tubes by substances secreted by these parts of the female
genital tract. During in vitro fertilization, capacitation is
induced by incubating the sperms in a defined medium
for several hours (see Fig. 2-15). Completion of capacita-
tion permits the acrosome reaction to occur.

The acrosome of the capacitated sperm binds to a
glycoprotein (ZP3) on the zona pellucida (Fig. 2-13A
and B). Studies have shown that the sperm plasma mem-
brane, calcium ions, prostaglandins, and progesterone
play a critical role in the acrosome reaction. This reaction
of sperms must be completed before the sperms can fuse
with the oocyte. When capacitated sperms come into
contact with the corona radiata surrounding a secondary
oocyte (see Fig. 2-13A and B), they undergo complex
molecular changes that result in the development of per-
forations in the acrosome. Multiple point fusions of the
plasma membrane of the sperm and the external acroso-
mal membrane occur. Breakdown of the membranes at
these sites produces apertures (openings). The changes
induced by acrosome reaction are associated with the
release of enzymes, including hyaluronidase and acrosin,
from the acrosome that facilitate fertilization. Capacita-
tion and acrosome reaction appear to be regulated by a
tyrosine kinase, src kinase.

VIABILITY OF GAMETES

Studies on early stages of development indicate that
human oocytes are usually fertilized within 12 hours after
ovulation. In vitro observations have shown that the
oocyte cannot be fertilized after 24 hours and that it
dege