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Foreword

I was honored when my colleague and friend Dr. Heide Schatten asked me to write a foreword for this book. It is a great
pleasure to strongly recommend Drs. Heide Schatten and Gheorghe M. Constantinescu’s latest scholarly work Comparative
Reproductive Biology. Both editors are internationally known scientists and well qualified to oversee and contribute to
such a comprehensive task. Furthermore, they have recruited an exceptional group of reproductive biologists to author
chapters in their areas of expertise.

When considering the physiological systems of the body, the degree of species variation within the reproductive system
compared to other systems is remarkable. Furthermore, it is essential that researchers, educators, and students alike remain
acutely aware of the fundamental comparative differences in the reproductive biology of domestic species (carnivores, pigs,
ruminants, and horses). As a researcher, understanding the comparative differences in ovarian and uterine function among
mammalian species has been essential in helping me develop new approaches to a problem. Too many of us are guilty of
basing our understanding of mammalian reproduction on our species of interest. Therefore, this book will be especially
helpful in educating a broad audience of readers regarding the important differences in how domestic species reproduce.

As a teacher, I consistently emphasize that “structure dictates function.” Therefore, I appreciate the strong morphological
approach that the editors have taken in organizing and preparing the chapters. This book does an excellent job of synthe-
sizing the classical information on reproductive biology (anatomy, histology, endocrinology, etc.) with an extensive list of
reproductive biotechnologies: transgenic animals, gender selection in mammalian semen and preimplantation embryos,
artificial insemination, embryo transfer and in vitro fertilization, comparative cryobiology of preimplantation embryos,
animal cloning, comparative placentation, and pregnancy diagnostics. Consequently, this book will serve as an excellent
reference for those with an interest in the reproductive biology of domestic species.

It is with enthusiasm that I endorse Drs. Schatten and Constantinescu’s most recent contribution to the field of reproduc-
tive biology.

Michael F. Smith, Ph.D.
Professor of Animal Sciences
University of Missouri-Columbia
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Preface

Rapid progress in reproductive biology and the desire of many new and established scientists to find classic as well as
contemporary aspects in one comprehensive book has inspired this work. Comparative Reproductive Biology offers both
broad and specific knowledge in areas that have advanced the field in recent years, including advances in cell and molecular
biology applied to reproduction, transgenic animal production, gender selection, artificial insemination, embryo transfer,
cryobiology, animal cloning, and many others. It includes topics in animal reproduction that are usually only found as part
of other books in animal science such as anatomy, developmental anatomy, developmental biology, histology, cell and
molecular biology, physiology, radiology, ultrasonography, and others. We have made an effort to design a book that includes
most, if not all, relevant areas of animal reproduction. The book is intended for a large audience as a reference book on
the subject, rather than as a handbook or course textbook. It will fill a gap in the literature and is meant to be of interest
to scientists in animal science, to teachers in the professional curriculum, to veterinarians, to clinicians, to professional
students, to graduate students (PhD and Masters trainees), and others interested in animal reproduction.

There is currently no comparable and competitive book on the market. Most existing books are limited to various aspects
of reproductive biology, such as oestrus cycles, pregnancy and parturition, dystocia and other conditions and/or disorders
associated with parturition, surgical interventions, infertility, embryo transfer, physiology (the endocrinology of reproduc-
tion included), and mating and artificial insemination in domestic animals. An abundance of research papers are published
in all fields, including the large field of physiology of reproduction of domestic animals. Many are referred to in the specific
chapters of this book. This comprehensive book on various aspects of reproduction is timely due to the growing interest
in the field. It provides insights into fascinating new approaches that have grown steadily since the introduction of the now
well accepted in vitro fertilization and nuclear cloning techniques with applications for human health and agricultural and
biomedical research.

The chapters are written by renowned scientists in their respective fields and their presentations include the biological
aspects of reproduction in domestic animals such as dogs, cats, pigs, large and small ruminants, and horses. The specific
chapters start with the developmental anatomy of reproductive organs, continuing with anatomy, histology, cellular and
molecular biology, comparative reproductive physiology, transgenic animals, gender selection in mammalian semen and
pre-implantation embryos, artificial insemination, embryo transfer and in vitro fertilization, comparative cryobiology of
preimplantation embryos, animal cloning, comparative placentation, pregnancy diagnostics in domestic animals, and ultra-
sonography in small ruminant reproduction.

We are grateful to all of the authors for contributing their unique expertise and we hope the reader will find this book
of value.

Heide Schatten

Gheorghe M. Constantinescu
Columbia, Missouri, USA
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Chapter 1

Developmental Anatomy of Reproductive Organs

Ileana A. Constantinescu

Male and Female Reproductive Systems

The male and the female reproductive systems consist of
the gonads, the reproductive tracts, and the external geni-
talia (the mammary glands are also included in this section).
Although functionally distinct, the urinary and reproduc-
tive systems are intimately associated in origin, develop-
ment, and certain final relationships in the adult anatomy.
Common features of the two systems include the
following:

* Both systems originate in the intermediate mesoderm.

e The (excretory) ducts of both systems initially share a
common cavity—the urogenital sinus (a subdivision of
the cloaca).

The common origin and close spatial association of the
urinary and reproductive systems render a rather compli-
cated organization. Some of their common primordia will
differentiate in accordance with the established sex of the
emerging new individual. Some of the organs are formed
by association of structures that arise independently at dif-
ferent times and places. Some structures form and degener-
ate without ever becoming functional, while others undergo
partial degeneration and their remnants are incorporated
into a new organ for a new function.

The reproductive organs of both sexes develop from
common primordia that follow a similar, consistent pattern
of formation well into the fetal period. This development
includes transition through an “indifferent” (undifferenti-
ated) stage during which all component structures are
present and appear the same in both sexes. When the pri-
mordia of the reproductive system are established (before
differentiation), all embryos are potentially bisexual. As a
result, developmental errors may lead to various degrees of
intermediate sex.

Development of Gonads

During their development the gonads pass through two dis-
tinct stages: the Indifferent stage and the Differential
stage.

Indifferent Stage

The outline of the gonads appears (in most mammals) when
the embryo possesses from 38 pairs to 40 pairs of somites
(at about 24 days in dogs, 27 days in horses, and 28 days

in oxen). The gonadal primordium is represented by genital
(gonadal) ridges—paired longitudinal condensations of
intermediate mesoderm (with contribution from the adja-
cent coelomic mesothelium) along the axis of, and medial
to, the mesonephros (the primordium of the excretory
system).

The cells of the ridges become aligned to form a number
of irregularly shaped cords, the primitive sex cords, which
extend into the center (medulla) of the ridge and connect to
the surface epithelium. At this stage the embryos exhibit
gonads, which show no evidence as to whether they will
develop into testes or ovaries (hence, the “indifferent” stage
in gonadal development).

Differential Stage

Although genetic sex is established at the time of fertiliza-
tion, the gonads do not attain morphological sex character-
istics until toward the end of the embryonic period. This
differentiation is much accelerated (and slightly earlier in
males) at the beginning of the fetal period.

Regardless of their future fate, the primordia of all
reproductive male and female structures form in both sexes.
At this stage in development, the primordia are represented
by the undifferentiated gonad and two duct systems—the
paired mesonephric and paramesonephric ducts. It is these
primordia that, remodeled by complete or partial regres-
sion, addition to, or incorporation into present or later-
to-emerge structures, will form the adult, functional
reproductive male and female organs.

The mesonephric (Wolffian) duct is the salvaged remnant
of the mesonephros (one of the three overlapping kidney
systems). In amniotes, the mesonephros regresses by the
end of the embryonic period; the exception is the meso-
nephric duct (and part of its tubules), which is retained and
remodeled as genital ducts in the male. The paramesoneph-
ric (Miillerian) duct forms as an epithelial invagination
ventrolateral to the mesonephros. Cranially, each tube
opens into the abdominal cavity; caudally, each fuses with
its counterpart to enter the urogenital sinus ventral to the
mesonephric duct. In females, the Miillerian duct forms
most of the genital duct system.

Testes
Developmental processes represent an extensive panora-

ma of complex, interdependent, precisely sequenced and
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2 Comparative Reproductive Biology

coordinated interactions of genetic and environmental mod-
ulators that work together to create an unique organism.
The sexual identity of an individual is established with the
process of fertilization; the individual’s sexual distinction
is the result of exposure to gonadal hormones, which start
to be secreted as soon as the gonads emerge from the indif-
ferent stage. The gonadal differentiation reflects morpho-
genic changes that involve the sex cords and interstitial
cells (cells between the cords). Toward the end of the third
week after fertilization (a few days later in species with
longer gestation), primordial germ cells (future gametes)
migrate from the endoderm of the yolk sac and become
embedded into the indifferent gonad.

In a genetically male embryo, the germ cells carry an
XY chromosome. The Y chromosome possesses the SRY
gene, which encodes the testis-determining factor (TDF)
that directs testicular differentiation, thus establishing the
gonadal sex. In the presence of TDF, the sex cords become
organized into seminiferous tubules—elongated, tortuous
cords that extend into the center (medulla) of the gonad and
contain differentiated germ cells, spermatogonia. Seminif-
erous tubules connect to the retained mesonephric tubules
of the mesonephric duct via the rete testis (a network of thin
tubules located in the medulla of the testis and originating
from sex cords that lack germ cells). The cord cells (which
form the walls of the seminiferous tubules) differentiate
into Sertoli (sustentacular) cells that secrete a glycoprotein,
a Miillerian-inhibiting substance (MIS), which is responsi-
ble for the regression of the paramesonephric ducts. The
interstitial (Leydig) cells begin secreting testosterone that
induces sexual differentiation of the duct system and of the
external genitalia.

As the medulla becomes the functional part of the testis,
the cortex is reduced and separated from the surrounding
surface epithelium by a thick layer of connective tissue—
the tunica albuginea. The tunica albuginea serves as a
pathway for blood vessels.

Ovaries

In the genetic female embryo with an XX chromosome
complex, the absence of the Y chromosome redirects dif-
ferentiation of the indifferent gonad to become an ovary.
The cells of cords dissociate into clusters surrounding indi-
vidual or groups of germ cells, which together form primor-
dial follicles (the proliferation of both types of cells is
completed before birth). Within the follicles, germ cells
differentiate into primary oocytes that remain arrested in
meiosis I until ovulation. The medulla of the gonad is
greatly reduced and replaced by vascular stroma. In the
absence of a Y chromosome with its supportive contribu-
tion, the mesonephric ducts degenerate.

Development of Reproductive Tracts
In mammals, the gonads develop in close association with
the two paired duct systems—the mesonephric and parame-
sonephric ducts, present in both sexes.

Development of Male Reproductive Tracts
Testosterone secretion by fetal testes triggers the morpho-
genic changes in the duct system and external genitalia (if
exposure to testosterone is denied, the embryo, regardless
of its genetic sex, will develop as a female).

The cranial portion of the mesonephric duct (and associ-
ated tubules) regresses while the reminder undergoes
regional differentiation. Its tubules that become connected
with the sex cords via rete testis will form the efferent
ductules (those left out persist as functionless vestiges,
either as the “appendix of epididymis” or as the “paradidy-
mis”). The mesonephric duct in the area of the testis
becomes extensively elongated and convoluted to form the
epididymis; its caudal end extends to enter the urogenital
sinus (the mesoderm of the caudal region of the duct dif-
ferentiates to form the seminal vesicles).

In amniotes, as a rule, the paramesonephric ducts degen-
erate completely by the beginning of the fetal period. Ves-
tigial structures are seen either as the “appendix testis”—a
tiny portion of its cranial extent, or as the “uterus masculi-
nus”—a small diverticulum wherein the fused ducts open
into the urogenital sinus.

Development of Female Reproductive Tract

In females, the mesonephric duct degenerates, leaving the
paramesonephric duct system to form the main reproduc-
tive tracts. The cranial-most portions of the paired duct
remain continuous with the peritoneal cavity, narrow and
convoluted to form the oviducts (uterine tubes). The degree
of fusion of the paramesonephric ducts varies among
domestic species, being most extensive in horses and least
in carnivores; in rodents and rabbits there are two cervices
that open into a single vagina, while in marsupials, the
tubes do not fuse to any extent. Therefore, the marsupials
are provided with a double vagina. Caudally, the unfused
portions form the uterine horns. As the embryo assumes
its rounded shape, the caudal portions of the tubes are
shifted medially and fuse together to differentiate into the
body of the uterus, the cervix, and the cranial one-third part
of the vagina. The extent to which the urogenital sinus
participates in the formation of the vagina varies with the
species. This involvement is demonstrated by the position-
ing of the urethral and vaginal openings and the length of
the vestibule.

Vestigial structures of (particularly) the caudal end of the
mesonephric duct are consistently represented by Gértner’s
ducts, seen in the cow as small openings into the vestibule;
in the sow as tubular cords in the wall’s uterine horns or
vagina; and in carnivores, in the wall of the vagina.

Development of the Male and Female

External Genitalia

In this subsection, the urogenital sinus, the Indifferent stage
and the Differential Stage for both male and female will be
discussed.
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Urogenital Sinus
The urogenital sinus is a developmental structure common
to the male and the female.

In early mammalian embryos, the caudal end of the
primitive gut (caudal to the origin of the allantois—a
ventral evagination of hindgut that collects and disposes of
fetal urinary wastes) is represented by the wide diverticu-
lum—the cloaca, temporarily closed by the cloacal mem-
brane. Toward the end of the embryonic stage, with the
advancement of the tail fold, a mass of mesenchyme—the
urorectal septum—extends caudally from the junction with
the allantois, dividing the cloaca into a dorsal part, the
rectum, and a ventral part, the urogenital sinus. The exter-
nal surface of the wall in between the two openings becomes
the perineum.

Indifferent Stage

At this point in development, the cloacal region and its
associated structures represent the indifferent condition,
allowing no distinction between sexes. Under the influence
of gonadal hormones, the urogenital sinus and its rudiments
undergo specific, sex-appropriated changes. External geni-
talia are derived from a series of mesodermal proliferations
(swellings) adjacent to the still-existent cloacal membrane.
These proliferations are the following:

¢ Cloacal folds—the paired, elongated proliferations that
flank the cloacal membrane.

* Genital tubercle—(the primordium of the phallus and
the clitoris, respectively); a median outgrowth formed by
the fusion of the cranial portions of cloacal folds (cranio-
ventral to the opening of urogenital sinus).

e Urethral folds—folds formed caudal to the genital
tubercle. When the urogenital septum is completed, the
cloacal folds are subdivided into urethral folds and anal
folds.

¢ Genital (labioscrotal) swellings—paired proliferations
that border the urethral folds. By the end of the embry-
onic stage and several weeks into the fetal stage, the
sex hormones released by the differentiating gonads
induce progressive modelings of these primordia and
will attain distinct and recognizable male versus female
characteristics.

Differential Stage—Male

Androgens secreted by the fetal testes induce rapid elonga-
tion of the genital tubercle to form the phallus (a deficiency
in or an insensitivity to androgens lead to a predominance
of female characteristics under the influence of maternal
and placental estrogens). Elongation of the phallus pulls the
paired urethral folds forward to form the lateral walls of
the urethral groove along the ventral aspect of the phallus.
Midline fusion of the folds over the groove establishes the
penile urethra. The rapid expansion, paralleled by the
cranial shift of the genital tubercle, elongates the genital
raphe—the first external indication of a developing male.

In the adult, the phallus forms the body of the penis,
and the original swelling, the genital tubercle, becomes
the glans penis. In domestic mammals (except the cat),
the phallus extends cranially, deep to the skin of the ventral
body wall, and its free end is encircled by a ring of ecto-
derm, the prepuce. Mesenchyme in the glans and body of
the penis of the dog (and other nondomestic mammals)
ossifies to form an os penis (there is a cartilage in the
cat).

The genital swellings (scrotal swellings in male) enlarge,
migrate cranially (to a greater or lesser extent depending on
the species), and fuse with one another on the midline. The
two swellings remain separated by the scrotal septum, and
each makes up half of the scrotum. The accessory genital
glands are positioned around the pelvic urethra and vary
greatly among species. The prostate gland (present in all
domestic species) and the bulbourethral gland (absent in the
dog) form as endodermal evaginations of the urogenital
sinus. The vesicular gland arises as a mesodermal evagina-
tion from the caudal part of the mesonephric duct.

Differential Stage—Female

In the absence of androgens, feminization of the external
genitalia occurs. At first, the phallus elongates rapidly (the
genital tubercle in the female is larger than in the male
during early stages of development), but its growth gradu-
ally slows and it becomes internalized in the floor of the
vestibule to form the clitoris (in the bitch and mare the
clitoris is well-developed, but it is poorly so in the other
species).

The urethral folds enlarge to overgrow the genital tuber-
cle. They fuse only partially—at their dorsal and ventral
ends. Their unfused portions form the labia of the vulva.
The labioscrotal swellings (labial swellings in the female)
flatten laterally and undergo complete regression in female
domestic animals (in humans and rabbits they form the
labia majora; the labia minora originate from urethral
folds). Mucus-producing vestibular glands (homologues of
the bulbourethral glands) are present in cows and cats only
(and sometimes in sheep). Accessory genital glands in both
sexes reach full development at sexual maturity. The liga-
mentous attachments of the genital ducts in both sexes
originate in the urogenital fold, a remnant of the mesoneph-
ros. In the female, this fold forms the suspensory ligament
of the ovary, the mesovarium, the mesosalpinx, and the
cranial part of the mesometrium. (In the male, it forms the
mesorchium and mesoductus deferens.) The caudal exten-
sion of the fold forms the proper ligaments of the gonads
in both sexes.

Mammary Glands (Mammae)

Mammary glands (in both sexes) begin as paired, band-like
thickenings of ectoderm—the mammary ridges, on the
ventrolateral surface of the body between the bases of the
limb buds. The length of the ridges varies with the species:
They extend from the axilla to the inguinal region (as in
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carnivores and swine), are restricted to the axilla (as in
elephants) or are restricted to the inguinal region (as in
ruminants and horses).

Each mammary gland begins as a mammary bud—a
localized condensation of somatic mesoderm and overlying
ectoderm at a specific location along the mammary ridge.
In many species, more buds form than are retained in the
adult; some buds degenerate while others persist and develop
as supernumerary teats. The epithelium of each bud
branches into the underlying somatic mesenchyme as solid
cords. These cords become associated with the glandular
tissue and become patent (around the time of birth) to form
individual lactiferous ducts. Each duct opens individually
on the surface of the teat. The number of ducts in each
mammary gland varies with the species, ranging from 1 (in
cows and ewes) to 14 (in bitches and sows). Soon after birth,
the teat (papilla) of each mammary gland forms by prolif-
eration of the mesenchyme surrounding each bud.

Bibliography

Balinsky, B. 1. 1970. An Introduction to Embryology, 3rd ed.
Philadelphia: Saunders.

Barone, R. 1978. Anatomie Comparée des Mammiferes Domesti-
ques, tome troisieme, fascicule 1I, Appareil Uro-génital.
Lyon, France: Laboratoire d’Anatomie Ecole Nationale
Vétérinaire.

Dyce, Keith M., Wolfgang O. Sack, and Cornelius J. G. Wensing.
2002. Textbook of Veterinary Anatomy, 3rd ed. Philadelphia:
Saunders.

Fletcher, Thomas F., and Alvin F. Weber. 2004. Veterinary Devel-
opmental Anatomy. Veterinary Embryology Class Notes.
Latshaw, William K. 1987. Veterinary Developmental Anatomy.
A Clinically Oriented Approach. Hamilton, Ontario: BC

Decker Inc.

Nickel, Richard, August Schummer, Eugen Seiferle, and
Wolfgang O. Sack. 1973. The Viscera of the Domestic
Mammals: Verlag Paul Parey. New York: Springer-Verlag.

Noden, Drew M., and Alexander DeLahunta. 1985. The Em-
bryology of Domestic Animals. Philadelphia: Williams &
Wilkins.

Sadler, T. W. 2000. Langman’s Medical Embryology, 8th ed.
Philadelphia: Lippincott, William and Wilkins.



Chapter 2

Anatomy of Reproductive Organs

Gheorghe M. Constantinescu

Part 2.1
Male Genital Organs

The male reproductive or genital organs consist in all
species of the testicle, epididymis, ductus deferens, sper-
matic cord, accompanying tunics of spermatic cord and
testicle (paired structures), accessory genital glands (paired
or single structures), penis, prepuce, and the male urethra.

A general presentation of these structures precedes the
species-specific details.

The Testicle

The testicle is the male essential reproductive gland that
produces spermatozoa through the process of spermatogen-
esis, and also produces testosterone, the male hormone. The
testicle has an ovoid shape, a head, a tail, a lateral surface,
a medial surface, a free border, and an epididymal border
where the epididymis is attached.

The testicle is covered by a white fibrous capsule called
tunica albuginea, which sends, inside of the testicle, inter-
lobular connective tissue walls called sepra, or septula
when they are very small. The albuginea consists of colla-
gen fibers and a few elastic fibers. The branches of the tes-
ticular artery and vein travel within the albuginea. This
tunic also covers the ductus epididymidis. The septa/septula
consist of collagen fibers, vessels, and nerves; divide the
parenchyma of the testicle in lobules; and build up a loose
connective tissue structure called mediastinum testis, which
also contains vessels and nerves. The lobules contain the
seminiferous tubules. The peripheral segment of the semi-
niferous tubules is convoluted; the tubules end as straight
seminiferous tubules, which interconnect with each other
inside of the mediastinum testis in a network of ducts called
rete testis. The rete testis continues as ductuli efferentes,
which are coiled (see Figure 2.1).

The Epididymis

The epididymis (see Figure 2.1) is the first excretory organ
of the male genital system. The epididymis is attached to

the testicle and consists of the ductuli efferentes and the
ductus epididymidis, surrounded by the testicular albu-
ginea. The ductus epididymidis is very tortuous and
extremely long in all species. On the lateral aspect of the
testicle, between it and the epididymis, a large space is
outlined under the name of festicular bursa. The epididy-
mis has a head, a body, and a tail.

The head contains the ductuli efferentes of the testicle,
and the origin of the ductus epididymidis. The body encloses
the coiled ductus epididymidis. Both the ductuli efferentes
and ductus epididymidis are located within the lobules of
the epididymis. The ductus epididymidis continues inside
of the tail of the epididymis with the ductus deferens. The
tail of the epididymis is anchored to the tail of the testicle
by the proper ligament of the testicle.

The Ductus Deferens

The ductus deferens is the continuation of, and extends
from the ductus epididymidis to the urethra. The ductus
deferens is held in place by the mesoductus deferens
while running within the spermatic cord. It then enters
the abdominal cavity and, switching the direction, passes
within the pelvic cavity over the dorsal aspect of the
urinary bladder. It crosses the ipsilateral ureter and opens
on the roof of the pelvic urethra, lateral to the colliculus
seminalis. (The colliculus seminalis is an elevation on the
roof of the prostatic segment of the male urethra at the end
of the urethral crest; for details, see veterinary anatomy
books).

In some species, the last part of the ductus deferens,
called the ampulla, is thickened due to the abundance of
ampullar glands. The inconstant common excretory passage
lateral to the colliculus seminalis for the ductus deferens
and the vesicular gland in some species is called the ejacu-
latory duct.

The ductus deferens consists of an adventitia, a muscular
tunic, and a mucous membrane.
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Figure 2.1. Internal organization of testicle and epididymis.

The Spermatic Cord

The spermatic cord (see Figure 2.2) consists of the follow-
ing structures:

e the ductus deferens held by the mesoductus deferens

e the blood and lymphatic vessels and nerves that supply
the testicle and the epididymis, surrounded by a perito-
neal fold from the visceral lamina of the vaginal tunic
called the mesorchium

e smooth muscle fibers

® visceral lamina of the vaginal tunic

The spermatic cord is located within the vaginal canal
and outlined by the parietal lamina of the vaginal tunic.
The liaison between the parietal and the visceral laminae
of the vaginal tunic is called the mesofuniculus.

The mesorchium is divided into the proximal mesor-
chium, between the vaginal canal and the epididymis, and
the distal mesorchium, between the epididymis and the
testicle. The limit between the two mesorchia is the

tubules

peritoneal fold that holds the epididymis, called the mese-
pididymis (see Figure 2.3).

The Tunics of the Spermatic Cord and the Testicle

There are six tunics surrounding the testicle (see Figures
2.4 and 2.5). Three tunics come from the abdominal cavity
during the descent of the testicle; the other three are outside
of the abdominal cavity, as part of the body wall. Therefore,
the testicular tunics may be divided into two groups of
structures: intraabdominal and extraabdominal tunics.

The Intraabdominal Tunics
The intraabdominal tunics, those structures brought by the
testicle during its descent, are the internal spermatic fascia
and the visceral and parietal laminae of the vaginal tunic.
The internal spermatic fascia is the continuation of the
transverse fascia (the endoabdominal fascia) after it passes
through the deep inguinal ring. The cremaster muscles
protected by the cremasteric fascia are associated to the
internal spermatic fascia.
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Figure 2.3. Relationship between the mesorchium and the
mesepididymis.

Both the visceral and parietal laminae of the vaginal
tunic are continuations of the visceral and parietal perito-
neum, respectively, after they pass through the inguinal
canal via the deep inguinal ring. (The inguinal canal is
outlined cranially by the caudal border of the internal
abdominal oblique muscle and caudally by the arcus ingui-
nalis, and between the superficial and deep inguinal rings
(for details see veterinary anatomy books). The reflection
of the parietal peritoneum within the deep inguinal ring is
called the vaginal ring. The virtual space between the two
laminae around the spermatic cord is called the vaginal
canal. The vaginal cavity is the space between the same
two laminae around the testicle.

The Extraabdominal Tunics

The extraabdominal tunics are the external spermatic fascia
and the skin. The skin consists of the tunica dartos and the
scrotal skin.

The external spermatic fascia is the continuation of the
superficial fascia that covers the external abdominal oblique
muscle, associated with subcutaneous loose connective
tissue. The fascia continues in the perineal region under the
name of the deep perineal fascia.

The tunica dartos consists of smooth muscle fibers
that surround each testicle and build up together a par-
tition wall between the testicles called the scrotal
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Figure 2.4. Schematic median section through the inguinal region, testicle, and testicular tunics.

(interdartoic) septum. From the scrotal septum the dartos internal spermatic fascia (in ungulates). In Carnivores
extends dorsally, and surrounds and protects the penis.  the tail of the epididymis is adherent to the internal sper-
The dartos continues in the perineal region under the name  matic fascia; therefore, there is no ligament of the tail of
of superficial perineal fascia. The ligament of the tail  epididymis. The scrotal ligament joins the ligament of
of epididymis joins the tail of the epididymis to the  the tail of epididymis to the dartos in Ugulates, whereas
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Figure 2.5. Schematic transverse section through the inguinal canals, penis, testicles, and testicular tunics.



Anatomy of Reproductive Organs 9

Figure 2.6. The descent of the testicle. 1. Testicle;

2. Gubernaculum testis (Which will become the proper lig. of
testis, the lig. of the tail of epididymis and the scrotal lig);

3. Transverse fascia (which will become the internal spermatic
fascia); 4-5. Peritoneum (which will become the vaginal tunic):
4. Parietal peritoneum (parietal lamina of vaginal tunic),

5. Visceral peritoneum (visceral lamina of vaginal tunic);

6. Inguinal canal; 7. Subcutaneous connective tissue and
superficial fascia (which will become the external spermatic
fascia); 8-9. The skin (which will become 8. Scrotal skin and
9. Tunical dartos).

in Carnivores it joins the internal spermatic fascia to the
dartos.

The scrotal skin that supports both testicles is separated
by the scrotal raphe into two halves, one for each testicle.

The Descent of the Testicle

A simple and helpful description of the descent of the testi-
cle is necessary to better understand the testicular tunics and
the relationships among them (see Figure 2.6). In the early
stages of the developmental life, the testicle is located on the
roof of the future abdominal cavity, between the transverse
fascia (on the dorsal surface of the testicle) and the visceral
peritoneum (on the ventral surface of the testicle). The
caudal extremity of the testicle is anchored to the skin by a
mesenchymal structure, the gubernaculum testis, which
passes through the inguinal canal on its way to the skin.
The transverse fascia is intimately lined by the parietal
peritoneum, both of them passing through the inguinal canal
under the name of vaginal process. The gubernaculum testis
regresses gradually and pulls down the testicle. A short
period of time before birth, which varies with the species,
the testicle lands on the abdominal opening of the inguinal
canal (the deep inguinal ring). At this stage of descent, the
visceral peritoneum that accompanies the testicle comes in

intimate contact with the parietal peritoneum. Shortly before
or after birth, depending on species, the testicle passes
through the inguinal canal toward the scrotum. It brings
with it the visceral and parietal peritoneum and the trans-
verse fascia, whose names will change into the visceral and
parietal laminae of the vaginal tunic, and the internal sper-
matic fascia, respectively. These are the so-called intraab-
dominal testicular tunics. Outside of the body wall, the
testicle finds the external spermatic fascia, the tunica dartos,
and scrotal skin, all three extraabdominal testicular tunics.
The remnant of the gubernaculum testis following the
normal positioning of testicle is a structure divided in three
parts: the proper ligament of the testicle, the ligament of the
tail of the epididymis, and the scrotal ligament.

The Accessory Genital Glands

The accessory genital glands are the following: the glands of
the ampullae of ductus deferentes (singular, ampullaof ductus
deferens), the vesicular glands/seminal vesicles, the prostate,
and the bulbourethral glands. They differ from species to
species and from an intact male to a castrated male.

The glands of the ampullae of ductus deferentes are
simple, branched tubuloalveolar glands located in the
propria-submucosa of each ampulla.

The paired vesicular glands are compound tubular or
tubuloalveolar glands, lie over the neck of the urinary
bladder, and open on the sides of the colliculus seminalis.

The seminal vesicles are special vesicular glands found
only in the horse.

The prostate has two parts: one compact or external part
called the body, and a disseminated or internal part. The
body overlaps the ampullae of the ductus deferentes and the
excretory ducts of the vesicular glands, or it completely sur-
rounds the urethra. In some species, the body is separated
into aright and a left lobe connected by an isthmus. The pros-
tate gland totally or partially surrounds the pelvic urethra,
which at the area of contact with the prostate gland has a spe-
cific name, the prostatic part of the urethra. The short part of
the pelvic urethra, between the neck of the urinary bladder
and the prostatic part, is called the preprostatic part of the
urethra. The prostate consists of individual tubuloalveolar
glands. Numerous prostate excretory ductules open into the
urethra. The disseminated part of the prostate forms a glan-
dular layer in the wall of the pelvic urethra in some species.

The paired bulbourethral glands are located dorsolateral
to the last portion of the pelvic urethra called the urethral
isthmus. The bulbourethral gland is a compound tubular or
tubuloalveolar gland.

The Penis

The penis is an external genital organ, the male organ of
copulation. It consists of a root, a body, and a free part sur-
rounded by the prepuce.

The root of the penis consists of two crura (singular,
crus) and the bulbus penis. The paired crus penis is the
proximal end of the corpus cavernosum penis. This segment
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is attached to the ischiatic arch and is covered by the ischio-
cavernosus muscle. The bulbus penis is the caudal extent of
the corpus spongiosum penis.

The body of the penis has a dorsal surface, with a dorsal
groove only in the horse, and a ventral (urethral) surface.
A urethral groove is sculpted on the ventral surface and
protects the penile urethra and the corpus spongiosum
penis.

The free part of the penis starts from the attachment of
the prepuce on the penis and ends as the glans penis. The
glans penis is the head of the penis, which contains the
corpus spongiosum glandis. The glans is a cushion that
overlaps the distal end of the albuginea of the corpus cav-
ernosum penis. The dorsal process, the long part, the bulb,
the crown, the septum, the neck, and the fossa of the glans
penis, as well as the urethral sinus, are species specific and
will be described later.

The prepuce is the skin that surrounds the free part of
the penis like a muff. With the penis in the resting position,
the prepuce is a folded skin, with external and internal
laminae. The external lamina is a typical skin with hair and
sebaceous glands, while the internal lamina is provided
with fine hairs, sebaceous glands, and sweat glands. The
internal lamina comes in intimate contact with the fully
erect penis. A circular orifice called the preputial ostium
(orifice) is outlined by the transition between the two
preputial laminae. The cavity between the internal lamina
and the penis in a resting position is called the preputial
cavity. The preputial ring, fold, diverticulum, frenulum,
raphe, and muscles are species specific and will be described
later.

The intimate structure of the penis consists of the fol-
lowing: the corpus cavernosum penis with or without a
septum, provided with trabeculae and cavernae, and sur-
rounded by its own tunica albuginea; the corpus spongio-
sum penis with trabeculae and cavernae, and surrounded by
its own tunica albuginea; the corpus spongiosum glandis;
the bulbus penis; fasciae; ligaments; arteries; veins; lymph
nodes; and nerves.

The paired corpus cavernosum penis (plural, corpora
cavernosa) originate from the ischiatic arch and join
with each other; in most species they are separated by
the septum penis. The tunica albuginea sends inside the
corpora cavernosa many trabeculae that separate several
vascular spaces from each other. These spaces are called
cavernae.

The corpus spongiosum penis is a sponge-like, erectile
tissue that surrounds the urethra and is covered by its own
tunica albuginea. Trabeculae and cavernae are also present
in the corpus spongiosum penis. The corpus spongiosum
glandis is a similar kind of structure that surrounds the
glans penis.

The bulbus penis is the expanded caudal extent of the
corpus spongiosum penis. The bulbus penis is part of the
root of the penis (together with the crura of the penis). Two
fasciae and two ligaments suspend the penis.

The Male Urethra

The male urethra is the common excretory duct for the
urine and semen. The urethra consists of a pelvic part and
a penile part.

The pelvic part, surrounded by a cavernous tissue called
the spongy layer (stratum spongiosum) is divided into a
preprostatic part, a prostatic part, a postprostatic part, and
the urethral isthmus. The prostatic part is associated with
the prostate gland. Inside of the prostatic part and on the
roof, in a cranio-caudal order, the following structures can
be identified:

e the urethral crest, from the internal urethral orifice to
the colliculus seminalis, or even beyond it

e the colliculus seminalis, the prominence bearing on each
side the ejaculatory orifice, or the separate openings of
the ductus deferentes and the excretory ducts of the
vesicular glands

e the ejaculatory orifice, the opening of the ejaculatory
duct on the colliculus seminalis (inconstantly the ductus
deferens is associated with the excretory duct of the
vesicular gland in the so-called ejaculatory duct)

e the uterus masculinus, the rudimentary male uterus,
a remnant of the paramesonephric ducts during the
intrauterine life; it is also known as the utriculus
prostaticus

e the prostatic sinus, a symmetrical recess between the
urethral crest and the lateral urethral wall, where the
prostatic ductules open

* the entire urethral mucosa, provided with longitudinal
folds

e the muscular tunic, the smooth muscle of the pelvic
urethra that surrounds the disseminated part of the pros-
tate if present, or the spongy layer of the pelvic urethra

e the urethralis muscle, the striated muscle that surrounds
the pelvic urethra.

The urethral isthmus is the narrow transition between
the pelvic urethra and the penile urethra, around the ischi-
atic arch. The penile part of the urethra, surrounded by the
corpus spongiosum penis, opens by the external urethral
orifice.

Major Muscles, Blood Supply, Lymph
Drainage, and Nerve Supply for
the Male Genitalia

In addition to the cremaster muscle, the major striated
muscles associated with the male genital organs are the
following:

e urethralis

e ischiourethralis

e bulboglandularis

e superficial transverse perineal
e ischiocavernosus

® bulbospongiosus
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e retractor penis (predominantly smooth)
® anal part
e rectal part
e penile part
e cranial preputial (absent in the horse)
e caudal preputial (absent in the horse)

For details regarding the origin, insertion, and action of
these muscles, see veterinary anatomy books, the Nomina
Anatomica Veterinaria (N.A.V.), and the Illustrated Veteri-
nary Anatomical Nomenclature.

The blood supply to the male genitalia is as follows:

e The testicle is supplied by the testicular artery and vein
with species-specific differences of origin (within the
mesorchium, the vein surrounds the testicular artery as
a network—the pampiniform plexus, whose role is to
cool down the arterial blood before it reaches the testi-
cle). When the artery and vein reach the testicle, they
perforate the albuginea, run with a species-specific
design, and branch to supply the testicular tissue.

® The epididymis receives epididymal branches from the
testicular artery and vein.

e The ductus deferens is supplied either by branches from
the testicular artery or the prostatic artery, or by the
artery of the ductus deferens from the prostatic artery
(in Carnivores).

e The extraabdominal testicular tunics are supplied by the
ventral scrotal artery and vein, branches of the external
pudendal artery and vein.

e The pelvic urethra is supplied by the urethral artery or
branch, originating from the internal pudendal artery.
The urethral vein is present only in Carnivores. In the
other species, the pelvic urethra is discharged by branches
of the obturator and prostatic veins.

e The accessory genital glands are supplied by the pros-
tatic artery and vein, or by branches of these vessels.

e The penis is supplied by the artery of the penis (from
the internal pudendal artery), which branches into the
artery of the bulbus penis (to the bulbus penis and corpus
spongiosum penis), the deep artery of the penis (to
the corpus cavernosum penis), and the dorsal artery of
the penis. The external pudendal artery may also be
involved in supplying blood to the penis. The middle
artery of the penis (from the obturator artery) and the
cranial artery of the penis (from the external pudendal
artery), both in the horse only, contribute to the blood
supply of the penis. The veins are satellite to the
arteries.

The deep artery of the penis is coiled in the resting
position of the penis, especially in species with a
musculomembranous type of penis. The branches of
this artery have a helical arrangement and character-
istic smooth muscle cells that act during the erection.
In the resting position, the smooth muscle cells are
organized in ridges or pads that protrude into the

lumen of the vessels, causing partial obliteration. As
the smooth muscle cells relax, the blood flow into the
cavernae increases considerably and causes erection.
The cavernae are drained by venules (Dellmann and
Brown 1998).

e The prepuce is supplied by the superficial caudal epigas-
tric artery and vein, branches of the external pudendal
artery and vein.

e The penile urethra is supplied by the artery and vein of
the bulbus penis.

For species-specific differences, see veterinary anatomy
books, the N.A.V., and the lllustrated Veterinary Anatomi-
cal Nomenclature.

Lymph drainage in the male genitalia occurs as
follows:

e Lymph from the testicle and epididymis is drained into
the lumbo-aortic and renal lymph nodes.

e Lymph from the ductus deferens (the segment included
in the spermatic cord) is drained into the lumboaortic
and renal lymph nodes. Lymph from the rest of the
ductus deferens, the pelvic urethra, the prostate, the
vesicular glands, and the bulbourethral glands drains
into the medial iliac lymph nodes.

e Lymph from the scrotum is drained into the scrotal
lymph nodes.

e Lymph from the penis is drained into the superficial
inguinal, deep inguinal, scrotal, and/or medial iliac
lymph nodes.

For species-specific differences, see veterinary anatomy
books and the [llustrated Veterinary Anatomical
Nomenclature.

The nerve supply for the male genital organs is as
follows:

e The testicle and the epididymis are supplied by the
testicular plexus, with nerve fibers from the aortic
abdominal plexus, caudal mesenteric plexus, lumbar
splanchnic nerves and hypogastric nerves (all sympa-
thetic), and the pelvic nerves through the pelvic plexus
(parasympathetic).

e The ductus deferens, the vesicular glands, the prostate,
the bulbourethral glands, and the pelvic urethra are sup-
plied from the pelvic plexus (sympathetic and parasym-
pathetic fibers) by specific plexuses.

® The penis as a whole is supplied by the pudendal nerve
(parasympathetic), which also supplies the scrotum by
the dorsal scrotal branches and continues as the dorsal
nerve of the penis, and by the nerve of the corpus cav-
ernosum penis from the prostatic plexus (both sympa-
thetic and parasympathetic).

For species-specific differences, see veterinary anatomy
books, the N.A.V., and the lllustrated Veterinary Anatomi-
cal Nomenclature.






Part 2.2
Female Genital Organs

The female genital organs consist of the paired ovary and
uterine tube, the uterus, vagina, vestibule, vulva and clito-
ris, and the female urethra. The female genital organs can
be systematized into the reproductive glands (the ovaries),
the tubular genital organs (the uterine tubes, the uterus,
vagina, vestibule, and vulva), and the clitoris. The female
urethra and the vulva are considered as external female
genital organs.

The Ovary

The ovary is the female essential reproductive gland, which
produces ovules (ovocytes, oocytes), the two female hor-
mones progesterone and estradiol, and also oxytocin,
relaxin, inhibin, and activin.

Ovoidal-shaped, each ovary has a hilus, a medial surface,
a lateral surface, a free border, a mesovarian border, a tubal
extremity, and a uterine extremity.

The hilus is the area of attachment of the mesovarium and
the entrance of ovarian vessels.

The medial and lateral surfaces, and the free border of the
ovary are convex and irregular. The orientation of the
surfaces is not always medial and lateral. In the Mare
only, the free border is concave because of the depression
called the ovarian fossa, where ovulation occurs (some
veterinary clinicians prefer to call it the “ovulation
fossa”).

The mesovarian border is opposite to the free border and
is the site for attachment of the mesovarium.

The tubal extremity is that end of the ovary facing the
infundibulum of the uterine tube.

The uterine extremity is opposite to the previous and
attached to the apex of the uterine horn by the proper
ligament of the ovary.

A dense white capsule, the tunica albuginea covers the
ovary immediately beneath a cuboidal surface epithelium.
In all species except the horse, a peripheral parenchymatous
zone called the cortex is located in intimate contact with
the albuginea; the cortex contains follicles and corpora
lutea. In the center of the ovary, a vascular zone called the
medulla supports the blood vessels that nourish the ovary,
lymphatics, nerves, and smooth muscle fibers (in the horse
the medulla is peripheral, and the cortex is central). The
loose connective tissue in both the cortex and medulla is
called stroma (Figures 2.7 and 2.8 show the internal orga-
nization of the cow’s and Mare’s ovary, respectively).

Depending upon the evolution of the follicles and the
sexual cycle, the following structures may be identified
within the ovary:

e The primordial ovarian follicle is a small immature
ovocyte that has not undergone recruitment and is sur-
rounded by a single layer of flattened follicular cells; it
is also called the unilaminar ovarian follicle.

e The primary ovarian follicle consists of an ovocyte sur-
rounded by one or more layers of cuboidal or columnar
follicular cells before the appearance of an antrum filled
with follicular liquor; the follicle becomes surrounded
by a sheath of stroma, the follicular theca.

e The secondary ovarian follicle is a growing primary
ovocyte surrounded by a stratified follicular epithelium
and a developing follicular theca.

e The tertiary or vesicular ovarian follicle (antral or
graafian follicle) is a large, full-sized primary ovocyte
with a central cavity called the antrum that is filled with
follicular liquor, contains follicular epithelium and a
very developed theca, and is surrounded by the zona
pellucida.

e The corpus luteum is the yellow endocrine body formed
in the site of a ruptured ovarian follicle and developed
from cells of granulosa and internal theca after
ovulation.

e The corpus albicans is the remaining structure after the
degeneration of the corpus luteum. If pregnancy does not
occur, the corpus luteum undergoes regression to the
corpus albicans.

e The atretic ovarian follicle is an abnormal follicle, which
began to mature but did not become a dominant follicle
(a dominant ovarian follicle matures completely and
forms the corpus luteum); the atretic ovarian follicle
degenerates before coming to maturity.

The three ligaments of the ovary are:

e the suspensory ligament—ijoins the ovary to the
diaphragm

e the proper ligament—ijoins the ovary to the apex of the
uterine horn

e the mesovarium—the most cranial segment of the broad
ligament. The mesovarium is in continuation with the
mesometrium (which suspends the uterus) and has two
segments: proximal and distal. The proximal mesovar-
ium is separated from the distal mesovarium by the
origin/attachment of the mesosalpinx. The proximal
mesovarium extends from the abdominal wall (where
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Figure 2.7. Internal organization of the cow’s ovary.

the broad ligament originates) to the origin of the meso-
salpinx, while the distal mesovarium is very short, from
the origin of the mesosalpinx to the ovary.

Two groups of vestigial structures from the developmen-
tal life, called epoophoron and paroophoron, may be asso-
ciated with the ovary:

e structures that originate from the epodphoron
e the duct of the epoophoron, the vestige of the cranial
part of the mesonephric duct
e the transverse ductules, remnants of the mesonephric
tubules, which extend from the duct of the epodpho-
ron to the hilus of the ovary and pass through the
mesovarium and mesosalpinx
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Figure 2.8. Internal organization of the mare’s ovary.

e the vesicular appendages, which are pedunculated
cysts near the infundibulum of the uterine tube
e the parodphoron, a group of caudal mesonephric tubules
in the mesosalpinx, near the uterine extremity of the
ovary

The Uterine Tube

The uterine tube is a duct that extends from the apex of the
uterine horn toward the ovary on the lateral side of the
broad ligament. The uterine tube is flexuous to allow disten-
sion during pregnancy, and it has an uneven size. The
uterine tube, also called the salpinx or fallopian tube, con-
sists of a folded mucosa, a smooth muscular coat that is
thicker toward the uterus, and a serous layer lined by loose
connective tissue. The serous layer is that part of the meso-
salpinx that surrounds the tube.

The following structures are parts of the uterine tube:
the ovarian end provided with the abdominal opening,
the infundibulum, fimbriae of the infundibulum, ovarian
fimbria, ampulla, isthmus, and the uterine part provided
with the uterine ostium.

e The abdominal opening/ostium of the uterine tube is the
far most and very narrow opening of the salpinx.

e The ovarian end of the uterine tube is also called the
infundibulum of the uterine tube. It is funnel-shaped and
mobile with regard to the ovary. When the ovulation
occurs, the infundibulum embraces the ovary for receiv-
ing the ovocyte. The contact between the infundibulum
and the ovary is enhanced by the fimbriae.

e The fimbriae of the infundibulum, fringe-like processes,
are scattered around the border of the opening of the
infundibulum and do not allow the ovocytes to drop into
the peritoneal cavity. The ovarian fimbria is that fringe
attached directly to the ovary.

e The ampulla of the uterine tube is the relatively wide
part of the salpinx, between the abdominal ostium and
the isthmus.

e The isthmus is the narrow part of the salpinx, in some
species without a visible delimitation between it and the
ampulla. Also the lumen of the isthmus is not always
different from that of the ampulla.

e The uterine part is the shortest segment of the uterine
tube. The uterine part passes through the wall of the
apex of the uterine horn and in some species even ends
on a papilla, whereas in other species the salpinx gradu-
ally continues with the uterine horn. The uterine orifice/
ostium of the uterine tube opens at the end of the uterine
part of the salpinx.

e The salpinx is held in position by a segment of the broad
ligament called the mesosalpinx. This is a serous fold
that originates from the lateral aspect of the mesovar-
ium. The latter is therefore divided into the proximal and
the distal mesovarium. The mesosalpinx surrounds the
ovary in a species-specific manner. Between the ovary,
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the distal mesovarium, and the mesosalpinx, a cavity
called the ovarian bursa is outlined. The opening of this
bursa is medially oriented.

The Uterus

The uterus is the organ of gestation. It has three distinct
segments: the horns, body, and cervix. In most animals the
uterus has two horns, a body and a cervix, and it is called
the uterus bicornis. In the Rabbit, for example, the horns,
body, and cervix are paired; this type of uterus is called
uterus duplex. In primates, including humans, and in other
species the uterus has only one compartment and the cervix,
which is characteristic for the uterus simplex.

The uterine horns of the uterus bicornis have mesome-
trial and free borders, and corresponding cavities. The
uterine body has right and left borders, dorsal and ventral
surfaces, and a cavity. The uterine velum and fundus are
species-specific structures. The endometrium, with species-
specific features, the myometrium, and the perimetrium are
layers of the constitution of the entire uterus. The cervix
has a prevaginal part and a vaginal part, and is centered by
a cervical canal. The latter communicates with the uterus
cranially, and with the vagina caudally.

The uterine horns, right and left, are very different from
species to species in terms of the shape, location, and size.
The uterine horns are the most cranially extended compo-
nents of the uterus, and they continue caudally with the
body of the uterus. Each uterine horn has two openings/
communications: at the apex (tip), it communicates with the
uterine tube; the uterine orifice of the uterine tube makes
the transition to the salpinx. Caudally the uterine horn
opens into the body of the uterus in species-specific differ-
ent manners. Each uterine horn has a mesometrial border
where the mesometrium is attached, and a free border on
the opposite side.

The body of uterus is a unique compartment located
caudal to the uterine horns, between them and the cervix.
The body has a right and a left border that continues
onto the cervix, sites where the paired mesometrium is
attached. The dorsal and the ventral surfaces complete the
external features of the body of the uterus. The cavity of
the uterus has a different size and shape according to
species.

The cervix, with very thick muscular walls and rich in
elastic fibers, is the neck of the uterus. The prevaginal part
of the cervix is located cranial to the vagina, while the
vaginal part of the cervix protrudes into the vagina. The
cranial extent of the vagina surrounds the vaginal part of
the cervix like a niche; this “niche” is called the fornix. The
cervical canal is much narrower than the uterine cavity.
This canal communicates with the body of the uterus by
the internal orifice of the uterus, and with the vagina by the
external orifice of the uterus. Longitudinal folds and other
species-specific features are characteristic for the cervical
mucosa.

The entire uterus has a mucosa called the endometrium,
a muscular tunic called the myometrium, and a serous
tunic—the visceral peritoneum—called the perimetrium.
The mucous membrane of the uterine horns and body in
ruminants is provided with specific structures called
caruncles.

The myometrium consists of a three-layer smooth
muscle: circular and oblique inner layers, and a longitudinal
outer layer. Under the serous layer a subserous layer sepa-
rates the perimetrium from the myometrium. The broad
ligament suspends the ovary (mesovarium) and the horns
and body of the uterus (mesometrium).

Originating from the floor of the pelvic cavity and con-
tinuing between the peritoneal laminae of the mesome-
trium, the connective tissue, smooth muscle, vessels, and
nerves are collectively called the parametrium. The round
ligament of the uterus originates from the tip of the uterine
horn; this ligament differs widely in size, length, and posi-
tion from species to species. The round ligament of the
uterus extends up to, and even passes through the deep
inguinal ring and the inguinal canal, accompanied by the
peritoneum and transverse fascia as the vaginal process.

The Vagina

The vagina is a unique canal located between the cervix and
the external urethral orifice, or the hymen. The fornix,
ventral and dorsal walls, hymen, vaginal opening into the
vestibule, and, in some species, the remnant of the caudal
part of the mesonephric duct are the structures of the vagina.

e The fornix is the most cranial extent of the vagina,
looking like a blind pouch that surrounds the vaginal
part of the cervix. In some species the fornix is discon-
tinuous due to the presence of dorsal and/or ventral
frenula (singular, frenulum) of the cervix.

e The ventral and dorsal walls are held in place by the
pelvic diaphragm. The pelvic diaphragm consists of the
levator ani and coccygeus muscles, and the internal and
external fasciae of the pelvic diaphragm in the retroperi-
toneal space.

e The hymen, poorly developed in domestic animals, is a
transverse fold of the vaginal mucosa on the floor of the
vagina just cranial to the external urethral orifice.

e The vaginal ostium or orifice is the communication
between the vagina and the vestibule.

The mucous membrane has a distinct appearance in
bovine species. The muscular tunic is represented by smooth
muscles. Only the cranial end of the vagina is covered by
the peritoneum. As in the uterus, a subserous loose connec-
tive tissue is present under the serous layer.

The Vestibule

The vestibule is the transition between the vagina and the
vulva, very long in domestic animals in comparison to
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humans, but with the exception of the cat, shorter than the
vagina. The bulbus vestibuli, and the major and minor ves-
tibular glands are the structures of the vestibule, with
species-specific differences.

e The bulbus vestibuli is a symmetrical cavernous tissue
in the lateral walls of the vestibule.

e The major vestibular glands, present in several species,
are symmetrical glands that lie on the floor of the vesti-
bule; their ducts open on the lateral walls of the
vestibule.

e The minor vestibular glands are scattered on the lateral
walls and the floor of the vestibule.

The Vulva and the Clitoris

The vulva and the clitoris are considered the external female
genitalia. The vulva is provided with labia, commissures,
and the pudendal fissure.

There are two pairs of labia: major and minor, that are not
distinguishable in domestic animals, with some excep-
tions. The major labia are lateral to the minor labia.

The dorsal and the ventral commissures of the labia outline
the pudendal fissure, the external urogenital fissure.

The clitoris is the rudimentary homologue of the penis;
the clitoris is located on the floor of the vestibule. The only
difference between the male and the female consists in the
lack of urethra within the clitoris (there is a penile urethra
in the male). The clitoris consists of two crura and the body
with the corpus cavernosum, the glans with the corpus
spongiosum, and the fascia of the clitoris. There are signifi-
cant species differences of the clitoris.

e The right and left crura originate from the ischiatic arch
and join into the body of the clitoris.
e The body of the clitoris is the result of fusion of the crura.
e The corpus cavernosum of the clitoris is the erectile
tissue of the crura and body. There is a partial septum
of the corpus cavernosum.
® The glans provided with a corpus spongiosum is the
free end of the clitoris, protected in the fossa of the
clitoris, which is similar to the preputial cavity of
the male. The fossa of the clitoris is almost obliterated
by adhesion of the prepuce to the glans in the cat,
sow, and ruminants. The prepuce of the clitoris is
formed by the ventral commissure of the labia and by
a transverse fold of the vestibular mucosa to which
the frenulum is attached. The frenulum is present only
in the dog and the mare.
e The fascia of the clitoris surrounds and protects the
organ. It is well developed in the mare.

The Female Urethra

The female urethra corresponds to the male preprostatic
urethra. The female urethra extends from the internal ure-
thral ostium to the external urethral ostium.

The urethra consists of a mucosa, a muscular tunic, and
the adventitia; it is surrounded by a cavernous tissue called
the corpus spongiosum. A urethral crest similar to that of
the male urethra is found starting from the internal urethral
ostium and extending up to the middle of the urethra. Ure-
thral glands and lacunae (evaginations), paraurethral
glands, and ducts differ from species to species and are
associated with the female urethra.

Major Muscles, Blood Supply, Lymph
Drainage, and Nerve Supply for
the Female Genitalia

The major striated muscles associated with the female
genital organs are the following:

e urethralis (in the female species the urethralis originates
from the vagina and forms a sling ventral to the
urethra)

® ischiourethralis

* bulboglandularis (associated with the major vestibular
glands)

® ischiocavernosus (rudimentary in the female species)

e bulbospongiosus (because of the elongated vestibule, the
bulbospongiosus is divided into:

e constrictor vestibuli
e constrictor vulvae

e retractor clitoridis (predominantly smooth)
e anal part
e rectal part
e clitoridean part

For species-specific differences, see veterinary ana-
tomy books and the [llustrated Veterinary Anatomical
Nomenclature.

The blood supply to the female genitalia is as follows:

e The ovary is supplied by the ovarian artery and the
ovarian vein with species-specific differences of origin.
The ovarian artery also supplies the distal part of the
salpinx by the branch of the uterine tube, and the apex
of the uterine horn by the uterine branch.

® The whole uterus—with the exception of the apex of the
uterine horn—is supplied by the uterine artery, which
is a branch of the vaginal artery in carnivores, of the
umbilical artery in the pig and ruminants, and of the
external iliac artery in the horse. In the horse only,
the uterine horns and part of the uterine body are sup-
plied by the uterine artery from the external iliac artery;
the rest of the body and the cervix are supplied by the
uterine branch of the vaginal artery. In the pig, rumi-
nants, and horse, the cervix is supplied by the uterine
branch from the vaginal artery. The uterine vein is a
branch of the vaginal vein in carnivores. In the other
species, the vaginal vein is joined by the uterine branch.
In the pig, the uterine vein is a branch of the ovarian
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vein, in the ruminants is a slender and inconstant branch
of the internal iliac vein, and in the horse is a branch of
the internal iliac vein.

e The vagina is supplied by the vaginal artery and vein.

® The vestibule is supplied by the middle rectal artery, the
artery of the bulbus vestibuli and the urethral artery, and
also by the corresponding veins.

e The vulva is supplied by dorsal and ventral labial
branches of the internal pudendal and external pudendal
arteries, respectively.

e The clitoris is supplied by the artery of the clitoris.

For species-specific differences, see veterinary anatomy
books, the N.A.V., and the Illustrated Veterinary Anatomi-
cal Nomenclature.

Lymph drainage in the female genitalia occurs as follows:

e The lymph from the ovary and uterine tube drains into
the lumbo-aortic lymph nodes.

e The lymph from the uterus drains in the lumbo-aortic
lymph nodes (for the horns), and in the medial sacral
lymph nodes (for the body and the cervix).

e The lymph from the vagina drains into the internal iliac,
ano-rectal, and sacral lymph nodes.

e The lymph from the vestibule, vulva, and clitoris drains
into the ano-rectal lymph nodes.

The nerve supply is provided by the following nerves
and plexuses:

e The ovary and the uterine tube are supplied by the
ovarian plexus, which originates from the cranial mes-
enteric plexus (both sympathetic and parasympathetic)
and the last lumbar sympathetic ganglia.

e The uterus is supplied by the cranial mesenteric plexus
via the ovarian plexus and by the uterovaginal plexus
(from the pelvic plexus, both sympathetic and

parasympathetic).

* The vagina and the vestibule are supplied by the vaginal
nerves from the uterovaginal plexus (from the pelvic
plexus, both sympathetic and parasympathetic).

e The vulva is supplied by the labial nerves, branches of
the superficial perineal nerve (of the pudendal), and by
branches of the pelvic plexus, both sympathetic and
parasympathetic.

e The clitoris is supplied by the dorsal nerve of the
clitoris, the branch of the pudendal nerve, and by
branches of the pelvic plexus, both sympathetic and
parasympathetic.

The Mammary Gland (Mamma)

This is intended to be a unique subsection on the topic for
all species. The mammary gland, a modified cutaneous
(sweat) gland, is by definition one mammary complex that
consists of one body and one papilla (see Figure 2.9). In the
ruminants and equine species, the mammary glands are
collectively called udder. The papilla is also called nipple
in carnivores and sows, or feat in ruminants and equine
species. In all species, the papilla are paired, but their
number differs from species to species. The numbers typi-
cally are 10 in dogs, 8 in cats, 14 in pigs, 4 in cows, and 2
in small ruminants and horses. There are normal and abnor-
mal variations in number.

The mammary glands are attached to, and suspended
from the ventral body wall. According to the position of the
glands, there are species-specific thoracic (in humans,
monkeys, and elephants), thoracoabdominal (in cats), tho-
racoinguinal (in dogs and pigs), or inguinal mammary
glands (in all ruminants and horses).

The body, which is conical shaped, consists of skin,
glandular tissue, and connective tissue. Adjacent mammae
are superficially separated by longitudinal or transversal
intermammary grooves in ruminants and equine species.

A single gland consists of glandular tissue and a duct
system. The glandular tissue is separated in lobes by
connective tissue. Each lobe is divided in lobules, which
are clusters of up to 200 alveoli that secrete into a
central ductule (the lactiferous alveolar ductule). The
lobules are separated from each other by a thin layer

Figure 2.9. The duct system and lactiferous cistern in mammary glands (schematic): A. small ruminants; B. mare and sow; C. cow;
D. carnivores; a. lactiferous ducts; b. gland cistern (b and ¢ form the lactiferous sinus s. cistern); c¢. papillary cistern; d. papillary

ducts.
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Figure 2.10. Suspensory apparatus of the cow’s mammary gland (udder).

of connective tissue. The lactiferous alveolar ductules con-
tinue with intralobular and interlobular ductules. All the
above-mentioned structures are located within a lobe. At
the end of each lobe, the duct system is represented by a
lactiferous duct. The lactiferous ducts are the first visible
structures of the duct system, and all of them convey the
milk to the lactiferous sinus; the ducts become larger
and larger as they approach the lactiferous sinus (see
Figure 2.10).

The lactiferous sinus or cistern is the dilated part of the
duct system and consists of a glandular part (gland cistern)
and a papillary part (papillary or teat cistern). The glandular
part is located in the ventral end of the mammary gland,
whereas the papillary partis located within the papilla. Atthe
base of papilla in the cow the mucosa makes several folds
resembling a flower, known as the “rosette of Fiirstenberg,”
with clinical importance. The papillary duct is the narrow
passage of the papillary part of the lactiferous sinus at the
very end of the papilla and is provided with a sphincter. This
duct is also called teat or streak canal in ruminants. Its
opening is called the papillary orifice or ostium. In some
species, apapillais perforated by two or more papillary ducts,
each of which opens by its own ostium. There are differences
among species in terms of the number of glandular complexes
that open through one teat. So there are from 5 to 7 glandular
complexes per teat in the cat, from 8 to 14 in the dog, from 2
to 3 in the pig, 2 in the horse, and 1 in all ruminants.

The entire mammary gland is covered and protected by
a capsule, which is continuous with the interlobar connec-
tive tissue. In the large animals, especially in the cow, the
udder is suspended by the so-called mammary suspensory
apparatus. This apparatus consists of lateral laminae and
medial laminae, both provided with suspensory lamellae
that anchor the laminae into the glandular tissue. The
lateral laminae originate from the femoral laminae of the
external abdominal oblique muscles. The internal laminae
originate from the symphyseal tendon and the abdominal
tunic, the latter being the elastic component of the mam-
mary suspensory apparatus. (The symphiseal tendon is the
common origin of the symmetrical gracilis and adductor
muscles.)

Rudimentary developed and nonfunctional mammary
glands also exist in male species. These glands are located
in the same place(s) as in the female species and are repre-
sented by small teats.

Blood Supply, Lymphatic System, and Nerve
Supply for the Mammary Gland

The mammary gland blood supply varies from species to
species, and especially during the lactating period. The
arteries are provided by the cranial epigastric artery through
the cranial superficial epigastric artery; by the external
pudendal artery through the caudal superficial epigastric
artery and the ventral labial branch; and by the internal
pudendal artery through the ventral labial and mammary
branch. In the Mare and in the cow the caudal superficial
epigastric artery is called the cranial mammary artery, and
in the same species the ventral labial branch is called the
caudal mammary artery. In the cow the cranial mammary
artery (the caudal superficial epigastric artery) anastomoses
with the cranial superficial epigastric artery, whereas the
caudal mammary artery (the ventral labial branch of the
external pudendal artery) anastomoses with the ventral
labial and mammary branch of the internal pudendal artery.
(Figure 2.11 shows the blood supply to the cow’s udder.)
The veins in general follow the arteries. In cows with
voluminous and very productive udder, the cranial mammary
vein (the milk vein) is very large and can be seen under the
skin. This vein is flexuous and runs in a cranial direction,
penetrating a ring in the ventral abdominal wall where the
vein joins the cranial epigastric vein. The ring, which is large
enough to introduce a finger within, is called the milk well.
In accordance with the position of the cow lying down and
compressing the udder and the vascular supply, the blood
returns to the systemic circulation through one of the cranial
mammary, caudal mammary, or external pudendal veins.
The lymphatic system is mainly represented by the
mammary lymph nodes (superficial inguinal lymph nodes).
The subiliac, ischial, or deep inguinal (iliacofemoral) lymph
nodes may also drain the udder. The afferent lymphatic
vessels start from widely spread papillary plexuses.
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Figure 2.11. Blood supply to the cow’s udder (modified and redrawn in pencil from R. Barone, Laboratoire d’Anatomie Ecole

Nationale Vétérinaire, Lyon, 1978).

The nerves that supply the mammary glands originate
from the thoracic, lumbar, and sacral spinal nerves. In the
cow, the udder is supplied by the genitofemoral nerve (from
the lumbar spinal nerves) and by the mammary branches
of the pudendal nerve (from the sacral spinal nerves). The

genitofemoral nerve carries efferent and afferent sympa-
thetic fibers. There is no proof of a parasympathetic nerve
supply to the mammary gland.

This is, again, a general and acceptable description for
all species.






Part 2.3

The Genital Apparatus in the Carnivore

Male Genitalia

The male genitalia in carnivores are presented in four sub-
sections, following the same pattern as was chosen for the
general description. Therefore, the first subsection covers
the testicle, epididymis, ductus deferens, spermatic cord,
and the tunics. The second subsection covers the accessory
genital glands, the third subsection the penis, and the last
subsection the male urethra.

The Testicle, Epidydimis, Ductus Deferens,

Spermatic Cord, and the Tunics

The descent of the testicles occurs very late during the
development. The testicles take their normal place within
the scrotum between the second and the third week after
birth.

Globular in shape, the two testicles of carnivores weigh
from 1/750 to 1/1850 of the body weight. The long axis of
each testicle is obliquely oriented, cranioventrally. The
albuginea is thick, and the mediastinum testis is located in
the middle of the testicle. The festicular artery, which runs
deep to the albuginea, shows a characteristic design on the
surface of the testicle. Small arterio-venous anastomoses
between the testicular artery and vein were described in
the dog.

The epidydimis is attached to the dorsolateral border of
the testicle. The head of the epidydimis starts from the
medial surface of the testicle, but it reaches the dorsolateral
position to continue with the body and the tail. In the dog,
both the head and the tail of the epididymis exceed the head
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Figure 2.12. Testicle of the dog—Ilateral aspect.

and the tail of the testicle, whereas in the cat only the head
of the epididymis slightly exceeds the head of the testicle.
The albuginea of the epidydimis is thinner than that of the
testicle. The ductus epididymidis in the dog is between
5Smm and 8 mm long, whereas in the cat it is from 1.5 mm
to 3mm long; it is tortuous in both species. The tail of the
epidydimis is attached to the tail of the testicle by a short
proper ligament of the testicle, and to the internal spermatic
fascia directly (there is no ligament of the tail of the epi-
dydimis in carnivores because the internal spermatic fascia
is adherent to the tail of the epididymis). The scrotal liga-
ment joins the internal spermatic fascia to the dartos (see
the general description). Figures 2.12 and 2.13 show the
testicle of the dog; Figures 2.14 and 2.15 show the testicle
of the cat.

The ductus deferens begins as a flexuous duct along the
epidydimal border of the testicle and medial to the epi-
dydimis in a caudocranial direction because of the position
of the testicle. After the ductus deferens passes over the
head of the epidydimis, it enters into the spermatic cord and
continues up to the vaginal ring. Within the abdominal
cavity, the ductus deferens makes a curve in a dorsocaudal
direction to enter the pelvic cavity and reach the urethra. In
its route from start to finish, the mesoductus deferens, also
part of the spermatic cord, is attached to the ductus defer-
ens. Before it reaches the urethra, the ductus deferens
crosses the ureter ventrally, then dorsally over the lateral
ligament of the urinary bladder. To reach the urethra, the
ductus deferentes penetrate the prostate gland and open on
the lateral sides of the colliculus seminalis. Before they
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Figure 2.13. Testicle of the dog—medial aspect.
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Figure 2.14. Testicle of the cat—Ilateral aspect.

touch the prostate gland, the ductus deferentes and the
ureters are held by the genital fold, a visceral peritoneal
fold. The uterus masculinus usually can be seen between
the two layers of the genital fold. The ampulla of the ductus
deferens with the glands is present only in the dog, but it is
not too obvious.

The spermatic cord and the tunics of the spermatic cord
and testicle don’t differ from the general description, but
they differ slightly from the dog to the cat. In the dog, the
spermatic cord is from 8cm to 10cm long in a middle-sized
individual, and it is ventrocaudally obliquely oriented. The
scrotum and the testicles are situated distally in the perineal
region. In the cat, the spermatic cord is horizontal and pro-
portionally longer in comparison to that of the dog. The
scrotum and the testicles are located proximally in the peri-
neal region, in a subanal position.

The Accessory Genital Glands
In the dog, only the prostate gland is present, whereas in
the cat, the prostate and the bulbourethral glands are
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Figure 2.15. Testicle of the cat—medial aspect.

present. No vesicular glands are present in any of these
species (see Figures 2.16 and 2.17).

The prostate gland has two parts: the body and the
disseminated part. In both species, the body has two
lobes, right and left, with an uneven surface. In the dog, the
body is spherical and completely surrounds the urethra,
whereas in the cat, the prostate is attached only to the roof
and the lateral walls of the urethra. The prostate opens on
the roof of the prostatic part of the urethra. The dissemi-
nated part of the prostate is present as small lobules in both
species.

The bulbourethral glands (present only in the cat) are
very small (up to Smm in diameter) and lie in intimate
contact with the dorsolateral wall of the urethra, at the level
of the ischial arch.
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Figure 2.16. Accessory genital glands in the male dog—dorsal
view.
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Figure 2.17. Accessory genital glands in the male cat—dorsal
view.

The Penis
The penis of the dog is very different from all the other
species by the following features:

1. It is provided with an os penis (a cartilage is found in
the cat).

2. The corpus spongiosum penis is twice as thick as the
Corpus cavernosum penis.

3. It has a very long glans penis, with a long part and a
bulb. “The phenomenon of delayed erection in the dog
is due to slow engorgement of the bulbus glandis and
the pars longa glandis” (for details, see “Mechanism of
Erection” in Evans, 1993).

4. The internal lamina of the prepuce is attached to the
bulb of the glans penis; therefore, the fully erect penis
is represented only by the glans penis.

Figures 2.18 and 2.19 show the penis of the dog and the
penis of the cat, respectively.

of glans
penis
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corona 2EL

glandis

the projection of os penis ;e

Figure 2.18. Penis of the dog.

Blood Supply, Lymph Drainage, and Nerve

Supply for the Penis

The blood supply is provided by branches of the internal
and external pudendal arteries and veins, with their
branches. The lymph is drained into the superficial inguinal
lymph nodes. The nerve supply is provided by the pudendal
nerve and pelvic plexus (with the pelvic nerves as the para-
sympathetic component, and the hypogastric nerve as the
sympathetic component). (For details, see “Vessels and
Nerves of the Penis” in Evans, 1993.)

A corona glandis is present in the dog. The penis of
the cat is caudoventrally oriented, so that the urethra
looks in a caudoventral direction. In the cat the penis is
provided with an indistinct glans penis and small cornified

cornified papillae

W Bnteily i

Figure 2.19. Penis of the cat.
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papillae. The papillae are considered as a secondary sex
characteristic.

The Male Urethra

Specific structures of the pelvic part of the urethra are the
very prominent U-shaped urethral crest and the symmetri-
cal openings of the ampullae of the ductus deferentes on
both sides of the colliculus seminalis (since there are no
vesicular glands in the dog and cat, there is no ejaculatory
duct).

The spongy layer of the pelvic urethra consists of vas-
cular erectile tissue and continues with the corpus spongio-
sum penis. The urethral glands are scattered between
the spongy layer and the muscular tunic of the pelvic
urethra.

Blood and Nerve Supply for the Male Urethra

The blood suppliers for the urethra are the urethral branch
of the prostatic artery and the urethral artery from the
internal pudendal artery for the pelvic part of the urethra,
the artery of the bulbus penis for the penile part, and the
satellite veins. The nerve supply is provided by the pelvic
plexus.

Female Genitalia

The female genitalia in Carnivores are discussed in seven
subsections, starting with the ovaries and ending with the
female urethra.

The Ovary

Located 1cm to three cm caudal to each kidney, the ovaries
of Carnivores are completely surrounded by the ovarian
bursae. The ovary is easier to isolate during an ovariectomy
in the cat than in the dog. In the dog, the entrance into the
ovarian bursa is so narrow that the ovary cannot be exposed
unless the orifice is enlarged with scissors. The ovaries are
compressed by the abdominal viscera toward the roof of the
abdominal cavity, the right ovary dorsal to the pancreas and
the descending duodenum, and the left ovary dorsolateral
to the descending colon. The suspensory ligament is very
long.

In the dog, the ovaries are longer than in the cat, and flat
(2cm in the dog versus 8 mm to 9mm in the cat), with a
shallow hilus, smooth with the exception of the time of
sexual cycle, when the surface is irregular (less irregular in
the cat). The color is pink-gray in both species.

The Uterine Tube

The uterine tube is 6¢cm to 10cm long in the dog and 4 cm
to 6¢cm in the cat; each uterine tube is very narrow (from
I mm to 1.5mm) and provided inside with a few longitudi-
nal folds. In both species, the uterine part of the salpinx
ends on a small papilla. Figure 2.20 shows the cat’s ovary,
and Figure 2.21 shows the genital apparatus of the female
dog.
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Figure 2.20. The cat’s ovary.

The Uterus

The very long and ventrally slightly curved uterine horns
in the dog have an average length of 12c¢m to 16¢cm and a
diameter of 8mm to 9mm (9cm to 11cm and 3mm to
4mm, respectively, in the cat) (see Figure 2.21). The
uterine velum, which separates the two openings of the
uterine horns inside of the uterine body, is very short. The
uterine body is from 3cm to 4cm long, and the cervix is
from 1.5cm to 2cm long (2cm, and from Smm to 8 mm,
respectively, in the cat), the diameter of both the uterine
body and the cervix is 1cm in the dog and smaller in the
cat.

The round ligament of the uterus (the longest is found in
the dog and the cat) originates from the lateral surface of
the mesometrium, is enclosed in a lateral fold of the broad
ligament, and extends from the apex of the uterine horn to
the inguinal region, passing through the inguinal canal. On
its way through the inguinal canal and even outside of the
body wall, the round ligament is accompanied by the
vaginal process, up to the lateral sides of the vulva, where
it appears as a round, soft prominence. The round ligament
of the uterus travels through the inguinal canal, similar to
the gubernaculum testis (see “The Descent of the Testicle”
earlier in the chapter).

The Vagina
Especially for the dog, the vagina is very long (it averages
12cm to 15c¢m in middle-size individuals, versus 2cm to
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Figure 2.21. Genital apparatus of the female dog—dorsal aspect.

3cm in the cat) (see Figure 2.21 and Figure 2.22). The
fornix is very deep ventrally and provided dorsally with
a thick fold that joins the vaginal part of the cervix to
the roof of the vagina. The hymen is rudimentary.
The external urethral orifice, which opens between the
vagina and the vestibule, is provided in the dog only
by a wrethral tubercle at the end of a longitudinal
prominence.

The Vestibule

In the dog, the vestibule is from 5cm to 6 cm long, whereas
in the cat, it is approximately as long as the vagina (See
Figure 2.21 and Figure 2.22). The vestibular bulb is present
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only in the dog. Minor vestibular glands are present in both
species, but major vestibular glands are present only in the
cat.

The Vulva and the Clitoris

Regarding the vulva (see Figures 2.23 and 2.24), the vulvar
labiae are thick in both species, and sometimes the major
labiae can be differentiated from the minor labiae. The
dorsal commissure is round in the dog and pointed in the
cat, while the ventral commissure is pointed in the dog and
rounded in the cat. The caudal end of the round ligaments
and vaginal processes may extend up to the lateral sides of
the vulva.
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Figure 2.22. Sagittal section through the uterus and vagina of the dog (modified and redrawn in pencil from Evans,1993).

The clitoris is very large in both species, especially in
the dog, in which the crura of the clitoris measure between
2cm and 3 cm, and the body measures approximately 4 cm.
The glans is well developed in the dog, and the fossa of the
clitoris is deep. The mucosa of this fossa is provided with
folds that outline shallow depressions, showing an areolar
aspect. In addition, there is a vertical fold within the fossa.
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Figure 2.23. Vulva of the female dog.

In the cat, the glans is poorly developed, but a small carti-
laginous structure resembling the os penis can be found.

The Female Urethra
In the female urethra of carnivores, there are no differences
from the general description.
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Figure 2.24. Vulva of the female cat.



Part 2.4
The Genital Apparatus in the Pig

Male Genitalia

The male genitalia in the pig are presented in four subsec-
tions, following the same pattern as was chosen for the
general description. Therefore, the first subsection covers
the testicle, epididymis, ductus deferens, spermatic cord,
and the tunics. The second subsection covers the accessory
genital glands, the third subsection the penis, and the last
subsection the male urethra.

The Testicle, Epidydimis, Ductus Deferens, Spermatic
Cord, and the Tunics

The descent of the testicles is tardy. They will take their
definitive place within the scrotum shortly before birth.
Relatively frequent cryptorchid individuals are characteris-
tic for this species.

The two testicles represent from 1/200th to 1/300th of
the body weight. They are very large and can reach weights
of between 200g and 800g The testicles are located in a
subanal position close to the anus, and their tails are ori-
ented dorsally and slightly caudally. This is the same as the
orientation for the tail of the epididymis. Therefore, the
voluminous spermatic cord is very long and almost hori-
zontal. The inguinal canal is very oblique caudoventrally,
which facilitates the scrotal herniae in this species. The
albuginea, and especially the mediastinum testis and the
septa, are very thick. The testicular artery has a species-
specific design.

The epididymis is voluminous. The tail of epididymis is
projected far caudally, exceeding the tail of the testicle and
looking like an appendix of the testicle. The head of the
epididymis exceeds a little the head of the testicle. The
ductus epididymidis is from 17mm to 18 mm long and very
tortuous. The proper ligament of the testicle and the liga-
ment of the tail of the epididymis are present.

The ductus deferens is very long, up to 30cm. It is pro-
vided neither with an ampulla nor with glands. The sper-
matic cord and the tunics of the spermatic cord and testicle
are slightly different from the other species, in that that the
spermatic cord is very long and almost horizontal, and the
mesofuniculus is attached to the dorsal wall of the vaginal
canal. In addition, the scrotum is in a subanal position.
Figure 2.25 shows the testicle, epididymis, and spermatic
cord, and Figure 2.26 the testicle of the boar.

The Accessory Genital Glands
All three major genital glands are present in the male pig
(see Figure 2.27).

The vesicular glands are very large in an adult intact
male. On the contrary, the glands are very reduced until
puberty and in the castrated males. Pyramidally shaped,
each vesicular gland weighs from 75 g to 400 g and reaches
from 12cm to 17cm in length, from 6 cm to 8§cm in width,
and from 3 cm to 5 cm in thickness. The base of the pyramid
is cranially oriented and dropped into the abdominal cavity,
dorsal to the urinary bladder. The symmetrical glands touch
each other in the median plane, covering and hiding the
prostate gland. The vesicular glands are located within
the genital fold. Their surface is lobulated and pinkish red.
The unique excretory canal of each gland opens on the
ipsilateral side of the ductus deferens, lateral to the collicu-
lus seminalis. Before puberty or in castrated males early in
life, these glands are very small, on each side of the compact
part of the prostate gland.

The prostate gland has a very small compact part, and a
widely spread disseminated part. The yellowish-pinkish
compact part consists of two symmetrical lobes and is over-
lapped by the vesicular glands, whereas the disseminated
part completely surrounds the urethra. Many excretory
canals of both parts open into the prostatic urethra. Before
puberty and in castrated males early in life, the compact
part of the prostate is very small.

The bulbourethral glands are very large, completely cov-
ering the urethra from the bulbus penis (at the pelvic outlet)
to the cranial border of the pelvic floor. They may reach
from 15cm to 18cm in length and from 5cm to 6¢cm in
width. Completely surrounded by the bulboglandularis
muscles, these glands touch each other by the medial
borders. Each gland has only one excretory canal, which
opens within the urethral recess (this description is specific
to the pig and the ruminants), and which is connected to
the penile urethra, close to the ischial arch, at the transition
between the urethral isthmus and the penile urethra. Before
puberty or in castrated males early in life, the bulbourethral
glands are very reduced in volume.

The Penis
The penis of the pig has several particular and distinct fea-
tures, as follows:

1. The penis is very long (60cm average) and thin (2cm
in diameter).

2. There is a sigmoid flexure very close to the origin of
the penis, which starts cranial to the attachment of the
ischiocavernosus muscle and to the testicles.

27
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Figure 2.25. Testicle, epididymis, and spermatic cord of the boar—Ilateral aspect.

3. The albuginea is very thick, and surrounds not only
the corpus cavernosum penis, but also the urethra and
the corpus spongiosum penis; there is no median
septum of the penis between the two corpora caver-
nosa, but instead a fibrous axis.

4. The bulbus penis is voluminous.

5. With the exception of a small appearance at the level
of the bulbus penis, the corpus spongiosum penis is
practically absent.

6. The bulbospongiosus muscle is limited to the bulbus
penis.

7. The ischiocavernosus muscle is attached to the proxi-
mal curve of the sigmoid flexure.

8. The retractor penis muscle extends cranial to the distal
curve of the sigmoid flexure.

9. The apex of the penis, provided with a reduced glans
penis, is cylindrical in shape and spiraled first to
the right, then dorsally, and finally to the left; this

testicular

epididymis

head of 5 ¥
epididymis testicle L] A

Figure 2.26. Testicle of the boar—the free border.

spiralization is due to the asymmetry of the corpora
cavernosa and the albuginea; a raphe penis joins the
glans to the free part of the penis.

10. The glans penis is provided with a venous plexus that
joins the venous supply of the corpus spongiosum
penis.

11. The prepuce is divided into two uneven compartments
by a circular fold of the internal lamina, which sepa-
rates the cavity into a very long caudal compartment
(20cm to 25cm) and a very short cranial compart-
ment. The cranial compartment is provided with a
preputial diverticulum, specific to the pig, a large
dorsal bilobed sac (approximately 135ml capacity),
which empties its secretion on the roof of the preputial
cavity. The two symmetrical halves of the diverticu-
lum are separated by a median fold attached to the
roof of the diverticulum. The internal lamina of the
prepuce and the skin covering the free part of
the penis contain numerous lymph nodules.

12. The cranial preputial muscles are strong, cover the
preputial diverticulum, helping to empty it, and fuse
with each other on the ventral aspect of the prepuce.

13.  The caudal preputial muscles are thin. They extend
from the superficial inguinal rings to the lateral borders
of the prepuce; they do not reach the preputial ostium.

Figures 2.28 and 2.29, respectively, show the Pig’s penis
within the prepuce and the preputial diverticulum.

The Male Urethra

The pelvic part of the urethra measures between 15cm and
20cm. A very thin, spongy layer is surrounded by a smooth
muscle and the urethralis muscle.
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Figure 2.27. Accessory genital glands of a mature boar—dorsal aspect.

Before opening on the roof of the prostatic part of the
urethra, each ductus deferens is covered by the ipsilateral
vesicular gland and travels between the two lobes of the
prostate gland. The colliculus seminalis is not prominent
and is surrounded by numerous orifices of the prostate
gland.

Notice the presence of the urethral recess (vide supra),
which is described and illustrated later in this chapter in
“The Genital Apparatus in the ruminants” section, “The
Urethra” subsection (Figure 2.53).

The blood and nerve supplies and the lymph nodes are
similar to those described in Chapter 1. In the pig, the penis
is supplied only by the artery of the penis, a branch of the
internal pudendal artery.

Female Genitalia

The female genitalia in the pig are discussed in seven sub-
sections, starting with the ovaries and ending with the
female urethra.
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Figure 2.28. The pig’s penis within the prepuce—lateral view.

The Ovary

Berry-shaped because of numerous follicles and corpora
lutea on their surface, the ovaries (see Figure 2.30) are 4cm
to Scm long with a diameter of 2cm to 3cm. The follicles
are separated by deep grooves. The hilus is obvious and
located on the mesovarian border of the ovary. The ovaries
exceed the pelvic cavity and are found 5Scm to 6¢cm away
from the cranial border of the pubic bones in nonpregnant
mature SOws.

The suspensory ligament and the proximal mesovarium
are extremely long, especially in multiparous sows. The
ovarian bursa is very large and wide, and oriented ventro-
medially. The proper ligament of the ovary is muscular and
short with a fan-shaped spread into the mesometrium.

The Uterine Tube
Suspended by a short mesosalpinx, the uterine tube travels
from the apex of the uterine horn in the lateral wall of the
ovarian bursa, then in the medial wall, and opens on the
inner surface of the mesosalpinx, facing the ovary.
The infundibulum is very wide and completely sur-
rounds the ovary. It is provided with multiple fimbriae.
The ampulla of the salpinx is three times longer than the
isthmus, and very flexuous. The isthmus joins the uterine
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Figure 2.29. The preputial diverticulum in the pig—transverse
section.
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horn in an oblique position, and the uterine ostium of the
tube is surrounded by numerous little endometrial tubercles
disposed like a double or triple rosette.

The Uterus

Comparatively, the sow has the longest uterus (see Figure
2.31). The horns can reach from 120cm to 140 cm in length.
They are very flexuous, intermingle with the jejunal loops,
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Figure 2.30. The ovary of the sow.
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Figure 2.31. The uterus of the sow—dorsal view.

and may spread on the floor of the abdominal cavity. The
body of the uterus is short (S5cm to 6¢cm long), and the
cervix is three times longer than the body (from 15cm to
25cm). The cranial extent of the cervix drops within the
abdominal cavity.

The transition between the apex of the uterine horn and
the corresponding uterine tube is progressive. Each uterine
horn opens separately into the uterine body after the horns
converge and unite with each other for a short distance.
Inside of the uterus, the horns are separated by a short
velum. There are many irregular endometrial folds in the
uterine horns and body.

The cervix is not well outlined. It lacks the vaginal
portion, and the external uterine orifice as well as the transi-
tion to the vagina are not well marked. Longitudinal folds
and prominences are shown on the endometrium. The
prominences, shaped as cushions or processes (pulvini
cervicales), interdigitate with each other and occlude the
cervix.

The broad ligament is very thick, rich in muscular fibers.
The round ligament of the uterus is present and extends
within the inguinal canal.

uterine horn

mesometrium

uterine body

broper lig.
of ovary

vestibulum

glans clitoridis

The Vagina

There is no fornix in the sow because the cervix doesn’t
protrude into the vagina. Specific features of the vagina for
this species (see figure 2.31) are that it is almost as long as
the cervix, and it is provided with thick and prominent
longitudinal folds and a hymen in very young animals. The
peritoneum covers only the cranial part of the vagina. The
rest of the organ is located within the pelvic diaphragm.

The Vestibule

Shorter than the vagina, the vestibule extends from the
external urethral ostium to the vulva (see Figure 2.31).
Associated to the external urethral ostium is a reduced
suburethral diverticulum, which should be taken into con-
sideration during artificial insemination. Several longitudi-
nal folds of the mucosa and two symmetrical rows of the
openings of the minor vestibular glands are also exposed.
The vestibule is provided with a bulbus vestibuli.

The Vulva and the Clitoris
The two labiae of the vulva are thick, and the ventral
commissure is pointed and provided with a few hairs. The
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Figure 2.32. The vulva of the sow.
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clitoris is very long (from 7cm to 8cm), flexuous, and
almost lacking the gland. The prepuce is connected to a
small gland surrounded by a shallow preputial fossa (see
Figure 2.31 and 2.32).

The Female Urethra

The female urethra is not different from the general descrip-
tion. The only exception is the presence of a suburethral
diverticulum, at the level of the external urethral ostium,
similar to that in the ruminants (see the subsection “Female
Urethra,” under “Female Genitalia” in the chapter section
“The Genital Apparatus in the Ruminant”).

Blood and Nerve Supply for the Female Genitalia

The blood supply of the female genital organs includes the
ovarian artery, the uterine artery, the vaginal artery, and the
artery of the clitoris (for the clitoris and the bulbus vestib-
uli). The nerve supply follows the general description.



Part 2.5

The Genital Apparatus in the Ruminant

Male Genitalia

The bull is considered as the ruminant type for the general
description, while the specific characteristics of the ram and
buck will be mentioned in each chapter.

The Testicle, Epidydimis, Ductus Deferens, Spermatic
Cord, and the Tunics

Oval shaped, each testicle of the bull is between 10cm and
12cm long and 6cm to 8cm wide, and weighs between
250g and 300g. In the small ruminants, the testicles are
more spherical. In the ram, the testicles weigh between
200g and 250g each, whereas in the buck they weigh
between 130g and 160 g each.

The testicles are located in a vertical position, with the
head of the epididymis proximal and the tail of the epididy-
mis distal to the two corresponding poles of the testicles
and exceeding these two poles. The epididymal border of
the testicle in the bull is oriented medially, while in the
small ruminants it is oriented caudomedially. The epididy-
mal canal is as long as 40mm to 50mm in the Bull and
40mm to 60mm in the small ruminants.

The proper ligament of the testicle and the ligament of
the tail of the epididymis are very strong in all ruminants.
Refer to Figures 2.33 through 2.41 for diagrams of the tes-
ticle, epidydimis, ductus deferens, spermatic cord, and
tunics discussed here.

The ductus deferens is provided with a 12cm to 15cm
ampulla, which travels side by side with the symmetrical
structure before it enters below the prostate and opens into
the urethra. The excretory duct doesn’t join the duct of the
vesicular gland; therefore, there is no ejaculatory duct.

The spermatic cord is vertical and 20cm long. The
extraabdominal testicular tunics, including the scrotal
septum, are thick, especially in the bull. The scrotal raphe
is deep and obvious.

The Accessory Genital Glands
The vesicular glands are elongated and large in the bull,
reaching 10cm in length; they are rounded and much
smaller in the small ruminants. The surface of the glands
is uneven and lobulated. Each lobule has its excretory canal,
which joins the other canals in a common excretory duct.
The latter travels deep to the prostate gland before opening
into the urethra.

Only in the bull, the prostate has a reduced body located
on the dorsal aspect of the urethra. The two lobes and the
isthmus are vaguely separated from each other. However,

the disseminated part is present in all ruminants. The dis-
seminated part in the bull extends up to the urethral isthmus
and totally surrounds the urethra; in the ram, it is present
only on the dorsal and lateral walls of the urethra; and in
the buck, it completely surrounds the urethra (see Figures
2.42 and 2.43).

The bulbourethral glands are elliptically shaped in the
bull, spherical in the small ruminants, and located in all
these species dorsal to the urethral isthmus. These glands
are covered by the bulboglandularis muscle; therefore, in
the bull they cannot be felt by rectal palpation. The excre-
tory duct opens into the urethra via the urethral recess, in
a similar manner as shown in the pig (see the subsection
“The Accessory Genital Glands” under “Male Genitalia” in
“The Genital Apparatus in the Pig” section of this chapter).
The urethral recess is illustrated in Figure 2.53.

The Penis

Of fibroelastic type, the penis in ruminants is very long, but
with a small diameter. In the bull, the penis can reach from
80cm to 100cm in length, with a diameter of 3cm to 4 cm;
while in the small ruminants, the penis is from 30cm to
50cm long and with a smaller diameter than that of the Bull.
The tunica albuginea is very thick and surrounds the corpus
cavernosum, the corpus spongiosum, and the penile urethra
all together. There is a vertically oriented fibrous septum
inside of the corpus cavernosum penis, from which the tra-
beculae originate and outline the caverns (see Figure 2.42
and Figures 2.44 through 2.52 for drawings related to this
subsection).

The root of the penis is very large, showing a thick and
wide bulbus penis and bulbospongiosus muscle. Similar to
that of the pig, the bulbospongiosus muscle doesn’t continue
on the ventral surface of the penis. The crura are strong and
covered by the very large ischiocavernosus muscles.

The body of the penis is double flexed before it reaches
the level of the spermatic cords. The first flexure is dorsal
to the second. Interestingly, the retractor penis muscles
don’t follow the sigmoid flexure. They travel straight crani-
ally, attach to the ventral flexure, and continue cranially
toward the glans penis; they diminish and disappear before
they reach the glans. The corpus spongiosum penis con-
tinues the bulbus penis for a short distance cranially.

In the bull, the free part of the penis is only 10cm long
in the resting position. The cylindrical shaped penis becomes
gradually conical and ends in a glans penis. The free part
is slightly twisted counterclockwise, showing an obliquely
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Figure 2.40. Right testicle and spermatic cord of the buck—medial aspect.

oriented raphe penis at the end of the preputial frenulum.
In the bull and the buck only, an apical ligament is present
on the dorsal aspect of the albuginea. The fibers of the liga-
ment are unevenly dispersed, and they differ in thickness
and elasticity. This fact, added to the presence of helicoid
fibers within the albuginea, explains the twisted shape of
the free part of the penis in the bull. Characteristic for the
ram is the presence of an erectile tubercle (tuberculum
spongiosum) on the left side of the free part of the penis.
The raphe penis is also present in the small ruminants.

The glans penis differs in shape from species to species
and is accompanied by the apparent urethral process. In the
bull, the glans is rounded, elongated, and ends by bending
over the external urethral process. In the small ruminants,
the glans is sharply separated from the free part of the penis
by a recess. In the ram, a tubercle is present at the caudal
end of the glans penis, in a position opposite to the tuber-
culum spongiosum.

The prepuce is long and narrow. It is provided by longi-
tudinal and some transverse folds. The preputial frenulum

continues with the raphe penis. The preputial orifice is also
narrow and protected by long hairs. Both cranial and caudal
preputial muscles are present, with the caudal muscles
longer than the cranial muscles.

The Male Urethra

Except for the urethral recess (common to ruminants and
the pig) and the terminal part of the penile urethra, the
urethra in ruminants is similar to that in the general descrip-
tion (see Figure 2.53; also refer to Figures 2.45, 2.47, 2.48,
249, 2.50, 2.51, and 5.52).

In ruminants, the male urethra is different from other
species as far as the urethral process is concerned. In the
bull, the urethral process becomes apparent at the ventral
aspect of the glans penis and doesn’t exceed the cranial
limit of the glans. In small ruminants, the urethral process
is 4cm long in the ram and 2.5 cm long in the buck, and it
exceeds the limit of the glans. The urethral process in small
ruminants contains erectile tissue, which shows during the
erection.
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and Seiferle, 1979-1981; and Sack, 1991).

Blood and Nerve Supply for the Male Genitalia

The blood and nerve supply are similar to those of the pig.
Inspection of the penis in the bull and the stallion alike
before starting sexual activity, and before collecting semen
for artificial insemination is mandatory. To accomplish that,
the penis should be examined outside of the prepuce; this
can be done by regional anesthesia of the pudendal and
caudal rectal nerves (see Figure 2.54).

Here is the easiest technique for blocking these nerves
(from Popescu, Paraipan and Nicolescu, 1958, “Subsacral
anaesthesia in the bull and the horse,” in Westhues and
Fritsch, 1964):

Instruments. Needle, length 23 cm, diameter 2.5 mm; 20 ml
syringe.

Technique. With the tail held high, the left hand locates
the sacral promontory per rectum. The hand is drawn back

along the sacrum 2-3cm from the midline to locate the
ventral sacral foramina. By counting back, the third ventral
foramen (exit of the pudendal nerve) is found. The index
or middle finger remains on this point. With the right hand
aneedle with a short beveled point is inserted in the midline
third of the distance from anus to tail base, and pushed
through the connective tissue between rectum and pelvis
(the pelvic diaphragm — N.R.), directed cranially and
slightly paramedially, so that the point finally rests at the
foramen palpated by the left hand. An assistant attaches the
syringe to the needle and injects about 20ml solution (3—
5% procaine). Alternatively the assistant may hold the
needle while the operator injects.

The syringe is removed and the needle withdrawn 5—
6 cm under rectal control until the point reaches the fourth
sacral foramen (exit of the hemorrhoidal nerve—actual
name caudal rectal). 20ml solution is likewise injected.
The whole procedure is repeated on the other side, so that
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Figure 2.44-2.47. The bull’s penis.

a total of 80ml anesthetic is required. On completion,
gentle massage with the left (inside rectum) hand ensures
better dispersal of the solution. Within 5-20 minutes pro-
lapse of the penis occurs as well as anaesthesia of the
perineum and penis. In some cases vasopuncture (A. sacra-
lis medialis, A. sacralis lateralis and veins) accidentally
occurs during insertion of the needle. This is obvious as
blood leaves the needle, which must be withdrawn imme-
diately and the direction altered.
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Wethues and Fritsch comment on the subsacral anaes-
thesia that “the infiltration of the pudendal and hemor-
rhoidal (caudal rectal) nerves as they leave the sacrum in
the third and fourth ventral sacral foramina appears techni-
cally easier than LARSEN’s method.”

Several other methods were tried to anesthetize the penis
and the perineum in the bull and the stallion (and internal
genitalia in the cow and the mare), with lower results, and



Anatomy of Reproductive Organs 41

collum
glandis

free part

of penis prepuce

glans penis

urethral
process

2.48

tuberculum spongiosum

LEFT LATERAL ASPECT

glans penis tuberculum spongiosum

A

urethral raphe penis
process
LEFT LATEROVENTRAL ASPECT
2.50

Figure 2.48-2.51. The ram’s penis.

the methods were technically very difficult to perform. The
subsacral anaesthesia remains the easiest and most precise
method to anesthetize the perineum and the penis (and the
internal genitalia, as well).

Female Genitalia

The female genitalia in ruminants are discussed in seven
subsections, starting with the ovaries and ending with the
female urethra.
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The Ovary

Relatively small for the size of the species, the ovaries in
the cow are each about 3.5cm to 4 cm long, 2cm wide, and
lcm to 2cem thick; while in the small ruminants they are
each about 1.5cm to 2cm long, and 1 cm to 1.5cm wide. In
all ruminants, around the attachment of the mesovarium the
surface of the ovary is smooth, while the rest of the surface
is uneven as the result of numerous follicles and corpora
lutea in various stages of development. The follicles and
corpora lutea are as big as to be easily palpable by rectal
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Figure 2.52. The penis and the left testicle—left lateral aspect—of the buck.
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exploration (see Figure 2.7). The hilus is distinct and located
on the mesovarian border of the ovary. The uterine end is
connected to the mesometrium by a short but strong proper
ligament. The attachment of the mesosalpinx divides the
mesovarium into a proximal and a distal mesovarium, the
proximal one being by far the longest. The cranial border
of the latter is marked by the suspensory ligament. The
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Figure 2.54. Landmarks for performing the subsacral
anesthesia in the large ruminants (introduced by Popescu et al.,
1958).
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distal mesovarium is thicker and provided with numerous
muscular fibers. See Figure 2.55 to review these details and
those that follow regarding the ovary and the uterine tube
in ruminants.

In nulliparous and primiparous mature cows, the ovaries
are found within the pelvic inlet. The more pregnancies the
animal has had, the more cranially the ovaries are located;
they drop within the abdominal cavity, pulled by the increas-
ingly larger uterus.

The Uterine Tube
Flexuous, mobile, and from 20cm to 28 cm long in the cow
and 10cm to 16cm long in the small ruminants, the uterine
tube is suspended by a short mesosalpinx. The tube sur-
rounds and envelops the corresponding ovary, outlining a
wide ovarian bursa whose opening is directed ventromedi-
ally. The infundibulum of the salpinx is provided with fim-
briae, some of which are attached to the ovary (the ovarian
fimbriae).

There is no precise delimitation between the isthmus and
the apex of the uterine horn at the tubo-uterine junction.
The tube is gradually continuous with the uterine horn.

The Uterus
Ruminants have a typical uterus bicornis, with two
horns, a body, and a cervix (see Figures 2.56, 2.57, 2.58,
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Figure 2.57. The genital tract of the ewe—dorsal view.

and 2.59 for this discussion). The uterine horns are from
35cm to 45cm long in the cow and from 12cm to 15cm
long in the small ruminants; the horns diminish in size
toward the apex. At their origin from the body of the uterus,
the horns run side by side united by perimetrium (the vis-
ceral layer of the peritoneum that surrounds the uterus).
Specific to the cow, at the point that they separate from each
other, the horns are connected by two ligaments, the dorsal
and the ventral intercornual ligaments. In small ruminants,
one single intercornual ligament joins the two horns to one
another. In the cow, these ligaments have a high clinical

importance, in that that for gestation diagnostics or the
diagnosis of an abnormal condition of the ovaries by rectal
palpation, the operator pulls the multiparous uterus back
into the pelvic cavity, holding it from the intercornual liga-
ments. Cranially the horns separate from each other and
start to shape themselves in a spiral motion, similar to the
shape of the ram’s horns, first curving ventrally, then cau-
dally, and finally dorsally. The apices (singular, apex) of the
uterine horns are “S” shaped. The free border of the horns
is very convex, while the mesometrial border serves for the
attachment of the mesometrium. The uterine horns are
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separated inside of the uterus by the uterine velum, similar
to the configuration in the carnivores and the sow.

The body of the uterus, apparently long, is in reality only
between 3cm and 4cm long in the cow and between 2cm
and 3cm long in small ruminants. This body is suspended
by a very large mesometrium, from which the round liga-
ment of the uterus originates. Inside, the two horns open
separately.

The endometrium (the mucosa) of each uterine horn and
of the body has four prominent longitudinal folds separated
by transverse grooves, which divide the mucosa in tens of
segments. Two accessory folds are noticed, and as a result,
each segment of the folds isolates itself and develops into
an independent caruncle. There are from 80 to 120 carun-
cles in the cow, and more in the ewe and the goat, disposed
on four rows. The caruncles are pediculated in all rumi-
nants, but in the cow the surface is rounded, in the ewe,
concave like a cup, and in the goat, flat, sometimes concave

=

Qchlitoris

Aa

(see Figures 2.60, 2.61, and 2.62). During pregnancy the
caruncles get bigger, up to as large as a midsize potato in
the cow. Their surface has a spongy aspect because of the
numerous and deep crypts in which the villi of the cotyle-
dons of the placenta implant (from this description, the
placenta is of a cotyledonary type). Each caruncle and the
corresponding cotyledon make a placentome.

The cervix is the third, last, and most caudal segment of
the uterus. The cervix attains 10cm in length in the cow
and 4cm in length in small ruminants. It is rigid in com-
parison to the rest of the uterus and the vagina; therefore,
it is easy to identify it via the rectum. The cervical canal
is irregular. The external uterine ostium (the communica-
tion between the uterus, the cervix, and the vagina) pro-
trudes into the vagina and is surrounded by the vaginal
fornix. In the cow, four circular folds of the endometrium
and portions of the inner circular muscle layer interdigitate
with each other in a very firm relationship, so that between
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Figure 2.59. Sagittal section through the pelvic cavity in the cow (modified and redrawn in pencil from R. Barone, Laboratoire
d’Anatomie Ecole Nationale Vétérinaire, Lyon, 1978).
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two estrus periods the canal is practically impenetrable. In
the small ruminants, the quantity of muscle fibers within
the circular folds of the endometrium of the cervix is
higher than in the cow. The protrusion of the cervix into
the vagina (much more visible in the cow than in the small
ruminants) consists of the last circular fold of the endome-
trium. The circular folds of the endometrium are crossed
by longitudinal folds, which gives the appearance of an
open flower.

In the cow, during the first 24 to 36 hours of estrus, the
external uterine ostium allows the tip of the pipette for
artificial insemination to enter for a couple of centimeters,
and then it closes again. After birth, the cervical canal
allows an operator to introduce a hand (for manual extrac-
tion of a retained placenta or for introducing medication)
only for 36 to 48 hours. Also, artificial insemination nowa-
days is performed by guiding the pipette with one hand
introduced within the rectum and palpating the firm
Cervix.

The broad ligaments are wide and divergent cranially.
They are thick, strong, triangularly shaped, and consist of
numerous smooth muscle fibers. The peritoneum covers the
uterus as perimetrium; it continues to the rectum dorsally
and the urinary bladder ventrally. Therefore, two peritoneal
pouches are outlined: the recto-genital and the vesico-
genital pouch, respectively. The recto-genital pouch is more
caudally located, at the level of the first quarter of the
vagina, while the vesico-genital pouch reaches only the
origin of the vagina.

Between the perimetrium and the endometrium, a smooth
muscle called the myometrium is found. The myometrium
has two layers: a superficial, longitudinal layer visible under
the perimetrium, and a deep, circular layer, which is thicker
in the cervical region. At the base, the two uterine horns
are connected to each other by oblique or transverse muscle
fibers.

The Vagina

In the cow, the vagina measures 30cm and is very expand-
able laterally. Its cranio-ventral inclination shows an uneven
depth of the fornix, which is deeper dorsally (about 3 cm)
than ventrally (about 1cm). Vaginal annular ridges, thicker
and more prominent toward the cervix and separated by
grooves, are visible as part of the mucosa. The most cranial
ridge is the closest to the vaginal portion of the cervix and
surrounds it, looking apparently like a double cervix. A
reduced hymen may be observed in some individuals, just
cranial to the external urethral ostium. In small ruminants
the vagina is only 10cm long. Here and in the following
subsection, refer again to Figures 2.56, 2.57, 2.58, and
2.59.

The Vestibule

In the cow, the vestibule is from 8cm to 10cm long and is
caudo-ventrally oriented, hanging over the ischial arch.
Therefore, exploration of the vestibule is easier than of the

vagina. On the floor, at the border between the vestibule
and the vagina, the urethra opens by the external urethral
ostium. The suburethral diverticulum (present only in the
sow and ruminants) opens in the external urethral orifice.
This is a blind sac, 2cm deep, located behind the urethral
orifice. To avoid this sac during the catheterization of the
urinary bladder, one must introduce a finger into the diver-
ticulum and pass the catheter over the finger into the urethra.
The numerous minor vestibular glands open on the floor
and lateral walls of the vestibule. Two symmetrical Gdrt-
ner’s ducts usually are located on both sides of the urethral
ostium, and in continuation caudally, the two major vestibu-
lar glands are shown. No major or minor vestibular glands
are present in the goat; they are occasionally present in
the ewe.

The Vulva and the Clitoris

The labiae of the vulva are thicker in the cow than in the
small ruminants, and they are rounded. The ventral com-
missure is pointed and provided with fine hairs.

The 10cm- to 12cm-long clitoris in the cow—2cm to
2.5cm long in the small ruminants—is flexuous, practically
has no glans, and is located in a very shallow fossa. The
free part of the clitoris is slightly projected on the floor of
the vulva, and the prepuce is less evident (see the vulva of
the cow, ewe, and goat in Figures 2.63, 2.64, and 2.65).
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dorsal
commissure

ventral
commissure

Figure 2.63. The vulva of the cow.
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Figure 2.64. The vulva of the ewe.

The Female Urethra

There is no additional information regarding the female
urethra (see Figure 2.59) other than the presence of the
urethral diverticulum. As far as the blood supply is con-
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Figure 2.65. The vulva of the goat.

cerned, the uterine artery can be palpated in the cow by
rectal exploration and compressed gently against the ilium
bone. In a pregnant cow, if a fremitus is felt, the pregnancy
is beyond the third month.



Part 2.6

The Genital Apparatus in the Horse

Male Genitalia

The male genitalia in the horse are presented in four subsec-
tions, following the same pattern as was chosen for the
general description. Therefore, the first subsection covers
the testicle, epididymis, ductus deferens, spermatic cord,
and the tunics. The second subsection covers the accessory
genital glands, the third subsection the penis, and the last
subsection the male urethra.

The Testicle, Epidydimis, Ductus Deferens,

Spermatic Cord, and the Tunics

Ovoidal shaped and measuring from 9 cm to 11 cm in length,
6cm to 7cm in height, and 5cm to 6 cm in width, each tes-
ticle in the horse can weigh between 100g and 300g. The
long axis is horizontal only in this species, with the head
in the cranial position, and the tail caudal. The mediastinum
testis is poorly developed and is closer to the head of the
testicle. The proximal and distal mesorchium are separated
by the attachment of the mesepididymis (refer to Figures
2.66 through 2.69 for this discussion).

The epididymis is located on the dorsal border of the tes-
ticle. The head of the epididymis doesn’t exceed the head of
thetesticle, whereasthetail of theepididymisis very detached.
The epididymal canal, which can be as long as 85m, is the
longest in the domestic species. The testicular bursa, the

proximal mesorchium

testicular
bursa

distal
mesorchium

head of
epididymiv

testicular
A.

testicular testicular
Vv. A.

Figure 2.66. The left testicle of the stallion—Ilateral aspect.

testicle

proper ligament of the testicle, the ligament of the tail of the
epididymis, and the scrotal ligament are all well defined.

The ductus deferens is from 60 cm to 70 cm long, and the
ampulla ranges from 15cm to 25 cm long, with a diameter
of from 2cm to 2.5 cm. The ampullae, the seminal vesicles,
and the two ureters are all together, connected by the genital
fold. In the center of the fold, the rudimentary uterus mas-
culinus is usually present in the horse.

The spermatic cord is short (from 12cm to 13cm) but
voluminous. Vertically oriented in the proximal mesor-
chium, numerous smooth muscle fibers can be seen with the
naked eye through transparency, formerly called internal
cremaster muscle.

The cremaster muscle is strong and covers the craniolat-
eral aspect of the thick internal spermatic fascia. The rest
of the tunics are similar to those of the other species.

The Accessory Genital Glands

The seminal vesicles correspond to the vesicular glands of
the ruminants and the pig (see the accessory genital glands
in Figure 2.69). The surface of the seminal vesicles is even
and smooth, and they look like 15cm-long and 4cm to
5cm-wide small bladders. For a short distance at the end,
the excretory duct of each vesicle joins the ipsilateral
ampulla of the ductus deferens, a common duct which is the
ejaculatory duct. The apices of the glands either exceed a

|, ———mesoductus deferens

\ \‘—ductus deferens
B body of epididymis

lig. of tail
of epididymis

e
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Figure 2.67. The left testicle of the stallion—medial aspect.
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Figure 2.68. The testicle, spermatic cord, and testicular tunics of the stallion.
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Figure 2.69. The genital apparatus, except the penis, of the stallion.

little the cranial border of the genital fold, or they are totally
inside of the genital fold.

The prostate, located retroperitoneally, shows only the
compact part, with two lobes connected by a thick isthmus.
Each lobe is from 6 cm to 10cm long and from 3cm to Scm
wide.

The bulbourethral glands are ovoidal shaped, from 4 cm
to 6cm long, and from 2cm to 3cm wide. The lobes are
located on the dorsal aspect of the urethral isthmus (the
urethra at the pelvic outlet) in a divergent position caudo-
cranially. Covered by the bulboglandularis muscle, each
gland opens within the urethra by way of six to eight excre-
tory ducts. The prostate glands are difficult to feel via the
rectum.

The Penis
The penis of the horse belongs to the musculocavernous
type, with plenty of cavernous spaces and less trabeculae

lateral lig. urinary bladder

uterus masculinus

prostate
bulbourethral

7 glands

seminal vesicle

ductus deferens

cremaster M.

internal spermatic fascia and
parietal lamina of vaginal tunic
(sectioned and reflected)

body of epididymis

testicular A.

testicle

(see figures 2.70 and 2.71 for this discussion). In a resting
position, the penis measures from 50cm to 60cm, with
20cm being held within the prepuce. In erection, the penis
can be as long as 80cm to 90cm and from Scm to 6¢cm in
diameter.

The root of the penis is well represented by the two
strong crura and the bulbus penis. The crura are overlapped
by the ischiocavernosus muscles, which, in comparison to
those of the bull, are less thick.

Distal to the junction of the crura, the body of the penis
is attached to the pelvic symphysis by fibrous laminae from
the aponeuroses of the gracilis muscles, collectively called
the suspensory ligament of the penis. The body is flattened
laterally at its origin, while in the free part the penis
becomes cylindrical. Specific to the horse, there is a groove
on the dorsal aspect of the penis. On the ventral surface,
the urethral groove is sculptured to protect the urethra sur-
rounded by the corpus spongiosum penis.
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Figure 2.70. The penis of the horse.

The glans penis that contains the corpus spongiosum
glandis is voluminous, and the corona glandis can reach the
diameter of from 13 cm to 16 cm during erection. The corpus
spongiosum glandis is a soft erectile tissue covered by a
thin layer of skin, the continuation of the internal lamina
of the prepuce. In the horse, the glans penis is a complex
and unique structure. The circumference of the glans is
called the corona glandis. The neck (collum glandis) sepa-
rates the glans from the free part of the penis. Specific to
the horse, the urethral process with the external urethral
orifice exceeds the glans by 2cm and is surrounded by the
fossa glandis. Also in the horse only, the fossa glandis is
provided with a dorsal bilobed diverticulum called the ure-
thral sinus. An incomplete median ventral septum called
the septum of the glans connects the urethral process to the
glans. The glans covers the corpus cavernosum penis by a

glans penis
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preputial
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external urethral
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fossa glands "L ‘ \g g --

preputial

preputial ring internal lcavity

preputial lamina

10cm-long dorsal process, which diminishes in size toward
the caudal end.

The prepuce is unique in the horse. The external lamina
continues with the internal lamina at the level at which the
preputial orifice is outlined, as in any other species; but
the internal lamina makes an additional fold called the
preputial fold. This fold separates the internal lamina from
the free part of the penis including the glans penis, and
continues with the fine skin on the surface of the free part
of the penis. The preputial fold has an external layer and an
internal layer. The transition between the two layers out-
lines the preputial ring, which appears as a thick ring on
the surface of the penis protruded from the prepuce. The
preputial cavity is the space between the internal lamina of
the prepuce and the free part of the penis, in which the
preputial fold is lying in the resting position of the penis

corpus cavernosum penis

corpus spongiosum penis

bulbospongiosus M.

retractor penis M.

navicular
fossa

Figure 2.71. Median section through the free part of the penis and of the prepuce in the horse.
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inside of the prepuce. There are no preputial muscles in the
horse.

The muscles of the penis are similar to those of the other
species. The retractor penis muscle is very long and ends at
the proximity of the glans penis.

Blood Supply for the Penis

The blood supply of the horse penis is species specific. The
penis is supplied by three symmetrical arteries: the external
pudendal, the obturator, and the internal pudendal.

The external pudendal artery ends by the superficial
caudal epigastric artery that supplies the prepuce, the
cranial artery of the penis, and the ventral scrotal branch.
The external pudendal artery also anastomoses with the
middle artery of the penis (from the obturator artery) and
contributes to the dorsal artery of the penis. The terminal
branch of the internal pudendal artery is the artery of the
penis. This artery branches into the artery of the bulbus
penis, the deep artery of the penis and the dorsal artery of
the penis. The latter is reinforced by the middle artery of
the penis.

The veins are in general satellite to the arteries. On the
dorsal aspect of the penis, the veins build up a dorsal venous

plexus. In the horse only, there is a connection between the
dorsal venous plexus of the penis and the deep femoral vein,
called the accessory pudendal vein. The latter perforates the
origin of the gracilis muscle on its way to reach the deep
femoral vein (see Figure 2.72).

The Male Urethra

In the horse, the whole urethra is from 60 cm to 70 cm long,
but the pelvic urethra measures only between 10cm and
12cm. The preprostatic and prostatic parts, as well as the
urethral isthmus (from the pelvic urethra), have no specific
features. The penile urethra surrounded by the corpus spon-
giosum penis and the urethral process were described with
the penis. The bulbus penis in the horse is divided by a
median septum. Also in the horse, and only in this species,
there is a slight dilation of the urethra near its distal end;
this dilation is called the navicular fossa of the urethra.

Female Genitalia

The female genitalia in the horse are discussed in seven
subsections, starting with the ovaries and ending with the
female urethra.
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Figure 2.72. The penis and blood supply in the stallion.
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Figure 2.73. The ovary and uterine tube of the mare—medial aspect.
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Figure 2.74. The ovary and uterine tube of the mare—ventral aspect.
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Figure 2.75. The ovary, uterine tube, and uterine horn of the mare—Ileft lateral aspect.

The Ovary

The ovary of the mare is totally different from the ovary of
the other species (see Figures 2.73, 2.74, and 2.75 for this
discussion). The cortex (the parenchymatous zone), which
contains the follicles, is central, and the medulla (the vas-
cular zone) is peripheral (see Figure 2.8). Bean-shaped and
relatively large (from 5cm to 8cm long, 2cm to 4cm in
diameter), and with an average weight of 60g each, the
ovaries are surrounded by peritoneum. The exception, spe-
cific to the mare, is one ovarian fossa for each ovary; these
fossa are sculpted on the free borders of the ovaries. The
free borders are ventrocranially oriented. Some clinicians
call the ovarian fossa the ovulation fossa. The ovaries are
connected to the corresponding uterine horns by strong and
short proper ligaments of the ovaries. The mesovarium is
typically divided into a proximal and a distal mesovarium
by the attachment of the mesosalpinx.

The ovaries are located from 5cm to 15 cm caudal to the
kidneys, at the level of the 4™ and 5™ lumbar vertebrae, and
4cm to 5cm away from the apices of the uterine horns. For
the benefit of the rectal exploration, the right ovary comes
in contact with the base of the cecum, sometimes to the
duodenum, while the left ovary is surrounded by loops of
jejunum or descending colon. The ovarian bursa will be
described with the uterine tube.

The Uterine Tube

Very flexuous and between 20cm and 30cm long, each
uterine tube is connected to the mesovarium by a short
mesosalpinx. The fimbriae of the uterine tube surrounding
the infundibulum and the abdominal opening are abundant.
The ovarian fimbriae are also present. In the mare only, the
tube opens into the uterine horn in the center of a small
papilla, provided with a small sphincter. The shallow

ovarian bursa is outlined between the mesosalpinx, the
distal mesovarium, the ovary, and the proper ligament of
the ovary.

The Uterus

In contrast to the other species, the uterus of the mare has
a relatively short but large body, from 14cm to 25cm long.
Each uterine horn is from 12cm to 20cm long, and the
cervix is from Scm to 8cm long. In the mare, the cranial
end of the body is called the uterine fundus because the
uterine body is not divided by the uterine velum, as in the
other species. The two horns are projected cranially in a
divergent position and are slightly curved ventrally. The
endometrium of both the body and the horns has longitudi-
nal folds. The cervix is centered by a straight cervical canal,
which opens on the very prominent and plicated vaginal
portion of the cervix. The endometrium of the cervical
canal has many longitudinal folds. Figure 2.76 shows the
genital tract of the Mare.

The vaginal portion of the uterine cervix is anchored to
the walls of the vagina by vertical folds called frenula
(singular, frenulum). In diestrus and estrus, only the dorsal
frenulum can be identified. During pregnancy, a dorsal
frenulum and a ventral frenulum anchor the vaginal portion
of the cervix to the vaginal fornix (see Figures 2.77 through
2.82 for this discussion).

The horns and the cranial part of the uterus are located
within the abdominal cavity, while the rest of the body and
the whole cervix are located within the pelvic cavity.

The broad ligament is long and strong, and contains
numerous smooth muscle fibers. The round ligament of the
uterus originates from the broad ligament close to the apex
of each uterine horn. The round ligament is enclosed in a
lateral fold of the broad ligament, extends up to the deep
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Figure 2.76. The genital tract of the mare—dorsal aspect.

inguinal ring, and looks like an appendix with a rounded
end.

The Vagina

In the mare, the vagina (see Figure 2.76) is as long as 20cm
to 25 cm. The fornix is deep because of the extended protru-
sion of the vaginal portion of the cervix within the vagina.
The mucosa has fine longitudinal folds. The hymen is well
developed in almost all individuals, has different shapes,
and is located just cranial to the external urethral ostium.

The Vestibule
The vestibule and the vulva hangs over the ischial arch. The
external urethral ostium is located from 10cm to 12cm

right uterine horn
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uterine body

mesosalpinx

uterine tube

ovary

mesovarium

vaginal part of cervix

clitoris

- 2 -
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fossa of clitoris

cranial to the ventral commissure of the vulva. Only the
minor vestibular glands are present. The vestibular bulbs
are very well developed (5cm to 6¢cm high and 3 cm wide)
(see Figure 2.83).

The Vulva and the Clitoris
The labiae of the vulva are usually pigmented, and they
contain many sweat and sebaceous glands. The dorsal com-
missure of the labia is pointed, while the ventral commis-
sure is rounded.

The clitoris is very developed and from 7cm to 9cm
long. The glans is voluminous, located within the fossa of
the clitoris and attached to the prepuce by the frenulum of



dorsal frenulum

dorsal frenulum

vaginal fornix

external

uterine ostium external

uterine ostium

cervical canal

ventral frenulum : .
SO TONEIE vaginal fornix

@i — B

T =N, (e

dorsal frenulum cervical canal
dorsal frenulum

vaginal fornix

external
uterine ostium

external

vaginal fornix 4 .
uterine ostium

ﬁ éllu“:e* I It*u:_.r---——_ﬂ'

dorsal frenulum

dorsal frenulum

cervical canal

external uterine

ostium vaginal fornix

external uterine ostium

ventral frenulum

ﬁﬁ'ﬁ‘zﬂ'l‘ -(".U_A-l-—'—_"l'

ventral frenulum

2 4G lastoitr—

Figure 2.77-2.82. The vaginal part of the cervix in the mare during diestrus, estrus, and pregnancy. Diestrus: A. The cervix—
caudal view. B. The vaginal portion of the cervix—median section. Estrus: C. The cervix—caudal view. D. The vaginal portion of

the cervix—median section. Pregnancy: E. The cervix—caudal view. F. The vaginal portion of the cervix—median section.
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Figure 2.83. The vestibule of the mare—median section.
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Figure 2.84. The vulva of the mare.

the clitoris. Lateral and ventral recesses can be identified
around the glans. If the prepuce is pulled up, one median
and two lateral additional sinuses can be identified (see
Figures 2.84, 2.85, and 2.86).

Note

The size and weight of different parts of genital systems
were adapted from Barone and Nickel, Schummer, Seiferle
(op. cit.).
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Figure 2.85-2.86. The clitoris of the mare. A. The clitoris in
situ. B. The prepuce reflected.
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Part 3.1

Introduction to Histology, Cellular and Molecular Biology

Heide Schatten

Histology refers to the microscopic study of biological
material and is employed to analyze cells and tissues that
compose the various organs. In recent years, histology has
increasingly included the study of tissue functions on cel-
lular and molecular levels. Numerous staining techniques
are available to investigate the mechanisms that underlie
the variety of different functions that are carried out by cell
organelles, cellular structures, macromolecular complexes,
and other cellular components. In this concept, tissues,
cells, and molecular pathways are visualized and analyzed
by various microscopy methods, including the classic eosin-
hematoxylin staining, and molecular tracers and probes that
use fluorescence and immunofluorescence microscopy,
electron microscopy, immunoelectron microscopy, auto-
radiography, in situ hybridization, and others.

Cellular and molecular aspects, staining methods, the
histology of tissues that comprise the male and female
reproductive systems, and fertilization will be presented in
this section and those that follow in this chapter.

The Cell, Cellular Organelles, and
Their Functions

Multicellular organisms are composed of cells that contain
typical substructures as pictured in the first diagram. Figure
3.1 represents a basic overview of a cell in which the spe-
cific cellular components are shown.

The cellular organelles and cellular structures that are
seen here are described as follows:

Cell membranes determine structural and biochemical
boundaries of a cell and of cell organelles; cell membranes
consist of lipids and proteins. The phospholipid bilayer is
the basic membrane structure in which proteins are embed-
ded. Most membranes consist of about 50 percent lipid and
50 percent protein, which represents a fluid mosaic model

in which both proteins and lipids are able to diffuse in
lateral movements. Although the lipid bilayer is the funda-
mental structure, various peripheral and integral membrane
proteins are responsible for the variations in membrane
composition and play a significant role in transport and
signal transduction.

In transmission electron microscopy, membranes are
typically stained like railroad tracks, in which the outer
lipophilic areas of the membrane stain heavily with osmium
tetroxide, leaving the enclosed lipophobic area pale (for
detailed information, see selected reading of books by
Hayatt, 2000; Kessel and Smith, 1974; Banks, 1993;
Kierszenbaum, 2002; and references within). More recently,
fluorescence and immunofluorescence microscopy have
been used to identify membranes and specific membrane
components (for detailed information, see selected reading
of books by Javois, 1999; Lacey, 1999; Alberts et al., 2002;
Pollard and Earnshaw, 2002; Lodish et al., 2003; and refer-
ences within).

The endoplasmic reticulum (ER) is characterized by a
network of membranous tubes that traverse the entire cell.
Rough ER (rER) is stubbed with ribosomes that are involved
in protein synthesis. Smooth ER (sER) lacks ribosomes and
is involved in detoxification processes.

The Golgi apparatus consists of stacks of membranous
cisternae that are distributed throughout the cell. The main
function of the Golgi complex is to modify and package
proteins with specific functions to add oligosaccharides to
proteins and lipids. The Golgi apparatus plays a major role
in secretion. Vesicles derived from the Golgi complex serve
as secretory and transport vesicles to shuttle components to
the plasma membrane. Increased Golgi activity is seen in
cells with abundant secretion.

The cell nucleus is the largest cellular organelle; it is
distinguished from most other cellular organelles by a
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Figure 3.1. Overview of a typical cell and cell organelles.

double membrane organized around nuclear material that
consists primarily of highly decondensed chromatin, one or
several nucleoli, and nuclear matrix components. The inner
nuclear membrane is associated with nuclear lamins, which
are related to intermediate filaments (described below),
while the outer nuclear membrane is continuous with endo-
plasmic reticulum. Nuclear pores are one prominent feature
of the nuclear envelope. These tripartite structures embed-
ded in the nuclear envelope allow transport of macro-
molecules in and out of the nucleus. Molecules smaller than
40kD to 60kD can diffuse through the nuclear pore complex
freely. Chromatin consists primarily of very small particu-
late structures (nucleosomes that consist of histone octamer
cores) organized on a double-stranded DNA string. Highly
decondensed chromatin (called euchromatin; approximately
10 percent chromatin) is transcriptionally active and is the
site for nonribosomal RNAs (mRNAs and tRNAs). Dense
chromatin (called heterochromatin; about 90 percent chro-
matin) is transcriptionally inactive. Basic proteins (his-
tones) and nonhistone chromosomal proteins are associated
with chromatin.

Highly condensed chromatin is organized into chromo-
somes that are densely stained during meiosis and mitosis.
The nucleolus is involved in ribosome and other ribonucleo-
protein synthesis. The nucleolus is organized into three
different zones, described as the granular region (pars granu-
losa), the fibrillar region, and the dense fibrillar region (pars
fibrosa). Within the nucleus are nuclear matrix components,
which are proteins thought to play a role in DNA transcrip-
tion and replication.

Mitochondria are organelles of about 0.2 um by 18 um
in size (approximately 1,000 to 10,000 per somatic cell)
enveloped by a double membrane. Mature MII stage oocytes

Mitcchondrion

Rough
endoplasmic
reticulum

Peroxisome

Flagellum

Golgl apparatus

Lysosome

Centricles
and centrosome

material
Microtubules

contain 90,000 to 350,000 mitochondria that arise during
oogenesis from as few as 10 mitochondria in primary
oocytes (reviewed in Schatten et al., 2005). The outer mem-
brane of mitochondria is smooth and unfolded, while the
inner membrane is highly complex and folded into cristae
that project into the mitochondrial matrix. Mitochondria
with tubular cristae are typically seen in steroid-producing
cells such as the corpus luteum in the ovary and Leydig
cells in the testis.

Mitochondria are often called the “powerhouses” of a
cell. The inner mitochondrial membrane contains the
enzymes for oxidative phosphorylation that play a role in
the production of chemical energy in the form of ATP.
Mitochondrial enzymes are also involved in programmed
cell death (apoptosis, described below). Mitochondria
contain DNA that shares similarities with bacterial DNA.
Mitochondrial DNA is inherited maternally (strictly from
the oocyte; paternal mitochondria are destroyed after
fertilization) and is highly conserved. Proteins involved in
mitochondrial structure and functions are encoded by both
mitochondrial and nuclear DNA. Mitochondrial DNA is
used in paternity tests and forensic applications.

In light microscopy, mitochondria can be visualized
after staining with Janus Green B. More recently, Mito-
Tracker staining is used to fluorescently label mitochondria
and view them with fluorescence microscopy (as shown in
Part 5 of this chapter, “Overview of Fertilization”; and in
Katayama et al., 2006; Sun et al., 2001).

Lysosomes are membrane-bounded organelles with
approximately 40 types of hydrolytic enzymes that function
in an acidic environment (with a pH of about 5) and play a
role in the degradation of proteins, nucleic acids, oligosac-
charides, and phospholipids.
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Peroxisomes are membrane-bounded vesicles that
contain approximately 50 different enzymes that play a role
in the synthesis of lipids, bile acids, and phospholipids.
They also play a role in detoxification.

Ribosomes are 15 X 25nm particles that are composed
of a large and small subunit. They are the main cellular
components for protein synthesis. Ribosomes can be seen
freely dispersed in the cytoplasm, grouped into polysomes,
or bound to endoplasmic reticulum (rER).

Glycogen particles are cell inclusions that are the major
storage form of carbohydrate. They can be found as single
particles or as multiple particles that form rosettes.
Glycogen can be detected by light microscopy after staining
with periodic acid-Schiff (PAS) reaction or Best’s Carmine
stain.

Lipids are cell inclusions that are stored in a variety of
cell types, particularly in steroid-producing cells. Lipids are
abundantly present in pig oocytes.

Glycocalyx is an extracellular domain of the plasma
membrane that protects the cell surface and facilitates cell-
to-cell interactions.

Annulate Lamellae are stacks of membrane cisternae
that are characteristic of germ cells. Although their function
is not entirely clear, it is thought that annulate lamellae
provide stored membrane material needed in rapidly divid-
ing germ cells.

The cytoskeleton is of particular importance in cell
biology and modern histology because it plays multiple
roles in numerous biological processes. The cytoskeleton is
a complex, three-dimensional network of protein fibers that
carries out numerous functions and is involved in cell motil-
ity, structural support, and changes in cell shape, signal
transduction, phagocytosis, meiosis and mitosis, cell divi-
sion, and many other processes.

The three major components of the cytoskeleton are
microtubules (25nm in diameter), intermediate filaments
(10nm in diameter) and microfilaments (7 nm in diameter);
they are tube-like microstructures composed of their sub-
units, tubulin, actin, and intermediate filament monomers
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and dimers, respectively. Numerous cytoskeleton-associated
proteins are involved in carrying out specific cytoskeletal
functions, including anchoring to the cell surface, interact-
ing with each other, and severing preformed filaments.

All three cytoskeletal components play crucial roles in
cell cycle progression. Microtubules and microfilaments are
essential components for mitosis and meiosis, while inter-
mediate filaments predominantly serve structural and sig-
naling functions. Intermediate filaments are seen organized
around the nucleus and in cellular junctions. A modified
form of intermediate filaments is found underneath the
nuclear envelope and composes the nuclear lamins.

Other critically important components of the cytoskele-
ton include centrosomes (for recent reviews, see Sun and
Schatten, 2006a,b). Centrosomes are centers that nucleate,
anchor, and organize microtubules. They are composed of
numerous centrosomal proteins that typically surround a
pair of centrioles, microtubule-based structures that resem-
ble the structure of cilia (described in the next section); but
centrosomes are composed of nine outer microtubule trip-
lets and no central microtubules. Centrosomes undergo
cell cycle-specific reorganization (reviewed in Sun and
Schatten, 2006a,b).

While some centrosome proteins such as gamma-tubulin
are permanently associated with centrosome structure,
others are transiently associated with centrosome structure
to perform cell cycle-specific centrosome functions. Tran-
sient centrosome proteins can be of nuclear or cytoplasmic
origin (reviewed in Sun and Schatten, 2006a,b). The con-
tribution of centrosomal proteins by egg and sperm cells
has recently been reviewed by Manandhar et al. (2005). The
following diagram (Figure 3.2) shows a typical organization
of microfilaments, intermediate filaments, and micro-
tubules within somatic cells.

The Cell Cycle

Although most somatic cells reside in a relatively quiescent
state, renewal of cells takes place daily and follows specific
and well-regulated events that are summarized as the cell
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Figure 3.2. Cytoskeletal organization in epithelial cells.
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Figure 3.3. Phases of a typical cell cycle.

cycle. A typical cell cycle takes approximately 24 hours in
mammalian cells. Two major phases are distinguished in a
typical cell cycle; these phases are termed interphase and
mitosis.

The interphase cycle is grouped into three phases char-
acterized by specific events that are centered on DNA rep-
lication, the S (DNA synthesis) phase. The phase prior
to DNA synthesis is called G1 (gap 1), and the phase fol-
lowing DNA synthesis is called G2 (gap 2). Gl contains
one set of DNA (2n = diploid) and G2 contains two sets of
DNA (4n). G1 and G2 are phases for cell growth to double

INTERPHASE CELL MITOSIS
(prophase, metaphase,
cyfoplasm anaphase & telophase)

nucleus

chromosome
m;llcallnn
{5 phasa)

Figure 3.4. Interphase cells from G1 to cell division.

chromasomes

centrosome  nucleolus

INTERPHASE PROPHASE

METAPHASE

cell mass, prepare for DNA synthesis (Gl), and provide
check mechanisms (G2) before cells are allowed to enter
into mitosis. Mitosis is the shortest phase of the cell cycle
(see Figures 3.3 and 3.4).

Mitosis is grouped into four phases characterized by
specific events that refer to the organization of microtubules
by centrosomes into the mitotic apparatus, chromosome
condensation, positioning, and reorganization into the
reconstituted daughter cell nucleus. The main phases of
mitosis are prophase, metaphase, anaphase, and telophase
(see Figures 3.3, 3.4, and 3.5).

CYTOKINESIS

G, phase
2 interphase cealls

.{_ -
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Figure 3.5. A cell undergoing mitosis and cell division. The nuclear envelope breaks down during prophase, chromatin condenses
into chromosomes, and centrosomes move to the opposite poles. In metaphase, condensed chromosomes are organized at the
metaphase plate and centrosomes are organized at the two mitotic poles. During anaphase, chromosomes move toward the two
mitotic poles. Telophase describes the reformation of nuclei followed by cell division.
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e Prophase is characterized by nuclear envelope break-
down, the beginning of chromosome condensation,
centrosome splitting, and microtubule formation into
the mitotic apparatus.

e Metaphase is characterized by maximally condensed
chromosomes that are aligned at the central (metaphase)
plate while microtubules are organized into the meta-
phase spindle by centrosomes that are positioned at the
two opposite poles of the cell.

* Anaphase is characterized by chromosome separation to
the opposite poles toward centrosomes while the spindle
becomes reorganized into an anaphase spindle.

e Telophase is the last phase of mitosis, during which
chromosomes decondense and become reorganized into
daughter nuclei.

These highly dynamic mitotic events are followed by cell
division, which results in two daughter cells with newly
formed interphase nuclei. Cells that do not commit to DNA
synthesis remain in a resting stage that is also called GO
and can be maintained for various lengths of time, often
years.

Numerous cell-cycle control proteins and cell-cycle
check points serve as assurances and regulators for accurate
cell-cycle control. A Cdk2/cyclin B complex is one of the
major triggers for cells to enter mitosis. Somatic cells have
diploid sets of chromosomes; germ cells (male and female)
have a haploid number of chromosomes. To achieve hap-
loidy, diploid precursor cells undergo a process termed
meiosis during which the number of chromosomes is
reduced to haploidy (In) (for review, see Yanagamachi,
1994). Diploidy is restored after fertilization when sperm
and egg unite.

Apoptosis
Apoptosis (programmed cell death) is a programmed elimi-
nation of cells that are either damaged, affected by disease,
or destined for destruction during embryo development.
Precise genetic and molecular mechanisms are initiated to
eliminate specific cells by coordinated signal transduction
events. Cytochrome C released from mitochondria is one of
the major triggers for programmed cell death.
Transmission electron microscopy has been used as a
reliable technique to determine the morphological charac-
teristics associated with apoptosis, which include local con-
densation and degradation of chromatin, destruction of the
cytoskeleton by caspases, clustering of nuclear pores, and
sequestration of chromatin into membrane-bound apoptotic
bodies that are phagocytosed by macrophages. No inflam-
mation is associated with apoptosis; this is different from
necrosis, in which cell injury results in random cell destruc-
tion accompanied by inflammation.

Stem Cells

Stem cells are multipotent, undifferentiated cell populations
that have properties of self-renewal, proliferation, and dif-
ferentiation. Stem cells have been identified in numerous

tissues where they are responsible for renewing diseased
cells. It is thought that stem cells are also present in repro-
ductive tissues.

Epithelial Tissue

The epithelium is a functional layer of cells that covers and
lines organ surfaces and secretory glands. It is attached to
the underlying connective tissue by the basement mem-
brane. Three major categories of epithelia are distinguished
based on the number of cell layers and shapes of cells.

e Simple epithelia are composed of one layer of cells and
can be subdivided into simple squamous, simple cuboi-
dal, and simple columnar, which refer to the height and
width of cells. The term endothelium is used for the
lining of blood and lymphatic vessels. The term meso-
thelium is used to describe the lining of all body
cavities.

e Stratified epithelia consist of two or more cell layers.
The shape of cells in the outer layer is used to describe
the subdivisions into stratified squamous, stratified
cuboidal, and stratified columnar.

e Pseudostratified epithelia are composed of basal and
columnar cells that are layered onto the basal lamina.
Pseudostratified columnar epithelium with stereocilia is
visible in the epididymis of the male reproductive system.
The basic epithelial classifications are presented in
Figure 3.6.

This conventional classification of epithelial cells
describes the basic morphology, but there are functional
differences within epithelia of different organs. The epithe-
lium is functionally highly significant because it serves
important roles that include absorption and secretion, and
it is a dynamic barrier for water and gas exchange. The
ultrastructure of a typical epithelial cell reflects the func-
tions as seen in surface modifications, number of cell organ-
elles, and other characteristics. Tissue polarity refers to the
domains of cells that are exposed to different microenviron-
ments that influence tissue and organ functions. The apical
domain of epithelial cells refers to the side that faces the
lumen or external environment; the lateral domain interacts
with surrounding cells through adhesion molecules and
junctional complexes; the basal domain interacts with the
underlying connective tissue and is typically associated
with the basal lamina.

The polarity of epithelial cells is functionally highly
important because functions between the internal and
external environment vary, and different functions are
required for different tissue organizations. Three major
external epithelial cell surface modifications (cilia, micro-
villi, stereocilia) are known to serve varied cell functions
in different tissue.

e (Cilia are motile surface extensions composed primarily
of microtubules that allow bending and cilia motility.
Cilia are 0.2um in diameter and between 5Sum and
15umin length. In reproductive systems, ciliated
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Figure 3.6. Typical epithelial cell organizations.

epithelial cells are primarily found in the oviduct to
allow transport of the fertilized egg to the uterine cavity.
Other mechanisms may also play a role in this motility.
A modified form of cilia is found in the sperm tail, where
a set of nine doublet outer microtubules and two single
central microtubules are the primary cytoskeletal com-
ponents that allow sperm tail motility. Flagella can be a
few hundred micrometers in length. A cross section of a
cilium is shown in Figure 3.7.

Microvilli are finger-like cell surface projections pri-
marily composed of microfilaments. Microvilli are

Protofilamenis

Quter arm
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Bridge

Inner arm
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Figure 3.7. Cross-section through a cilium or flagellum.
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approximately 0.1 um in diameter and have various
lengths. Microvilli abundantly line the intestine and are
seen on the surface of cells. In the reproductive system,
microvilli are seen at the luminal surface of the epidi-
dymis epithelium and on the surface of oocytes and
embryos. Oocytes are densely stubbed with microvilli
except for a small area that overlies the meiotic
spindle.

Stereocilia have the same substructure as microvilli, but
not as cilia (as the name might suggest), and they do not
contain microtubules. The major components of stereo-
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cilia are microfilaments. Stereocilia are typical of the
epithelial lining of the epididymis. They play a role in
sperm maturation.

Several cell-adhesion molecules for inter-epithelial cell
contact and cell junctions are associated with epithelial
cell assemblies. Cell-adhesion molecules include Ca™-
dependent molecules such as cadherins and selectins, and
Ca™-independent molecules such as the immunoglobulin
superfamily and integrins. Cell junctions provide stronger
stability between cells and allow the movement of solutes,
ions, and water. They are symmetrical structures between
two cells; they can be divided into three major classes:

1. occluding junctions or tight junctions
2. anchoring junctions
3. gap or communicating junctions

These junctions can be well discerned on an ultrastruc-
tural level using transmission electron microscopy. Freeze-
fracturing is a most useful technique to visualize occluding
junctions. Dysfunctional cell junctions are associated with
various diseases.

The basement membrane is the supporting sheet for
most epithelia and is composed of laminin and fibronectin,
two distinct proteins of the extracellular matrix associated
with collagens, proteoglycans, and other proteins. The base-
ment membrane is well recognizable with electron micro-
scopy and can be visualized clearly in light microscopy
with periodic acid-Schiff (PAS) stain. Immunocytochemi-
cal localization of antigens is commonly used to identify
components in cells and tissue.

Epithelial Glands

Epithelial glands are generally classified into simple and
compound glands. Simple epithelial glands are character-
ized by having their secretory area connected to the surface
by an unbranched duct. They are subclassified into simple
tubular glands, simple coiled tubular glands, simple tubular
branched glands, and simple acinar or alveolar glands.
Compound glands are characterized by branching ducts
that contain secretary products.

Compound glands are classified into compound tubulo-
acinar glands, compound tubular glands, and compound
alveolar glands. Most glands develop as epithelial outgrowth
into the underlying connective tissue. Exocrine glands
remain connected to the surface, while endocrine glands do
not have an excretory duct. Examples of compound glands
in the reproductive system are found in the prostate.

Cytology Methods

Many classic cytology methods are used for routine analysis
(for detailed information, see Banks, 1993), including the
classic eosin-hematoxylin staining. Immunofluorescence
and fluorescence microscopy have become more frequently

used techniques in recent years and are employed to analyze
specific molecules with powerful and specific immunologi-
cal and molecular probes. In this concept, specific fluores-
cent molecular markers are employed that either directly
label the structure of interest, or they allow detection of the
specific reactions, and, therefore, detection of the specific
antigen, by using an antigen-antibody reaction followed by
a fluorescently tagged second antibody staining (for detailed
information, see Javois, 1999).

Examples of the most commonly used fluorescent labels
are MitoTracker to label mitochondria, DAPI or Hoechst
to label DNA, the anti-tubulin antibody to label microtu-
bules, the anti-actin antibody to label microfilaments,
and numerous others. The basic techniques have been
extended to analyze live cells. Various modifications of
fluorescence microscopy approaches include fluorescence
recovery after photobleaching (FRAP) to study dynamic
processes and fluorescence energy transfer (FRET) to study
relationships between neighboring molecules within cells,
among many others. Instrumentation that is used for analy-
sis includes standard epifluorescence, confocal, or multi-
photon microscopy.

The most commonly used classic stains include the
periodic-acid-Schiff (PAS) reaction, which provides
magenta staining to identify 1,2-glycol or 1,2-aminoalcohol
groups that are found in glycogen, mucus, and glycopro-
teins. PAS is used preferentially to recognize the basement
membrane that consists of laminin and fibronectin. Eosin
stains many basic proteins. Toluidine blue is used to iden-
tify DNA and RNA, while the Feulgen reaction is specific
for the localization of DNA. Autoradiography relies on
radioactive labeling of a precursor, which is used to analyze
synthesis of specific processes, such as DNA synthesis.
This analysis uses radioactive thymidine labeling as the
precursor.

Scanning and transmission electron microscopy are
employed for ultrastructural analysis (Goldstein et al.,
2003; Kierszenbaum, 2002). Both methods require fixation
with strong protein crosslinkers such as glutaraldehyde.
Scanning electron microscopy allows analysis of surface
structures including internal structures that have been
isolated or obtained by fracturing. Transmission electron
microscopy allows analysis of thin-sectioned biological
material that is stained with heavy metals, a process that
typically is achieved by postfixation with osmium tetroxide
and staining with uranyl acetate. Immunoelectron micro-
scopy mainly employs antigen-antibody reactions. This is
followed by labeling with secondary antibodies that are
tagged with electron-dense gold particles of various sizes
that typically range from 1nm to 20nm (this labeling is
generally referred to as “immunogold labeling”).
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Part 3.2

Overview of Male Reproductive Organs

Cheryl S. Rosenfeld

The following overview of the male reproductive organs
focuses on (1) the zestes, which produce sperm and synthe-
size and secrete androgens; (2) the epididymis, ductus (vas)
deferens, ejaculatory duct, and part of the male urethra,
which are essential for transport of spermatozoa; (3) acces-
sory glands, the ampulla of the ductus deferens, the seminal
vesicle (vesicular gland), the prostate gland, and the bul-
bourethral (Cowper’s) glands, whose secretions provide
nutrients to the ejaculated spermatozoa; and (4) the penis,
the erectile tissue that forms the copulatory organ. The
male reproductive system also includes the prepuce, which
is typical skin that surrounds the penis, and the scrotum,
which is the skin that encases the testes. The two main
functions of the male reproductive system are produc-
tion and transport of spermatozoa, and synthesis of testos-
terone and other hormones (for review of these systems, see
Eurell and Frappier, 2006).

The Testes

The testes are comprised of two main areas: the connective
tissue and vascular layers that associate and penetrate into
the testes, and the parenchyma region that contains the
convoluted seminiferous and straight tubules, which produce
and transport the spermatozoa, respectively.

Connective Tissue and Vascular Layers Associated
with the Testes

The tunica vaginalis, which includes the parietal and vis-
ceral lamina layers, surrounds each of the testes. The vis-
ceral lamina includes the mesothelial cells and underlying
basement membrane. This layer blends insensibly into the
tunica albuginea (see Figures 3.8 and 3.9), which is com-
posed of dense, irregular connective tissue (DICCT) that
also surrounds the epididymis (for review, see Eurell and
Frappier, 2006). Branches of the testicular artery and
pampiniform plexus (testicular vein) penetrate into this
connective tissue layer.

These vascular areas are termed the tunica vasculosa,
and they may be superficial or deep within the parenchyma
of the testis (see Figures 3.9 and 3.10). Radiating from the
tunica albuginea are thin connective tissue strands, called
septula, that connect the tunica albuginea with the medias-
tinum, a connective tissue layer in the center of the testis.
The septula divide the testis into lobules. The rete testis is
located within the mediastinum region (see Figure 3.11).

Parenchyma of the Testis
The parenchyma of the testis is made up of various tubules,
lobules, or ductules. The main tubules in this region are the

Figure 3.8. Low magnification of testis. A. Parietal lamina of
vaginal tunic; B. visceral lamina of vaginal tunic; C. tunica
albuginea. The arrows point at the septulum. (Also see color
plate)

Figure 3.9. Low magnification of testis. A. Parietal lamina of
vaginal tunic; B. Visceral lamina of vaginal tunic; C. Tunica
albuginea. The arrows point at tunica vasculosa. (Also see
color plate)
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Figure 3.10. Testis. Black arrows, T. albuginea; dark gray
arrows, T. vasculosa; and light gray arrows, septulum. (Also
see color plate)

convoluted seminiferous tubules (lobules), which produce
the spermatozoa (see Figure 3.12). The spermatozoa are
released from the seminiferous tubules into the straight
tubules. These tubules are most prominent in the stallion,
and the initial portion of these tubules are lined by Sertoli
(Sustentacular) cells that, with their long filamentous mor-
phology, act as a valve to prevent back-up of the sperm. The
rest of the straight tubules are lined by simple cuboidal
epithelium. From the straight tubules, the sperm then enters
into the rete testis, which is located in the mediastinum
region, and these channels secrete fluid to bathe the sper-
matozoa. The subsequent tubules are the efferent ductules,
which in most species are outside the testis, but in other
species, such as the boar, bull, goat and dog, are located
within the testis.

Figure 3.11. Low magnification of testis. M., mediastinum.
The arrows point at rete testis in mediastinum. (Also see color
plate)

Figure 3.12. Convoluted seminiferous tubules and interstitium
of the testis. The arrows point at Leydig cells, which appear
very vacuolated. (Also see color plate)

Convoluted Seminiferous Tubules

Convoluted seminiferous tubules are comprised of stratified
spermatogenic epithelium with two main cell-types: Sertoli
(Sustentacular) and spermatogenic cells (see Figures 3.13
and 3.14) (for review see Brehm and Steger, 2005). The
peri-tubular or myoid cells with long elliptical nuclei sur-
round the spermatogenic epithelium with its underlying
basement membrane. While these cells are not true muscle
cells, they possess numerous actin filaments. Thus, their
contraction is thought to aid in releasing the sperm from
the spermatogenic epithelium.

Spermatogenesis

The process of germ cell development from spermatogonia
to spermatozoa is termed spermatogenesis, and this pro-
gression occurs within the convoluted seminiferous tubules
(for further information see Franca et al., 2005; Liu, 2005).
Spermatogenesis is further divided into three phases: sper-
matocytogenesis, meiosis, and spermiogenesis.

Spermatocytogenesis

The end product of spermatocytogenesis is the primary
spermatocyte cell. The primordial germ cells give rise
to type A spermatogonia, which are diploid. These cells
remain close to the basement membrane and will continue
to divide (see Figure 3.14). Type A spermatogonia
are extremely resistant to toxic insult and if need be, can
repopulate the germ cells within the seminiferous tubules.
Some type A spermatogonia eventually differentiate into
diploid type B spermatogonia, which further differentiate
into diploid primary spermatocytes (see Figure 3.14).

Meiosis

Meiosis is the process by which the diploid primary sper-
matocytes eventually give rise to haploid round spermatids.
The primary spematocytes (2N) undergo DNA duplication,
and thus they are considered 4N in terms of DNA content.



Histology, Cellular and Molecular Biology of Reproductive Organs 71

o

Figure 3.13. Testis. Arrows, Leydig (interstitial) cells; and
arrowheads, Sertoli cells. (Also see color plate)

However, most individuals use N to refer to chromosomes
rather than DNA. These cells will enter the first round of
meiosis and one primary spermatocyte will give rise to two
secondary spermatocytes (IN in terms of chromosomes
and 2N for DNA content). These cells almost immediately
initiate meiosis II, and thus they are transient and diffi-
cult to see in most histological sections of the testes. Two
secondary spermatocytes will yield four round spermatids
in the process of meiosis Il (see Figures 3.14 and 3.15)
(IN chromosomal content, IN DNA content). The round
spermatids are the end product of meiosis.

Spermiogenesis

The final stage of spermatogenesis is called spermiogenesis,
and this process includes the development of the haploid
round spermatids into haploid elongated spermatozoa that

Figure 3.14. Testis. Black arrowheads, Sertoli cell; light gray
arrowheads, spermatogonia; dark grey arrowheads, primary
spermatocytes; and white arrowheads, spermatids. (Also see
color plate)

Figure 3.15. Testis. Arrows point at acrosomal cap
surrounding the nucleus of the round spermatids. (Also see
color plate)

are ready to be released from the convoluted seminiferous
tubules (see Figures 3.14, 3.15, and 3.16). Four main events
occur as part of this stage: acrosome formation, condensa-
tion of the chromatin, flagellar formation, and the excess
cytoplasm is shed as the residual body.

The acrosome is a glycoprotein cap of digestive enzymes
overlying the nucleus that is thought to aid the sperm in
pentration through the corona radiata and zona pellucida
surrounding the oocyte. Rough endoplasmic reticulum
(RER) and the Golgi body are essential for the synthesis of
this region. Initially the acrosome starts out as a granule,
but as the cell develops further, the acrosome will expand
to cover the nucleus.

The chromatin must undergo condensation to permit the
spermatozoa to travel rapidly within the male and female
reproductive tracts. The large spherical nucleus of the round
spermatid becomes streamlined, but not pyknotic.
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Figure 3.16. Testis. Arrows point at acrosomal cap surrounding
the nucleus of the elongated spermatids. (Also see color plate)
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The sperm must develop a flagellum for it to become
motile within the male and female reproductive tracts. This
structure will develop from one of the centrioles, and thus
it is composed of microtubules in the classic 9 + 2 arrange-
ment. The mitochondria orient alongside the flagella to gen-
erate ATP needed for flagellar movement. Finally, the round
spermatids must shed their excess cytoplasm, as the residual
body. The Sertoli cells then phagocytose the residual body.

Sertoli (Sustentacular) Cells

As their name implies, these cells support or nurse the germ
cells. Innumerate functions have been attributed to the
Sertoli cells (see Figures 3.13 and 3.14) (for review see
Mruk and Cheng, 2004; Skinner and Griswold, 2004). We
will examine just a few of these cells’ functions, but first
we will consider their morphology to understand some of
their functions.

Morphology of the Sertoli Cells

The Sertoli cells are located within the convoluted seminif-
erous tubules, and the cytoplasmic boundaries of the Sertoli
Cells cannot be discerned when the germ cells are present.
However, these cells extend the entire length of the semi-
niferous epithelium. In most histological sections, the
Sertoli cells are identified by their oval nucleus located near
the basement membrane and they are oriented perpendicu-
lar to the seminiferous tubules. These cells also have a
prominent nucleolus, but depending upon the plane of
section, this structure is not evident in all Sertoli cells.

Functions of the Sertoli Cells

The general functions of the Sertoli cells are to support,
protect, and nourish the developing germ cells. The Sertoli
cells will also phagocytose the residual body formed during
spermiogenesis and any dead germ cells.

These cells produce androgen binding protein (ABP) and
inhibin in response to Follicle Stimulating Hormone (FSH).
ABP concentrates festosterone produced by the Leydig cells,
and this concentration of testosterone and other androgens
within the seminiferous epithelium is needed for normal
spermatogenesis. Similar to females, inhibin from the Sertoli
cells negatively inhibits FSH secretion in males.

Pre-pubertal Sertoli cells are capable of synthesizing
estrogen. However, as they mature, they lose the ability to
produce estrogen. In dogs and humans, neoplastic (cancer-
ous) Sertoli cells can revert to producing estrogen. This
synthesis of estrogen by Sertoli cell tumors can lead to a
condition termed gynecomastia (enlarged mammary glands)
that may produce milk and overall feminization of males.

In utero, the developing Sertoli cells produce anti-
Mullerian hormone (AMH) or Mullerian inhibiting sub-
stance (MIS) that induces the regression of most of the
Mullerian (paramesoneprhic) duct. However, even normal
males have vestigial Mullerian duct tissue such as the uterus
masculinis. Another important function of the Sertoli cells
is to form the blood-seminiferous tubular (testis) barrier

that is composed of the occluding junctions of the Sertoli
cells. This barrier divides the convoluted seminiferous
tubules into the basal and adluminal compartments. The
function of this barrier is to protect germ cells that were not
present at the time of immune maturation against attack by
the immune system. Spermatogonia are the only germ cells
present during immune maturation, and thus, these cells
reside in the basal compartment. All of the other germ
cells, including the primary spermatocytes, reside in the
adluminal compartment. The primary spermatocytes are
capable of moving past the tight junction and afterwards the
tight junctions are re-established.

Interstitial (Leydig) Cells

The Leydig cells are located in the interstitium of the testis,
between the convoluted seminiferous tubules. Leydig cells
may appear either foamy (due to accumulation of many
lipid droplets) or acidophilic (due to accumulation of numer-
ous tubular cristate mitochondria) (see Figures 3.11 and
3.13). Boars and stallions have the greatest number of
Leydig cells compared to other domestic animal species. In
response to interstitial cell stimulating hormone (ICSH), or
as it is called in females, luteinizing hormone (LH), these
cells produce festosterone and some estrogen in adult
animals. (For additional information on the Leydig cells see
Payne, 1996).

Testicular Clinical Problems

We will consider just some of the pathological changes that
can occur within the testis. Some of these, such as cryptor-
chidism and Sertoli cell tumors, may be linked together.

Testicular Tumors

There are three main types of testicular tumors: Seminoma,
Sertoli cell tumor, and Leydig (interstitial) cell tumor (for
review see McEntee, 2002). Most of these tumors are benign,
but some of these can lead to other clinical sequelae.

Seminoma

This tumor is derived from germ cells, and of the three tes-
ticular tumors, is the most likely to become malignant. Just
like normal germ cells, the neoplastic germ cells are located
within the seminiferous tubules and they have high mitotic
activity.

Sertoli Cell Tumor

Many Sertoli cell tumors produce large amounts of estrogen
that can induce feminization, including enlarged mammary
glands, and may cause urinary incontinence. This tumor is
commonly seen in cryptorchid testes and is recognized by
long filamentous cells that are within neoplastic convoluted
seminiferous tubules devoid of germ cells.

Leydig (Interstitial) Cell Tumor

Leydig cell tumors are located in the interstitium. They are
not known to produce any additional hormones, which
induce secondary clinical problems.
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Cryptorchidism

Normal spermatogenesis requires that the testes descend
into the scrotum, which serves to provide the lower tem-
perature necessary for germ cell development (for review
see Wensing, 1988). Cryptorchidism occurs when the
testes do not descend properly (for more information see
Romagnoli, 1991).

Cryptorchid testes may be located as far cranial as the
kidney or somewhere in the inguinal canal. The higher
temperature exposure results in a lack of spermatogenesis
in these testes. However, cryptorchid testes still have func-
tional Sertoli and Leydig cells. One test to determine if an
animal may have a retained testicle is to give him either
GnRH or LH and then measure the serum testosterone
concentrations. Cryptorchid animals have normal to ele-
vated serum testosterone concentrations. Some have postu-
lated that treatment of these animals with GnRH or LH may
induce descent of the testes into the scrotum, but evidence
to support this hypothesis is lacking. As mentioned above,
Sertoli cell tumors are routinely observed in cryptorchid
testes.

Epididymis

The epididymis connects the testis to the ductus (vas) def-
erens. Most individuals divide the epididymis into efferent
ductules and ductus epididymidis.

Efferent Ductules

After traversing the rete testis, the sperm enters into the
efferent ductules, which are composed of simple columnar
epithelium with true motile cilia (kinocilia). The efferent
ductules and initial portion of the ductus epididymidis
absorb most of the rete testis fluid and the ciliated cells of
the efferent ductules propel the sperm into the ductus
epididymidis.

Ductus Epididymidis

The ductus epididymidis is divided into three regions:
initial segment and caput (head), corpus (body), and cauda
(tail). This organ stores and aids in the maturation of the
spermatozoa. The spermatozoa is incapable of fertilization
when it enters the epididymis. By the time they reach the
cauda epididymis, the sperm are fully mature. All three
regions of the ductus epidymidis are comprised of pseudo-
stratified columnar epithelium with non-motile stereocilia
(long microvilli), but the epithelial height decreases from
the initial segment to the cauda region (see Figures 3.17 and
3.18).

Ductus Deferens

The ductus deferens is within the spermatic cord and is the
continuation of the cauda epidymidis (see Figures 3.19,
3.20, and 3.21). This organ transports the sperm via peri-

Figure 3.17. Cauda epididymis. Arrows, collections of
spermatozoa in the ductus epididymis; horizontal bar, one
epididymal tubule or ductule. (Also see color plate)

staltic action into the pelvic urethra. The colliculis semina-
lis is an eminance where the ductus deferens opens into the
pelvic urethra. The ductus deferens is a typical tubular
organ with pseudostratified columnar epithelium with or
without stereocilia and a thick but ill-defined tunica mus-
cularis that courses in all directions.

Figure 3.18. Cauda epididymis. Higher magnification of one
epididymal tubule reveals that it is lined by a pseudostratified
columnar epithelium. Within this epithelium, there are four
main types of cells—basal, principal, narrow, and apical.
Collections of spermatozoa are present in the center of the
tubule. The spermatozoa that are stored in the cauda epididymis
are fully mature and capable of fertilizing an ovum. The arrows
point at the pseudostratified columnar epithelial lining of the
epididymis. The horizontal bar is across the collection of
spermatozoa in one epididymal tubule. (Also see color plate)
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Figure 3.19. Spermatic cord. The four main structures that
comprise the spermatic cord are visible. These include the
ductus deferens, testicular artery, pamipiniform plexus and
nerves. The visceral lamina of the vaginal tunic that surrounds
the ductus deferens is called the mesoductus deferens, and that
surrounds the arteries, nerves, and veins is called the
mesorchium. White horizontal bar, cremaster muscle; black
horizontal bar, ductus deferens; dark gray bar, pampiniform
plexus, nerves, and testicular artery in this area; black arrow,
mesoductus deferens. (Also see color plate)

Accessory Genital Glands

These organs produce the fluid of the ejaculate that nour-
ishes, protects, and buffers the spermatozoa. As indicated
in Table 3.1, these glands are not present in all species. The
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Figure 3.20. Ductus deferens in spermatic cord. The ductus
deferens is lined by a pseudostratified columnar epithelium with
long microvilli closest to the epididymis. The epithelium will
decrease in height and in most cases the long microvilli will be
lost. The smooth muscle surrounding the ductus deferens is
irregularly arranged. The ductus deferens serves as a conduit to
transport the spermatozoa. (Also see color plate)

Table 3.1. Summary of the accessory sex gland in the
various species.

Dog Cat Boar Ruminants
Prostate + + + +
Bulbourethral gland - + + +
Seminal vesicles - - +
Ampulla of ductus deferens  + - - +

seminal vesicles (vesicular glands) are absent in the dog and
tom cat, and dogs do not have a bulbourethral gland. Both
the tom cat and boar lack an ampulla of the ductus deferens.
All species have a prostate that can be predominantly as a
body (in the case of the dog) or disseminate portion (as in
the case of the boar).

Prostate

All domestic animal species have a prostate, but the dog
has the most prominent prostatic body surrounding the
urethra (see Figures 3.22, 3.23, and 3.24). In other
species, such as the boar, the prostatic tissue is dissemi-
nated within the lamina propria-submucosa of the pelvic
urethra. Simple cuboidal strikingly acidophilic epithelium
characterizes the prostatic glands whether it is in the
body or disseminate portion. These glands produce an
alkaline product to neutralize the acidity of the semen,
and the prostatic secretions are the bulk of the initial
ejaculate.

- L

Figure 3.21. Higher magnification of ductus deferens in
spermatic cord. Black arrow, pseudostratified columnar
epithelium with long microvilli; vertical bar, tunica muscularis.
(Also see color plate)
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Figure 3.22. Canine prostate and prostatic urethra. The
colliculus seminalis, where the ductus deferens empties into the
urethra, is present. It is represented by multiple cross sections
of the ductus deferens on each side. They are not to be confused
with the uterus masculinis, which is a remnant of the
paramesonephric duct. Long white horizontal bar, uterus
masculinis; short black horizontal bars, cross sections of
ductus deferens; arrows, epithelial lining of urethra. (Also see
color plate)

Vesicular Glands (Seminal Vesicles)

This organ is made up of a fibrous to smooth muscle capsule
surrounding large irregular alveolar glands with pseudo-
stratified columnar epithelium (see Figures 3.25 and 3.26).
In ruminants and boars, basal cells may be seen in this
epithelial layer, and these cells may accumulate large lipid
droplets, particularly in ruminants. The vesicular gland
secretion is rich in fructose to nourish the spermatozoa.

Figure 3.23. Higher magnification of prostate glands.
Horizontal bars, tubuloalveolar prostatic glands of the dog.
(Also see color plate)

Figure 3.24. Canine prostate. The prostatic glands are lined by
simple cuboidal to low columnar epithelium with apical blebs.
The alkaline product buffers the spermatozoa. Horizontal bars,
tubuloalveolar acidophilic staining prostatic glands that have
apical blebs. (Also see color plate)

Ampulla of Ductus Deferens

The ampulla of ductus deferens is an enlargement of
the terminal part of the ductus deferens, whose glands
contain large irregular alveoli, but unlike the vesicular
gland, lacks a capsule. This organ is best appreciated
under low magnification. In the dog, the ampulla is
grossly identified by a slight increase in the diameter
of the ductus deferens. Similar to the ductus deferens,
the ampulla contains a lamina propria-submucosa and
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Figure 3.25. Vesicular glands of the boar. The vesicular glands
are composed of irregularly shaped alveoli that are lined by a
simple columnar to pseudostratified columnar epithelium. The
fructose from these glands provides energy for the spermatozoa.
Carnivores do not have vesicular glands. In ruminants and some
boars, basal cells are present in the glandular epithelium, and in
the case of ruminants, these cells may contain lipid droplets.
(Also see color plate)
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Figure 3.26. Higher magnification of the vesicular glands of
the boar. The arrows point at simple columnar—pseudostratified
columnar epithelium that lines the vesicular glands. (Also see
color plate)

tunica muscularis arranged in ill-defined layers. As with the
vesicular glands, the ampulla of the ductus deferens pro-
duces high concentrations of fructose for energy.

Bulbourethral (Cowper’s) Gland

In the species that have a bulbourethral gland, this organ
is located at the junction of the pelvic urethra and the penile
urethra. The glands are arranged in tubules or alveoi or
tubuloalveolar with simple columnar epithelium containing
lipid droplets that push the nuclei towards the base (see
Figures 3.27 and 3.28). The mucus secretion from these

Figure 3.27. Feline bulbourethral glands and bulboglandularis
muscle. The bulbourethral glands secrete a mucus product that
coats the urethra prior to ejaculation. Dark gray bar,
bulburethral gland in the cat; black bar, bulboglandularis
muscle. (Also see color plate)

Figure 3.28. Feline bulbourethral gland. These glands are
simple columnar tubuloalveolar glands. The nuclei of the cells
is towards the base, and the cytoplasm stains pale to basophilic.
(Also see color plate)

glands lubricates the urethra prior to ejaculation. In most
histological sections, either the bulboglandularis or bulbo-
spongiosis muscle may be seen in proximity to the bulbo-
urethral gland.

External Genitalia

The external genitalia include the penis and scrotum. The
penis is the male copulatory organ and contains the spongy
or penile urethra. Thus, the penis is essential for transfer of
the spermatozoa into the female reproductive tract. The
scrotum encases the testes and helps provide the proper
temperature for spermatozoa development.

Penis

The penis is composed of three parts: root, body, and glans.
The glans region is the most variable in the domestic
animals.

Root

The right and left crura attaches the root of the penis to the
ischial tuberosities. The root comprises the two crura and
the bulbus penis.

Body

The body consists of the corpus cavernosa penis, which
is a continuation of the crura of the penis, and the
penile urethra surrounded by the corpus spongiosum
penis (see Figures 3.29 to 3.35). Both the corpora caver-
nosa and corpus spongiosum are considered erectile
tissues and, depending on the species, may contain
abundant elastic fibers and vascular sinuses. The paired
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Figure 3.29. Feline penile urethra. Corpus spongiosum
surrounds the penile urethra. Ventral to the urethra, corpus
cavernosum that has been infiltrated with adipose tissue is
present. Both the corpus spongiosum and corpus cavernosum
are erectile tissue. Black arrows, corpus spongiosum; long
gray bar, penile urethra; short black bar, corpus cavernosum.
(Also see color plate)

smooth muscle retractor penis muscles are below the corpus
spongiosum. Similar to the testes and epididymis, the penis
has a surrounding tunica albuginea.

Glans Penis

In the dog the glans consists of the bulbus glandis and pars
longa glandis. Some species, such as the dog, tom cat,
raccoon, otter, and walrus, have an os penis (a bony struc-
ture) in this region (see Figure 3.36), while others may have
another area of erectile tissue called the corpus spongiosum
glandis. In tom cats, the caudal end of the os penis can

Figure 3.30. Feline penis. Unlike the other species, the cat
penis is directed caudoventrally in the non-erect state so the
urethra is dorsal to the os penis. Cats also have cornified spines
that presumably induce ovulation in queens. These spines
regress in neutered tom cats. (Also see color plate)

Figure 3.31. Canine penis—pars longa glandis. This picture
shows the penile urethra surrounded by corpus spongiosum.
Arrows, urethral lining; horizontal bars, corpus spongiosum.
(Also see color plate)

collect calculi and thereby obstruct urination. This condi-
tion is called feline urological syndrome (FUS) and the
calculi must be flushed out with a catheter or removed surgi-
cally by performing urethrotomy.

Unique Penile Anatomical Structures of the Tom Cat
The glans penis is conical and undivided in the tom cat. In
the non-erect state, the urethra is dorsal to the os penis (see
Figure 3.30); whereas it is in the reverse location in all other
species. The intact tom cat has cornified spines on the glans
penis that presumably induce ovulation in the queen. These
structures regress in neutered cats.

Figure 3.32. Equine penis. This pictures shows the penile
urethra surrounded by corpus spongiosum. Arrows, urethral
lining; bars, corpus spongiosum. (Also see color plate)
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Figure 3.33. Equine penis. This picture shows the corpus
cavernosum surrounded by the tunica albuginea. Helicine
arteries supply blood to the corpus cavernosum. These arteries
have epitheloid smooth muscle cells. When the cells are relaxed,
the blood flows into the erectile tissue and the penis becomes
erect. Contraction of these muscle fibers results in relaxation of
the penis. Black arrows, tunica albuginea; gray arrows, corpus
cavernosum; horizontal bars, trabeculae from the tunica
albuginea that radiates into the corpus cavernosum. (Also see
color plate)

Male Urethra

The pelvic urethra extends from the neck of the urinary
bladder to the bulb of the penis (see Figure 3.37). The
penile urethra is surrounded by the corpus spongiosum and
eventually opens up into the external urethral ostium. The
male urethra is a typical tubular organ with transitional to

Figure 3.34. Bovine penis. This figure demonstrates the penile
urethra surrounded by corpus spongiosum. Arrows, urethral
lining; bar, corpus spongiosum. (Also see color plate)

Figure 3.35. Bovine penis. This species has a fibrous type of
penis with more fibrous connective tissue and less erectile tissue
than the stallion. Arrows, tunica albuginea; thin vertical bar,
corpus cavernosum. (Also see color plate)

stratified squamous epithelium. The distal end of the penis
may include portions that are stratified cuboidal to stratified
columnar.

Scrotum

The scrotal skin is typical skin with an overlying epidermis

and underlying tunica dartos, or subcutaneous layer, that

contains smooth muscle which forms the scrotal septum.
For anatomical details see Chapter 2.

Figure 3.36. Canine penis—pars longa glandis. This figure
shows the os penis in the pars longa glandis. Not pictured here
is the corpus spongiosum glandis, which is erectile tissue that is
the configuration of the corpus spongiosum penis. (Also see
color plate)
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Figure 3.37. Pre-prostatic urethra of the cat and ductus
deferens. The cat has a long pre-prostatic urethra, and thus it
can be seen with the paired ductus deferens. (Also see color
plate)
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Part 3.3

Comparative Histology and Subcellular Structure of Mammalian

Spermatogenesis and Spermatozoa

Gaurishankar Manandhar and Peter Sutovsky

The purpose of spermatogenesis is to provide a continuous
output of spermatozoa throughout the reproductive lifespan
of an individual. This requires commensurate renewal of
spermatogenic stem cells in the testes as well as certain
stringency of sperm quality control aimed at avoiding fer-
tilization of ova with the spermatozoa carrying nuclear or
mitochondrial genomic defects. This process, which is flex-
ible enough to permit evolutionary adaptation, assures the
perpetuation of the species while lowering the likelihood
of defective genome transmission that could lead to embryo
loss or birth defects.

The goal of this section is to familiarize scientists and
professional students who possess basic knowledge of the
reproductive biology with details of the molecular compo-
sition of sperm organelles and their functions, emphasiz-
ing new findings yet to be incorporated in text books. It is
illustrated by light and electron micrographs that compare
spermatogenesis in laboratory rodents, large farm animals,
ruminant and non-ruminant ungulates, and humans.

General Structure of Mammalian
Spermatozoa

Mammalian spermatozoa are elongated motile cells spe-
cialized to deliver haploid male genomes to oocytes. A
spermatozoon comprises a head and tail (see Figure 3.38).
The head contains a nucleus with a highly compact, hyper-
condensed chromatin encapsulated by a perinuclear theca
and acrosome that help the spermatozoon to penetrate the
oocyte vestments and initiate an embryonic cell cycle after
fertilization. The tail can be divided into a connecting
piece, mid-piece, principle piece, and end-piece. The con-
necting piece encompasses the centrosome that plays an
important role in bringing male and female gamete nuclei
together in the zygotes and in organizing the bipolar cleav-
age spindle. The mid-piece harbors a mitochondrial sheath
that is necessary to generate energy for the sperm motility.
The tail propels the spermatozoa forward through the uterus
and oviduct until meeting and penetrating the oocyte.

The length of human and common domestic animal
spermatozoa is about 50um, while rodent spermatozoa
measure 150um to 250um. Homey opossum (Tarsipens
rostratus) has the longest spermatozoa (350 um) among
mammals. The spermatozoa of most mammalian species

have compressed, spatulate heads (see Figure 3.39). Rodent
spermatozoa have sickle-shaped, falciform heads. The
marsupial spermatozoa become paired during epididymal
maturation by adhering to the ventral side of the sperm head
and remain paired until binding the zona pellucida (Moore
and Taggart, 1995).

The Sperm Head

The head is the anterior-most part of spermatozoa, compris-
ing the nucleus, perinuclear theca, acrosome, and plasma
membrane. Its main function is to penetrate into the oocyte,
deliver the haploid genome, and initiate embryonic develop-
ment after fertilization.

Sperm Nucleus

The central core of the sperm head is the nucleus that
encloses a haploid set of paternal chromosomes (see Figure
3.40). The chromatin of sperm head is 6 to 10 times more
compact than the metaphase chromosomes of a somatic cell
and is synthetically and transcriptionally inactive. Histo-
chemical staining as well as electron microscopy shows that
sperm chromatin is homogeneous in nature. However,
primate sperm nuclei display vacuoles that are remarkably
prominent in human spermatozoa (Zamboni et al., 1971).
The nuclear vacuoles are irregular in outline, lack a limiting
membrane, and probably formed as a result of incomplete
chromatin condensation. Some nuclear vacuoles contain
remnants of spermatid cytoplasm. The presence of vacuoles
in the nuclei is regarded as a defect in most mammalian
species (Barth and Oko, 1989). A nuclear diadem/crater
defect caused by invagination of perinuclear cytoplasm and
microtubules in the nucleus is occasionally observed in
infertile ruminant males (Larsen and Chenoweth, 1990)
and presumably fertile mice (Manandhar and Schatten,
1999).

The enormous compaction of sperm chromatin is due to
replacement of the DNA-protecting proteins, histones, by
protamines during the post-meiotic phase of sperm develop-
ment. Protamines are arginine- and cysteine-rich (about 70
percent arginine and 15 percent cystein in protamine 1),
basic, low molecular weight proteins (Brewer et al., 2002)
that are capable of forming stable disulphide bonds (S-S)
between their thiol groups.
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Figure 3.38. Schematic diagrams showing the internal
structure of A. demembranated ungulate/primate and B. rodent
spermatozoa.

Mammals have two protamine genes that encode for
protamine 1 and protamine 2. Due to the presence of exten-
sive, stable cross-linking by S-S bonds, the sperm chroma-
tin is protected from damage by the external physical or
chemical disruptive agents. However, transcriptional inac-
tivation and initial condensation of chromatin seem to occur
prior to the appearance of protamines during spermio-
genesis. Protamine synthesis occurs after the complete
repression of gene transcription in the post-meiotic period.
Testis-specific transition proteins TP1 and TP2 (Meistrich
et al., 2003) replace histones until they themselves are
replaced by protamines.

Besides protamines, the sperm head chromatin also con-
tains some testis-specific histones (Churikov et al., 2004).
After fertilization, the disulphide bonds of protamines are
reduced by the glutathione of oocyte cytoplasm causing
relaxation of the chromatin folds, swelling of the nuclei, and
replacement of the protamines by histones (Perreault et al.,
1984). The sperm heads can be decondensed in vitro by
treating them with reducing agents such as dithiothreitol
(DTT) that breaks down the disulphide bonds.

Similar to somatic cell nuclei, the sperm head nuclei are
also enveloped by a bilayered nuclear envelope. However,
the sperm nuclear envelope lacks nuclear pore complexes

and perinuclear cisternae, both of which are lost during
spermatid elongation (Sutovsky et al., 1999). Hence, the two
layers of the nuclear envelope are closely adhered to each
other and the underlying chromatin.

At the base of the sperm head, the nuclear envelope
forms a redundant fold that hangs distally, separated from
the chromatin. Some residual nuclear pore complexes are
conserved in this region. A segment of nuclear membrane
on the posterior surface that links capitulum and the con-
necting piece is called the implantation fossa. It is lined by
a basal plate. The surface and intramembranous space of
the implantation fossa possess dense particles that seem to
provide attachment sites for the fine filaments extended
from the capitulum and basal plate of the sperm tail.

The sperm nuclei contain one haploid set of chromo-
somes. The X and Y chromosomes become segregated after
meiosis, resulting in 50 percent of the gametes receiving X
chromosomes and the other 50 percent, Y chromosomes.
There is no detectable morphological or biochemical differ-
ence between the X- or Y-bearing spermatozoa except for
slightly smaller DNA content in the latter due to the lack
of one arm in the Y chromosome. Both types of spermato-
zoa are equally capable of fertilization.

Human Y spermatozoa can be identified by fixing and
staining with quinacrin dye which reveals the Y chromo-
somes as bright fluorescent spots under a UV microscope;

Figure 3.39. Spermatozoa of various mammalian species as
visualized by differential interference contrast microcopy. A.
Common opossum (Didelphis virginiana); B. domestic mouse
(Mus musculus); C. rat (Rattus norvegicus); D. rabbit
(Oryctolagus cuniculus); E. stallion (Equs caballus); F. boar
(Sus scrofa); G. bull (Bos taurus); and H. man (Homo sapiens).
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Figure 3.40. Transmission electron micrographs of porcine (left) and murine (right) sperm heads highlighting the inner acrosomal
membrane (iam), outer acrosomal membrane (oam), acrosomal matrix (am), perinuclear theca (pt), nucleus (n), implantation fossa
(if), and a basal plate (bp) as they pertain to the acrosomal region (ar), equatorial segment (es), and postacrosomal sheath (pas).
Transmission electron micrograph insets show the fine structure of a connecting piece (CP) that comprises implantation fossa (if),
capitulum (ca), striated columns (sc), and proximal centriole (ce), which is reduced to an empty centriolar vault (¢v) in mouse

spermatozoa.

however, the fixed and stained spermatozoa cannot be used
for fertilization. With the advent of a high speed flow
cytometry-based cell sorter and fluorescent DNA dyes that
can label live spermatozoa, it has been possible to separate
X and Y spermatozoa (Garner, 2006). The X chromosomes
contain about 4 percent more DNA and therefore stain more
brightly. The flow cytometer apparatus can detect the dif-
ference and separate X from Y spermatozoa at the rate of
10°/h with 95 to 100 percent accuracy. The sorted sperma-
tozoa have been used successfully for artificial insemi-
nation (Johnson et al., 2005), in vitro fertilization, and
intracytoplasmic sperm injection (Abeydeera et al., 1998;
Hollinshead et al., 2004). Sorted spermatozoa are commer-
cially available and have been successfully used in animal
breeding.

Perinuclear Theca
The mammalian sperm nuclei are surrounded by a compact
cytoskeletal structure, the perinucelar theca (PT) (Oko,
1995; Sutovsky et al., 2003) from all sides except the base.
Topographically,thePTcanbedividedintothreeregions: sub-
acrosomal layer, equatorial segment, and post-acrosomal
sheath (see Figure 3.40). The subacrosomal layer is the
anterior portion of PT underlying the sac-like acrosome.
In rodents, the proximal part of the subacrosomal PT is
hooked ventrally, forming a structure called the perforato-
rium. The inner acrosomal membrane (IAM) overlying the
subacrosomal PT is exposed after acrosome reaction, pos-
sibly playing roles in binding and penetrating through the
zona pellucida. The equatorial segment of PT that lies
beneath the equatorial acrosome is not lost after acrosomal
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exocytosis. A small leaf of the equatorial PT curves upward
between the acrosome and plasma membrane. It probably
interacts with the equatorial plasma membrane, protecting
from vesiculation during acrosome reaction and rendering
it fusible with the oocyte plasma membrane (Toshimori
et al., 1992).

The post-acrosomal sheath is a cup-like involucre extend-
ing below the acrosome sandwiched between the plasma
membrane and the nuclear membrane. This segment of PT
is not exposed after acrosome reaction or during zona pene-
tration (Manandhar and Toshimori, 2003) but becomes the
first sperm organelle to come in contact with the oocyte
cytoplasm after sperm-oocyte plasma membrane fusion. Its
content rapidly disperses in the oocyte after fusion (Sutovsky
et al., 1997, 2003), and some proteins subsequently mi-
grate to the polar regions of the meiotic/midzone spindle
(Manandhar and Toshimori, 2003). Experimental evidence
indicates that the post-acrosomal PT activates oocytes to
initiate an embryonic cell cycle (Perry et al., 1999a).

Besides the specific roles played by the different seg-
ments, the PT as a whole is thought to be important for
providing shape, mechanical rigidity, protection to the
nucleus, adherence of acrosomes on the sperm nuclear
surface, and possibly even storage of mRNAs and proteins
for immediate use in the zygotes (Sutovsky et al., 2003).
PT and the inner acrosomal membrane might play impor-
tant roles in evolution by adhering to foreign DNA
and inserting it into the oocytes after fertilization, hence
introducing new genes into the population (Perry et al.,
1999b).

Acrosome
An acrosome is a cap-like vesicle lying between the plasma
membrane and the perinuclear theca on the frontal and
lateral aspects of the nucleus. It is a membrane-bound
organelle formed by the fusion of Golgi vesicles during
spermiogenesis. Structurally and functionally it can be
divided into two regions: (1) the anterior bulbous region that
is exocytosed when spermatozoa pass through the cumulus
cells or interact with the zona pellucida, and (2) a narrow
pocket-like equatorial or posterior acrosome that is retained
after acrosomal exocytosis and incorporated into an oocyte
after fertilization (Manandhar and Toshimori, 2001).

Acrosomes are filled with hydrolytic enzymes (Tulsiani
et al., 1998). The two most prominent enzymes are hyaluro-
nidase and acrosin. Hyaluronidase (Myles and Primakoff,
1997) hydrolyses hyaluronic acid of the extracellular
matrix that binds the cumulus cells around the oocytes.
Spermatozoa penetrate the cumulus oophorus by releasing
hyaluronidase, breaking down hyaluronic acid, and dispers-
ing the cumulus cells. Addition of anti-hyaluronidase anti-
body in the culture medium can prevent in vitro fertilization
without affecting the sperm motility (Zaneveld, 1982;
Yanagimachi, 1994).

Acrosin (Honda et al., 2002) is a trypsin-like proteolytic
enzyme mostly occurring as an inactive (zymogen) form
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Figure 3.41. Fate of sperm acrosome during penetration
through oocyte vestments in pigs. Spermatozoa have intact
acrosomes prior to sperm-oocyte binding (A). It undergoes
exocytosis (acrosome reaction) when the sperm binds the zona
pellucida of oocyte (AE). Acrosome exocytosis is visible as an
extensive vesiculation of the outer acrosomal membrane on the
zona pellucida (ZP) surface. The zona-penetrated spermatozoa
found in the perivitelline space (PS) are without acrosomes.
Asterisk indicates cross-section of one of the numerous oocyte
microvilli which help in sperm-oocyte plasma membrane
fusion.

(proacrosin) in the intact acrosomal matrix. Earlier experi-
ments suggested that acrosin might be involved in zona
dissolution and penetration of spermatozoa. According to
this viewpoint, spermatozoa undergo acrosomal exocytosis
when they bind to the zona pellucida (Florman and Storey,
1982; Gerton, 2002) (see Figure 3.41).

The acrosomal matrix and its resident proteolytic
enzymes are released on the ZP surface, opening a fertili-
zation slit. Acrosin inhibitors and anti-acrosin antibodies
prevent fertilization by inhibiting acrosome reaction, sperm
binding, and penetration through the zona pellucida (Liu
and Baker, 1993; Fraser, 1982; Valdivia et al., 1999). Para-
doxically, spermatozoa of acrosin knock-out mice can still
penetrate zona pellucida and fertilize (Baba et al., 1994).

According to an alternative hypothesis, spermatozoa
penetrate the zona pellucida by mechanical shearing force
but not by enzymatic digestion (Bedford, 1998). Thus, the
mechanism of sperm penetration of mammalian zona pel-
lucida is still not fully understood (Olds-Clarke, 2003).

In addition to hyaluronidase and acrosin, the sperm acro-
some contains several other glycolytic and proteolytic
enzymes such as aryl sulphatase A, neuraminidase, colla-
genase, esterase, glycosidase, acid-alkaline phosphatages,
cathepsins, 26 S proteasome, etc. It is possible that some of
these proteases remain associated with the inner acrosomal
membrane after acrosomal exocytosis, thus securing the
proteolytic activity on the leading edge of the sperm head
throughout the process of zona penetration (Sutovsky et al.,
2004).
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Sperm Tail and Flagellum

The sperm tail is the entire slender organelle extending
behind the head. The functions of the tail are to propel
spermatozoa forward by a whiplash-like movement and to
generate energy for the movement. On the basis of external
morphology, the tail can be further divided into four regions:
the connecting piece, mid-piece, principal piece, and end-
piece. Internally, the tail has complex structural compo-
nents, described as follows:

Connecting Piece

The “neck” region of mammalian spermatozoa is a complex
and specialized structure that joins the head and tail together
(see Figures 3.40 and 3.42). The interface between the head
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Figure 3.42. Ultrastructure of boar sperm tail. The proximal
end of the sperm tail comprises a connecting piece (CP) that is
composed of striated columns (sc). Residual centrioles (ce) are
enclosed inside the vault of striated columns. The tail is made
up of a central core of mirotubular axoneme surrounded by nine
strands of outer dense fibers (ODF). In the mid-piece (MP), the
axoneme-ODF cylinder is encircled by a mitochondrial sheath
(ms). The testicular spermatozoa usually have cytoplasmic
droplets (CD) in the mid-piece region. The principal piece (PP)
of sperm tail is separated from the mid-piece by an annulus
(an). The axoneme-ODF cylinder of the principal piece is
surrounded by a fibrous sheath consisting of a twin longitudinal
columns (Ic) interconnected by a series of transversal ribs (#r).
The outer dense fibers are absent in the end piece (EP) of the
sperm tail.

and tail is analogous to a ball-and-socket joint; the concave
surface of the head is referred to as the basal plate and
the convex surface of the tail as the capitulum. Both are
electron-dense structures interconnected with fine fila-
ments. Head and tail are separated when these filaments are
severed. The capitulum extends caudally as nine striated
columns that continue distally as the nine outer dense fibers
(ODF) of the sperm tail. The striated appearance of the
columns is due to the presence of dense segments alter-
nating with narrow light bands. The striated columns are
rapidly disassembled after the spermatozoa are incorpo-
rated into the ooplasm, possibly mediated by the reducing
activity of oocyte glutathione (Sutovsky et al., 1996).

Sperm Centrosome

The space enclosed by the striated columns is occupied by
the centrosomal apparatus (Manandhar et al., 2005). The
centrosome is the major microtubule organizing center
(MTOC) of mammalian cells, composed of two centrioles
and a loose pericentriolar material. Centrioles are the
structural core of centrosomes comprising nine micro-
tubular triplets symmetrically displaced in a pinwheel-like
arrangement. In a centrosome, two centrioles are positioned
together in an orthogonal orientation. The pericentriolar
centrosomal proteins emanate microtubules by anchoring
and stabilizing their minus-ends and radiating the plus-
ends. The spermatozoan centrosomes are reduced and
inactive.

Spermatozoa of most mammalian species possess
intact proximal centrioles, devoid of MTOCs but enclosed
within dense pericentriolar vaults. The distal centrioles are
partially or almost completely degenerated (Manandhar
et al., 2000, 2005). Their microtubules extend posteriorly
as the microtubule doublets of the tail axoneme. In mice
and rats, both distal and proximal centrioles are completely
degenerated (Manandhar et al., 1998; Wooley and Fawcett,
1973).

The residual centrosomal apparatus is inactive in sper-
matozoa, but plays an important role during fertilization by
organizing microtubular structures. Soon after sperm-egg
fusion, the sperm centrioles recruit centrosomal proteins
from the oocyte cytoplasm, reconstruct functional zygotic
centrosomes, and organize the sperm aster (Schatten, 1994).
The female pronuclei move along the sperm aster micro-
tubules to appose closely with the male pronuclei (Payne
et al.,, 2003). During zygotic interphase, the centrosomes
duplicate and form two poles of the bipolar spindles
(Paweletz et al., 1987a; 1987b).

Axoneme

The entire elongated structure behind the connecting piece/
“neck” region is the sperm tail or flagellum. It can be
divided into a mid-piece, a principle piece, and an end-piece
(see Figure 3.42). The core structure of the tail is an
axoneme surrounded by outer dense fibers and a fibrous
sheath. An axoneme is a cylindrical structure consisting of
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a pair of central microtubules surrounded by nine micro-
tubule doublets displaced circumferentially in a radial-
symmetrical manner (9 + 2 arrangement).

Each of the nine peripheral doublets is composed of two
subfibers, B and A (the annotations correspond to clockwise
arrangement). The A-subfiber of each doublet projects one
dynein arm toward the B-subfiber of the adjacent doublet
and one dynein arm toward the central doublet (see Figure
3.42). By hydrolyzing ATP, the dyneins undergo confor-
mational change and stretch toward the minus end of the
B-subfiber. This activity causes the adjacent doublets to
slide past one another. Due to the synchronous and coordi-
nated sliding movement of the doublets, a bending wave is
propagated down the tail, resulting in sperm motility.

Outer Dense Fibers

The outer dense fibers (ODF) and fibrous sheath (FS)
are the non-contractile cytoskeletal structures of sperm
tails. The ODF are confined to the mid-piece and principal
piece, whereas the FS is found only in the principal piece
of the tail. Though non-contractile, they provide elastic
recoil necessary for tail motility.

The sperm tail has nine ODF fibers, one opposite each
microtubule doublet. Two diagonally opposite ODFs at the
3 and 8 positions are attached to the longitudinal strands of
FS that lie outside the ODF. In the lower part of the tail,
these two ODF strands are replaced by the inward growth
of FS, linking directly to the corresponding microtubule
doublets. The molecular composition of ODF comprises
unique proteins—odfl, odf2, odf3, heat-shock proteins
(hspB10), keratin-like proteins (SAK3), cystein-rich pro-
teins (tpx-1), and some other accessory proteins (Fouquet
and Kan, 1994; Oko, 1998). The specific function of these
proteins in spermatozoa is not known; but odf2, the most
abundant ODF protein, associates with the centrosomes in
amicrotubule-dependant manner in various types of somatic
cells (Hoyer-Fender et al., 2003).

Fibrous Sheath

The FS is composed of two longitudinal columns connected
by an array of circumferential, transversally oriented ribs
(Eddy et al., 2003). Compositionally, FS mainly comprises
two classes of proteins: those involved in signal transduc-
tion and those involved in glycolysis. More than 40 percent
of FS proteins are A-kinase anchoring protein 4 (AKAP4)
(Eddy et al., 1991). Other signaling proteins of FS are
AKAP3, tAKAP80, and rapporin (Eddy et al., 2003). These
molecules sequester protein kinase-A to the flagellum, and
possibly play roles in signaling reactions leading to sperm
maturation, acquisition of progressive motility, capacita-
tion, and hyperactivation during sperm transport in the
oviduct (Turner et al., 1999).

The glycolytic proteins found in the FS are glyceralde-
hyde-3-phosphate dehydrogenases (Miki et al., 2004) and
hexokinase type Is (Fernandez-Novell et al., 2004) that are
possibly active in glycolysis, producing energy for tail

motility. The structural scaffold of FS includes unique
myosin- and keratin-like proteins (Eddy et al., 1991).

Mitochondrial Sheath

The mid-piece has a larger diameter due to the presence of
mitochondria lined up end-to-end forming a helix around
the central core of the mid-piece axoneme-ODF complex.
Human spermatozoa have 15 gyres of mitochondrial helix
while rodent spermatozoa may have more than 30 gyres.
The sperm mitochondria are physiologically active and can
aerobically oxidize various substrates to synthesize ATP
(Aitken, 2000). After fertilization they enter oocytes but
are soon degraded, averting inheritance of potentially
mutated paternal mitochondrial DNA to the progeny
(Cummins, 2000).

It has been shown that mitochondria of spermatozoa are
tagged with proteolytic marker ubiquitin and possibly
broken down by the proteasomal machinery of the oocyte
cytoplasm (Sutovsky et al., 1999). Hence, the mammalian
embryos receive mitochondria and mitochondrial genes
only through maternal contribution.

Cytoplasmic Droplet

When spermatozoa are released free into the seminiferous
tubule lumen they shed most of the unused cytoplasm as
residual bodies that are phagocytosed by the Sertoli cells
(deKretser and Kerr, 1994). Small remnants of cytoplasm
left behind in the neck region of the mature, free sperma-
tozoa are called the cytoplasmic droplets (CD).

The size of sperm CD is variable in different animal
spermatozoa. Ultrastructural analysis of the sperm CD (see
Figure 3.42) reveals various types of membranes, lipid
droplets, Golgi-derived saccules and vesicles, and diverse
cytoplasmic structures (Oko et al., 1993). Biochemically,
the CD is composed of lipids, lipoproteins, RNAs, and
numerous hydrolytic enzymes (Cooper and Yeung, 2003).

CDs are not known to perform any definite function
during spermatogenesis or fertilization. They migrate from
the distal to proximal region of the mid-piece and finally
are sloughed off as the spermatozoa travel through the epi-
didymis (Kaplan et al., 1984). The spermatozoa that fail to
get rid of CDs show impaired motility and are unable to
fertilize. High retention of sperm CDs is most commonly
seen in boar ejaculates (Fischer, 2003).

Sperm Plasma Membrane
Live spermatozoa are covered with intact and continuous
plasma membrane. The sperm plasma membrane deserves
special attention because of its important role in sperm
functions, particularly capacitation, acrosome reaction, and
fusion with the egg plasma membrane. It undergoes dynamic
changes and remodeling concomitant with the maturation
process.

While passing through the epididymis, the sperm plasma
membrane adsorbs various secretory proteins that have
been shown to be important for rendering it fusogenic
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(Cuasnicu et al., 2001). By this process, the epididymal
spermatozoa acquire fertilizing capability.

Acrosin inhibitors (acrostatin) present in the epididymal
fluid and seminal plasma are absorbed by the plasma mem-
brane overlying the acrosome, possibly preventing prema-
ture capacitation/acrosomal exocytosis (Guraya, 1987). The
immature spermatozoa taken out directly from the epidi-
dymis cannot fertilize oocytes. They attain fertilizing capa-
bility while traveling through the uterus and oviduct, a
phenomenon referred to as capacitation (Chang, 1951;
Yanagimachi, 1994).

The underlying event of capacitation appears to be
changes in the plasma membrane fluidity caused by the loss
of cholesterol and redistribution of phospholipids. The epi-
didymal and ejaculated spermatozoa can be capacitated in
vitro if they are cultured for several hours in the presence
of serum albumin and bicarbonate ions or specific capacita-
tion-promoting culture conditions (Jaiswal and Eisenbach,
2002). Several integral proteins of the plasma membrane
are modified and rearranged after capacitation or acrosome
reaction. For example, fertilin (antigen recognized by the
antibody PH30) is uniformly distributed in the epididymal
spermatozoa.

After capacitation, fertilin is proteolytically cleaved and
redistributed to the post-acrosomal region (Evans 2002;
Myles and Primakoff 1997). Basigin, a protein initially
occurring on the principal piece of the sperm tail, moves to
the mid-piece during epididymal transit and finally to the
head after capacitation (Saxena et al., 2002). Equatorin,
originally residing in the equatorial acrosome, is released
and redistributed on the equatorial plasma membrane after
acrosomal exocytosis (Manandhar and Toshimori, 2001).

The acrosin inhibitors adsorbed by the acrosomes and
plasma membranes are removed during sperm migration in
the female genital tract, an event that parallels capacitation
(Guraya, 1987). The lipid rafts of plasma membrane of
the sperm head region diffuse freely, but their movement to
the tail region is restricted by the junction formed by the
annulus at the mid-piece/principal piece joint.

Spermatogenesis

The spermatozoa develop from progenitor somatic cells
(spermatogonia) in the testis and then undergo functional
maturity in the epididymis. The entire process of sperma-
tozoa development is called the spermatogenesis. The tes-
ticular phase of spermatogenesis consists of diploid and
haploid phases.

Diploid Phase

The developing testis is invaded by the epiblast-derived
male primordial germ cells (PGCs) at an early stage of
embryonic development, following the migration of the
PGCs from the allantois to the genital ridge (Clark and
Eddy, 1975). The diploid testicular germ cells, spermato-
gonia, remain quiescent until the peri-pubertal stage of

Figure 3.43. Germ cells in prenatal and postnatal rhesus
monkey (Macaca mulatto) testes. Low (A, C, E) and
corresponding high magnification images (B, D, F) of testicular
tissue sections stained with blue fluorescent DNA stain DAPI. A
high proportion of stromal cells and few spermatogonia are
seen in the prenatal seminiferous tubules. Spermatogonial
proliferation at or shortly before the onset of puberty causes
dilation of the seminiferous tubules and a proportional
reduction in the volume of testicular stroma. Diploid and
haploid stage spermatogenic cells are visible in the fully
differentiated seminiferous tubules of adult testis.

postnatal development (see Figure 3.43). They are activated
at puberty and stimulated to proliferate by mitosis. Sper-
matogonia are found in the outer circumference of the semi-
niferous tubules, adjacent to the inner face of the basement
membrane (see Figures 3.44-47).

From the reservoir of self regenerating stem cells, a
group of type A-spermatogonia emerges that are destined
to develop into spermatozoa (Clermont, 1969; Clermont
and Antar, 1973; Foquet and Dadoune, 1986). Spermato-
genesis begins from this stage. The type A-spermatogonia
undergo a limited number of mitoses to produce a clone
of cells that are linked together with cytoplasmic bridges,
formed due to incomplete cytokinesis. The cytoplasmic
bridges are retained until the spermatozoa are fully
developed. After the final mitosis, the type A spermato-
gonia differentiate into type B-spermatogonia character-
ized by a unique morphology. All type B-spermatogonia
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Figure 3.44. Cross-section of a stage II-III mouse seminiferous
tubule, double stained with hematoxylin-eosin, DAPI, observed
under a transmitted light microscope (A, B) and an
epifluorescence microscope (C, D). The figures demonstrate a
varied resolution of the cellular structures by the two
histochemical techniques commonly used for staging of
seminiferous epithelium. SG, spermatogonia; SC, pachytene
spermatocytes; RS, round spermatids; and ES, late elongating
spermatids.

undergo mitosis and finally enter meiosis as primary
spermatocytes.

The seminiferous tubules have two compartments. The
Basal Compartment located immediately beneath the base-
ment membrane is bathed by blood from the peripheral
endings of the testicular blood vessels. Hence, the blood
serum components, paracrine secretions of the stromal
Leydig cells and the endocrine secretions of the pituitary-
gonadal axis, directly affect the cells of the basal compart-
ment. The spermatogonia are located in these compartments.
The Sertoli cells form tight junctions (blood-testis barrier)
on the lateral membranes, restricting diffusion of the blood
components from the basal compartment toward the lumen
of the seminiferous tubule.

The region of the seminiferous tubules from the blood-
testis barrier inward is called the Adluminal Compartment.
The primary spermatocytes migrate into the adluminal
compartment by crossing the blood-testis barrier. Sper-
matogenic cells in the adluminal compartment are not

directly affected by the blood or lymphatic fluid. Conse-
quently, the adluminal compartment is an immunologically
privileged site.

Though many proteins of the sperm plasma membrane
are immunogenic, the spermatozoa develop normally with-
out being attacked by the immune system. Once the sper-
matocytes cross the blood-testis barrier, their development
is less prone to the systemic hormonal or physiological
imbalances, a mechanism that secures reproductive fecun-
dity under unfavorable conditions. A notable exception is
the testicular pathology targeting Sertoli cells, which has a
profound effect on both the basal and adluminal compart-
ments (Figure 3.48).

After entering meiosis, the primary spermatocytes again
become quiescent at the pachytene stage for some time,
and then undergo meiosis I division, producing two sec-
ondary spermatocytes. Immediately each secondary sper-
matocyte undergoes meiosis II division, giving rise to two
haploid spermatids. Due to random chromosome segrega-
tion and crossing-over, every spermatid is genetically
unique, expressing unique haploid gene products. Neverthe-
less, the group of spermatids (clones) derived from one type
A spermatogonium develops synchronously to maturity by

Figure 3.45. Seminiferous tubule sections double-stained with
DAPI revealing the nuclei (A, C, E); anti-tubulin antibody
revealing the microtubule cytoskeleton of spermatogenic cells
(B, D, F) and axonemes of the elongating spermatids.
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Figure 3.46. Spermatogenesis in a common opossum
(Didelphis virginiana) as visualized by DNA labeling with
DAPI (A, C, E) and microtubule labeling with anti-tubulin
antibody (B, D, F) in testicular tissue sections. Note the
bundling of microtubules in the cytoplasmic bridges (arrows,
B) and Sertoli cells projecting their cytoplasmic extensions
from the basal to the adluminal compartment (arrows, F).

exchanging their gametic gene products through the cyto-
plasmic bridges. Selection of the most vigorous spermato-
zoan for fertilization takes place during their journey
through the uterus and oviduct to meet the oocyte.

Haploid Phase—Spermiogenesis

The testicular phase of sperm development after meiosis is
called the haploid phase of spermatogenesis. During this
phase, the immature sperm cells, or spermatids, develop in
the crypts of Sertoli cells in the seminiferous tubules until
they are fully formed and released into the lumen. The
haploid spermatids develop various organelles, finally
transforming themselves into spermatozoa.

Spermatid Elongation and Biogenesis of Sperm
Accessory Structures

The early spermatids have round shapes, isodiametric
nuclei, and somatic cell-like subcellular organization. They
undergo complex morphogenesis, producing elongated and
motile spermatozoa, the process referred to as the spermio-
genesis. The duration of testicular spermiogenesis varies
among individual mammals. The most prominent morpho-
logical changes are the compaction of nuclei, formation

of acrosomes, and biogenesis of the sperm tail (see
Figure 3.49).

Acrosome formation begins at the earliest stage of sper-
miogenesis. The Golgi cisternae pinch off proacrosomal
vesicles containing dense granules. These vesicles fuse and
the granules coalesce and adhere on the nuclear surface.
Additional vesicles are docked to the proacrosome that
becomes anchored to the nascent subacrosomal perinuclear
theca and gradually spreads on the nuclear surface, develop-
ing into a cap-like acrosome.

The perinuclear theca (PT) is formed in the early stage
spermatids. Some PT gene transcripts are synthesized even
before the meiotic division. The PT proteins first associate
peripherally on the acrosomal vesicles, then becomes local-
ized between the acrosome and nucleus at the subacrosomal
region (Oko and Maravei, 1995; Oko, 1995). Later the PT
extends caudally around the elongating spermatid nuclei.

Biogenesis of the sperm tail is also initiated at the early
stage by the distal centriole (see Figure 3.49). In the begin-
ning, the centrioles are randomly localized in the spermatid
cytoplasm. The microtubule triplets of the distal centriole

DA, Microtubules

Figure 3.47. Double staining of DNA (A, C, E) and
microtubules (B, D, F) of bull mediastinum. Compared to
testicular parenchyma, a higher proportion of stromal cells are
seen in the mediastinum where the ends of the seminiferous
tubules converge into rete testis.
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eventually extend posteriorly as axoneme doublets that
meander through the intercellular spaces. The centriolar
pair along with the nascent axoneme implants on the nuclear
surface opposite the acrosome. The proximal centriole
rotates tangentially to the nuclear surface while the distal
centriole lies perpendicularly. At the site of implantation,
the nuclear envelope becomes modified into an implanta-
tion fossa with a thick basal plate. Development of the outer
dense fibers begins in the mid-piece region and progresses
distally (Oko and Clermont, 1989). Initially they are
attached to the wall of axonemal microtubules, but later
separate from those. The fibrous sheath, however, is assem-
bled first in the lower part of the principal piece, and then
progresses upward up to the region of the annulus (Oko and
Clermont, 1989).

The isodiametric nuclei of the round spermatids undergo
a remarkable metamorphosis during spermatid elongation,
resulting in highly compact, dorsiventrally flat, and uniquely
shaped sperm heads characteristic of the particular animal
species. Changes in nuclear shape take place concomitantly
with chromatin condensation and development of perinu-
clear theca and Sertoli cell cytoskeletons. Histones of the
spermatid chromatin are replaced by transition proteins that
are finally replaced by protamines.

The sperm nuclear envelope (NE) is devoid of the
nuclear pore complexes except in the redundant NE-folds

o e of the posterior edges (Sutovsky et al., 1999). The nuclei
Figure 3.48. Testicular pathology in human chemotherapy move upward; the plasma membrane is closely applied
patients, as shown by DNA (A, C, E) and tubulin (B, D, F) over the anterior part of the nucleus where the acrosome
immunofluorescent labeling. Note the absence of germ cells and spreads. The Sertoli cells develop actin-based junctional
sloughing of Sertoli cells into the lumen of seminiferous complexes at the interface with the spermatids. These

tubules. unique structures, also referred to as ectoplasmic special-

>

Figure 3.49. Ultrastructure of developing spermatids. (A) A step 2 rhesus spermatid. The cell has freely localized Golgi apparatus
(GA), proacrosomal vesicle (PV), and centriolar pair (arrowhead), not associated with the nucleus. The distal centriole has
generated microtubular axoneme (arrow) that extends into the intercellular space. (B) A step 3 rhesus spermatid. The pro-acrosomal
vesicle with a single pro-acrosomal granule has docked (asterisk) to the nascent subacrosomal perinuclear theca layer (arrowheads)
on the anterior surface of nucleus. (C) A step 6 rhesus spermatid. The acrosomal cap has spread on the nuclear surface subtending
an angle of 120°. Note a prominent Golgi apparatus (GA) adjacent to the nascent acrosomal cap (asterisk). (D) A step 10 rhesus
spermatid. The membranous folds below the posterior edges of the acrosome have emanated manchette microtubules (arrows). Note
that the sperm tail has attached to the implantation fossa of the sperm nucleus (arrowheads) and annuli (an) have begun to form.
(E) Magnified view of a portion of sperm head as indicated by the boxed region in (D) showing nuclear membrane (NM),
subacrosomal layer (SAL) of the perinuclear theca, and actin bundles (AB) of the Sertoli cells ectoplasmic specializations.

(F) Centriolar complex of a step 10 mouse spermatid. The distal centriole appears dark due to accumulation of a thick pericentriolar
vault and formation of striated columns. The proximal centriole extends a short adjunct (AJ) enveloped with a fibrous material that
emanates microtubular aster. The nuclear membrane at the docking site has been remarkably thickened forming an implantation
fossa (arrowheads). (G) Neck region of a mouse epididymal (fully mature) spermatozoon. The proximal and distal centriolar vaults
(PCV, DCV) appear empty due to complete degeneration of centriolar microtubules. Mitochondria encircle the axoneme-ODF
cylinder forming a sheath. (H) Cross section of the proximal centriole of a step 14 rhesus monkey spermatid, showing the typical
pinwheel-like arrangement of nine microtubule triplets. (I) Cross-section of the neck region of a rhesus mature spermatozoon,
approximately at the plane indicated by the line “I” in the figure (G). The centriolar microtubules are absent, but nine ODF are
quite distinct. The central doublet of axoneme extends upward occupying the center of the cylinder. (J) Cross section of the mid-
piece region of rhesus mature spermatozoon showing typical axoneme-ODF cylinder. (K) Cross section of the end-piece of a rhesus
spermatozoan sperm tail. The two longitudinal columns (asterisks) and the horizontal ribs of fibrous sheath are well defined. Note
the radial spoke-like dynein arms extending from the peripheral microtubules toward the central doublet.
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ization (Russell et al., 1988; Vogl et al., 1991), help main-
tain the proper orientation of spermatids and nuclear
morphogenesis.

During the elongation stage, a narrow membranous fold
encircling the nucleus below the posterior edge of the acro-
some emanates a veil-like collection of microtubules, the
manchette. It probably plays a role in nuclear shaping and
transporting unused cytoplasmic materials to the residual
bodies for disposal (Kierszenbaum, 2002). The proximal
centrioles transiently produce short adjuncts that are sur-
rounded by flocculent fibrous material nucleating microtu-
bular asters (Manandhar et al., 1998, 2000). The annulus
descends during the late stages of spermiogenesis. The
evacuated proximal region of the axoneme-ODF cylinder is
encircled by a mitochondrial helix. This part of the tail
becomes the mid-piece.

Spermatids develop in the crypts of Sertoli cells in the
adluminal compartment until fully differentiated. Morpho-
logically mature spermatozoa are released as individual
cells into the lumen of the seminiferous tubule, a process
called spermiation. Before release, excess cytoplasm of the
elongated spermatids is pinched off as residual bodies that
are phagocytosed by the Sertoli cells. In mammalian species
with poor semen quality, residual bodies often contaminate
the ejaculated semen. Testicular spermatozoa are immotile;
they are transported into the epididymis by the pressure of
luminal fluid secreted by the Sertoli cells and by the motile
force of the ciliated cells of efferent ducts.

Steps of Spermiogenesis

Spermiogenesis is a long and strictly regulated process that
can be divided into smaller steps characterized by distinct
morphogenetic features, particularly the shape of acrosome
and nucleus and the degree of chromatin condensation.
Several comprehensive reviews and book chapters have
described the morphological features of this intricate
process (Barth and Oko, 1989; deKretser and Kerr, 1994;
Hess and Moore, 1993; Russell et al., 1990). Mouse
spermiogenesis comprises 16 steps of morphogenesis as
described below (see Figure 3.50):

Step 1. Newly formed spermatid nuclei display a finely
granular texture and a dense heterochromatin in the
center. Some late-stage dividing meiotic II cells are seen
at the vicinity of step 1 spermatids. The spermatids do
not yet have acrosomes, but a prominent Golgi apparatus
localizes randomly in the cytoplasm or at the juxta-
nuclear position.

Step 2. Proacrosomal granules are seen between the Golgi
apparatus and nuclei, but they are unattached to the
nuclear envelope.

Step 3. Proacrosomal granules fuse, forming a single
round acrosomal vesicle that attaches to the nuclear
envelope with the help of a newly deposited nascent
subacrosomal layer of perinuclear theca (see Figure 3.49,
section B).

Step 4. The acrosomal vesicle begins to flatten out and
spread on the nucleus. Step 4 continues until the margins
of the acrosome make a 40° wedge with respect to the
nuclear center.

Step 5. The acrosomal vesicle spreads until its margins
stretch up to 95° from the center of the nucleus.

Step 6. The acrosomal margins extend up to 120° (see
Figure 3.49, section C).

Step 7. The acrosomal margins extend to an angle of 120°
to 150°. The centrioles subtending axonemes dock to the
nucleus at the site opposite the acrosome.

Step 8. The nuclei elongate slightly, becoming pear-shaped.
The nucleus migrates upward and the acrosomal region
contacts the inner face of the spermatid plasma
membrane.

Step 9. Nuclear shaping begins as it elongates and flattens
laterally. The dorsal side curves, but the ventral side
remains flat. The apical hook begins to take shape. The
acrosome extends mostly on the dorsal surface and the
curved tip of the nucleus. The caudal surface is narrow
and flat. A microtubule-based manchette (see Color
Figures 1 and 2) is formed.

Step 10. The nuclei flatten and elongate further. The acro-
some reaches almost to the caudal end of the dorsal
nuclear surface. The angle between the ventral and
caudal surfaces becomes sharp due to development of
implantation fossa. Proximal centriolar adjunct and
adjunct-asters are formed (see Figure 3.49, section F).

Step 11. Nuclei appear compact due to chromatin condensa-
tion. The angle between the dorsal and caudal surfaces
also makes a sharp turn.

Step 12. The nuclei have the longest size and compact chro-
matin. Dividing-stage meiotic cells are seen in the
surroundings.

Step 13. The spermatid heads shorten further.

Step 14. The heads become shorter and broader.

Step 15. The mitochondria begin to align around the proxi-
mal axoneme-ODF cylinder.

Step 16. The mitochondrial sheath formation is complete.
The apical hook of the sperm head is distinct. Structur-
ally mature spermatozoa are released from the seminif-
erous epithelium into the lumens of seminiferous tubules.
The loose spermatozoa from the seminiferous tubule’s
lumens are collected in the rete testis and transported
via efferent duct to the initial segment of the epididymis.
The sperm biogenesis continues in the epididymis.
Structurally and functionally mature spermatozoa are
finally stored in the cauda epididymis, the cavernous
distal compartment.

Cycle of the Seminiferous Epithelium

As described above, a group of spermatids originated by
common lineage from a spermatogonium develop synchro-
nously. Hence, the seminiferous tubules in cross sections
display groups of spermatogenic cells in specific stages of
spermatogenesis (see Figures 3.44 to 3.47). At a given time
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Figure 3.50. Schematic diagrams elucidating steps 1 through 16 of mouse spermiogenesis. The haploid germ cells produced
immediately after meiosis II are the step 1 spermatids. They have isodiametric nuclei with distinct heterochromatin, randomly
localized Golgi apparatus, and centriolar complex. As the spermatids develop, the Golgi apparatus moves to the anterior surface of
the nucleus where the acrosome stretches as a cap-like structure. The centriolar apparatus along with the axoneme docks on the
posterior side of the nucleus in step-5 spermatids. From step-6 onward the nuclear heterochromatin disappears. In step-8, the nuclei
move upward, resulting in its acrosomal side becoming closely apposed with the plasma membrane. The nuclei assume the
characteristic pear-shape. In the step-9 spermatids, the membrane folds below the posterior edges of the acrosome emanate
manchette microtubules. The proximal centrioles also extend adjuncts radiating microtubule aster. Anterior hook and falciform shape
of nuclei are evident in step-10 spermatids. Formation of annulus and striated columns are also notable. From step-11 onward, the
nuclei become progressively narrower and elongated. The chromatin condensation apparently progress from the proximal to the
distal direction in the nuclei. Nuclear chromatins are homogeneously compact in step-14 to step-16 spermatids. The annuli begin to
descend in step 15 and step-16 spermatids, and the space around the axoneme-ODF cylinder evacuated by the annuli is encircled by
the mitochondrial sheath. After step-16 spermiogenesis, the testicular spermatozoa are released into the seminiferous tubule lumen,
pinching off and leaving behind the residual cytoplasm in the Sertoli cell crypts.

and location in the seminiferous tubule, a group of type-A  definite periodicity, mimicking a spiral cycle called the
spermatogonia enters spermatogenesis. After a definite  spermatogenic cycle or cycle of seminiferous epithelium
interval, a new group of type-A spermatogonia enters  (see Figure 3.51).

spermatogenesis. By this time the previous spermatogenic The duration of the spermatogenic cycle, i.e. the pitch of
cells would advance to a higher stage of development.  the spiral cycle and the progress of spermatogenesis during
Thus, spermatogenesis is initiated and propagated at a  this period, are always constant in a given species, but vary
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Figure 3.51. Schematic interpretation of the cycle of seminiferous epithelium modeled after mouse spermatogenesis. Roman
numerals represent stages I through XII of spermatogenesis. Arabic numerals represent steps 1 through 16 of spermiogenesis.

in different species (Table 3.2). For example, in mice the
spermatogenic cycle of the seminiferous epithelium is 8.6
days long and complete spermatogenesis comprises 4.5
cycles. Thus, mature spermatozoa are shed from the given

Table 3.2. Kinetics of spermatogenesis in selected
mammalian species.

. . No. of
Duration of Duration stages  No. of steps of

Animals spermatogenesis of cycle . .
of semf spermiogenesis

(Days) (days) tubules
Man 64 16 6 8-9
Monkey ? 10 12
Dog 49 13.6 8 12
Bull 54 13.5 8 ?
Ram 49 10.4 8 ?
Boar 34 8.6 8 ?
Rat 48 12 14 19
Mouse 39 8.6 12 16

segment of seminiferous epithelium every 8.6 days; however,
a complete testicular spermatogenesis, from spermato-
gonium stage to spermiation, requires 39 days. During one
spermatogenic cycle in mice, the germ cells undergo 12
stages of spermatogenesis, which are by consensus assigned
roman numerals I to XII.

A constant periodicity applies not only to the overall
cycle, but also to each stage of spermatogenesis. Therefore,
each spermatogenic stage coexists with three or four pre-
ceding or following stages of the corresponding cycles.
Because there are 12 spermatogenic stages in one mouse
spermatogenic cycle, there would be 12 different combina-
tions of germ cells (14 in the rat) designated as the stages
of seminiferous epithelium.

The seminiferous tubule of each stage consists of the
germ cells belonging to various cycles in concentric layers,
progressing from the basement membrane to the lumen. For
example, the mouse stage II seminiferous tubule shows
concentric layers of type B spermatogonial cells, pachytene
spermatocytes, step 5 spermatids, and step 15 spermatids
sequentially from the basement to the lumen. Thus, the
cycle of seminiferous epithelium can be defined as the suc-
cessive, synchronous evolution of one stage of spermato-
genesis to the next.
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Figure 3.52. A schematic interpretation of the wave of seminiferous epithelium, incorporating the concept of wave modulation.

Some common characteristics can be used to simplify
the staging of seminiferous epithelium. For example, round
spermatids are found in stages I to VII. Dividing primary
and secondary spermatocytes with meiotic spindles and
condensed chromosomes occur in stage XII tubules (stage
XIV in rat) (Hess and Moore, 1993).

In contrast to other mammals, spermatogenesis in hu-
mans appears to be synchronized in small areas (Clermont,
1963; Schulze and Rehder, 1984). When examined in trans-
verse sections, the organized germ cell association belong-
ing to one stage is confined to a segment of the tubule as a
wedge; the adjacent sectors are occupied by the preceding
or following developmental stages. The demarcation lines
between the adjacent stages are not quite distinct. A cross
section of tubules usually shows three stages of spermato-
genesis. Some regions of the tubules may lack one or even
two generations of spermatogenic cells. This anomaly is
more frequent in individuals showing lower sperm count.
The human spermatogenic cycle comprises six stages of
cellular associations (Clermont, 1963).

Spermatogenic Wave

As described above, groups of germ cells progress
through successive stages of development with defined peri-
odicity at any location of seminiferous tubules. Spermato-
genesis is a highly organized developmental process in time
as well as space. The seminiferous tubules thus exhibit
orderly progression of spermatogenic stages along the
length. Distally from the rete testis, segments of tubule
exhibit sequentially earlier spermatogenetic stages until
reaching stage I, followed by a new sequence of orderly
descending spermatogenic stages. In other words, sper-
matogenetic stages progress in a wave-like pattern along the
length of the tubule, a phenomenon referred to as the sper-
matogenic wave. Hence, the wave of the seminiferous epi-
thelium can be defined as the arrangement of successive
stages of the cycle along the length of the seminiferous
tubule.

The sequence of spermatogenic wave may be reversed
(ascending order) in some segments of a seminiferous
tubule. Such segments are called the modulations (see
Figure 3.52). The modulated wave eventually returns to the
normal, descending order. Because the spermatogenic
waves progress in descending order distally from both ends

of the seminiferous tubule, they meet at a common stage
somewhere in the middle of the seminiferous tubule. The
average spermatogenic wave length, i.e. the length of semi-
niferous tubule segment comprising all 12 stages, in mice
is 2.6cm.

Conclusion

Spermatogenesis is an intricate process by which haploid,
individualized spermatozoa with unique accessory struc-
tures and fertilizing capability are produced from immotile,
diploid, somatic-cell-like spermatogonia. The spermato-
genic stem cells undergo proliferation with two distinct end
points: self renewal by mitosis and transformation into
spermatocytes. Each spermatocyte divides by two cycles of
meiotic division, giving rise to four haploid spermatids that
undergo spermiogenesis, forming highly elongated and
free-swimming spermatozoa.

Spermatogenesis is made possible by the unique archi-
tecture of seminiferous epithelium in which the diploid
phase of spermatogenesis occurs in the nutrient-rich basal
compartment and the haploid cells, expressing unique, male
germ cell-specific surface receptors, develop in the adlumi-
nal compartments, protected from the body’s immune
system by the blood-testis barrier.

By building on the existing knowledge of mammalian
spermatogenesis, it will become possible to produce normal
spermatozoa in vitro to treat infertility caused by trauma,
cancer, toxic exposure, congenital condition, etc. On the
other hand, seminiferous epithelium can be an important
target for reversible male contraceptive drugs that will alter
the blood-testis barrier, halt spermatogenesis/spermiogen-
esis, or prevent spermiation.

Acknowledgments

We thank Dr. Richard Oko for critical reading of the manu-
script, and Kathryn Craighead for proofreading and editing.
The support of our lab mates Kathleen Baska, Dawn Feng,
Nicole Leitman, Kyle Lovercamp, Miriam Sutovsky, and
Youg-Joo Yi, and our many external and internal collabora-
tors, is greatly appreciated. Our research on mammalian
spermatogenesis is currently supported by USDA-NRI
award #2002-02069 and by funding from the Pfizer



96 Comparative Reproductive Biology

Foundation and Food for the 21st Century Program of the
University of Missouri-Columbia.

Bibliography

Abeydeera, L.R., Johnson, L.A., Welch, G.R., Wang, W.H.,
Boquest, A.C., Cantley, T.C., Rieke, A., and Day, B.N. (1998).
Birth of piglets preselected for gender following in-vitro fer-
tilization of in-vitro matured pig oocytes by X and Y chromo-
some bearing spermatozoa sorted by high speed flow
cytometry. Theriogenology 50(7):981-988.

Aitken, J.R. (2000). Possible redox regulation of sperm motility
activation. J Androl 21(4):491-496.

Baba, T., Azuma, S., Kashiwabara, S., and Toyoda, Y. (1994).
Sperm from mice carrying a targeted mutation of the acrosin
gene can penetrate the oocyte zona pellucida and effect fertil-
ization. J Biol Chem 69(50):31845-31849.

Barth, A.D., and Oko, R.J. (1989). Abnormal morphology of
bovine spermatozoa. Ames: Iowa State University Press.
Bedford, J.M. (1998). Mammalian fertilization misread? Sperm
penetration of the eutherian zona pellucida is unlikely to be a

lytic event. Biol Reprod 59(6):1275-1287.

Brewer L., Corzett, M., and Balhorn, R. (2002). Condensation of
DNA by nuclear basic nuclear proteins. J Biol Chem 277(41):
38895-388900.

Churikov, D., Zalenskaya, I.A., and Zalensky, A.O. (2004). Male
germline-specific histones in mouse and man. Cytogenet
Genome Res 105(2—4):203-214.

Clark, J.M., and Eddy, E.M. (1975). Fine structural observations
on the origin and associations of primordial germ cells of the
mouse. Dev Biol 47(1):136-155.

Clermont, Y. (1963). The cycle of the seminiferous epithelium in
man. Am J Anat 112:35-51.

Clermont, Y., and Antar, M. (1973). Duration of the cycle of the
seminiferous epithelium and the spermatogonial renewal in
the monkey Macaca arctoides. Am J Anat 136(2):153-165.

Cooper, T.G., and Yeung, C.H. (2003). Acquisition of volume
regulatory response of sperm upon maturation in the epididy-
mis and the role of the cytoplasmic droplet. Microsc Res Tech
61(1):28-38.

Cuasnicu, P.S., Ellerman, D.A., Cohen, D.J.,, Busso, D.,
Morgenfeld, M.M., and Da Ros, V.G. (2001). Molecular mech-
anisms involved in mammalian gamete fusion. Arch Med Res
32(6):614-618.

Cummins, J. (2000). Fertilization and elimination of the paternal
mitochondrial genome. Hum Reprod 15 Suppl 2:92-101.

deKretser, D.M., and Kerr, J.B. (1994). The cytology of testis.
In: Knobil, E., and Neill, I.D. (eds) The Physiology of
Reproduction, Ames: Raven Press, New York, pp 1177-1290.

Eddy, E.M., O’Brien, D.A., Fenderson, B.A., and Welch, J.E.
(1991). Intermediate filament—Ilike proteins in the fibrous
sheath of the mouse sperm flagellum. Ann N Y Acad Sci
637:224-230.

Eddy, E.M., Toshimori, K., and O’Brien, D.A. (2003). Fibrous
sheath of mammalian spermatozoa. Microsc Res Tech 61(1):
103-115.

Evans, J.P. (2002). The molecular basis of sperm-oocyte
membrane interactions during mammalian fertilization. Hum
Reprod Update 8(4):297-311.

Fernandez-Novell, J.M., Ballester, J., Medrano, A., Otaegui, P.J.,
Rigau, T., Guinovart, J.J., and Rodriguez-Gil, J.E. (2004). The
presence of a high-Km hexokinase activity in dog, but not in
boar, sperm. FEBS Lett 570(1-3):211-216.

Fischer, K. (2003). Proteins of the 15-lipoxygenase and ubiquitin-
proteasome pathways colocalize in the boar sperm cyto-
plasmic droplet. Master of Science Thesis, Graduate School,
University of Missouri-Columbia, Columbia, MO.

Florman, H.M., and Storey, B.T. (1982). Mouse gamete inter-
actions: the zona pellucida is the site of the acrosome reaction
leading to fertilization in-vitro. Dev Biol 91(1):121-130.

Fouquet, J.P., and Dadoune, J.P. (1986). Renewal of spermato-
gonia in the monkey (Macaca fascicularis). Biol Reprod
35(1):199-207.

Fouquet, J.P., and Kann, M.L. (1994). The cytoskeleton of mam-
malian spermatozoa. Biol Cell 81(2):89-93.

Fraser, L.R. (1982). p-Aminobenzamidine, an acrosin inhibitor,
inhibits mouse sperm penetration of the zona pellucida but not
the acrosome reaction. J Reprod Fertil 65(1):185-94.

Garner, D.L. (2006). Flow cytometric sexing of mammalian
sperm. Theriogenology 65(5):943-957.

Gerton, J.L. (2002). Function of the sperm acrosome. In: Hardy,
D. (ed), Fertilization, Ames: Academic Press, San Diego, pp
265-302.

Guraya, S.S. (1987). Biology of Spermatogenesis and Spermato-
zoa in Mammals. Ames: Springer-Verlag, Berlin.

Hollinshead, F.K., Evans, G., Evans, K.M., Catt, S.L., Maxwell,
W.M., and O’Brien, J.K. (2004). Birth of lambs of a pre-
determined sex after in-vitro production of embryos using
frozen-thawed sex-sorted and re-frozen-thawed ram sperma-
tozoa. Reproduction 127(5):557-568.

Honda, A., Siruntawineti, J., and Baba, T. (2002). Role of acro-
somal matrix proteases in sperm-zona pellucida interactions.
Hum Reprod Update 8(5):405-412.

Hess, R.A., and Moore, G.L. (1993). Histological Methods for the
Evaluation of the Testis. In Chapin, R.E., and Heindel, J.J.
(eds), Methods in Reproductive Toxicology, Ames: Academic
Press, San Diego, pp 52-85.

Hoyer-Fender, S., Neesen, J., Szpirer, J., and Szpirer, C. (2003).
Genomic organisation and chromosomal assignment of ODF2
(outer dense fiber 2), encoding the main component of sperm
tail outer dense fibers and a centrosomal scaffold protein.
Cytogenet Genome Res 103(1-2):122-127.

Jaiswal, B.S., and Eisenbach, M. (2002). Capacitation. In Hardy,
D. (ed), Fertilization, San Diego: Academic Press, pp
57-118.

Johnson, L.A., Rath, D., Vazquez, J.M., Maxwell, WM., and
Dobrinsky, J.R. (2005). Preselection of sex of offspring in
swine for production: current status of the process and its
application. Theriogenology 63(2):615-624.

Kaplan, M., Russell, L.D., Peterson, R.N., and Martan, J. (1984).
Boar sperm cytoplasmic droplets: their ultrastructure, their
numbers in the epididymis and at ejaculation and their removal



Histology, Cellular and Molecular Biology of Reproductive Organs 97

during isolation of sperm plasma membranes. Tissue Cell
16:455-468.

Kierszenbaum, A.L. (2002). Intramanchette transport (IMT):
managing the making of the spermatid head, centrosome, and
tail. Mol Reprod Dev 63(1):1-4.

Larsen, R.E., and Chenoweth, P.J. (1990). Diadem/crater defects
in spermatozoa from two related angus bulls. Mol Reprod Dev
25(1):87-96.

Liu, D.Y., and Baker, HW. (1993). Inhibition of acrosin activity
with a trypsin inhibitor blocks human sperm penetration of the
zona pellucida. Biol Reprod 48(2):340-348.

Manandhar, G., Simerly, C., and Schatten, G. (2000). Centrosome
reduction during mammalian spermiogenesis. Curr Top Dev
Biol 49:343-363.

Manandhar, G., and Toshimori, K. (2003). Fate of postacrosomal
perinuclear theca recognized by monoclonal antibody MN13
after sperm head microinjection and its role in oocyte activa-
tion in mice. Biol Reprod 68(2):655-663.

Manandhar, G., Schatten, H., and Sutovsky, P. (2005). Centro-
some reduction during gametogenesis and its significance. Biol
Reprod 72(1):2-13.

Manandhar, G., and Toshimori, K. (2001). Exposure of sperm
head equatorin after acrosome reaction and its fate after fer-
tilization in mice. Biol Reprod 65(5):1425-1436.

Manandhar, G., Sutovsky, P., Joshi, H., Stearns, T., and Schatten,
G. (1998). Centrosome reduction during mouse spermiogene-
sis. Dev Biol 203:424-434.

Manandhar, G., and Schatten, G. (1999). Formation of synchytial
spermatids and their development in mice. 32nd Annual
Meeting of the Society for the Study of Reproduction, Pullman,
WA.

Meistrich, M.L., Mohapatra, B., Shirley, C.R., and Zhao, M.
(2003). Roles of transition nuclear proteins in spermiogenesis.
Chromosoma 111(8):483-488.

Miki, K., Qu, W., Goulding, E.H., Willis, W.D., Bunch, D.O.,
Strader, L.F., Perreault, S.D., Eddy, E.M., and O’Brien, D.A.
(2004).  Glyceraldehyde
a sperm-specific glycolytic enzyme, is required for sperm
motility and male fertility. Proc Natl Acad Sci USA
101(47):16501-16506.

Myles, D.G., and Primakoff, P. (1997). Why did the sperm cross
the cumulus? To get to the oocyte. Functions of the sperm

3-phosphate  dehydrogenase-S,

surface proteins PH-20 and fertilin in arriving at, and fusing
with, the egg. Biol Reprod 56(2):320-327.

Oko, R., and Clermont, Y. (1989). Light microscopic immuno-
cytochemical study of fibrous sheath and outer dense fiber
formation in the rat spermatid. Anat Rec 225(1):46-55.

Oko, R. (1995). Developmental expression and possible role of
perinuclear theca proteins in mammalian spermatozoa. Reprod
Fertil Dev 7(4):777-797.

Oko, R. (1998). Occurrence and formation of cytoskeletal proteins
in mammalian spermatozoa. Andrologia 30(4-5):193-206.
Oko, R., Hermo, L., Chan, PT, Fazel, A., and Bergeron, J.J.
(1993). The cytoplasmic droplet of rat epididymal spermato-
zoa contains saccular elements with Golgi characteristics.

J Cell Biol 123(4):809-821.

Olds-Clarke, P. (2003). Unresolved issues in mammalian fertil-
ization. Int Rev Cytol 232:129-84.

Paweletz, N., Mazia, D., and Finze, E.M. (1987a). Fine structural
studies of the bipolarization of the mitotic apparatus in the
fertilized sea urchin egg. I. The structure and behavior of
centrosomes before fusion of the pronuclei. Eur J Cell Biol
44:195-204.

Paweletz, N., Mazia, D., and Finze, E.M. (1987b). Fine structural
studies of the bipolarization of the mitotic apparatus in the
fertilized sea urchin egg. II. Bipolarization before the first
mitosis. Eur J Cell Biol 44:205-213.

Payne, C., Rawe, V., Ramalho-Santos, J., Simerly, C., and
Schatten, G. (2003). Preferentially localized dynein and peri-
nuclear dynactin associate with nuclear pore complex proteins
to mediate genomic union during mammalian fertilization.
J Cell Sci 116:4727-4738.

Perreault, S.D., Wolf, R.A, and Zirkin, B.R. (1984). The role of
disulfide bond reduction during mammalian sperm nuclear
decondensation in-vivo. Dev Biol 101:160-167.

Perry, A.C., Wakayama, T., and Yanagimachi, R. (1999a). A novel
trans-complementation assay suggests full mammalian oocyte
activation is coordinately initiated by multiple, submembrane
sperm components. Biol Reprod 60(3):747-1755.

Perry, A.C., Wakayama, T., Kishikawa, H., Kasai, T., Okabe,
M., Toyoda, Y., and Yanagimachi, R. (1999b). Mammalian
transgenesis by intracytoplasmic sperm injection. Science
284(5417):1180-1183.

Russell, L.D., Goh, J.C., Rashed, R.M., and Vogl, AW. (1988).
The consequences of actin disruption at Sertoli ectoplasmic
specialization sites facing spermatids after in-vivo exposure of
rat testis to cytochalasin D. Biol Reprod 39(1):105-18.

Russell, L.D., Ettlin, R., Hikim, A.P.S., and Clegg, E.D.
(1990). Histological Pathological Evaluation of the Testis.
Clearwater, FL: Cache River Press.

Saxena, D.K., Oh-Oka, T., Kadomatsu, K., Muramatsu, T., and
Toshimori, K. (2002). Behaviour of a sperm surface trans-
membrane glycoprotein basigin during epididymal maturation
and its role in fertilization in mice. Reproduction 123:
435-444.

Schatten, G. (1994). The centrosome and its mode of inheritance:
the reduction of the centrosome during gametogenesis and its
restoration during fertilization. Dev Biol 165(2):299-335.

Schulze, W., and Rehder, U. (1984). Organization and orphogen-
esis of the human seminiferous epithelium. Cell Tissue Res
237(3):395-407.

Sutovsky, P., Navara, C., and Schatten, G. (1996). The fate of the
sperm mitochondria and the incorporation, conversion and
disassembly of the sperm tail structures during bovine fertil-
ization in-vitro. Biol. Reprod 55:1195-1205.

Sutovsky, P., Oko, R., Hewitson, L., and Schatten, G. (1997). The
removal of the sperm perinuclear theca and its association
with the bovine oocyte surface during fertilization. Dev Biol
188(1):75-84.

Sutovsky, P., Ramalho-Santos, J., Moreno, R., Oko, R., Hewitson,
L., and Schatten, G. (1999). On-stage selection of single round
spermatids using a vital, mitochondrion-specific fluorescent



98 Comparative Reproductive Biology

probe MitoTracker(TM) and high resolution differential
interference contrast microscopy. Hum Reprod 14(9):2301-
2312.

Sutovsky, P., Manandhar, G., Wu, A., and Oko, R. (2003). Inter-
actions of sperm perinuclear theca with the oocyte: implica-
tions for oocyte activation, anti-polyspermy defense, and
assisted reproduction. Microsc Res Tech 61(4):362-378.

Sutovsky, P., Manandhar, G., McCauley, T.C., Caamano, J.N.,
Sutovsky, M., Thompson, W.E., and Day, B.N.(2004). Protea-
somal interference prevents zona pellucida penetration and
fertilization in mammals. Biol Reprod 71(5):1625-37.

Toshimori, K., Tanii, I., Araki, S., and Oura, C. (1992). Charac-
terization of the antigen recognized by a monoclonal antibody
MNO: unique transport pathway to the equatorial segment of
sperm head during spermiogenesis. Cell Tissue Res 270(3):
459-468.

Tulsiani, D.R., Abou-Haila, A., Loeser, C.R., and Pereira, B.M.
(1998). The biological and functional significance of the sperm
acrosome and acrosomal enzymes in mammalian fertilization.
Exp Cell Res 240(2):151-164.

Turner, R.M., Eriksson, R.L., Gerton, G.L., and Moss, S.B. (1999).
Relationship between sperm motility and the processing and

tyrosine phosphorylation of two human sperm fibrous sheath
proteins, pro-hAKAP82 and hAKAPS2. Mol Hum Reprod
5(9):816-824.

Valdivia, M., Sillerico, T., De Ioannes, A., and Barros, C. (1999).
Proteolytic activity of rabbit perivitelline spermatozoa. Zygote
7(2):143-9.

Vogl, AW., Pfeiffer, D.C., and Redenbach, D.M. (1991). Ectoplas-
mic (“junctional”) specializations in mammalian Sertoli cells:
influence on spermatogenic cells. Ann N Y Acad Sci 637:
175-202.

Wooley, D.M., and Fawcett, D.W. (1973). The degeneration and
disappearance of the centrioles during the development of the
rat spermatozoa. Anat Rec 177:289-203.

Yanagimachi, R. (1994). Mammalian fertilization. In: Knobil, E.,
and Neill, J.D. (eds), The Physiology of Reproduction, 2nd ed.,
Ames: Raven Press, New York, pp 189-317.

Zamboni, L., Zemjanis, R., and Stefanini, M. (1971). The fine
structure of monkey and human spermatozoa. Anat Rec 169(2):
129-53.

Zaneveld, L.J. 1982. Research Frontier in Fertility Regulation,
Vol 111, Gerland, G.I. (ed) Ames: Northwestern University,
Chicago, pp 1-15.



Part 3.4

Overview of Female Reproductive Organs

Cheryl S. Rosenfeld and Heide Schatten

The anatomy and developmental anatomy of the female
reproductive organs have been described in detail in Chap-
ters 1 and 2, respectively. Please see these chapters and
chapter 5 on reproductive physiology for complete descrip-
tions. In this chapter we show representative histological
images of the paired ovaries, the ducts (oviduct, uterus,
and vagina) that are derived from the Paramesonephric or
Miillerian duct, and the external genitalia (labia majora,
labia minora, and clitoris)(for review on these systems see
Hafez and Hafez, 2000; Eurell and Frappier, 2006).

Ovary

The four main functions of the ovaries are production of
female gametes (ova), secretion of steroid hormones (estro-
gen and progesterone), regulation of postnatal growth, and
secondary sexual characteristics.

Primordial Germ Cells and Oogonia

Primordial germ cells (PGC) first appear in the yolk sac
endoderm at around 17 days post-coitus (dpc) in the dog
and 19dpc in cattle. These cells then migrate from the
dorsal mesentery of the hindgut to the gonadal ridge, which
at this time is undifferentiated and has the potential to
become an ovary or testes (Motta et al., 1997; Bendel-
Stenzel et al., 1998; Pereda et al., 2006). In females, the
primordial germ cells will give rise to oogonia that undergo
extensive mitosis during prenatal development. After birth,
the oogonia presumably undergo mitotic arrest, but some
reports indicate that these cells retain limited mitotic
potential after birth. In general, though, females have little
to no ability to replenish their germ cells after birth;
whereas, males have lifetime replenishment of their germ
cells. Oogonia eventually differentiate into primary
oocytes.

Primary and Secondary Oocytes

Atbirth, most females have approximately 1 million primary
oocytes, but only several hundred of these will ovulate. The
fate of most oocytes is to undergo degeneration or atresia.
All of the oocytes contained within ovarian follicles are
primary oocytes. Those oocytes that are ovulated will enter
the first round of meiosis and give rise to a secondary
oocyte and first polar body. The secondary oocyte will
complete the second round of meiosis and a haploid ovum

and secondary polar body result from this last round of
division.

Ovarian Morphology

The ovary is divided into a cortex and medulla. In most
species the cortex contains the ovarian follicles and corpora
lutea (CL), but in equid species, these structures are instead
located in the medullary region. In all other species, the
medulla solely contains blood and lymph vessels and
nerves.

Ovarian Cortex

The ovarian cortex is covered by a superficial simple squa-
mous to cuboidal epithelium that is also referred to as ger-
minal epithelium because it used to be thought that these
cells gave rise to the germ cells (see Figures 3.53, 3.54, and
3.55). However, it is now recognized that these cells do not
produce germs cells but are instead similar to mesothelial
cells. Deep to these epithelial cells is a dense irregular con-
nective tissue called tunica albuginea that blends into the
ovarian stroma of loose connective tissue that contains the
ovarian follicles in most species (see Figure 3.53).

Ovarian Medulla

The ovarian medulla contains blood and lymph vessels and
nerves. Connective tissue with some smooth muscle is also
present in this region, as well as the rete ovarii, which are
blind ending tubules. In equid species, ovarian follicles are
located within the ovarian medulla.

Ovarian Follicular Development

The primary oocyte and its surrounding epithelial cells are
considered an ovarian follicle at all stages of development.
Ovarian follicular development is divided into four recog-
nizable stages: primordial, primary, secondary, and tertiary
(vesicular, pre-ovulatory or Graafian) follicles.

Primordial Follicle

The primordial follicle is classified by the primary oocyte
surrounded by a single layer of simple squamous follicular
epithelial cells (see Figure 3.53). Along with the primary
follicles, they are located below the tunica albuginea in the
superficial cortex region and are generally at a resting
phase.
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Figure 3.53. Low magnification of canine ovarian cortex
region. Block arrows point at the lining superficial or germinal
epithelium, which are mesothelial cells. Arrows point at
primordial follicles with simple squamous epithelial cells
surrounding a primary oocyte. TA, tunica albuginea, it is the
connective tissue below the superficial epithelium and blends
into the ovarian stroma. (Also see color plate)

Primary Follicle

The primary follicle includes the primary oocyte and an
encasing single layer of cuboidal follicular epithelial cells
(see Figure 3.54). Clusters of primordial and primary folli-
cles are called an egg nest and are commonly seen in species
that ovulate more than one oocyte at a time.

Figure 3.54. Low magnification of canine ovarian cortex
region. The black arrow points at a primary follicle with
simple cuboidal epithelium surrounding a primary oocyte. The
bar spans a secondary follicle with stratified follicular
epithelium around the primary oocyte. The block arrow points
at a polyovulatory follicle, which is atypical. If this follicle
ovulates, two primary oocytes will be released. (Also see color
plate)
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Figure 3.55. Mouse ovary with tertiary (Graafian) follicle
undergoing ovulation (bar). Boxed area, primary oocyte,
corona radiata, and cumulus oophoros that are in the process of
ovulation. Arrows point at the superficial or germinal
epithelium that surrounds the ovary. OB, ovarian bursa, which
is the region that the primary oocyte will be released into after
ovulation. (Also see color plate)

Secondary Follicle

At this stage of development, the primary oocyte is sur-
rounded by stratified follicular epithelial (granulosa) cells
and inner and outer theca (interstitial) cells are developing
beyond the basement membrane of the follicle (see Figure
3.54). The oocyte and surrounding granulosa cells have
produced a well-defined zona pellucida (glycoprotein coat)
that encases the primary oocyte.

Tertiary (Vesicular, Pre-Ovulatory,
or Graafian) Follicle
The main feature that characterizes the tertiary follicle is
the development of a follicular antrum or fluid, which is
also called liquor folliculi, within the follicular epithelium
(see Figures 3.55 to 3.58). By this stage, the surrounding
interstitial cells are well-differentiated into a theca interna
and theca externa layers. The follicular epithelial cells
(granulosa cells) are classified according to their location
within the ovarian follicle. Those epithelial cells that sur-
round the primary oocyte and are just beyond the zona
pellucida are called corona radiata cells (see Figure 3.58),
and those that protrude from the main follicular epithelial
wall are termed cumulus oophoros cells (see Figure 3.58).
The corona radiata and cumulus oophoros cells will even-
tually be ovulated along with primary oocyte (see Figures
3.53 and 3.59). The follicular epithelial cells that form the
wall of the follicle are called stratum or mural granulosa
cells, and rest on a basement membrane (see Figure 3.58).
At the tertiary follicle stage, the theca interna cells will
produce androgens that are converted by the granulosa cells
to estrogens. The tertiary follicle may also be referred to as
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Figure 3.56. Low magnification of pig ovary. Boxed area, one
tertiary or vesicular ovarian follicle that is comprised of stratum
granulosum and theca cells. Within the stratum granulosum is a
follicular antrum or liquor folliculi (arrows). (Also see color
plate)

a vesicular, pre-ovulatory, or Graafian follicle, but the last
two terms are only applicable to tertiary follicles that are
fully mature and ready to undergo ovulation. Species vari-
ability exists in the size of mature tertiary follicles; it is
approximately 2mm in the cat and dog, 10mm in small
ruminants, 10 to 20mm in cows, and 50 to 70mm in the
mare.

Atretic Follicles
Most follicles do not culminate in ovulation but instead
undergo degeneration or atresia. Atretic follicles are char-

Figure 3.57. Higher magnification of ovarian section from
Figure 3.56. One tertiary follicle is featured. The arrow points
to the primary oocyte and the bar spans the follicular antrum.
SG, stratum granulosum; and T, thecal layers. (Also see color
plate)

Figure 3.58. Further magnification of tertiary follicle from
Figure 3.57. The arrows point to the corona radiata cells that
are just beyond the zona pellucida surrounding the primary
oocyte. CO, cumulus oophoros cells that project from the
stratum granulosum (SG). TL, theca interna, and TE, theca
externa. (Also see color plate)

acterized by having several pyknotic granulosa cells and
chromatolytic cells and the formation of a thick glassy
membrane surrounding the follicle (see Figure 3.60).
The dead cells of these follicles are phagocytosed by
macrophages.

Species Differences in Follicular Development

and Associated Cells

In equid species, ovarian follicles are located in the
medullary region and are ovulated into the ovulation
fossa that borders the cortical tissue rather than an ovarian
bursa. Dogs and cats have interstitial endocrine cells

Figure 3.59. Higher magnification of primary oocyte that is
being extruded from the tertiary follicle in Figure 3.55. (Also
see color plate)
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Figure 3.60. Atretic follicle within the ovary (boxed region).
This follicle is characterized by hyalinization (thickening) of
the basement membrane and many pyknotic and necrotic
granulosa cells. No oocyte is present in this atretic follicle.
(Also see color plate)

that originate from theca interna and granulosa cells of
atretic follicles, and these cells produce various steroid
hormones.

Ovulation and Fertilization

Pulsatile secretion of luteinizing hormone (LH) from the
pars distalis region of the anterior pituitary gland induces
an increase in prostaglandins and various collagenases that
enzymatically degrade the follicular wall. Thus, the LH
pulse culminates in ovulation of the tertiary follicle. The
cumulus oophoros, corona radiata, and primary oocyte are
released from the follicle into the ovarian bursa and peri-
toneal cavity, and finally transcend into the ampulla of the
oviduct to await fertilization. During this time, the primary
oocyte completes the first round of meiosis. A corpora
hemorrhagicum (characterized by hemorrhage into this
area) forms after the follicular wall collapses. The remain-
ing granulosa and theca cells undergo luteinization and fill
in this open area to form a corpora lutea.

Cats, llamas and other species are induced ovulators and
thus, the act of copulation is necessary to trigger ovulation.
Most other domestic animal species ovulate spontaneously.
The second meiotic division is completed at the time of
fertilization. More information on fertilization is provided
in Chapter 5.

Corpora Lutea

Luteinized granulosa and theca cells form the luteal cells
of the corpora lutea (CL). In some species, the CL is com-
prised of recognizable small and large luteal cells that are
thought to originate from the theca or granulosa cells,
respectively (see Figures 3.61 and 3.62). However, not all

Figure 3.61. Sheep ovary with many corpora lutea (CL). After
ovulation the granulosa and theca cells undergo luteinization
and begin to secrete progesterone. (Also see color plate)

scientists agree with this hypothesis. The process of lutein-
ization is characterized by an increase in cell size and
number and in some species the formation of a yellow
pigment (lutein). The luteal cells produce progesterone in
high concentrations that in most species is required to
support a pregnancy.

Progesterone inhibits LH secretion, and thus high con-
centrations of this steroid hormone inhibit ovulation. Many
blood vessels are present in the CL to transport progester-
one to its target sites and to nourish the luteal cells. In most
species, if the animal does not become pregnant, the uterus
will produce prostaglandin F,, (PGF,,) that destroys the

Figure 3.62. Higher magnification of sheep CL from Figure
3.61 revealing the large (arrows) and small luteal cells that
comprise the CL. Each CL contains numerous blood vessels to
nourish the luteal cells and transport the secreted progesterone
to their target sites. (Also see color plate)
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CL (induces luteolysis). A corpus albicans develops after
luteolysis. The destruction of the CL results in a precipitous
drop of progesterone and thereby permits further ovarian
follicular development, LH surge, and ensuing ovulation to
occur again.

Estrous Cycle

The estrous cycle is defined by recurring periods of physi-
ological and behavioral changes with each reproductive
cycle. Estrus or heat is the period of sexual receptivity, and
in Latin, it means “mad desire.” Four to five phases compose
a single estrous cycle. These are proestrus, estrus, metes-
trus (not present in all species), diestrus, and anestrus.

Initiation of the Estrous Cycle

The estrous cycle is regulated by several extrinsic or envi-
ronmental factors and intrinsic factors. The combination of
the extrinsic or intrinsic factors governs when female
animals enter into the estrus or heat period of the cycle.

Environmental Factors

Several environmental factors can influence when an animal
enters estrus. These factors include hours of daylight (photo-
period), temperature, and food supply. In the ewe and
mare, hours of daylight dictate when the animal will come
into heat. Daylight affects melatonin production by the
pineal gland, which in turn affects gonadotropin releasing
hormone (GnRH) and gonadrotropins that regulate the
estrous cycle. Mares come into estrus during long day
length/decreased melatonin concentrations. In contrast,
short day length/increased melatonin concentrations induce
ewes to come into heat. In lower vertebrates, temperature
exerts an important role in regulation of sexual function,
but in mammals, seasonal temperature variations do not
exert as much control of the estrous cycle. However, exces-
sive heat or cold conditions or starvation can negatively
impact the estrous cycle and post-fertilization embryonic
development. Temperature might affect photoperiod control
of the estrous cycle.

Intrinsic Factors

Age and genetics are the two main intrinsic factors that
influence when an animal comes into heat. The initiation
of estrus (puberty) varies across species with some coming
into heat at a relatively early age and others having delayed
puberty. In contrast to the male, the female can only repro-
duce for a finite time because of limited numbers of oocytes
and other endocrine disturbances that manifest with age.
Aged females have delayed return to estrus, decreased ovu-
lation and fertilization rates, and less ability of the uterus
to support the developing conceptus.

Hormonal Regulation of the Estrous Cycle
GnRH (factor) from the hypothalamus induces the anterior
pituitary (adenohypophysis) to produce and release follicle

stimulating hormone (FSH). FSH promotes ovarian follicu-
lar development and stimulates the granulosa cells to convert
androgens from the theca cells into estrogens.

Estrogen exerts pleiotropic effects in several organs. In
the uterus, estrogen stimulates the growth and branching of
the endometrial glands and accumulation of fluid in the
uterine stroma (uterine edema). Estrogen stimulates the
cervix to produce the mucous plug and increases the thick-
ness of the vaginal epithelium. Peak estrogen levels occur
at the time when the female is receptive to the male (estrus
or heat). Finally, in response to estrogen, the anterior
pituitary gland releases the ovulatory surge of luteinizing
hormone (LH), which culminates in rupture of the
follicle.

Proestrus and Estrus

These two portions of the cycle are considered the follicular
phase of the cycle; it is during these times that the ovarian
follicle to be ovulated develops into the tertiary follicle.
Proestrus is the phase of the estrous cycle characterized by
follicular growth, rising estrogen concentrations, and endo-
metrial development. Estrus is characterized by peak estro-
gen concentrations and more importantly the period when
the female is receptive to being mounted by the male. Ovu-
lation occurs at the end of estrus and at this time, estrogen
concentrations decline in most species.

Metestrus and Diestrus

Metestrus and diestrus are the luteal phase of the cycle.
Initial CL development and progesterone secretion occurs
during metestrus. During diestrus, the CL produces volu-
minous concentrations of progesterone. In most species, if
pregnancy does not occur the CL undergoes luteolysis in
response to PGF,, from the uterus, and progesterone con-
centrations decline, which permits the gonadrotropin con-
centrations to increase and trigger the next estrus period.
After luteolysis, the CL is replaced by a corpus albicans. In
contrast to other species, dogs have a prolonged diestrus
phase regardless if they are pregnant.

Anestrus

Anestrus is the period of ovarian inactivity. Depending on
the species this can be prolonged or it may be short with a
small gap between estrous cycles.

Species Differences in the Estrous Cycle

Dogs are monestrous with generally one estrous cycle per
year. The cow and sow are polyestrous and can come into
estrus at any point during the year. The mare, ewe, doe, and
queen are seasonally polyestrous with the time of year influ-
encing when they will come into heat.

Oviduct (Uterine or Fallopian Tube)

The oviduct is divided into the infundibulium (which has
fimbriae), ampulla, and isthmus regions. After the oocytes
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Figure 3.63. Mouse ovary and oviduct after ovulation. The
ampulla of the oviduct contains the newly released ova and
surrounding cumulus cells (boxed region). Fertilization will
take place in this area. (Also see color plate)

are ovulated into the ovarian bursa, they then traverse from
the infundibulum to the ampulla to await fertilization (see
Figures 3.63 and 3.64). If the ova are fertilized, then the
resulting embryos will undergo cleavage and move into the
isthmus region and eventually into the uterus. The wall
thickness of the oviduct increases from the infundibulium
to the isthmus region, but the infundibulum and ampulla
region are more tortuous than the isthmus region. The
oviduct is a classic tubular organ with a tunica mucosa,
submucosa, and muscularis layers (see Figure 3.65).

The mucosa-submucosa includes primary, secondary,
and tertiary folds or plicae, and this region contains simple
columnar to pseudostratified epithelial cells that include

di5s
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Figure 3.64. Higher magnification of mouse oviduct from

Figure 3.63. The arrow points to an ovulated ovum within the
ampulla of the oviduct. (Also see color plate)

Figure 3.65. Low magnification of bovine oviduct that reveals
the many foldings of the tunica mucosa and the relatively thin
wall appearance to this tubular organ. The connective tissue
beyond the tunica serosa is termed mesosalpinx. (Also see color
plate)

ciliated (kinocilia) and non-ciliated secretory cells with
microvilli, also called peg cells (see Figure 3.66). The
secreted oviductal glycoproteins are thought to aid in
embryonic development, sperm capacitation, and hyperac-
tivation, but pre-implantational embryos can develop in the
culture dish without these glycoproteins. Thus, the signifi-
cance of these secretory products in vivo is uncertain.
Ovarian steroid hormones regulate the secretion of these
glycoproteins. Smooth muscle comprises the tunica muscu-
laris region, and this layer is predominantly made up of
smooth muscle fibers arranged in a circular format.

The fimbriae of the infundibulum are unattached except
for at the upper pole of the ovary, and this anatomical

P, ¢

Figure 3.66. Higher magnification of the oviduct reveals the
ciliated and non-ciliated cells that line the folded tunica
mucosa. (Also see color plate)
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arrangement helps to secure the ovulated oocyte. The
oocyte or fertilized zygote is transported by the ciliary
activity of the ciliated cells and by the peristaltic contrac-
tion of the muscular wall. Ovarian steroid hormones regu-
late the ciliary beat such that ciliary activity is greatest at
ovulation. Muscular contraction of the uterus and oviduct
transport the spermatozoa to the ampullary region.

Uterus (Uterine Horn)

The uterus is a typical tubular organ with two uterine horns,
a body, and a cervix, but the layers of the uterus are defined
differently than other tubular organs. The uterine layers are
the endometrium (tunica mucosa), myometrium (tunica
muscularis), and perimetrium (tunica serosa) (see Figures
3.67 to 74). The endometrium is comprised of simple
columnar endometrial epithelial cells, connective tissue
stroma, and simple coiled to branched tubular endometrial
glands. Estrogen stimulates the development of these glands,
and progesterone governs the secretion of the endometrial
glands. The myometrium consists of smooth muscle
arranged in an inner circular and outer longitudinal layer,
and during pregnancy these smooth muscle cells can
increase in number (undergo hyperplasia) (see Figure 3.68).
The collection of blood vessels between the two muscle
layers is termed stratum vasculare (see Figure 3.68). The
perimetrium is made up of the connective tissue beyond the
myometrium and mesothelial cell lining.

The developing embryo implants within the uterus.
Depending on the species this implantation may be rela-
tively superficial with the fetal epithelium directly abutting
the uterine epithelium or rather invasive with the fetal epi-
thelium eroding the uterine epithelium and connective

Figure 3.67. Low magnification of canine uterus revealing the
endometrium made up of the endometrial lining cells,
connective tissue stroma, and endometrial glands. The canine
uterus has short endometrial glands that project downward from
the endometrial lining (arrows). (Also see color plate)

Figure 3.68. Canine uterus. This section depicts the
endometrium with connective tissue stroma and endometrial
glands and the myometrium that is comprised of inner circular
and outer longitudinal smooth muscle layers. The stratum
vasculare (arrows), which are collections of blood vessels,
resides between the two muscular layers. (Also see color plate)

tissue and directly contacting the uterine blood vessels. The
uterus nourishes the developing conceptus either through
uterine secretions (histiotrophe) or from nutrients within
the uterine blood vessels (hemotrophe). When the concep-
tus is ready to be born, the smooth muscle of the myome-
trium contracts to result in expulsion of the implanted
conceptus and ensuing parturition (birth). At the end of
a non-fertile estrous cycle, the uterus produces PGF,,
to induce luteolysis and the beginning of a new estrous
cycle.

Figure 3.69. Higher magnification of canine uterus from
Figure 3.68. The arrows point at endometrial glands. The
myometrium is below the endometrial region. (Also see color
plate)
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Figure 3.70. Low magnification of pregnant cat uterus.
Estrogen stimulates proliferation of the endometrial glands, and
progesterone stimulates these glands to secrete histiotrophe to
nourish the developing conceptus. Numerous endometrial
glands are evident in this section. (Also see color plate)

Certain species differences exist in the uterus. The canid
uterus has endometrial crypts that are small endometrial
glands projecting downward from the endometrial lining
(see Figure 3.67). Ruminant animals have a caruncular and
non-caruncular uterine region (see Figures 3.72 to 3.74).
The caruncular region is where the conceptus implants and
the fetal placenta (cotyledon) combines with the maternal
caruncle to form a placentome. This region is characterized
histologically by the lack of endometrial glands below the
endometrial lining (see Figure 3.74). In contrast, the non-
caruncular region of the ruminant uterus contains endome-
trial glands (see Figures 3.72 and 3.73). In sheep, particularly

Figure 3.71. Higher magnification of pregnant cat uterus from
Figure 3.70. The arrows point to a few of the abundant
endometrial glands. (Also see color plate)

Figure 3.72. Low magnification of sheep uterus in the non-
caruncular endometrial region. The non-caruncular region is
characterized by the presence of endometrial gland. The
myometrium is below the endometrium. (Also see color plate)

black-faced ones, ectopic melanocytes may be located
within the endometrial stroma, and these cells impart multi-
focal black areas within the uterus (see Figures 3.72 and
3.73). However, the function of these cells in this region is
unknown.

Cervix

The cervix acts a sphincter-like fibrous organ, and the main
function of this organ is to produce a mucus secretion
(mucous plug) that is thought to aid in movement of the

Figure 3.73. Higher magnification of ovine uterus from Figure
3.72. Below the endometrial lining cells are several ectopic
melanocytes (arrows). These cells are routinely seen in sheep
uteri, particularly sections from black-faced sheep. The bar
spans one endometrial gland that characterizes the non-
caruncular region. (Also see color plate)
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Figure 3.74. Ovine uterus—caruncular region. No endometrial
glands are present in the caruncular region. Instead, in this

region, the connective tissue stroma proliferates below the
endometrial lining cells (boxed area). (Also see color plate)

sperm within the female reproductive tract. This secretion
is stimulated by estrogen and is produced by the simple
columnar epithelial lining cells, which include mucous-
producing and ciliated cells (see Figures 3.75 and 3.76). The
tunica mucosa of the cervix is organized into primary and
secondary folds to increase the surface area of this organ.
An inner circular and outer longitudinal layer with smooth
muscle and elastic fibers compose the tunica muscularis,
and the cervix has a typical tunica serosa.

Vagina-Vetstibule

These organs include a tunica mucosa-submucosa, tunica
muscularis, and tunica serosa (cranial end)/adventitia

Figure 3.75. Bovine cervix. The tunica mucosa of the cervix
has many primary, secondary, and tertiary folds. (Also see color
plate)

Figure 3.76. Higher magnification of bovine cervix from
Figure 3.75. The arrows point at the secondary folds that
branch from the primary folds. The epithelial cells that line
these folds produce a mucous secretion that forms the “mucous
plug.” (Also see color plate)

(caudal end). The tunica mucosa-submucosa is made up of
non-kerartinized stratified squamous epithelium with abun-
dant loose to dense irregular connective tissue below this
epithelial lining (see Figure 3.77). Estrogen secreted during
proestrus and estrus increases the thickness of this epithe-
lial lining and in canids and rodents, analysis of vaginal
smears can aid in determining which phase of the estrous
cycle the animal is in at a given time. Lymphatic nodules
are commonly seen in the caudal end of the vagina. Smooth
muscle arranged in a thick inner circular and thin outer
longitudinal layer comprise the tunica muscularis.

Figure 3.77. Low magnification of canine vagina. The tunica
mucosa is comprised of non-keratinized stratified squamous
epithelium. Deep to the epithelial lining is loose to dense
irregular connective tissue that is devoid of glands in contrast to
other tubular organs. (Also see color plate)
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Figure 3.78. Active bovine mammary gland that consists of
many lobules containing alveolar glands (bars). (Also see color
plate)

External Genitalia (Labia Majora, Labia
Minora, and Clitoris)

The labia majora and labia minora are modified skin struc-
tures. The labia majora contains hair follicles and glands,
and smooth muscle fibers. The labia minora contains blood
vessels, elastic fibers, and apocrine sweat and sebaceous
glands. The clitoris consists of vascular tissue (corpora
cavernosa) surrounded by fibrous collagen, and sensory
nerves.

Mammary Gland and Teat

Mammary glands are modified sweat glands that have
evolved to provide nourishment to post-natal animals. The
mammary gland secretion (milk) is made up various pro-
teins and lipids, and can contain whole cells. The exact
percentage of lipids and proteins in the milk depends on the

Figure 3.79. Higher magnification of mammary gland alveoli
from Figure 3.78. The mammary gland secretion (milk)
includes a mixture of proteins (secreted via merocrine mode)
and lipids (produced via apocrine secretion). Within the lumen
of the alveoli some sloughed epithelial and inflammatory cells
may be observed. (Also see color plate)

animal species. For instance, seals have the most amount
of lipids within their milk.

The mammary glands are alveolar in appearance with
simple cuboidal to columnar epithelium (see Figures 3.78
and 3.79). The lipid portion is produced via apocrine secre-
tion, and the protein portion is released via merocrine secre-
tion. Various inflammatory cells may be seen within the
lumen of the glands. A certain amount of these cells is
considered normal, but if the number of cells exceeds a
certain limit in dairy species, the milk is considered mas-
titic and must be rejected.

Similar to sweat glands, myoepithelial cells surround
each of the glands, and their contraction results in expulsion
of the milk into the intralobular followed by the interlobular
ducts, which fuse to form the lactiferous ducts. These ducts
then drain into the lactiferous sinus and the milk is then
expelled from the teat, which is comprised of an extremely
thick keratinized stratified squamous epithelium. In dogs,
the myoepithelial cells may de-differentiate and form a
tumor called a mixed mammary gland tumor that consists of
cartilage and bone. Most mammary tumors in dogs are
benign, but in cats approximately 80 percent are malignant.

Development and Hormonal Regulation

of the Mammary Gland

The mammary gland develops from invagination of the
surface ectoderm into the underlying mesoderm. Puberty
triggers an increase in this growth with estrogen stimulat-
ing branching of the duct system and fat accumulation
within the organ. During pregnancy, estrogen, progester-
one, and prolactin stimulate the growth of the alveoli. Pro-
lactin from the anterior pituitary gland further promotes
lactation or secretion of the milk. Oxytocin released from
the poster pituitary gland stimulates contraction of the myo-
epithelial cells around the alveoli to induce the milk ejec-
tion reflex.

Involution

After lactation, the alveolar cells degenerate with only a few
small alveoli remaining. Most of the organ is occupied at
this time with the ducts and abundant fat and connective
tissue.
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Part 3.5
Overview of Fertilization

Heide Schatten

Fertilization initiates the formation of a new individual. For
fertilization to occur, the oocyte must have enlarged, under-
gone meiosis, and matured in its ovarian follicle to the
metaphase II stage. The follicle then releases the haploid
metaphase II oocyte in the oviduct, where fertilization
occurs with a haploid sperm cell, restoring the diploid chro-
mosome set of the developing embryo. After fertilization,
the zygote is translocated to the uterus, which takes four to
seven days depending on the species. The first diagram
(Figure 3.80) provides an overview of fertilization and sub-
sequent developmental stages to blastocyst formation as
observed in the sow.

Fertilization involves a cascade of events that begins
with the fusion and union of a sperm and egg cell and con-
cludes when chromosomal diploidy is restored. On molecu-
lar levels, the fertilization process is complex and is well
detailed in a recent review (Whitaker, 2006). For fertiliza-
tion to occur sperm must have been matured in the epididy-
mis and capacitated in the female reproductive tract. The
egg must have matured into a Graafian follicle.

Binding and Fusion of Spermatozoa and
Oocyte Plasma Membrane

Capacitation involves changes induced by oviductal fluid
and includes modifications of the sperm surface (redistribu-
tion and removal of membrane proteins), metabolism, and
motility. It is associated with a rise in intracellular calcium
ions, pH, and cAMP, and with hyperpolarization of the
sperm plasmalemma. Sperm motility is increased in a
process that takes place in the oviduct and results in hyper-
activation, which is associated with high-amplitude flagel-
lar bending that allows penetration of viscous fluids, as is
encountered in the oviduct. It is thought that specific ovi-
ductal signals may influence hyperactivity, because it is
seen more frequently during the time of ovulation.

The acrosome is a species-specific, membrane-bounded
organelle containing numerous hydrolytic enzymes. During
fertilization, specific glycoproteins in the oocyte are respon-
sible for sperm recognition and acrosome reaction. The
acrosome reaction is triggered by specific binding in the
oocyte’s zona pellucida and is absolutely necessary for suc-
cessful fertilization. The zona pellucida consists of three
sulfated glycoproteins called ZP1, ZP2, and ZP3. The
plasma membrane of the sperm overlying the acrosome

binds to ZP3 in the oocyte’s zona pellucida, which induces
the acrosome reaction. ZP2 acts as a secondary sperm
receptor. Sperm then is able to penetrate the zona pellucida
(for detailed review, please see Yanagimachi, 1994).
Fertilization is species-specific and only eggs from the
same species trigger the acrosome reaction in sperm. Only
acrosome-reacted sperm can penetrate the zona pellucida
and fuse with the oocyte. Aside from ZP3 there are other
agents that can induce the acrosome reaction, including
progesterone, prostaglandins, calcium ionophore, diacy-
Iglycerol, and others. Once one sperm has entered the
oocyte the zona pellucida hardens, which prevents further
sperm from entering and provides a block to polyspermy.

Oocyte Activation

Gamete interaction triggers a cascade of signaling events
within the egg, collectively referred to as egg activation (see
Figure 3.81A). Maximal activation competence is achieved
when the oocyte has reached the MII stage, after germinal
vesicle (GV) breakdown and after cortical granule migra-
tion to their subcortical region at the oocyte’s surface. Ca**
influx from the external environment results in Ca** release
from internal stores such as endoplasmic reticulum and
cortical granules.

Cortical granules show great diversity; they contain car-
bohydrates and proteins, and they may also have protease,
glycosidase, or peroxidase activity. Increase in Ca** causes
cortical granule exocytosis which leads to morphological
and biochemical changes of the oocyte surface. The cascade
of egg activation includes release of Ca®* from the endo-
plasmic reticulum and cortical granules, cortical granule
exocytosis and membrane reorganization, recruitment and
translation of maternal mRNAs, cytoskeletal activity and
reorganizations, and resumption of meiosis. Transient
increase in [Ca®']; is one of the first indicators of oocyte
activation and is necessary for cytoskeletal activity (dis-
cussed below) that facilitates numerous processes during
the early and late activation events.

Multiple cytosolic Ca** pulses or oscillations are seen in
most mammalian species, which ultimately results in release
of oocytes from meiotic arrest (reviewed by Stricker, 1999).
Ca**—dependent early events of activation include cortical
reactions that are triggered by protein kinase C (PKC)
which is activated by the first rise in Ca** while the later
events of activation triggered by Ca** include resumption of
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meiosis requiring higher amounts of Ca**. Ca** is required
from external sources to replenish Ca** pools and maintain
Ca®* oscillations. The increase in [Ca?*]; is accomplished
by inositol 1,4,5-triphosphate (InsP;)-mediated release of
calcium from intracellular stores (reviewed by Whitaker,
2006, and references within).

Egg activation by sperm or artificially induced egg activa-
tion results in meiotic maturation. This involves activation
and inactivation of maturation-promoting factor (MPF),
which is a serine/threonine protein kinase composed of a
catalytic subunit (p34°*?) and aregulatory subunit (cyclin B).
GV-intact oocytes have low MPF activity which transiently
increases after completion of ML It is most elevated during
MII(Choietal., 1991). Chromosomal condensationisinduced
by MPF activation. It is thought that the arrest of MII oocytes
is maintained by a cytostatic factor (CSF or p39mos) that is
responsible for the maintenance of MPF. MPF becomes inac-
tivated as intracellular Ca>* rises as a result of gamete fusion,
which causes destruction of MPF’s cyclin B component.

Another protein kinase that is critically important for the
oocyte’s signaling pathways is the mitogen-activated protein
kinase (MAPK) (reviewed by Sun et al., 1999; Fan and Sun,
2004). MAPK increases following activation of MPF. It
remains elevated from MI to MII and in the MII-arrested
oocyte. After fertilization, MAPK is temporally correlated
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with the formation of pronuclear envelopes of male and
female pronuclei.

Development of Male Pronucleus

The sperm undergoes significant changes after entering the
oocyte. The sperm’s pore-less nuclear envelope rapidly dis-
integrates and is replaced by a pronuclear double membrane
that now contains nuclear pores. The sperm’s nuclear lamins
disassemble and become replaced by a new set of lamins.
Factors within the oocyte cytoplasm are involved in decon-
densation of the sperm’s tightly packed DNA by modifying
the disulphide-stabilized protamines that are characteristic
for sperm chromatin. The sperm protamines are replaced by
oocytehistones and sperm chromatinis packaged intonucleo-
somal chromatin which is similar to histones of somatic cell
nuclei. Swelling of the nucleus takes place (Poccia and Collas,
1997). The formation of a new envelope typically occurs
when the activated oocyte’s MII spindle undergoes telophase,
which correlates with the absence of MAP kinase (Moos
etal., 1996) and MPF (Usui et al., 1997) in the oocyte.

Cytoskeletal Dynamics, Cytoplasmic and

Pronuclear Movements

Cytoskeletal dynamics and cytoskeletal reorganizations
play significant roles during fertilization (see Figure 3.81B)
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Stages of in vitro fertilization. Modified from Liu et al., 2006; and Sun and Schatten, 2006a.
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Figure 3.82. Distribution of mitochondria (mch) and microtubules (MT) in fertilized oocytes. (A-D), the enlarged sperm head is
surrounded by mch which aggregate (C) at the sperm aster (arrowhead in (D)). (E), at 10h after insemination, three pronuclei are
formed due to polyspermy which often occurs during porcine IVF. No mch aggregation is seen around the female pronucleus
(arrow) judged from the close association of the second polar body (arrow) extruded by cytokinetic MTs (green signal). On the
other hand, mch aggregate around two male pronuclei (arrowheads). Cluster formation of mch is observed at the cortex. (F), the
female pronucleus is closely localized to the two polar bodies (arrows) and displays a rare association of mch, whereas the male
pronucleus displays a diffuse pattern of mch association (arrowhead). (G-I), a continuous ring of mch (arrowhead in H) is formed
at the rim of male pronuclei (arrowhead in G) surrounded by well-developed MTs from the sperm aster (arrowhead in I). Mch are
not observed around female pronuclei (arrow in G) but are associated with the second polar body (arrow in G and H). Bar, 10 um.
Reprinted with permission from Katayama et al., 2006. (Also see color plate)

and throughout embryo development. The activated oocyte
undergoes surface reorganizations in which microfilaments
play a major role (reviewed by Sun and Schatten, 2006c¢).
In most fertilized eggs short microvilli elevate into longer
microvilli. This is the result of increases in intracellular
calcium followed by actin polymerization into micro-
filaments that provide the structural components within
microvilli. Membranes of the exocytosed cortical granules
contribute to plasma membrane reorganization and micro-
villar elongation.

Shortly after sperm incorporation a microtubule-based
sperm aster is formed that originates from centrosomal
material at the sperm nucleus (recently reviewed in Sun and
Schatten, 2006a,b) and is responsible for the union of female
and male pronuclei. Functional centrosomes are formed by
combining oocyte and sperm centrosomal proteins (reviewed
by Manandhar et al., 2005; Sun and Schatten, 2006a,b). As
the microtubular rays of the sperm aster elongate and reach
the female pronucleus both pronuclei move to the center
of the oocyte, forming a large radial microtubule-based
aster that fills the cytoplasm and connects to the oocyte’s
surface. The sperm aster and radial aster serve as the major
transport system for translocation of macromolecular com-

plexes, mitochondria, vesicles, endoplasmic reticulum (ER),
pigment granules, and other cellular components that are
crucial for embryo development (reviewed in Schatten et al.,
2005; mitochondrial translocations described in Katayama
et al., 2006).

Abnormal microtubule formation can lead to develop-
mental failures. The assembly of microtubules and micro-
filaments is vital for pronuclear formation and all subsequent
cell divisions. The diploid nucleus undergoes cell cycles that
will result in first and subsequent cell divisions. Asymmet-
ric microtubule-based mitotic formations are associated
with asymmetric cell divisions during embryo differentia-
tion. Figure 3.82 depicts microtubule organization and
mitochondria translocations in fertilized porcine oocytes
(from Katayama et al., 2006).

Figures 3.81A and 3.81B summarize the events of oocyte
maturation, activation, and fertilization (modified from Liu
et al., 2006 and Sun and Schatten, 2006a).
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Figure 3.8. Low magnification of testis. A. Parietal lamina of Figure 3.11. Low magnification of testis. M., mediastinum.
vaginal tunic; B. visceral lamina of vaginal tunic; C. tunica The arrows point at rete testis in mediastinum.
albuginea. The arrows point at the septulum.

Figure 3.9. Low magnification of testis. A. Parietal lamina of Figure 3.12. Convoluted seminiferous tubules and interstitium
vaginal tunic; B. Visceral lamina of vaginal tunic; C. Tunica of the testis. The arrows point at Leydig cells, which appear
albuginea. The arrows point at tunica vasculosa. very vacuolated.

Figure 3.10. Testis. Black arrows, T. albuginea; dark gray Figure 3.13. Testis. Arrows, Leydig (interstitial) cells; and
arrows, T. vasculosa; and light gray arrows, septulum. arrowheads, Sertoli cells.



Figure 3.14. Testis. Black arrowheads, Sertoli cell; light gray
arrowheads, spermatogonia; dark grey arrowheads, primary
spermatocytes; and white arrowheads, spermatids.

Figure 3.17. Cauda epididymis. Arrows, collections of
spermatozoa in the ductus epididymis; horizontal bar, one
epididymal tubule or ductule.

Figure 3.18. Cauda epididymis. The arrows point at the
pseudostratified columnar epithelial lining of the epididymis.
The horizontal bar is across the collection of spermatozoa in
one epididymal tubule.

Figure 3.15. Testis. Arrows point at acrosomal cap
surrounding the nucleus of the round spermatids.

Figure 3.16. Testis. Arrows point at acrosomal cap surrounding -

the nucleus of the elongated spermatids. . . . .
Figure 3.19. Spermatic cord. White horizontal bar, cremaster

muscle; black horizontal bar, ductus deferens; dark gray bar,
pampiniform plexus, nerves, and testicular artery in this area;
black arrow, mesoductus deferens.
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Figure 3.20. Ductus deferens in spermatic cord. The ductus Figure 3.23. Higher magnification of prostate glands.
deferens is lined by a pseudostratified columnar epithelium with Horizontal bars, tubuloalveolar prostatic glands of the dog.

long microvilli closest to the epididymis.
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— =" ne Figure 3.24. Canine prostate. The prostatic glands are lined by
simple cuboidal to low columnar epithelium with apical blebs.
Figure 3.21. Higher magnification of ductus deferens in Horizontal bars, tubuloalveolar acidophilic staining prostatic
spermatic cord. Black arrow, pseudostratified columnar glands that have apical blebs.

epithelium with long microvilli; vertical bar, tunica muscularis.
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Figure 3.25. Vesicular glands of the boar. The vesicular glands
are composed of irregularly shaped alveoli that are lined by a
simple columnar to pseudostratified columnar epithelium.

Figure 3.22. Canine prostate and prostatic urethra. Long white
horizontal bar, uterus masculinis; short black horizontal
bars, cross sections of ductus deferens; arrows, epithelial
lining of urethra.



Figure 3.26. Higher magnification of the vesicular glands of Figure 3.29. Feline penile urethra. Black arrows, corpus
the boar. The arrows point at simple columnar—pseudostratified spongiosum; long gray bar, penile urethra; short black bar,
columnar epithelium that lines the vesicular glands. corpus cavernosum.
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Figure 3.30. Feline penis. Unlike the other species, the cat
penis is directed caudoventrally in the non-erect state so the
urethra is dorsal to the os penis.

Figure 3.27. Feline bulbourethral glands and bulboglandularis
muscle. Dark gray bar, bulburethral gland in the cat; black
bar, bulboglandularis muscle.

Figure 3.31. Canine penis—pars longa glandis. This picture
shows the penile urethra surrounded by corpus spongiosum.
Arrows, urethral lining; horizontal bars, corpus spongiosum.

Figure 3.28. Feline bulbourethral gland. These glands are
simple columnar tubuloalveolar glands. The nuclei of the cells
is towards the base, and the cytoplasm stains pale to basophilic.
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Figure 3.32. Equine penis. This pictures shows the penile Figure 3.35. Bovine penis. This species has a fibrous type of
urethra surrounded by corpus spongiosum. Arrows, urethral penis with more fibrous connective tissue and less erectile tissue
lining; bars, corpus spongiosum. than the stallion. Arrows, tunica albuginea; thin vertical bar,

corpus cavernosum.

Figure 3.33. Equine penis. Black arrows, tunica albuginea;

gray arrows, corpus cavernosum; horizontal bars, trabeculae Figure 3.36. Canine penis—pars longa glandis. This figure
from the tunica albuginea that radiates into the corpus shows the os penis in the pars longa glandis. Not pictured here
cavernosum. is the corpus spongiosum glandis.

Figure 3.34. Bovine penis. This figure demonstrates the penile

urethra surrounded by corpus spongiosum. Arrows, urethral Figure 3.37. Pre-prostatic urethra of the cat and ductus

lining; bar, corpus spongiosum. deferens. The cat has a long pre-prostatic urethra, and thus it
can be seen with the paired ductus deferens.



Figure 3.53. Low magnification of canine ovarian cortex

region. Block arrows, lining superficial or germinal epithelium,

which are mesothelial cells. Arrows, primordial follicles. TA,
tunica albuginea.

Figure 3.54. Low magnification of canine ovarian cortex
region. The black arrow points at a primary follicle with
simple cuboidal epithelium surrounding a primary oocyte. The
bar spans a secondary follicle with stratified follicular
epithelium around the primary oocyte. The block arrow points
at a polyovulatory follicle, which is atypical. If this follicle
ovulates, two primary oocytes will be released.

Figure 3.55. Mouse ovary with tertiary (Graafian) follicle
undergoing ovulation (bar). Boxed area, primary oocyte,
corona radiata, and cumulus oophoros that are in the process of
ovulation. Arrows point at the superficial or germinal
epithelium that surrounds the ovary. OB, ovarian bursa.

Figure 3.56. Low magnification of pig ovary. Boxed area, one
tertiary or vesicular ovarian follicle that is comprised of stratum
granulosum and theca cells. Within the stratum granulosum is a
follicular antrum or liquor folliculi (arrows).

Figure 3.57. Higher magnification of ovarian section from
Figure 3.56. One tertiary follicle is featured. The arrow points
to the primary oocyte and the bar spans the follicular antrum.
SG, stratum granulosum; and T, thecal layers.

Figure 3.58. Further magnification of tertiary follicle from
Figure 3.57. The arrows point to the corona radiata cells. CO,
cumulus oophoros cells that project from the stratum
granulosum (SG). TI, theca interna, and TE, theca externa.



Figure 3.59. Higher magnification of primary oocyte that is Figure 3.62. Higher magnification of sheep CL from Figure
being extruded from the tertiary follicle in Figure 3.55. 3.61 revealing the large (arrows) and small luteal cells that
comprise the CL.

Figure 3.60. Atretic follicle within the ovary (boxed region).

This follicle is characterized by hyalinization (thickening) of Figure 3.63. Mouse ovary and oviduct after ovulation. The
the basement membrane and many pyknotic and necrotic ampulla of the oviduct contains the newly released ova and
granulosa cells. No oocyte is present in this atretic follicle. surrounding cumulus cells (boxed region). Fertilization will

take place in this area.

Figure 3.61. Sheep ovary with many corpora lutea (CL). After

ovulation the granulosa and theca cells undergo luteinization Figure 3.64. Higher magnification of mouse oviduct from

and begin to secrete progesterone. Figure 3.63. The arrow points to an ovulated ovum within the
ampulla of the oviduct.



Figure 3.65. Low magnification of bovine oviduct that reveals . ]
the many foldings of the tunica mucosa and the relatively thin Figure 3.68. Canine uterus. The stratum vasculare (arrows),
wall appearance to this tubular organ. which are collections of blood vessels, resides between the two

muscular layers.

Figure 3.66. Higher magnification of the oviduct reveals the ) ) ) )

ciliated and non-ciliated cells that line the folded tunica Figure 3.69. Higher magnification of canine uterus from
mucosa. Figure 3.68. The arrows point at endometrial glands. The
myometrium is below the endometrial region.

Figure 3.67. Low magnification of canine uterus revealing the

endometrium made up of the endometrial lining cells, Figure 3.70. Low magnification of pregnant cat uterus.
connective tissue stroma, and endometrial glands. The canine Numerous endometrial glands are evident in this section.
uterus has short endometrial glands that project downward from

the endometrial lining (arrows).



Figure 3.71. Higher magnification of pregnant cat uterus from
Figure 3.70. The arrows point to a few of the abundant
endometrial glands.

Figure 3.72. Low magnification of sheep uterus in the non-
caruncular endometrial region. The non-caruncular region is
characterized by the presence of endometrial gland.

Figure 3.73. Higher magnification of ovine uterus from Figure
3.72. Below the endometrial lining cells are several ectopic
melanocytes (arrows). These cells are routinely seen in sheep
uteri. The bar spans one endometrial gland that characterizes
the non-caruncular region.

Figure 3.74. Ovine uterus—caruncular region. The connective
tissue stroma proliferates below the endometrial lining cells
(boxed area).

Figure 3.75. Bovine cervix. The tunica mucosa of the cervix
has many primary, secondary, and tertiary folds.

Figure 3.76. Higher magnification of bovine cervix from
Figure 3.75. The arrows point at the secondary folds that
branch from the primary folds.
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many lobules containing alveolar glands (bars).
Figure 3.77. Low magnification of canine vagina. The tunica
mucosa is comprised of non-keratinized stratified squamous
epithelium.

Figure 3.79. Higher magnification of mammary gland alveoli
from Figure 3.78.
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Figure 3.82. Distribution of mitochondria (mch) and microtubules (MT) in fertilized oocytes. (A-D), the enlarged sperm head is
surrounded by mch which aggregate (C) at the sperm aster (arrowhead in (D)). (E), at 10 h after insemination, three pronuclei are formed
due to polyspermy which often occurs during porcine IVE. No mch aggregation is seen around the female pronucleus (arrow) judged from
the close association of the second polar body (arrow) extruded by cytokinetic MTs (green signal). On the other hand, mch aggregate
around two male pronuclei (arrowheads). Cluster formation of mch is observed at the cortex. (F), the female pronucleus is closely
localized to the two polar bodies (arrows) and displays a rare association of mch, whereas the male pronucleus displays a diffuse pattern of
mch association (arrowhead). (G-I), a continuous ring of mch (arrowhead in H) is formed at the rim of male pronuclei (arrowhead in
G) surrounded by well-developed MTs from the sperm aster (arrowhead in I). Mch are not observed around female pronuclei (arrow in
G) but are associated with the second polar body (arrow in G and H). Bar, 10 um. Reprinted with permission from Katayama et al., 2006.



Figure 5.3. Embryonic stem cell micro-injection into mouse blastocyst (left) and resulting chimeric mouse after embryo transfer
(right).
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Figure 5.5. Transgenic animal production via somatic cell nuclear transfer technology.



Figure 7.3. A stallion mounting a phantom dummy for semen
collection.

Figure 7.4. A Missouri artificial vagina for stallion semen
collection.

Figure 7.5. A sterile sleeved hand is used to part the mare’s
labia and introduce the insemination pipette.

Figure 7.7. A typical boar semen collection pen and phantom
mount. Note the spacing of vertical posts to allow the
technician easy access and escape from the pen, while yet
keeping the boar within the pen.

Figure 7.8. Swine artificial insemination pipettes. (A): single-
use, disposable spiral tip pipette; (B): single-use, disposable
foam-tip pipette; and (C): re-usable Melrose catheter.
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Figure 7.12. Vaginal cytology in a bitch. Sample shows

predominantly keratinized epithelial cells, indicative of an
estrus bitch.



Chapter 4

Comparative Reproductive Physiology of

Domestic Animals

Eric M. Walters

Introduction

Reproduction is an exciting area of investigation because
associated events reoccur on a scheduled and predictable
time frame. Reproduction relies heavily on the basic well-
being of the animal; it is one of the first systems in the body
to shut down under periods of stress and imbalance in
homeostasis, and during infection. Basic knowledge of
reproduction is critical to successfully manipulating the
reproductive system in many assisted reproductive
technologies.

Many of the assisted reproductive technologies discussed
in this book require the investigator to manipulate some
aspect of reproduction, whether it’s superovulation, embryo
transfer into a suitable recipient, or transvaginal oocyte
aspiration. Many of these assisted reproductive technolo-
gies are similar across species, yet appropriate techniques
to manipulate different stages of the reproductive cycle
differ. This chapter is intended to give a comparative over-
view of physiology of reproduction in several domestic
animal species, starting with the endocrine system that
controls the different stages of reproduction to the male and
female physiology of reproduction, and ending with parturi-
tion and lactation.

Endocrine Glands

The endocrine glands are those glands whose secretion,
called hormones, empties into the blood stream. All of the
hormones that have involvement in the reproductive system
will be discussed further in this chapter.

Hypothalamus

The diencephalon is the region of the brain just above the
brainstem which includes the thalamus, hypothalamus with
the hypophysis, epithalamus including the pineal gland,
metathalamus, and subthalamus. The hypothalamus is
located at the basal part of the diencephalon ventral to the
thalamus. The hypothalamus is stimulated by higher brain
centers to work in an inhibitory and stimulatory manner (by
releasing several hormone-specific releasing factors) to
control the pituitary gland. In terms of reproduction, the
major hypothalamic hormone is the gonadotropin releasing

hormone (GnRH); however there are other hormones
released by the hypothalamus that have effects on the
reproductive system. For example, the hypothalamus
releases thyrotropin-releasing hormone (TRH). TRH in
cattle and ewes stimulates the release of prolactin. In cattle
it also stimulates growth hormone.

Hypophysis
The hypophysis (pituitary gland) has been referred to as the
master endocrine gland because it controls the major endo-
crine glands (adrenal, thyroid, and gonads) as well as the
mammary gland, uterus, and others. In addition, if the
pituitary gland is removed or nonfunctional, there is a loss
of function in the gonads and adrenal and thyroid glands.
The main parts of the pituitary gland are the anterior
lobe (andenohypophysis) and the posterior lobe (neurohy-
pophysis) that secrete different hormones. Hormones that
are released by the anterior lobe of the pituitary gland
include luteinizing hormone (LH), follicle stimulating
hormone (FSH), thyroid stimulating hormone (TSH),
adrenal cortical stimulating hormone (ACTH), corticotro-
pin, growth hormone, somatotropin, and prolactin. The
posterior lobe releases oxytocin and vasopressin. All of the
pituitary hormones in combination with the target organ
products work in a positive and negative feedback loop to
the hypothalamus, pituitary, and higher brain centers to
regulate production and secretion of the hormone.

Adrenal and Thyroid Glands

Hormones from other glands directly or indirectly affect
the reproductive system. The adrenal and thyroid glands
produce several hormones that affect some aspect of the
reproductive process. The thyroid gland contains several
thyroid follicles which are the functional unit of the gland.
The follicles within the thyroid gland are not identical and
contain a single layer of cuboidal epithelium. The thyroid
gland has many functions that are independent of reproduc-
tion, including Ca** homeostasis.

Thyroid stimulating hormone (TSH) production and
secretion is from the anterior pituitary gland, stimulating
the thyroid gland to begin synthesis of thyroid hormones
(T; and T,). Thyroxine (T,) is typically found in larger
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amounts than triiodothyronin (T;). The mode of action for
the thyroid hormones is analogous to that of the steroid
hormones. It is believed that T; is the physiologically active
thyroid hormone, regulating many cellular events, and T, is
believed to be involved in the negative feedback loop on the
hypothalamus.

Some of the functions of the thyroid hormones’ effects
on the reproductive system are: (1) required for early embry-
onic differentiation of the nervous system, (2) required for
pituitary production of prolactin and growth hormone, (3)
induction of enzyme synthesis such as the o-lactalbumin
(critical for milk production), and (4) induction of cellular
proteins such as prolactin.

The adrenal gland is composed of chromaffin and ste-
roidogenic tissue. Similar to the thyroid gland, the adrenal
gland has many functions that are independent of the repro-
ductive system but also has an effect on the reproductive
system. The adrenal gland is another source of steroid hor-
mones that are synthesized from cholesterol.

Steroid production in the adrenal gland is similar to
gondal steroid production in that cholesterol is converted
through several enzymatic pathways to produce the steroid
of interest. Adrenal steroids can be categorized into three
types: glucocorticoids (cortisol), mineralocorticoids (aldo-
sterone), and androgens. The steroids produced by the
adrenal gland require the double bond between positions 4
and 5 and the keto group at position 3 of the A ring for
biological activity.

Glucocorticoids production by the adrenal gland is regu-
lated by pituitary adrenal cortisol-stimulating hormone
(ACTH). In addition, cortisol is involved in the feedback
loop of the pituitary (release of ACTH), hypothalamus
(block release of CRH), and high brain centers. The mode
of action is believed to involve de novo synthesis of cellular
proteins and most often enzymes. Glucocorticoids also
inhibit prostaglandin synthesis, potentially by inhibiting
phospholipase A, activity.

One of the major effects of the glucocorticoids on repro-
duction is during stress response. As the animal is stressed
the levels of glucocorticoids increase and reproduction is
suppressed. The glucocorticoids and other hormones inhibit
the release of GnRH at the hypothalamic level. With the
inhibition of GnRH, the levels of LH and FSH decrease,
which ultimately decreases the gondal activity.

Aldosterone is a mineralocorticoid which mediates its
action by the induction of protein synthesis within the target
tissue. Aldosterone levels begin to increase and are

maintained during pregnancy. Aldosterone is also involved
in the homeostasis of the pregnant mother in terms of blood
pressure and other cellular events.

Endocrinology

As the female progresses through these different stages of
the estrous cycle, hormone concentrations undergo cyclical
changes to induce the necessary responses in the ovary,
uterus, and brain. Similar events occur in the male as sper-
matozoa are being produced. Reproduction is regulated by
a series of hormones that both originate in and alter the
physiology of the reproductive and nervous systems. These
two systems work together to initiate and coordinate the
reproductive system on a predictable time frame.

Hormones affect metabolism, synthetic activity, and
secretory activity of the target tissue. Dramatic physiologi-
cal responses can be caused by small quantities (nanograms
to picograms) of hormones. The half-life of hormones is
defined as the amount of time required to remove half of
the hormone from the blood supply or from the body. Some
hormones have short half-lives so they can cause the neces-
sary response only and not trigger unwanted responses.
Others have longer half-lives that maintain a sustained
activity.

Hormones are classified by their origin, primary mode
of action, and biochemical structure. Hypothalamic hor-
mones are produced by neurons of the hypothalamus, whose
primary role is to cause the release of hormones from the
hypophysis. GnRH is the primary hypothalamic hormone
of the reproductive system (see Figure 4.1). It is a decapep-
tide with a molecular weight of 1.1kDa.

GnRH targets the adenohypophysis and neurohypophy-
sis of the pituitary gland which cause release of pituitary
hormones from both lobes. The primary anterior pituitary
hormones affecting reproduction are FSH, LH, and prolac-
tin, whereas oxytocin is from the posterior pituitary gland.

Gonadal hormones originate from the gonads and have
target tissues that range from the hypothalamus and pitu-
itary gland to other tissues of the reproductive tract. The
development of secondary sex characteristics (in other
words, “femaleness” or “maleness”) is initiated by gonadal
hormones such as estrogen or testosterone. In the female
several gonadal hormones are produced by the ovary: estro-
gen, progesterone, inhibin, limited testosterone, oxytocin,
and relaxin. In the male, the testis produces: testosterone,
other androgens, inhibin, and limited estrogen.

Pyroglu L | His Tp Ser Tyr

Gily Leéu Arg Pro Gly

Figure 4.1. Amino acid sequence of GnRH.

NH;
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Other reproductive hormones are produced by the uterus
as well as the placenta, which maintains of pregnancy and
the animal’s cyclicity. Prostaglandin F,, is a uterine hormone
that helps govern cyclicity in the animal. Placental
hormones include progesterone, estrogen, equine chorionic
gonadotropin (eCG), and human chorionic gonadotropin
(hCG).

In addition to being classified by their source, hormones
are also classified by mode of action. For example, there
are those hormones that are synthesized by neurons and
others that are synthesized by the gonads. Neurohormones
such as oxytocin are synthesized by neurons and released
into the bloodstream and can cause a response in tissues
that have receptors for them. Releasing hormones such as
GnRH are also classified as neurohormones because they
are also synthesized by neurons and cause the release of
other hormones.

Gonadotropins have an affinity for the gonad of either
the male or female. Gonadotroph cells within the anterior
pituitary gland synthesize and release hormones such as LH
and FSH. In the male of some species, FSH is believed to
be a “key regulator” of spermatogenesis; in the female it
promotes the development of the antral follicle(s) to the
dominant/ovulatory follicle(s).

The gonadotropins also stimulate the production of ste-
roids (estrogen, progesterone, and testosterone) within the
gonads. These steroids stimulate the reproductive tract.
They also feed back to regulate the production of gonado-
tropins (LH and FSH) and regulate reproductive behavior
and secondary sex characteristics. In the ovary, LH causes
ovulation of the dominant follicle(s) and formation of the
corpus luteum; however, in the male LH promotes the
production of testosterone.

FSH has a similar action but different effects on the
gonads. In the female, FSH begins to recruit the follicles
prior to ovulation and in the male it affects spermatogene-
sis. Pregnancy hormones are at their highest level during
pregnancy and help to maintain pregnancy (progesterone in
some species) and develop the mammary gland (placental
lactogen).

Another mode of action is the luteolysis which leads to
the regression of the corpus luteum. Prostaglandin F,,
(PGF,,,) is the major luteolytic hormone of the reproductive
system which is secreted by the uterus. PGF,,, causes regres-
sion of the CL at defined points in time in the reproductive
cycle.

Finally, hormones can be classified by their biochemical
structure: peptides, glycoproteins, steroids, and prostaglan-
dins. Glycoproteins contain a carbohydrate group (to protect
the hormone from degradation) and are typically small
polypeptides. The number of carbohydrates on the surface
of the glycoprotein determines the half-life of the protein.
Glycoproteins have an alpha and beta subunit that are linked
by hydrogen bonds with carbohydrate groups covalently
linked on the alpha and beta subunit. In the case of LH
and FSH, the alpha subunit is identical, but function and

receptor specificity are determined by the beta subunit.
Inhibin is another glycoprotein hormone that contains an
alpha and beta subunit, but with inhibin there are two beta
subunits with similar activity. Not all proteins have an alpha
and beta subunit. Prolactin is an example of a single poly-
peptide chain protein.

Steroid hormones are among the predominant biochemi-
cally active hormones in the reproductive system. They
have a cyclopentanoperhydrophenanthrene nucleus and are
composed of four rings designated A, B, C, and D, with a
molecular weight of 300. Steroid hormones are synthesized
from cholesterol through a series of enzymatic conversions
resulting in steroids with minor but biologically significant
differences.

Cholesterol enters into the mitochondria and then is con-
verted to pregnenolone, which is released into the cyto-
plasm of the cell where there are further conversions to
produce androgens and further conversions to estrogen (see
Figure 4.2). There are three sources of cholesterol for
steroidogenesis: de novo synthesis, intracellular stores, and
blood lipoprotein (LDL) cholesterol.

All steroidogenic cells have the capacity to produce cho-
lesterol from de novo synthesis, but gondal tissue converts
acetyl-CoA to cholesterol. However, with this process there
is a rate-limiting step which is the cytoplasmic hydroxy-
methyl glutaryl (HMG)-CoA reductase. In the ovary, pla-
centa, and adrenal glands there is evidence that the primary
source of cholesterol for steroidogenesis is from the LDLs.
This is less evident in the male. Steroid hormone production
is highly regulated by controlling the enzyme levels and
localizing the enzymes. An additional rate-limiting step in
steroidogenesis is the production of steroidogenic acute
regulatory protein (StAR). StAR delivers cholesterol from
the outer to inner membranes of the mitochondria. Despite
the fact that steroidogenesis is highly regulated, steroid
hormones have a pronounced effect on the reproductive
system in the male and female because they act as sexual
promoters. Estrogen, progesterone, androgens, and testos-
terone are steroid hormones that have effects on the repro-
ductive tract.

Prostaglandins were first thought to be produced by the
prostate gland because they were initially discovered in
seminal plasma. Prostaglandins are lipids composed of 20-
carbon unsaturated hydroxyl fatty acids. There are several
prostaglandins and metabolites but only two are of primary
importance for reproduction, PGF,, and prostaglandin E,.
The discovery that prostaglandins cause luteolysis of the
corpus luteum has laid the foundation for the use of pros-
taglandins as a tool for manipulating the reproductive
cycle.

The mode of action for hormones can be classified by
the type of hormones (e.g. protein vs. steroid). Protein hor-
mones use the hormone receptor binding on the cell surface
to initiate a primary response. Protein hormones diffuse
from the blood into the interstitial compartment, then bind
to the specific hormone receptor at the target tissue. This
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Figure 4.2. Steroid biosynthesis pathway.

hormone binding is believed to be specific by the geometry
of the protein and the receptor. Only certain configurations
of the protein “fit/bind” the receptor, or in other words
there are only two adjacent pieces that will combine into
one piece.

Once the protein hormone has bound to the receptor, in
the cytoplasm of the cell there is activation of the G-protein
pathway which then activates adenylate cyclase. Adenylate
cyclase causes the conversion of ATP to cyclic AMP (cAMP;
second messenger) which then triggers downstream events.
cAMP has been termed a “second messenger” because it
must be present for the activation of protein kinases. Several
different protein kinases within the cytoplasm of the cell
trigger different events to occur, such as conversion of sub-
strates to product or synthesis of a new product. Depending
on which protein kinase is activated, the subsequent events
that occur downstream and the end result (e.g. flagellum
movement or production of estradiol) will differ.

Steroid hormones have a similar but different mode of
action compared to the glycoproteins. Steroid hormones are
transported through the blood supply as protein hormones
are, but steroid hormones are not water-soluble. Therefore,
steroid hormones must form a complex with water-soluble
steroid-specific carrier proteins or plasma proteins. These
carrier proteins help transport the steroid in the blood-
stream and to the cell membrane.

Once the complex has reached the cell membrane, the
steroid hormone diffuses into the cytoplasm of the cell as
a result of the lipid solubility of the steroid hormones. In
the cell, the steroid hormone diffuses through the cytoplasm
into the nucleus. Upon entering the nucleus the steroid
hormone binds to its specific receptor just as the protein
hormones. DNA-directed messenger RNA synthesis or
transcription is initiated by the binding of the steroid to the

receptor (see Figure 4.3). The freshly synthesized mRNA
leaves the nucleus and then directs synthesis of proteins,
thus causing the end result to occur.

Male Physiology

The male reproductive system has often been referred to as
a “manufacturing plant,” largely because of the continuous
production of fertile spermatozoa. As with manufacturing
any product, whether it is spermatozoa or anything else,
there are many factors that impend or enhance production
and delivery. For anatomical details see Chapter 2, “Anatomy
of Reproductive Organs” and for histological details see
Chapter 3 Part 2, “Overview of Male Reproductive Organs.”
If we continue to think about the male reproductive system
as a manufacturing plant, then all the basic components
have to be functional to reach full productivity. In terms of
production, sperm output per day for both testis ranges from
less than 1 to 25 billion, or 35,000 to 290,000 spermatozoa
per second depending on species.

There are several basic components to the male repro-
ductive system, such as the spermatic cord (for details see
Chapter 2, “Anatomy of Reproductive Organs”), which are
critical to the daily production of sperm. One of the major
functions of the spermatic cord involves heat exchange via
the pampiniform plexus. In general, in most mammals the
testes must be 4°C to 6°C cooler than body temperature of
that mammal for proper spermatogenesis. The pampiniform
plexus is a vascular system consisting of an intertwined
artery and veins. This system forms a countercurrent heat
exchanger in which heat is transferred from the warm blood
coming from the body to the cooler blood returning from
the testes. Disruption of this heat exchanger severely com-
promises spermatogenesis.
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Figure 4.3. Mode of action for a steroid hormone.

The cremaster muscle has two important functions in the
male reproductive system. It contributes to the support
system of the testis as a part of the internal abdominal
oblique muscle. It also helps regulate scrotal temperature
by contraction and relaxation.

The scrotum is the most superficial testicular tunic, which
is involved in temperature regulation and protects and sup-
ports the testis. For details, see Chapter 2, “Anatomy of
Reproductive Organs” and Chapter 3 Part 2, “Overview of
Male Reproductive Organs.” Because the scrotumis involved
in temperature regulation, it has a large number of sweat
glands and thermosensitive nerves. The thermosensitive
nerves help control the amount of scrotal sweating as well as
the respiration of the animal. In species that have pendulous
scrotum such as the ruminants, the scrotum via the tunica
dartos raises and lower the scrotum in response to changes
in temperature. As the temperature decreases, the scrotum is
pulled closer to the body to maintain the proper scrotal tem-
perature and the opposite occurs as the temperature rises.

The testes are the main site for production of spermato-
zoa in the male. Sperm production is based on the length
and number of tubules present in the testis which in turn is
based on the size of the testis. In farm animals, the boar
has the largest testis, thus making it the best in terms of
sperm production per gm of testis. Sperm production relies
heavily of the machinery of the testes, which include the
seminiferous tubules, Leydig (interstitial endocrine) cells,
Sertoli (sustentacular) cells, germinal or spermatogenic
cells, and rete testis.

A seminiferous tubule consists of tubulus seminiferous
contortus (the majority of spermatogenesis occurs in this

region) and tubulus seminiferous rectus (straight section).
The seminiferous tubules join in the rete testis, which is
protected within the mediastinum testis, and transport
sperm to the epididymis via the efferent ductulus for final
maturation prior to ejaculation. For details, see Chapter 3
Part 2, “Overview of Male Reproductive Organs.”

Spermatogenesis occurs within the tubulus contortus. Of
the components in the tubules, two cell types are critical
for spermatogenesis to occur properly: Sertoli cell, which
is considered to be the nurse cell of the spermatozoa during
spermatogenesis, and Leydig cell, which produces the tes-
tosterone needed for spermatogenesis.

Accessory Sex Glands

In most mammals, the accessory sex gland secretions
make up the majority of the seminal plasma during ejacula-
tion. The species differences are mainly anatomical in
terms of the accessory glands for the production of seminal
plasma during ejaculation. In the bull and stallion, the
accessory sex glands can be manipulated via the rectum to
stimulate ejaculation for collecting semen for a fertility
check (breeding soundness exam). In the pig, the bulbo-
urethral (Cowper’s) glands are large and are the source of
the gelatinous material found in boar semen. For anatomi-
cal details, see Chapter 2, “Anatomy of Reproductive
Organs.”

Spermatogenesis
Spermatogenesis is a complex chronological series of events
which involves divisions and differentiation and takes
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several weeks to produce partial mature sperm cells. The
process starts with a self-renewing stem cell population that
undergoes mitosis to maintain the stem cell population and
produces primary spermatocytes that will then undergo
meiosis to produce the haploid spermatid. The haploid
spermatid is then differentiated into spermatozoa that are
transported to the lumen of the seminiferous tubules.
Spermatogenesis can be divided into four phases: (1) sper-
matocytogenesis (mitosis), (2) meiosis, (3) spermiogenesis,
and (4) spermiation (release of the sperm into the lumen).
For specific structural details, see Chapter 3, “Histology,
Cellular and Molecular Biology of Reproductive Organs.”

Endocrine Control of Spermatogenesis

Initiation of spermatogenesis is due largely to the amount
of hormones, in particular testosterone and follicle-
stimulating hormone (FSH). The Leydig cells are stimu-
lated by luteinizing hormone (LH) to produce testosterone,
which maintains spermatogenesis in the adult animal. The
testosterone that is produced by the Leydig cells diffuses
into the adjacent Sertoli cells which is then released into
the bloodstream to feed back to the hypothalamus and pitu-
itary gland to prevent further secretions of LH and FSH.

FSH action is on the Sertoli cells within the testis. The
FSH stimulates production of estradiol by converting tes-
tosterone and stimulating production of inhibin and andro-
gen binding protein (ABP). FSH is required for the formation
and maintenance of the tight junctions between the Sertoli
cells.

Testosterone is required for spermatid maturation and
maintenance of spermatogenesis. Testosterone has several
functions in the male system: (1) maintenance of germ cells,
(2) increase in seminiferous tubule fluid, (3) development
of secondary sex characteristics, (4) sexual differentiation
of the brain, and (5) increase in meiosis, vasomotion, and
spermatid development. Although high levels of testoster-
one are required for proper spermatogenesis, some of the
testosterone is converted to dihydrotestosterone as well as
estradiol.

Estradiol levels in the male are relatively low compared
to testosterone. However estrogen does have an important
role (water re-absorption in the epididymis) in the male.
Nevertheless, exposure to high levels of estrogenic com-
pounds has a negative affect on spermatogenesis.

The Sertoli cells are also stimulated by FSH to produce
ABP, except in the pig. The ABP forms a complex with
androgens and is transported with the sperm to the epididy-
mis. ABP also helps carry androgens (mainly testosterone)
within the Sertoli cells, and transports androgens to the
liver.

FSH and LH are both secreted by the anterior lobe of
the pituitary gland under the control of GnRH as well as
the negative feedback of testosterone and estradiol. In addi-
tion, inhibin is used in the negative feedback loop from the
testis to the pituitary gland. Inhibin blocks the release of
FSH but not LH. Furthermore, it is believed that prolactin

may play a critical role in regulating LH receptors in Leydig
cells.

Another important player is transferrin, which transports
Fe to the germ cells in the testis. Transferrin is up-regulated
by several factors such as FSH, testosterone, retinol, and
retinoic acid. Sperm production can be determined by the
amount of transferrin present; for example, when sperm
counts are low so is transferrin.

There are species differences in the hormone(s) that are
necessary to support spermatogenesis. For example, in the
ram FSH is necessary and LH may also have a direct role.
In addition, there is also a seasonal effect on spermatogen-
esis and the levels of hormones present. For example, the
levels of FSH and LH in the horse are higher in the summer
because sperm production is at it highest level.

Sperm Transport in the Male

Once the sperm is released to the lumen of the seminiferous
tubules, it is transported from the rete testis to the epididy-
mis for final maturation and storage until ejaculation. The
epididymis consists of three sections: head or caput, body
or corpus, and tail or cauda, and its function as a whole is
stimulated by androgens.

The head is the region of the epididymis where matura-
tion of the sperm occurs; the sperm is then transported to
the body and the tail of the epididymis.. The sperm gain
motility and fertilization capability in the epididymis
without undergoing capacitation. There are decapacitation
factors (proteins, glycolipids, and/or lipids) present in the
epididymis to stabilize the sperm membrane. The tail of the
epididymis is the storage location for the sperm prior to
ejaculation.

Erection and Ejaculation

During mating the male mounts the female in estrus and
deposits semen into the reproductive tract. Erection of the
penis depends on the general aspects of sexual behavior and
is controlled by the nervous system. With erection, the penis
begins to elongate and it becomes more rigid. Stimulation
of the sympathetic and parasympathetic nerves is caused by
sensory input and psychic stimuli. The sympathetic nerves
inhibit vasoconstriction and the parasympathetic nerves
affect the dilation of blood vessels and enlargement of the
corpus cavernosum. In addition, in all farm animals there
is a relaxation of the penile retractor muscle.

Ejaculation involves muscle contractions of various parts
of the male reproductive system that is mediated by the
nervous system (parasympathetic nerves). Tonic and rhyth-
mic muscle contractions of the epididymis, penis, accessory
glands, and ductus deferens, and closure of the neck of the
bladder, aid in the movement of sperm and seminal plasma
and final expulsion of the semen through the penis.

Some species such as the boar and stallion have a very
prolonged ejaculation compared to other species. In the
stallion and the boar, the penis is primarily responsive to
pressure, whereas ruminants are more responsive to
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temperature. In these species the semen can be divided into
pre-sperm, sperm-rich fraction, and post-sperm (gel/plug
fraction).

The site of ejaculation is also species-dependent. Rumi-
nants deposit semen in the vagina, whereas the stallion
deposits semen in the uterus. The pig deposits in two loca-
tions—the cervix and the body of the uterus—largely due
to the retention of the penis during copulation.

Capacitation and Acrosome Reaction

Even though it is known that the sperm in the epididymis has
the ability to fertilize an oocyte, it still has to undergo several
changes to complete the process of fertilization. Freshly
ejaculated sperm have to undergo further changes to be able
to fertilize the oocyte and these changes usually occur in the
female reproductive tract. The changes consist of process
that has been called “capacitation.” There are species differ-
ences in the time required for capacitation in the female tract;
for example, boar sperm requires three to six hours.

Capacitation involves the alteration of the plasma mem-
brane, such as the removal of decapacitation factors, removal
of cholesterol, influx of calcium, an increase in intracellular
pH, and an increase in protein tyrosine phosphorylation (not
fully understood). Capacitation of the sperm can occur in
either the utenine tube or uterus and appears to be under
the control of estrogens. In contrast to estrogen’s positive
effect on capacitation, progesterone appears to have an
inhibitory effect.

The majority of the changes that occur during capacita-
tion involve the sperm head; however, no morphological
changes occur. Capacitation is believed to allow the sperm
to undergo the acrosome reaction. The lifespan of capaci-
tated sperm is limited; as a result, precise timing between
capacitation and the acrosome reaction is necessary for
proper fertilization to occur.

The acrosome reaction is the progressive breakdown and
fusion of the plasma membrane and the outer acrosomal
membrane. This fusion allows release of the enzymes from
the acrosome which causes the ultimate loss of the plasma-
membrane-acrosome complex. Furthermore, there are
changes in the equatorial region of the sperm that are essen-
tial for sperm-egg binding. In addition, this release of the
enzymes from the acrosome is critical for the penetration
of the cumulus cells and zona pellucida (ZP).

Female Physiology

For details on the female anatomy of the reproductive
system see Chapter 2, “Anatomy of Reproductive Organs”
and for histological details see Chapter 3 Part 4, “Overview
of Female Reproductive Organs.” The female is less pro-
ductive than the male in terms of gamete production. She
produces one to 15 follicles depending on species during
the estrus cycle but undergoes predictable and dramatic
series of changes. In addition, the female reproductive tract
is responsible for the development of the offspring.

The ovary is the site of gamete production in the
female. It has both an endocrine and exocrine function
because it performs steroidogenesis and egg release, respec-
tively. The ovary consists of the cortex which houses the
oocytes arrested at prophase in most species, and the
medulla.

Several different types of ovarian follicles can be
found at a given time within the ovary cortex. These
different types of follicles represent the different stages of
follicular development (discussed in Folliculogenesis and
Oogenesis). In the center of the ovary is the medulla housing
the nerves, vasculature, and lymphatic systems. The pri-
mordial germ cells (those that give rise to the oocyte) have
migrated to the genital ridge to form the ovary with
surrounding cells.

As prenatal development continues the oogonia are pro-
duced by mitotic replication followed by meiotic division,
giving rise to millions of oocytes arrested at prophase. At
the time of birth, the number of oocytes has been signifi-
cantly reduced by atresia. Additional oocytes are lost as the
animal reaches puberty so there are only a few hundred
oocytes left during the reproductive life span of the animal.
In addition to producing the oocytes for fertilization, the
ovary produces steroids, especially estrogen and progester-
one, during different stages of the estrus cycle, and main-
tains pregnancy.

The uterine or fallopian tube (salpinx) is the site of fer-
tilization. There are three sections of the uterine tube:
infundibulum, ampulla, and isthmus. The primary function
of the uterine tube is the transportation of the freshly ovu-
lated oocyte and sperm to the site of fertilization, followed
by the transport of the fertilized egg to the uterus. The
infundibulum collects the freshly ovulated oocyte in
some species. The infundibulum contains finger-like pro-
jections called fimbriae which increase the surface area of
the infundibulum. Once the oocyte is ovulated and col-
lected by the infundibulum, it is transported to the ampulla
of the uterine tube. An undefined area where the ampulla
continues with the isthmus (also conventionally called
the ampullary-isthmic junction) is the site of fertilization.
The isthmus of the uterine tube is smaller in diameter
and transports the fertilized oocyte to the uterus for
subsequent embryonic development. Limited embryonic
development occurs in the isthmus of the uterine tube,
depending on species (see Fertilization and Embryo
development).

The point at which the uterine tube connects to the
uterus is conventionally called the uterotubal junction; it is
closed until three to five days post-ovulation. In some
species, such as the cow, the uterotubal junction (UTJ)
controls the movement of the embryo from the oviduct to
the uterus by estradiol regulation. High concentrations of
estradiol are believed to cause a blockage in the UTJ, which
is reversed/opened when estradiol levels decrease, thus
allowing the movement of the embryo into the uterus. In
other species, there is no obvious blockage at the UTIJ;
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however pigs have a constriction at the UTJ which is
believed to be the mechanism for blockage of polyspermy
in the pig. This constriction acts as a major barrier for
sperm transport and limits the number of sperm released
into the ampulla region of the uterine tube.

The uterus is critical for the development of the fetus and
maintenance of pregnancy. For anatomical details, see
Chapter 2, “Anatomy of Reproductive Organs” and for his-
tological details see Chapter 3 Part 4, “Overview of Female
Reproductive Organs.” The myometrium is the combination
of longitudinal and the inner circular muscle fibers which
also have several physiological functions. The most critical
function of the myometrium is transport of the embryos,
sperm, and the fetus by contraction. In response to estradiol,
most species (with the exception of the mare) the myome-
trium has a high level of tone. Uterine tone is believed to
be related to the function of the uterus; in other words, there
is more tone as sperm is transported to the oviduct than
when the progesterone level is high.

The innermost section of the uterus is the endometrium,
which is composed of the mucosa and submucosa. The
secretions of the uterus are provided by the mucosal epithe-
lium, which is believed to enhance embryonic development
and sperm survival in the uterus. The uterine glands also
release their secretion into the lumen of the uterus which is
under the control of both estrogen and progesterone (secre-
tions change with the different days of the estrous cycle).
Under the influence of estrogen, the uterine glands begin to
coil and secrete into the uterus; however, is not at full secre-
tory capacity until it is under the influence of progesterone.
The uterine glands are believed to secrete substances that
are essential for embryonic development in the uterus. The
endometrium in domestic mammals does not slough;
however, humans slough the endometrium and uterine
glands on a monthly basis (i.e. each estrous cycle).

The uterus has several functions, including sperm trans-
port, control of cyclicity by production of prostaglandin F,,
embryonic development of the pre-/post-implantation
embryo, contribution to the development of the placenta,
and expulsion of the fetus and placenta.

The cervix produces various amounts of mucus; for
example, ruminants produce large amounts of mucus whereas
in the sow and mare a much smaller amount is produced.
The mucus lubricates the cervix for copulation, in the stal-
lion and boar. An additional function of the cervical mucus
is to protect the fetus from the outside environment. During
pregnancy, the cervical mucus acts as a “glue” of the cervical
folds so foreign material does not disrupt the pregnancy.

The vagina and the vestibulum are considered together
as the copulatory organ of the reproductive tract. The major
function of the vagina and the vestibulum in some species
is the movement of sperm from the site of deposit to the site
of fertilization.

The vulva is the external part of the female reproductive
tract and its primary function is to protect the reproductive
tract from the environment.

Folliculogenesis and Oogenesis

The process of follicular development occurs continuously
throughout the estrous cycle. The follicles are developed in
waves throughout the estrous cycle. There are two types of
follicular waves: anovulatory wave and ovulatory wave. The
only difference between these two or three waves (one to two
anovulatory waves and one ovulatory wave) is the timing of
the wave in the estrous cycle. In the ovulatory wave the levels
of LH continue to increase and result in an LH surge, causing
the ovulation of the oocyte. Folliculogenesis is the develop-
ment of the follicles and then the recruitment, selection,
dominance/ovulation, and atresia of an antral follicle(s) in
the ovary. The number of follicles that develop and ovulate
somewhat depends on the species. Some species are polyto-
cous (litter-bearing; multiple ovulation), whereas others are
monotocous (one offspring; single ovulation).

There are different types of ovarian follicles that repre-
sent the different stages of development and maturity at any
time of the estrous cycle. There are four stages of follicles
present in the ovary: primordial follicle, primary follicle,
secondary follicle, and antral follicle. For specific details
see Chapter 3, “Histology, Cellular and Molecular Biology
of Reproductive Organs.”

The smallest and most immature follicle is the primor-
dial follicle. It is surrounded by only a single layer of flat-
tened cells that are derived from the primordial germ cells
that migrated to the genital ridges during prenatal develop-
ment. The primordial follicle matures into the primary fol-
licle, which is characterized by the changing of the cells
that surround the oocyte. Whereas the cells are flattened in
the primordial follicle, they have become cuboidal in the
primary follicle.

The number of primordial and primary follicles present
in the ovary is set at birth; in other words, primary follicles
do not regenerate. The primary follicle either develops into
a secondary follicle or degenerates. As the primary follicle
develops into the secondary follicle layers of follicle cells
are added, but without the development of a cavity (antrum).
In addition to the additional layers of follicle cells, the
oocyte obtains a translucent layer of glycoproteins called
the zona pellucida (ZP). The ZP is made of three glycopro-
teins (zpl, zp2, zp3). Up to this point all the follicles have
been microscopic.

The antral follicle, also known as the tertiary follicle, is
characterized by the formation of a cavity (antrum) which is
filled with fluid, called follicular fluid. Depending on the
species, the antral follicle can be seen on the ovary with the
naked eye and appears as a blister-like structure ranging in
sizefromless than 1 mmto several centimeters. As the animal
goes through the estrous cycle, the antral follicles are selected
for further development and ovulation. The dominant follicle
(ovulatory follicle) is also called the Graafian follicle.

The antral follicles are the pool of follicles that can be
selected from during the follicular phase of the estrous
cycle. As the antral follicle develops, the layers of follicular
cells can be divided into distinct layers: theca externa, theca
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interna, and granulosal cell layer. The theca externa is com-
posed primarily of loose connective tissue that surrounds
and supports the antral follicle. Just beneath the theca
externa is the theca interna, which provides the androgens
needed and is influenced by LH.

A basement membrane separates the theca interna from
the granulosal cell layer. This layer has the FSH receptors
and produces several different materials needed for devel-
opment. Estrogen, inhibin, and follicular fluid are the
important factors that the granulosal cells produce. It is
believed that the granulosal cells are the governing cells of
oocyte maturation.

The follicular phase accounts for a small amount of the
estrous cycle of the female (discussed in the next section).
During this phase several antral follicles are lost to either
atresia or ovulation. This phase is when the recruitment,
selection, dominance of the antral follicles occurs. Antral
follicles can be lost to atresia during each stage of the fol-
licular phase. Recruitment of a small group of follicles (a
cohort) occurs when the levels of FSH are high, LH is low,
there is no inhibin, and estrogen is increasing. As recruit-
ment ends, the antral follicles that have not undergone
atresia are selected for further development and the domi-
nant follicle(s) begin to emerge.

As development continues, the estrogen levels also con-
tinue to increase, and there is moderate FSH and LH and
low inhibin. At the time of dominance, the follicles are
pre-ovulatory and the levels of FSH are low, there is high
LH and high inhibin, and the non-dominant follicles begin
to undergo atresia.

Ovulation is the rupture of the dominant follicle(s) which
releases the oocyte(s) from the follicle. Small blood vessels
rupture at the time of ovulation, causing local hemorrhage.
The combination of ruptured blood vessels and protrusion
of tissue forms a structure known as the corpus hemor-
rhagicum. After this is formed, there is luteinization/
differentiation of the theca interna and the granulosal cells
into luteal cells. The collection of luteal cells forms the
structure of the corpus luteum which produces the proges-
terone for maintenance of pregnancy. If there is no preg-
nancy, then the uterus will produce PGF,,, to regress the CL
and the next estrous cycle begins. However, if a pregnancy
occurs, then the CL will be maintained until parturition.

Simultaneously as the follicle undergoes folliculogene-
sis, the oocyte within the follicle changes as well. These
events of maturation which occur throughout the lifespan
of the female are known as oogenesis. Prenatally, the pri-
mordial germ cells undergo mitosis to ensure that there are
enough primary oocytes at birth for future follicular devel-
opment. As the oogonia performs its last mitotic activity to
form the primary oocyte, it makes an important transition
as the primary oocyte enters the first meiotic prophase
where it is arrested until puberty.

The primary oocyte is arrested at prophase I of meiosis
until it is stimulated by gonadotropins or it can remain
arrested throughout the reproductive lifespan of the female.

As stated earlier, during the transition from the primary
follicle to the secondary follicle the oocyte develops a trans-
lucent band of glycoproteins called the ZP. The ZP is an
important developmental step because it is a protective
coating for the developing embryo that has several func-
tions. These include protecting the embryo from the outside
environment by limiting diffusion, blocking polyspermy,
and restricting the blastomeres of the embryo and thus
promoting good cell-to-cell contact.

In the secondary oocyte, the zona begins to form junc-
tional complexes with the neighboring follicular cells. Also
known as gap junctions, these are critical for the cell-to-cell
communication between the oocyte and granulosal cells.
The gap junctions are believed to be critical for the growth
of the oocyte within the follicle and they remain intact with
the plasma membrane until the preovulatory LH surge.

The oocyte has reached its full cytoplasmic size once the
follicle has begun forming the antrum. At the time of the
ovulatory LH surge, several events occur with the oocyte
such as the loss/breakdown of the gap junctions and the
resumption of meiosis. Prior to ovulation the oocyte is still
diploid (2N) during the resumption of meiosis. During the
metaphase the oocyte extrudes the first polar body which
contains half of the genetic material, thus forming a haploid
(IN) oocyte arrested at metaphase II. The oocyte then
remains arrested at metaphase II until fertilization or
subsequent degeneration (see fertilization and embryonic
development).

Estrous Cycle

After a female has reached puberty and enters into her
productive life, she also enters a reproductive cyclicity
ranging from four to 28 days depending on the species of
interest. This reproductive cyclicity is termed ‘‘estrous
cycle” and by definition lasts from one estrus to the subse-
quent estrus. The cycle is a series of scheduled events in
which the female has repeated opportunities to become
pregnant as she is receptive to the male. However, many
factors affect the reproductive cyclicity, such as season,
nutrition, lactation, and illness. With the exception of sea-
sonality, many of these factors are influenced by manage-
ment of the species. Later, we will discuss the species
differences in seasonality (e.g. short-day breeders vs. long-
day breeders).

The estrous cycle (see Figure 4.4) can be divided into
luteal and follicular phases. The luteal phase (days one to
18, based on a 21-day cycle) is when there is lutenization of
the follicle and subsequent regression of the CL if the
female is not pregnant. The follicular phase (days 18 to 21)
is when new follicles are recruited, developed, and
ovulated.

The follicular phase can be divided into four sections:
estrus, metestrus, diestrus, and proestrus. In each section
there are defined events that must occur on time for the
subsequent events to occur. Estrus (day 21; hours long) is
the period when the female is sexually receptive to the
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Figure 4.4. Diagram of the hormone levels during the estrous cycle of the ewe. Redrawn by Steve Mullen, University of

Missouri-Columbia.

male, estradiol (E,) is at its peak level, and ovulation occurs.
Estrus also typically lasts hours compared to days of the
other phases of the estrous cycle.

After estrus, the female enters into metestrus (days one
to five based on a 21-day cycle) when estradiol levels are
decreasing and progesterone (P,) levels are increasing
because the corpus luteum is forming on the ovary at the
site of ovulation. Diestrus (days six to 18) is the period after
metestrus when P, is at its peak level and E, is at its lowest
level. In addition, maternal recognition of pregnancy occurs
at this time as the embryo(s) begin signaling the female to
maintain the pregnancy (discussed in detail in a later
section) and not to begin cycling again. However, with no
maternal recognition of pregnancy, the female enters pro-
estrus (days 18 to 21). Proestrus is defined by a decrease in
P, and an increase of E, as well as the formation of the next
cohort of follicles that will ovulate during estrus.

Anestrus and Seasonality
Anestrus is a condition that may be caused by many factors
that prevent reproductive cyclicity, including pregnancy, lac-
tation, seasonality, stress caused by environmental or man-
agement factors, and pathological conditions. During this
period, the ovary is in a semi-inactive state; in other words,
there is no new recruitment of dominant/ovulatory follicles.
While most of the factors that cause anestrus are abnormal
conditions, seasonal anestrus in some species is normal.
Seasonality or seasonal anestrus is believed to have
evolved to prevent mating at times when survival of the
offspring would be low. Species that exhibit seasonality
normally make a transition from anestrus to cyclicity on an

annual basis which is controlled by the photoperiod (e.g.
long-day breeders and short-day breeders), a hormone
called melatonin. The mare is an example of a long-day
breeder; she begins to cycle as the day length increases in
the spring. The ewe, a short-day breeder, is the opposite.
She begins to cycle and her hormone levels increase as the
day length shortens (see Table 4.1) . The hormone melatonin
is released by the pineal gland (the epiphysis) during the
night hours and is inhibited during the daylight hours. It
affects the pulse generator of the pulsatile release of GnRH,
LH, and FSH.

Estrus Behavior

Observing changes in the female’s behavior is the main way
to visually determine if the animal is coming into estrus.
During the proestrus period the female’s activity increases,
she begins searching for the male, other animals begin to
mount the female. At estrus the female will stand for

Table 4.1. Length of estrous cycle and estrus in various
species.

Species Estrous cycle length (Avg. days) Estrus length
Cow 21 18 hours
Ewe 17 24-36 hours
Sow 21 24-60 hours
Mare 21 4-8 days
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mounting by other animals. In some species, such as the
pig, the ears will stand straight back. It will be difficult for
any female species to move from one location to another.
These behavioral changes are associated with the changing
endocrine profile of the female. As the female becomes
receptive to the male and her activity increases, E, also
increases as P,. Estradiol appears to be the driving force of
the behavioral changes associated with the estrous cycle.

Fertilization and Embryo Development

The female becomes more receptive to mating by the male
and begins to enter her productive life span as she begins her
cyclicity. During the estrus stage of the estrous cycle, there
is a peak of LH causing ovulation of the dominant follicle(s),
which releases a Metaphase II (MII) oocyte into the oviduct.
The freshly ovulated MII oocyte is cytoplasm surrounded
by the plasma membrane, the zona pellucida, and the cumulus
oophorus. For details see Chapter 3, “Histology, Cellular and
Molecular Biology of Reproductive Organs.”

The ZP has many functions but one of the most impor-
tant is that it contains the receptors for binding the sperma-
tozoa as well as protecting the oocyte from penetration of
multiple spermatozoa. The cumulus oophorus is loosely
packed cumulus cells that also protect the oocyte. The
cumulus cells are lost after ovulation; however, timing is
species-dependent. For example the pig, cow, and sheep
lose their cumulus cells shortly after ovulation.

At the time of ovulation the oocyte is arrested at the
metaphase stage of meiosis II for most species, with the
exception of the dog. During meiosis II, the oocytes extrude
the first polar body which contains half of the genetic mate-
rial [e.g. from diploid (2N) to haploid (IN)] and does not
resume meiosis until activation by the sperm. At sperm
binding/penetration, the oocyte undergoes a series of
changes that causes extrusion of the second polar body,
activation of the oocyte, formation of the pronuclei, and
preparation for subsequent embryonic development.

Prior to binding of the sperm to the oocyte, the oocyte
must be transported to the site of fertilization, the ampulla-
isthmus region. The oocytes are transported from the ovu-
lation site to the fertilization site by the contractile movement
of the uterine tube. Next, the cilia action and fluid move-
ment (in some species) transport the oocyte through the
ampulla. The cumulus cells either are transported with the
oocytes as one unit or are removed during the movement of
the oocytes through the oviduct.

The female is receptive to the male during estrus.
Depending on the species, the semen is deposited into the
vagina, cervix, or uterus and then transported to the site of
fertilization (see the Erection and Ejaculation section earlier
in this chapter for species differences). The mechanism of
transport depends on species-specific factors such as volume
of ejaculate, anatomy of the female tract, and site of deposit.
Despite the mechanism for transport, in all species only a
limited number of sperm reach the site of fertilization (see

Table 4.2. Characteristics of mating in various species.

Number of sperm at the

Species Site of semen deposit ampulla-isthamus junction
Cow Vagina Few

Ewe Vagina 650

Sow Cervix and uterus 1,000

Mare Vagina and vaginal Few

portion of the cervix

Table 4.2). As the sperm are transported to the site of fer-
tilization, they gain the ability to fertilize, e.g. capacitation
(previously discussed in the section on male physiology).

Fertilization occurs once the sperm and oocyte have
reached the ampulla-isthmus junction of the uterine tube.
Fertilization is defined as the penetration of the oocyte with
one spermatozoa which leads to the normal development of
the fertilized oocyte. Fertilization triggers several events
that are required for subsequent embryonic development:
block to polyspermy; resumption of meiosis II; and pronu-
clei formation, syngamy, and cleavage. The block to poly-
spermy is a series of events that occurs at fertilization and
which prevents the oocyte from being fertilized by multiple
sperm. Upon binding of the spermatozoa, the oocyte causes
the cortical granules to undergo exocytosis, releasing their
contents into the perivitelline space causing changes in the
ZP. This change hardens the ZP which is caused by the
enzymes of the cortical granules and ultimately blocks pen-
etration of the oocyte by multiple spermatozoa.

Initially the sperm binds to ZP3 which has been exposed
during capacitation and initiates the acrosome reaction.
Then the inner acrosome membrane binds to ZP2. The
motility of the sperm forces the sperm into the egg at an
oblique angle. The penetration of the oocyte by the sperm
triggers a series of events to allow the oocyte to undergo
subsequent embryonic development and implantation.

Oocyte activation is critical for subsequent embryonic
development. With sperm fusion, there is an increase in
intracellular calcium (calcium oscillations) within the
oocyte that repeats at different intervals (five to 60 minutes)
depending on the species. Calcium oscillations are impor-
tant to aid in the release of sperm factor, bind to the egg
receptor, break down the maturation promoting factor, and
activate sperm head decongestion.

The sperm head begins to decongest and form the male
pronucleus (1N) and simultaneously the oocyte is activated
to resume meiosis and begin the formation of the female pro-
nucleus (1N). After the formation of both the male and female
pronucleus, the zygote begins the event of syngamy (fusion of
the male and female pronuclei) by the migration of the pronu-
clei to the middle of the oocyte and subsequent fusion.

The developing zygote becomes an embryo at the time
of syngamy. An embryo is defined as a species in the early
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Figure 4.5. Photograph illustrating the developing embryo
(two-cell stage embryo) in the pig. Notice the blackness of the
pig embryo as it contains a high lipid content.

developmental stages (see Figure 4.5). At this point, there
are no anatomical differences between species. The differ-
ence between a developing embryo of a cow, pig, and human
can only be distinguished by a skilled embryologist at this
stage of embryonic development. In general terms, embry-
onic development of many species is similar in patterns of
divisions and embryonic stages; however, the differences in
the embryos among the species are largely due to the length
of embryonic development, transition from maternal to
zygotic genome, and length of the gestation (development
of the fetus in utero). In other words, the timing from fer-
tilization to implantation and length of embryonic stage are
different among species as gestation length increases or
decreases.

After syngamy, the developing embryo undergoes a
series of cleavage divisions that begin to reduce the size of
the cytoplasm into smaller and smaller cellular units. The
first division is a two-cell embryo, in which the blastomeres
(cells of the embryo) are equal in size. The embryo then
completes subsequent divisions to the four-, eight-, and 16-
cell stages, and then fewer divisions to the morula and
blastocyst stage. In the first few divisions the embryo relies
heavily on the maternal stores of mRNA, proteins, etc. for
the requirements to undergo the cleavage divisions.

The time at which the embryo relies on the maternal
stores depends on species. For example, in the pig the tran-
sition called the “maternal to zygotic transition” occurs at
the four cell-stage. This transition is when the embryo
begins producing embryonic mRNA, proteins, etc. required
for subsequent cleavage divisions. During this time the
embryo is being transported to different locations in
the reproductive tract (i.e. from the uterine tube to the

uterus). The species vary in their timing of transportation
of the embryo to the uterus (see Table 4.3). Again, these
changes are largely due to the length of gestation. In addi-
tion, in species such as the pig, the embryo can migrate
from one uterine horn to another.

In the early stages of embryonic development, the blas-
tomeres have the potential to develop into any cell type of
the individual; this has been defined as “totipotent.” Until
the morula/compacted morula stage, all of the blastomeres
in the embryo are totipotent; however, at this stage some of
the blastomeres have been programmed to differentiate into
the trophoblast cells (TE) of the blastocyst. The remaining
cells remain totipotent as the inner cell mass cells (ICM).
There are two populations of cells in the resulting blasto-
cyst, TE, which gives rise to the extraembryonic mem-
branes, and ICM, which gives rise to the developing fetus.

During development to the blastocyst stage, the embryo
begins to form the blastocoele, which partitions the embryo
into two distinct cell populations. The formation of the
blastocoele is due to a large influx of fluid across the ZP.
The blastocyst hatch from the ZP with the combination of
growth and influx of fluid and enzymes produced by the
trophoblast. For some species (pigs, ruminants) at this point
in development more cellular changes have to occur prior
to implantation.

In the sow, between embryonic days (E7 to El0), the
embryo is still spherical and growing in cell numbers and
diameter. However, at E10, the pig embryo begins to elon-
gate into a filamentous embryo and begins to prepare for
implantation. Similar events in embryonic development
occur in ruminants but differ in timing, diameter, and cell
numbers. The embryo undergoes tremendous growth during
this period. For example, the embryo in the cow at day 15
is I mm to 2mm in length and by days 18 to 19 the embryo
is 10cm to 20cm in length.

During these morphological changes, the blastocyst also
initiates differentiation of the ICM, forming three distinct
layers: endoderm, mesoderm, and ectoderm. The endoderm
layer forms first as an outgrowth of the ICM, and develops
into the lining of the gut, glands, and bladder. Connective
tissue, the vascular system, bones, muscles, and adrenal
cortex are derived from the mesoderm layer. Finally, the

Table 4.3. Location and timing of preimplantation
embryogenesis in various species.

Species  Oviducts (days) Uterus (days)

Cow Zygote—8-cell (0-3) 8-cell—blastocyst (3—11)
Ewe Zygote—8-cell (0-2.5) 8-cell—blastocyst (2.5-8)
Sow Zygote—4-cell (0-3) 4-cell—blastocyst (3—9)
Mare Zygote—4-cell (0-2) 4-cell—blastocyst (2—8)
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nervous system and covering of the body are derived from
the ectoderm layer.

Another interesting embryonic difference between rumi-
nants, the mare, and the sow is the migration of embryos
prior to implantation. In ruminants, the embryos remain in
the uterine horn on the side of ovulation. However, in the
sow and the mare, the embryos migrate between uterine
horns and the embryo may implant on the side of ovulation
or on the contralateral side.

Pregnancy

The blastocyst is located in the uterus prior to implantation
in all species. The uterus undergoes changes during embry-
onic development to prepare for implantation, independent
of the presence of a viable (one that will implant) develop-
ing embryo. As the uterus prepares, the developing embryo
begins to signal to the mother that the embryo(s) is (are)
here and ready to implant; this event is called maternal
recognition of pregnancy. The signal for maternal recogni-
tion of pregnancy and the timing for the signal to occur are
species-dependent (see Table 4.4). If no viable embryo pro-
duces a signal during this period or if there is a problem
with the developing embryo, the animal will cycle back and
enter into the next estrous cycle. However, if the embryo is
present and the signal for maternal recognition of preg-
nancy occurs during the critical period, then progesterone
(Py) levels will remain high. The embryo attaches to the
uterus several days after it has signaled the mother that it
is there and ready and the mother recognizes the signal.

Placenta and Implantation

The attachment of the developing embryo and the uterine
endometrium is a transient relationship that provides an
advantage to the developing conceptus by providing nutri-
ents and protection during development. As the embryo
develops it forms the placenta, which is a metabolic and
endocrine organ between the developing conceptus and the
uterine endometrium. It has a lifespan of the gestational
length of the species. For more details, see Chapter 11,
“Introduction to Comparative Placentation” and Chapter
12, “Comparative Placentation.” The placenta is typically
composed of a fetal component (chorion) and a maternal

Table 4.4. Maternal recognition of pregnancy for domestic
animals.

Species Signal for maternal Days of signal
recognition

Cow Interferon tau 15-18

Ewe Interferon tau 12-14

Sow Estradiol/two embryos/horn 10-12

Mare Proteins/embryo migration 1214

component (uterine endometrium), which are the site of
metabolic exchange. In addition to the metabolic function,
the placenta acts as an endocrine organ by producing a
variety of hormones which are critical for the maintenance
of pregnancy.

Chorionic villi are finger-like projections on the surface
of the chorion and serve as the functional unit of the fetal
placenta. The distribution of the chorionic villi on the pla-
centa, which gives each placenta a distinct anatomical
appearance, serves as the method of classifying and sepa-
rating the species. The classification of the placenta is:
diffuse, cotyledonary, zonary, and discoidal.

Chorionic villi are uniformly distributed over the surface
of the chorion in diffuse placentas. The sow has a diffuse
attachment of the placenta to the uterine endometrium, which
is a velvet-like surface with closely spaced chorionic villi.

Cows and small ruminants have cotyledonary placentas
which have a large number of button-like structures called
caruncles. These are convex in the cow, concave in the ewe,
and flat or very deep in the goat. For more details on ana-
tomical differences see Chapter 2, “Anatomy of Reproduc-
tive Organs.” Briefly, the numbers of caruncles differ among
species: in the cow there are approximately 80 to 120 carun-
cles distributed across the uterine mucosa, whereas small
ruminants have more caruncles. The corresponding struc-
ture of the placenta to each caruncle is called cotyledon. It
is trophoblastic in origin and consists of blood vessels and
connective tissue. The interface between the fetal cotyledon
and the maternal caruncle is called the placentome.

Zonary placentas have a band-like zone of the chorionic
villi and are typically found in dogs and cats. Even within
this zone there are regions with different functions. The
prodominant region near the middle of the conceptus is the
primary region of exchange. The second region is pig-
mented due to hematomas (the function of this region is not
fully understood). The transparent region on the distal ends
of the conceptus may be involved in the uptake of material
directly from the uterine lumen.

The discoidal placenta is found in primates, including
humans.

The placenta, in addition to serving as the metabolic and
waste exchanger between the fetus and the mother, is a
transient endocrine organ that produces a wide variety of
hormones. These hormones can gain access to both the
maternal and fetal blood supply. In some species, such as
the ruminants, production of progesterone is taken over by
another source such as the placenta at a different time in
gestation. Furthermore, the CL could be removed at a spe-
cific time in the pregnancy and the other source could
maintain the pregnancy. For example, in the ewe the CL is
required for the first 55 days but after that the placenta
produces enough P, to maintain the pregnancy. In the cow,
the CL is required for 215 days of the 283 but from day 215
on the maternal adrenal produces enough P, to maintain the
pregnancy to term. The mare is different than the other
farm animals in that it maintains the original CL, but at
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Table 4.5. Average gestational length of domestic animals.

Species Gestational length
Cow 283 days
Sow 114 days
Ewe 148 days
Mare 338 days

day 40 the placenta begins to produce equine chorionic
gonadotropin (eCG). The mare also has follicular waves
that result in ovulation of follicles producing accessory CLs
that produce P,.

In some species (such as the sow), loss of the CL at any
point will terminate the pregnancy. During the first quarter
of gestation in the sow, each uterine horn must have at least
two piglets (for a total of four) to produce enough estradiol
to maintain the pregnancy. In addition to progesterone, the
placenta mares and humans produces chorionic gonadotro-
pin, which provides the stimulus for the CL maintenance
during pregnancy. Furthermore, the placenta produces
relaxin in mares, cats, and sows, but it is not found at any
gestational age in cows. Relaxin prepares the birth canal by
softening the connective tissue in the cervix and promotes
elasticity of the pelvic ligaments. Placental lactogen, also
called somatomammotropin, has been found in sheep and
cows. It is believed to be similar to growth hormone;
it promotes the growth of the fetus and stimulates the
mammary gland.

Gestational Length

Gestational length varies among species—it varies by fetal
sex in some species—and is largely due to the survival
aspect (Table 4.5). For example, mice and rats have many
predators that can affect their existence, so reproduction
capacity and gestational length is critical. On the other
hand, cows and pigs have fewer predators so reproduction
capacity and gestational length is not as important. Many
of the differences that have been seen thus far in the female
reproductive system have been due to differences in the
gestational length of the animals.

Parturition

Parturition, the act of giving birth, is a series of complex
physiological events: (1) initiation of myometrial contrac-
tions by removal of the P, inhibition, (2) expulsion of the
fetus, and (3) expulsion of the fetal membranes. The fetal
pituitary-adrenal complex initiates the endocrine events by
limitations of the uterus, making the fetus believe that it is
under stress. In response, the fetal anterior pituitary lobe
releases the adrenocorticotropic hormone which then
stimulates the adrenal cortex to produce corticoids. The

elevation of fetal corticoids causes a cascade of endocrine/
biochemical events to initiate parturition.

As the levels of fetal corticoids increase the level of P,
decreases as it is converted to E,. The increase in E, begins
to cause another series of events, such as the increase of
myometrial contractions and secretions in the tract to
provide lubrication for the fetus. PGF,, is also produced,
causing luteolysis of the CL and further decreasing the
levels of P,.

For those species in which relaxin is produced and is
important in parturition, PGF,, stimulates the production of
relaxin, thus preparing the tract for parturition by softening
the connective tissues and promoting elasticity of the pelvic
ligaments. Myometrial contractions begin at this time and
continue to increase in numbers and pressure.

At this point, stage II of parturition (expulsion of the
fetus) begins. As myometrial contractions increase, the
levels of E, also continue to increase, causing more changes
in the cervix and vagina. In response to increased estradiol
levels they begin to produce mucus which removes the cer-
vical plug of pregnancy and moistens the cervical canal and
vagina. In addition to estradiol, oxytocin—a glycoprotein
that causes an increase in myometrial contractions and aids
in milk let-down—is released from the posterior lobe of
the pituitary gland. As myometrial contractions increase in
frequency and duration, the fetus(es) is (are) expelled in a
timely manner which can range from minutes to hours.

The final stage of parturition is the expulsion of the fetal
membranes. This event typically follows quickly after the
expulsion of the fetus. The release of the fetal membranes
from the uterus is from a powerful vasoconstriction of the
arteries, thus reducing the pressure and releasing the
membranes.

Dystocia are difficulties that are encountered during par-
turition. There are several factors that influence the inci-
dence of dystocia. The first is the size, typically excessive,
of the fetus. Fetal size is controlled by the sires and dams,
but the last half of gestation nutrition also influences fetal
size.

The second factor is fetal position within the uterus. The
normal birthing position of the fetus is front feet first, fol-
lowed by the head. In cattle the fetus does not finalize its
position until the end of the gestation, just prior to parturi-
tion. Of all the births in cattle, approximately 5 percent can
be characterized by an abnormal position of the fetus, thus
requiring assisted births or Caesarean section.

The third factor is multiple births in monotocous (one
offspring) species such as the mare. Twins can cause prob-
lems when both present at the same time. One twin may be
in an abnormal position, blocking both fetuses, and animal
be fatigued by the birthing process. Another cause of trouble
may be a deformed calus of the coxal bones. In mares,
ultrasounds are performed to determine pregnancy but also
to determine twin status. In the mare, if twins are present,
one of the fetuses is aborted so that one foal has the best
chance of survival.
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Lactation

Lactation is the production of milk to nourish a newborn
animal to an age of independence. The young are exposed
to an extremely different environment following parturition
than they were in utero. The new environment can be cold
and dry, and one in which the newborns are exposed to
different types of bacteria and viruses. The production of
milk is a critical component to survival of the newborn
because it is the only source for water, minerals, vitamins,
and nutrients, and it is the initial source of antibodies
(passive immunity).

The mammary gland is considered to be an accessory
reproductive organ. The relationship between reproduc-
tion and lactation is critical because most of the develop-
ment of the mammary gland (mammogenesis) occurs
during pregnancy. Many of the hormones used during preg-
nancy are also critical for lactation. Initially during parturi-
tion, there is a release of prolactin and oxytocin, causing
production of milk (colostrum, a nutrient-rich milk with
high antibody levels for passive immunity). Despite the fact
that these hormone levels are sufficient for initializing lacta-
tion, it is not enough for a sustained lactation period.
However, these two hormones are used in a positive feed-
back loop to continue the production of milk during the
lactation period.

Lactation can be divided into three sections: mammo-
genesis, lactogenesis, and galactopoiesis. Mammogenesis is
the development of the mammary gland for lactation; this
event occurs simultaneously with pregnancy. Hormones
required for maintenance of the pregnancy also aid in the
development of the mammary gland.

Lactogenesis is the synthesis and secretion of milk. It
occurs slightly (hours) prior to parturition, and milk syn-
thesis is one indication that parturition is beginning. The
main hormonal regulation of lactogenesis is the level of P,,
which inhibits milk production. In addition, there is cyto-
logic and enzymatic differentiation of the mammary gland
for sustained milk production, and an increase in lactose
production.

Galactopoiesis (enhancement or maintenance of lacta-
tion) subsequently begins and continues until the young is
removed or no longer requires milk. The key regulator of
galactopoiesis is the removal of the milk from the gland.
There is a difference in lactation in farm animals. For
example, the sow typically lactates for two to three weeks
before the piglets are removed; however, the cow lactates

for several months depending on management (early wean
vs. normal wean).

Mammary glands vary by species in terms of the number
of glands and their location. Mammals that are monotocous
have mammary glands in the inguinal region, whereas
mammals that are polytocous have paired mammary glands
on both sides of the ventral midline. Even within the monot-
ocous species there are differences in the gland’s anatomy.
One reason for the differences is the frequency of nursing
in polytocous vs. monotocous mammals. The sow nurses
her piglets on an hourly basis, whereas the cow nurses less
frequently basis. This is largely due to the amount that each
animal receives at each nurse, i.e., piglets receive less milk
at a nursing than do calves.

Milk can be divided into several different components,
including water, lactose, fat, protein, and minerals. Water
is the largest component of milk is water. Lactose (com-
posed of glucose and galactose) is the major carbohydrate
and osmole (which draws the water into the gland) of milk.
Fat is highly variable both between species and within
species. Triglycerides are the largest lipid type, or energy
source, found in milk. Milk proteins are unique to the milk;
they have the composition that is appropriate for growth and
development of the young. Minerals in the milk provide
components for bone development. Some of the minerals
form complexes with proteins such as the casein. Other
components are vitamins, milk cells (white blood cells),
and others.
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Chapter 5

Transgenic Animals
Yuksel Agca and Anthony W.S. Chan

Introduction and Background

Gene delivery to the mammalian germplasm (i.e., gametes
and embryos) is one of the most significant scientific
achievements of the last several decades. Since its introduc-
tion, transgenesis has evolved in many ways and has been
widely applied in many fields of biomedicine, agriculture,
and basic research.

Transgenesis facilitates a better understanding of the
function of a specific gene by either its overexpression or
deletion from various model systems. The technology has
allowed scientists to ask and answer many relevant ques-
tions in life sciences. The impact of transgenesis on bio-
medical and commercial pharmaceutical industrial research
programs has also been overwhelming (Schnieke et al.,
1997; Niemann et al., 2003).

However, despite all of the significant advancements,
one of the most important tasks that remains is the search
for the most efficient and reliable gene delivery system for
creating transgenic animals from various mammalian
species. The ability to produce transgenic animals in a wide
spectrum of species would further broaden the application
of transgenic technology for studying human health and
disease and increasing animal production and biopharming
for pharmaceutical development as well as gene therapy and
disease resistance.

The introduction of a new gene (or genes) into an animal
plays a key role in determining the relationship between
genotype and phenotype. Although transgenic rodents have
been valuable animal models for comparative biomedical
research, the physiological similarities between humans
and pigs and monkeys make these non-rodent species
potentially superior models for human diseases (Lai et al.,
2002; Wolf et al., 1999).

Currently, there are only a handful of transgenic live-
stock as compared to thousands of transgenic rodents. This
is due to both technical and biological obstacles, which
include low transgenic efficiency, longer generation inter-
val, and high maintenance cost. Advancements in two par-
ticular areas of scientific research have enormously helped
the development of novel methods of gene delivery in
mammals and have accelerated the development of trans-
genic technology. The first is assisted reproductive tech-

nologies (ART). ART such as manipulation of oocyte/embryo
development and ovulation, non-surgical artificial insemi-
nation (AI) and embryo transfer (ET), in vitro fertilization
(IVF) and embryo culture, and intracytoplasmic sperm
injection (ICSI) have revolutionized animal research and
production. The second area is the development of molecu-
lar biological techniques, such as polymerase chain reac-
tion, fluorescent in-situ hybridization, DNA microarray, and
transgene reporters.

Transgenic Markers and Methods of
Transgenic Animal Production

The ability to select embryos with a higher probability of
being transgenic before their transfer into surrogate mothers
would significantly reduce the number of non-transgenic
animals born. In addition, easily detectable reporter genes
would help test the efficiency of transgenic techniques, as
well as compare the impact of different promoters on ubiq-
uitous or tissue-specific expression of a particular trans-
gene. Transgenic reporters such as [3-galactosidase (Vernet
et al., 1993), secreted placental alkaline phosphatase (Chan
et al., 1995), firefly luciferase (Miranda et al., 1993), and
green fluorescent protein (GFP) (Ikawa et al., 1999) have
been developed over the last several decades. GFP appears
to be an almost ideal transgenic marker, and its use has
greatly accelerated the development of an efficient gene
delivery system. GFP allows the selection of transgenic
embryos soon after gene transfer or prior to embryo transfer
(Takada et al., 1997; Chen et al., 2002).

Green Fluorescent Protein (GFP)
GFP was first introduced as an expression marker by Chalfie
and colleagues in 1994. GFP is derived from the jellyfish
Aequorea and was cloned in 1992 (Prasher et al., 1992). It
is a single peptide composed of 238 amino acids which
absorbs blue light and emits green light without the need of
substrate or any pretreatment (Ikawa et al., 1999). GFP
expression has been shown in a wide range of mammalian
cells, embryos, and live animals (Takada et al., 1997).
The unique properties of GFP include its small size, ease
of detection method, and non-species specific expression. It
is nontoxic to the host and is resistant to high temperature,
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alkaline pH, detergents, chaotropic salts, organic solvents,
and many proteases (Ikawa et al., 1999). A fusion protein
of GFP or a peptide tagged with GFP can be used as a
marker to follow in vivo gene expression and real-time
protein localization (Wacker et al., 1997). Transgenic
studies in mammals have significantly benefited from the
use of GFP. The majority of transgenic studies have used
GFP gene expression and translation as proof-of-principle
to evaluate various transgenic methods and promoters and
to better understand temporal and spatial expression pat-
terns after using different gene transfer methods in various
mammalian species.

Gene Delivery Methods

To date, the following major gene delivery methods have been
successfully demonstrated: (1) pronuclear microinjection
(Gordonetal., 1980), (2) embryonic stem cells (Doetschman,
2002), (3) viral infection (Jaenisch and Mintz, 1974; Chan et
al., 1998), (4) sperm mediated gene delivery (Brackett et al.,
1971; Lavitrano et al., 1989), and (5) somatic cell nuclear
transfer (Schnieke et al., 1997; Cibelli et al., 1998a).

Each of these methods has its advantages and disadvan-
tages, depending on the species of interest. It is important
to perform studies investigating transgene stability and cor-
relations between transgene inheritance and persistent
transgene phenotypic expression in transgenic animals. The
significance of transgenic animals to the development of
human or animal disease models, cell-based therapeutic
approaches, and bioreactors is evident. Therefore, the avail-
ability of a simple and reliable methodology to create trans-
genic animals with a specific genetic background in desired
species is urgently needed. The following sections are
intended to provide a general overview of gene delivery
strategies using various approaches that may advance trans-
genic technology in large animals.

Pronuclear Microinjection (PI)

Pronuclear microinjection of linearized plasmid DNA into
one-cell murine zygotes was first introduced in the 1980s
(Gordon et al., 1980). Using this method, one of the pronu-
clei is injected with a DNA solution (4 to 10ng/ul) using a
micropipette attached to a micromanipulator with the aid
of a microscope (see Figures 5.1 and 5.2). Pl is the predomi-

Before

Figure 5.1. Micromanipulation system used for pronuclear
microinjection and somatic cell nuclear transfer. (Also see color
plate)

nant method currently used for creating transgenic rodents.
PI has several advantages over other gene delivery systems
and it is considered a safe and consistent method for gene
transfer (Brem and Muller, 1994). There is no practical
limit on the size of the DNA fragment being injected (Evans
etal., 1994; Brem et al., 1996), and the efficiency of integra-
tion has no apparent correlation with DNA length (Brinster
et al., 1985).

Despite the need for transgenic large domestic animals,
the production of transgenic livestock by PI has been very
inefficient. This is due, in part, to difficulties associated
with visualizing the pronuclei in zygotes with high intracel-
lular lipid content and the lack of synchronization of pro-
nuclei in large domestic animal species. Waiting for the
appropriate moment for visualization and injection of the
pronucleus is time-consuming and labor-intensive. Due to
the opacity of the cytoplasm, the eggs of most domestic
animal species require the use of centrifugation for visual-
ization of pronuclei (Hammer et al., 1985).

In addition, there is a very low gene integration effi-
ciency associated with PI, especially in large domestic
animals, which require the transfer of multiple injected
embryos into a large number of recipients to obtain a few
transgenic founders. For example, one transgenic animal
can be expected after injection of approximately 40, 100,
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Figure 5.2. Pronuclear microinjection of plasmid DNA into cattle zygote.
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110, 90, and 1,600 zygote in mice, pigs, sheep, goats, and
cattle, respectively (Wall et al., 1997). The differences in
efficiency point to fundamental differences between species.
For example, the timing of the maternal-to-embryonic tran-
sition in transcription in mouse embryos occurs at the 2-cell
stage (Bouniol et al., 1995) versus the 8-cell stage in cattle
and pigs (Barnes et al., 1991). The S-phase (DNA replica-
tion) during the first embryonic cell cycle occurs between
11 and 18 hours post-insemination in mice (Hogan et al.,
1986) and eight and 18 hours post-insemination in cattle
(Eid et al., 1994; Gagne et al., 1995).

Because DNA insertion is most likely to occur during
DNA replication (Coffin, 1990), delivery of a DNA frag-
ment during or before S-phase should, theoretically, enhance
gene transfer efficiency. Pronuclear microinjection has a
higher chance of success when mouse zygotes are injected
at 12 hours post-insemination, which is at the beginning of
S-phase (Hogan et al., 1986). On the other hand, the optimal
time for bovine PI is between 18 and 26 hours post-insemi-
nation, which is close to the end of DNA replication (Krisher
et al., 1994).

PI usually results in multiple transgene copies at a single
insertion site called the tandem repeat (Bishop and Smith,
1989). Although gene expression is not always related to the
transgene copy number, multiple copies hinder the analysis
of gene function (Davis and MacDonald, 1988). Approxi-
mately 20 percent to 30 percent of founder transgenic mice
are mosaic despite PI being performed at the pronuclear
stage (Wall and Seidel, 1992). An even higher rate of mosa-
icism is observed in transgenic livestock (Brem and Muller,
1994). In cattle, a high rate of mosaicism (more than 80
percent) in embryos suggests a similar outcome in trans-
genic founders (Kubisch et al., 1995).

Embryonic Stem (ES) Cells

The establishment of pluripotent cell lines from mouse
embryos in 1981 has led to a new dimension in transgenic
technology which enabled gene disruption (Evans and
Kaufman, 1981). Embryonic stem (ES) cells are usually
derived from inner cell mass cells (ICM) of a blastocyst
stage embryo, which are undifferentiated and capable of

differentiating into derivatives of the three germ layers
(ectoderm, mesoderm, and endoderm) (Robertson, 1987).
ES cells allow genetic manipulation and modification in
vitro using conventional gene delivery methods that are
used for tissue culture systems. When transgenic ES cells
are injected into a host blastocyst, they proliferate and dif-
ferentiate into all tissue types resulting in chimeric animals
after transfer into foster mothers (see Figure 5.3). However,
these chimeric animals need to be further tested for germ-
line transmission because of the random distribution of ES
cells. Since this technology was introduced, thousands of
knockout mice have been produced to elucidate loss of gene
function (Doetschman, 2002).

After the establishment of embryonic cell lines from
mouse blastocysts, there has been a desire to create identical
transgenic large animals using ES cells, embryonic cells,
and primordial germ cells. Unfortunately, attempts made
for the translation ES cell technology to other animals, even
one of the widely used laboratory animals (rats), have
largely failed (Iannaccone and Galat, 2002). In this regard,
although a significant milestone was reached with the pro-
duction of a calf after nuclear transfer of embryonic derived
cell lines (Sims and First, 1994), little effort has been made
to establish ES cells in large animals.

Pluripotency of pig primordial germ cells and the pro-
duction of transgenic chimeric embryos have been demon-
strated by Piedrahita et al. (1998). Problems with the use of
ES cell technology are two-fold, especially in large animals.
First, it has been difficult to establish stable ES cell lines
that have the ability to maintain pluripotency under long
term in vitro culture condition. Second, the long generation
interval in large animals makes testing germline transmis-
sion of chimeric animals costly due to the maintenance of
so many potential founders. These shortcomings, as well as
the recent success with SCNT, have diminished the overall
enthusiasm for the establishment of ES cells in large
animals.

Viral Mediated Gene Transfer
Another approach for generating transgenic animals is infec-
tion of germ cells or preimplantation embryos using viral

Figure 5.3. Embryonic stem cell micro-injection into mouse blastocyst (left) and resulting chimeric mouse after embryo transfer

(right). (Also see color plate)
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vectors (Chan et al., 1998; Hofmann et al., 2003). This is
generally achieved by microinjection of viral vectors into
the perivitelline space (PVS) of zygotes or metaphase II
(MII) oocytes using a micromanipulator. There is no need to
visualize the pronuclei, which is one of the limiting factors
in transgenic livestock production via PI.

To date, retroviral and lentiviral vectors have been intro-
duced and used to create transgenic animals. Transgenic
mice were first produced by infecting preimplantation
mouse embryos using competent retrovirus (Jaenisch and
Mintz, 1974). However, retrovirus infection was not widely
accepted for transgenic animal production until the devel-
opment of Moloney murine leukemia virus (MoMLV) based
replication-defective retroviral vector (Temin, 1989). The
development of a pseudotyped retroviral vector has also
broadened the applicable host range, as compared to that of
the conventional retroviral vector (Burns et al., 1993).

Due to the species-specificity of retroviruses, most of the
research has concentrated on mice and chickens (Mitrani et
al., 1987; Sanes et al., 1986). Reports in other species were
rarely seen until 1993, when Kim and colleagues demon-
strated successful infection of bovine preimplantation
embryos by replacing the endogenous MoMLV envelope
glycoprotein with that of the gibbon ape leukemia virus
(Kim et al., 1993).

One of the limitations of conventional retroviral rectors
is the low titre (1 x 10°° colony forming units (cfu)/ml)
(Kim et al., 1993). Recently, a pseudotyped vesicular sto-
matitis virus envelop glycoprotein VSVG- MoMLV-derived
retroviral vector has been developed (Burns et al., 1993).
This vector can be concentrated up to a high titer (1 x 10°-
cfu/ml) and has a very broad host cell range. With the
high titer of VSV-G pseudotype, virus-containing solutions
can be injected into the PVS (see Figure 5.4).

In bovine oocytes, the volume of PVS is estimated to be
between 200 and 300 picoliters. With a virus titer at 1
x 10°cfu/ml, an injection of 10 picoliters can deliver
approximately 10 to 100 infectious viral particles into the
PVS. Transgenic large animals, including cattle, pigs, and
monkeys, have been successfully produced by the infection
of mature oocytes using a VSVG pseudotyped retroviral
vector with high efficiency (Chan et al., 1998; Cabot et al.,
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2002; Chan et al., 2001). A retroviral vector carrying a
hepatitis B surface antigen gene controlled by the viral LTR
promoter, with a titer of 10° cfu/ml, was used to infect MII
bovine oocytes, resulting in 100 percent transgenic calves.
In addition to viral titer, the bovine studies suggest the criti-
cal role of the target cell (i.e., unfertilized vs. fertilized
oocytes) in gene transfer efficiency. Using the same retro-
viral vector carrying enhanced GFP (EGFP), Cabot et al.
(2001) transfected in vitro matured porcine MII oocytes
and subsequently fertilized them to obtain embryos. They
obtained two litters after embryo transfer. One pig from
each litter was identified as transgenic and both expressed
EGFP.

One of the significant drawbacks of retroviral vectors,
which has significantly reduced their use in large animals,
is the down regulation or silencing of the transgene by
methylation after integration into the genome (Jahner et al.,
1982). It has been suggested that methylation has evolved
as a self-defense mechanism, suppressing mobile elements
(Yoder et al., 1997). As an alternative, the recent use of a
self-inactivating lentiviral vector system, which minimizes
the interference on internal promoter control (Miyoshi et
al., 1998), has bypassed the retrovirus-associated problem
of transgene suppression. VSVG pseudotyped lentiviral
vectors can infect non-dividing cells, whereas retroviral
vectors can only infect mitotic cells. Recent studies have
shown that unlike traditional oncoretroviral vectors, trans-
genes introduced by lentiviral vectors into oocyte, male
germline cells, embryos, and ES cells provided stable gene
expression (Pfeifer et al., 2002; Hamra et al., 2002; Lois et
al., 2002; Hofmann et al., 2004).

Germline transmission as well as ubiquitous expression
of EGFP has been demonstrated in transgenic mice and rats
created by infection of one-cell embryos using a lentiviral
vector (Lois et al., 2002). Hofmann et al. (2003) performed
studies on swine with a lentiviral vector carrying a ubiqui-
tously active phosphoglycerate kinase promoter to deliver
GFP transgene. Of the 46 piglets born, 32 (70 percent)
carried the transgene and 30 (94 percent) expressed GFP.
The results were also confirmed by direct fluorescence
imaging. GFP expression was present in all tissues, includ-
ing germ cells.

During

Figure 5.4. Perivitelline space microinjection of viral vector into cattle zygote.
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Additional studies on tissue-specific GFP expression in
porcine embryos, using lentiviral vectors containing the
human keratin K14 promoter, resulted in transgenic pigs
expressing GFP specifically in basal keratinocytes of the
skin. Hofmann et al. (2004) infected MII cattle oocytes
with lentiviral vectors carrying GFP, followed by in vitro
fertilization and embryo transfer, and all of the resulting
calves were transgenic. Whitelaw et al. (2004) investigated
the potential use of another lentiviral vector, equine infec-
tious anemia virus, for the creation of transgenic pigs. MII
oocytes were targeted in this study, and a 95 percent trans-
genic rate for founder animals was achieved. This and pre-
vious lentiviral vector studies suggest lentiviral vectors are
substantially more efficient than the standard PI method.

Lentiviral transgene delivery can play a powerful role in
the progression of livestock transgenesis. Lentiviral vector
systems using the GFP marker have established a solid
foundation from which more complex gene modifications
applicable to animal production and biomedicine can be
investigated. Lentiviral vector mediated delivery of small
interfering RNA (siRNA) into cycling and non-cycling
mammalian cells, embryonic stem cells, zygotes, and dif-
ferentiated progeny has been demonstrated (Pfeifer et al.,
2002; Rubinson et al., 2003). Lentiviral vector mediated
delivery of siRNAs was capable of specific, highly stable,
and functional silencing of gene expression in target cells.
Lentiviral vector mediated delivery of siRNA can also
function as a novel method of gene silencing in large
animals and as an alternative to ES cell or SCNT mediated
gene disruption.

Although lentiviral vectors are among the most efficient
gene delivery systems, they are not without limitations.
Lentiviral insert size is limited to about 8 to 10kb. Infection
of early preimplantation embryos with lentiviral vectors can
cause a higher mosaic rate, compared to targeting MII-
arrested oocytes. Lentiviral vectors can also result in a wide
range of integration sites in progeny cells because of sub-
sequent infection during early development. Conversely,
due to the limited time window of nuclear envelope disas-
sembly in the MII oocyte, retroviral vectors usually cause
a more uniform integration pattern, albeit only in mitoti-
cally active cells (Miller, 1990). Roe and colleagues (1993)
suggested that nuclear envelope breakdown during mitosis
is critical for the translocation of the pre-integration complex
into the nucleus. Integration of the viral genome and pro-
duction of viral proteins occur only after the cell progresses
through mitosis. Due to this unique characteristic, the infec-
tions of zygotes or preimplantation embryos may result in
transgenic embryos that are mosaic because integration
only occurs when a cell enters mitosis after previous DNA
replication.

Sperm-mediated Gene Transfer (SMGT)

One of the earliest ideas for the creation of transgenic
animals was the use of spermatozoa as a delivery vector.
Brackett and his colleagues (1971) reasoned that because

sperm cells incorporate into the female oocyte after
fertilization, uniting with female pronuclei to give rise to
a totipotent embryo, it could be possible to integrate the
gene of interest using sperm as a carrier for gene delivery.
These researchers created transgenic rabbit embryos by fer-
tilizing oocytes with spermatozoa pre-incubated with
simian virus 40 (SV40) DNA. Despite some early skepti-
cism, DNA association has also been reported in the sper-
matozoa of boars, bulls, rams, rabbits, rats, and monkeys
(Brackett et al., 1971; Castro et al., 1990; Camaioni et al.,
1992; Spadafora, 1998; Hirabayashi et al., 2005). So far,
transgenic offspring have been produced by SMGT in mice
(Maione et al., 1998), pigs (Gandolfi et al., 1989; Sperandio
et al., 1996), cattle (Schellander et al., 1995), and monkeys
(Chan et al., 2000a).

Although, there is no doubt that sperm are capable of
delivering exogenous DNA into oocytes and resulting in
transgenic offspring, the actual mechanism of SMGT is not
well understood. The interaction between spermatozoa and
DNA is considered a non-random event. SMGT uses a
natural carrier “sperm” to deliver exogenous DNA that is
either bound on the sperm cell surface (Kim et al., 1997)
or perhaps incorporated into the sperm cell (Maione et al.,
1998) and subsequently transported into an oocyte by IVF,
AT (Lavitrano et al., 1989; Huguet and Esponda, 1998), or
ICSI (Wakayama et al., 1999; Chan et al., 2000a).

DNA uptake by spermatozoa is reported to take between
10 and 40 minutes (Lavitrano et al., 1992; Lauria and
Gandolfi, 1993), with a binding efficiency between 10
percent and 80 percent (Bachiller et al., 1991; Francolini et
al., 1993). Several reports have indicated that DNA binding
is more efficient in live sperm and that DNA tends to bind
at the equatorial and post-acrosomal region of sperm
(Gandolfi et al., 1989; Francolini et al., 1993; Lauria and
Gandolfi, 1993). Because DNA is ultimately diluted and
disappears during pre-implantation development, Lauria
and Gandolfi (1993) suggested that DNA binds only to the
surface without being internalized. Zani and colleagues
(1995) have suggested that exogenous DNA cannot translo-
cate into the sperm nuclei but only binds to the membrane.
DNA bound to the sperm cell membrane ensures a higher
local concentration of DNA surrounding the nuclei, which
facilitates later gene integration events similar to PL

Uniform insertion patterns of the transgene, within
experimental groups in various species, have been observed
in several studies (Rottmann et al., 1991; Schellander et al.,
1995; Maione et al., 1998). These observations suggest that
the integration event occurs at a specific stage during the
fertilization process, such as the decondensation of sperm
nuclei when chromatin structure alterations occur and sus-
ceptible sites become available (Spadafora, 1998). However,
Spadafora (1998) suggested that CD4 molecules on sperm
could play a role in mediating internalization of exogenous
DNA into the sperm nucleus.

Research efforts have demonstrated the feasibility of
SMGT by artificially inseminating sows using semen
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treated with human decay accelerating factor (hDAF) gene
(Cappello et al., 2000; Lavitrano et al., 2002). This method
resulted in an 80 percent transgenic rate, and the majority
of pigs expressed the protein (83 percent). Most impor-
tantly, the hDAF transgene was transmitted to progeny of
these transgenic swine. Although these studies are certainly
encouraging, the major problem with SMGT is its apparent
inconsistency, which requires validation in each animal
species. An understanding of the mechanism of SMGT will
greatly enhance its use in large domestic animals.

Somatic Cell Nuclear Transfer (SCNT)

The somatic cell nuclear transfer technique is one of the
genetic manipulation procedures by which a completely
differentiated somatic cell (i.e., skin fibroblast) can undergo
sufficient genetic reprogramming following introduction
into an enucleated mature (MII) oocyte. Regardless of
animal species, SCNT includes (1) preparation of recipient
oocytes and donor cells, (2) introduction of donor nuclei by
electro-fusion/intracytoplasmic injection, (3) removal of
MII chromosomes from the recipient oocytes (enucleation),
and (4) chemical activation of reconstructed oocytes. Such
re-constructed oocytes have the ability to give rise to a
normal offspring following appropriate culture and subse-
quent transfer into surrogate mothers (see Figure 5.5).

Successful production of live offspring with somatic
cells derived from the mammary gland of adult sheep was
a major milestone in developmental biology (Campbell et
al., 1996; Wilmut et al., 1997). Since 1997, the number of
studies using SCNT to create transgenic animals has been
overwhelming. Despite its low efficiency (2 percent to 5
percent of manipulated oocytes) and various serious health
problems associated with its use, SCNT (e.g., fibroblast,
cumulus, myoblast) has been used to successfully clone
many mammalian species, including cattle, mice, pigs,
goats, rabbits, horses, rats, cats, and dogs (Campbell et al.,
2005). These studies have suggested the importance of the
state and nature of recipient oocytes, the status of the cell
cycle, the developmental potential of donor nuclei, the
method of activation, and genetic background to the success
of SCNT.

The development of SCNT has made locus-specific
modification possible in large animals where ES cell
technology has yet to be established. Somatic cells can be
transformed by the standard gene transfer methods such
as lipofectin (Schnieke et al., 1997) and electroporation
(Rucker and Piedrahita, 1997). These methods have been
widely used in tissue culture systems, transfection of donor
cells, and production of clonal cell lines. Furthermore, with
the help of selection markers, a clonal transgenic cell line
that carries transgenes at a specific locus with a high trans-
gene expression can be selected. If donor cells are selected
before NT, all of the animals derived from these cells
should be identical and have the same genetic modification.
The ability to clone animals from genetically modified
somatic cells would ensure targeted mutation is carried in
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Figure 5.5. Transgenic animal production via somatic cell
nuclear transfer technology. (Also see color palte)

the germ line of the offspring, and because every cell of the
cloned animals has the same insertion site, similar trans-
gene expression level would be expected in the resulting
offspring. In addition, these clonal cells from a known
gender would assure the sex of the offspring.

SCNT techniques can improve the efficiency of produc-
ing transgenic livestock and greatly broaden the scope of
the applications of transgenesis. For example, an entire herd
of the desired sex transgenic animals could be produced in
one generation and provide better herd management options.
On the other hand, the conventional PI approach would
require at least two generations producing such a herd.

After the production of the first cloned sheep (Wilmut
et al., 1997), other groundbreaking studies have clearly
demonstrated the significance of SCNT in creating trans-
genic and gene-targeted livestock. Six viable transgenic
sheep (human coagulation factor IX) have been produced
for expression of the encoded protein in sheep milk using
in vitro targeted ovine primary fetal fibroblasts and SCNT
(Schnieke et al., 1997). The authors concluded that somatic
cells can be genetically manipulated and viable transgenic
sheep obtained using SCNT and that the production of
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transgenic sheep by NT requires fewer than half the animals
needed for PIL.

In cattle, Kato et al. (1998) produced eight genetically
identical healthy calves by SCNT, using fully differentiated
cumulus and oviductal cells from a single adult cow. This
study was shortly followed up with the production of trans-
genic calves using SCNT by genetically modifying fetal
fibroblasts cells with B-galactosidase-neomycin resistance
fusion gene driven by a cytomegalovirus promoter (Cibelli
et al., 1998a). Later, McCreath et al. (2000) targeted
ovine o-1-procollagen (COL1AL1) locus in fetal fibroblasts
to place a therapeutic transgene and produced live sheep via
SCNT.

In the context of tissue and organ transplantation, the
presence of galactose o-1, 3-galactose residues on the
surface of pig cells is a major barrier for successful xeno-
transplantation due to hyperacute rejection. Lai et al. (2002)
successfully generated miniature swine with a null allele of
the o-1, 3-galactosyl transferase locus (GGTA1) via SCNT
using gene-targeted fibroblast cells. They obtained four live
pigs in which one allele of the GGTAI1 locus had been
knocked out. To expedite the production of GGTAI null
pigs, Kolber-Simonds et al. (2004) later selected spontane-
ous null mutant cells from fibroblast cultures of heterozy-
gous pigs to use in a second round of SCNT. Three healthy
male piglets, which were hemizygous and homozygous for
the gene-targeted allele, were produced in this study.

Behboodi et al. (2005) have recently produced trans-
genic goats via SCNT in an effort to develop a malaria
vaccine. Two donor cell lines, transfected with a transgene
expressing a modified version of the MSP-1(42) malaria
antigen (glycosylated or non-glycosylated), were used to
produce the vaccine. Two female kids were produced per
cell line and a total of nine kids were produced after the
cloned does were bred. The cloned does that were express-
ing the non-glycosylated antigen had normal milk yields
with recombinant protein production.

Cibelli et al. (1998a) reported an interesting approach
using SCNT to produce transgenic ES-like cells from fetal
bovine fibroblasts. These cells, when reintroduced into pre-
implantation embryos, differentiated into three embryonic
germ layers. Six out of seven (86 percent) of the calves born
were chimeric for at least one tissue. These experiments
elegantly showed that somatic cells can be genetically mod-
ified and then de-differentiated by nuclear transfer into
ES-like cells, opening the possibility of using them in
differentiation studies and human cell-based therapy.

The impact of SCNT cloning and transgenesis on life
science and biomedical research, as well as on transgenic
technology, has been immense (Schnieke et al., 1997;
Cibelli et al., 1998a; Onishi et al., 2000; Polejaeva et al.,
2000). This cloning technique has ushered basic, biomedi-
cal, and agricultural research into a new era (First, 1990;
First and Prather, 1991; Fulka et al., 1998; Fan et al., 1999;
Gurdon, 1999). We are now able to create a herd of identical
animals that carries a unique genotype and, potentially,

an identical phenotype. Pharmaceutical, therapeutic and
vaccine testing, as well as xenotransplantation, all benefit
from this scientific advance (Dormont, 1990; Letvin, 1992;
Kent and Lewis, 1998; Nathanson et al., 1999; Chan et al.,
2000b; Lai et al., 2002).

The production of pharmaceutically valuable recombi-
nant proteins (Schnieke et al., 1997; Cibelli et al., 1998a)
and therapeutic cloning (Renard, 1998; Wolf et al., 1998;
De Sousa et al., 1999; Gurdon, 1999; Kikyo and Wolffe,
2000; Kondo and Raff, 2000; McKay, 2000) are further
applications of SCNT transgenic techniques. SCNT
advances basic research efforts to understand the underly-
ing molecular and cellular mechanisms of recipient oocyte
reprogramming of the donor nucleus and the bases for gene
function and differentiation (Latham, 2004).

Regardless of the animal species, the wider use of SCNT
is limited by the major health problems, collectively referred
to as large offspring syndrome (LOS), commonly observed
in cloned animals. LOS is currently thought to be caused
by failed reprogramming of the donor nucleus and subop-
timal in vitro culture conditions (Farin et al., 2004). LOS
is generally manifested by placental abnormalities, high
birth weight, respiratory problems, and metabolic deficien-
cies in the newborns. Due to these potentially lethal clinical
problems, intensive peri- and postnatal care is required for
increased survival rates in cloned animals. Research efforts
to better understand the mechanisms of nuclear reprogram-
ming and to develop more efficient gene targeting and
colony selection methodologies in somatic cells will likely
increase transgenesis using SCNT.

Transgenesis in Large Domestic Animals

The significance of creating transgenic large animals was
widely recognized after the delivery of a human growth
hormone gene into a mouse zygote and subsequent dramatic
growth in the resulting transgenic mice (Palmiter et al.,
1982). In addition, many reports have urged the limitations
of rodents as a sole animal model (Petters et al., 1997,
Thomson and Marshall, 1998) and stressed the importance
of producing alternative transgenic large animals. The
desire for the large scale production of human recombinant
proteins (o-l-antitrypsin, antithrombin, and monoclonal
antibodies) in the milk by the pharmaceutical industry has
been the driving force for the creation of transgenic large
animals. In this regard, the mammary gland of livestock
such as cattle and goats is well suited.

Creation of transgenic farm animals was first reported
in 1985 (Hammer et al., 1985) using the PI method. There
are numerous practical values in creating transgenic live-
stock, including improved milk production and composi-
tion, increased growth rate, diseases resistance, reproductive
performance, and cell-and organ-based therapy (Niemann
et al., 2003). The possibilities for diverse applications of
this technology were soon recognized, especially with the
establishment of “pharming,” which became the major
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driving force for the application in large animals and today’s
transgenic research (Wall et al., 1997).

Pharming is the use of farm animals as bioreactors for
production of gene products of interest, such as blood clot-
ting factors (Clark, 1989) and antibodies (Edmunds et al.,
1998) in milk (Clark et al., 1989), blood (Sharma et al.,
1994), or urine (Wall et al., 1998). In addition, the need for
appropriate animal models in biomedical studies (Petters et
al., 1997) and organ donors for xenotransplantation (Cozzi
and White, 1995; Lai et al., 2002; Kolber-Simonds et al.,
2004), disease resistances (Muller and Brem, 1994), and
genetic improvements in farm animals (Brem, 1994) inten-
sified the interest in transgenic large animals. As a result,
cattle, pigs, goats, sheep, and rhesus monkeys have received
significant attention from the agricultural and biomedical
community. However, low transgenic efficiency in these
species led to the development of alternative means of trans-
genic production which are described above.

Transgenesis in Nonhuman Primates (NHP)

Nonhuman primates (NHP), the closest phylogenetic rela-
tives to humans, have contributed significantly to the
advancement of biomedicine. These species have played
important roles in the development of vaccines against
rubella and Hepatitis B, the improvement of human infertil-
ity problems, and the development of cures for elevations
in blood cholesterol concentrations and diseases such as
sickle cell anemia.

It is clear that NHP share many physiologic, neurologic,
and genetic similarities with humans. NHP models are gen-
erally considered the best for understanding human physiol-
ogy and diseases. In general, NHP are excellent models for
healthy individuals, unless extrinsic stimuli such as psycho-
logical assault and chemicals are administered. These inter-
ventions generally lead to similar physiologic conditions
found in human patients. In fear studies, animals are sub-
jected to persistent insult with fear factors, such that their
brain function can be monitored under various conditions.
Limited cognitive and behavioral tests are available for
rodents, and these are not always applicable to studying
neurodegenerative diseases. Therefore, due to progressive
neurodegeneration, deleterious alterations in behavior, and
altered mental states associated with neurodegenerative dis-
eases in humans, the NHP is the only animal model that
provides accessibility to a wide range of testing methods
and high resolution brain imaging techniques.

The creation of a transgenic NHP model with genetic
alterations will further mimic patient conditions and will
have a great impact on our understanding of human disease
development, thereby paving the way for effective therapeu-
tic approaches.

The major barrier for advancing NHP models for human
diseases is the difficulty of implementing recently emerging
genomic tools. To date, few reports have described the
generation of transgenic monkeys (Chan et al., 2001;

Wolfgang et al., 2001). In fact, the development of success-
ful transgenic NHP models for human genetic disorders
requires many levels of validation. Unlike the generation of
transgenic animals as bioreactors and beyond the introduc-
tion of disease-causing genes with high expression levels,
the spatial expression of the transgene and its correlation
with the pattern of disease onset are important determinants
of whether an NHP model is a good representative of
human patients. The manifestation of phenotype, such as
behavioral imbalance, diminished cognitive function, and
pathologic changes (i.e., selective loss of neurons) in neu-
rodegenerative disorders, is an important clinical feature
that should be observed in such animal models.

Nevertheless, the development of transgenic NHP models
of human disease is a lengthy process which requires
characterization at molecular, cellular, and clinical levels.
Development of NHP models of human genetic disorders
proceeds in four stages: (1) the development of a gene con-
struct composed of the disease-causing genes with an effec-
tive regulatory unit, (2) the determination of gene expression
pattern and phenotypic characteristics in tissue culture and
small animal models, (3) the generation of transgenic NHP,
and (4) the preservation and generation of a sufficient
number of NHP with unique genetic composition and
expected phenotype.

The first steps in creating an ideal NHP model of human
genetic disease are to identify the mutant gene, characterize
its biological function, and determine the possible adverse
consequences of its inclusion in the NHP genome. In addi-
tion to the mutant gene, an effective regulatory unit that
achieves sufficient expression is also a critical component.
So far, due to the limitation of gene transfer technology in
NHP, transgenic NHP models for human diseases are
limited to those caused by dominant genetic defects.

Except for SCNT, all other gene transfer methods result
in random integration of the transgene. Because of the pres-
ence of the endogenous homolog in the target cell genome,
arecessive gene defect that requires mutation at both alleles
cannot be achieved with the currently available gene trans-
fer techniques. Therefore, it is necessary to develop trans-
genic NHP models for diseases caused by single dominant
genetic disorders which would result from the gain-of-
function of the mutant gene. Additionally, a single domi-
nant genetic disorder has other advantages over complex
genetic disorders. Complex diseases often involve multiple
genetic defects, requiring long selection and breeding pro-
grams to establish animal colonies with stable genotypes
and phenotypes for further study. Thus, an NHP model
which has a relatively long generation interval may not be
appropriate for complex genetic disorders.

The development of transgenic NHP models for human
diseases attempts to mimic a patient’s condition by intro-
ducing similar genetic defects into the genome of NHP. An
effective regulatory unit should be carefully selected for
controlling the expression of the mutant genes to ensure the
success of the transgenic NHP model. Because of the high
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cost and ethical concerns in NHP research, strategic
planning and effective evaluation systems should identify
genetic and epigenetic factors and determine the likelihood
of the gene construct, resulting in a successful transgenic
NHP model.

An appropriate transgenic NHP model for human disease
is not only determined by the efficient spatial expression of
the mutant gene, but also by the development of phenotypes
that lead to the clinical features observed in human patients.
Indeed, the disease onset and progression, as well as the
development of clinical signs caused by the genetic defect,
often take a long period of time, involving accumulative
effects of epigenetic and environmental factors. The chal-
lenges after the generation of well-characterized transgenic
NHP models for human diseases are the preservation of
these unique genotypes and the availability of these animal
models to the biomedical community. One of the foresee-
able tasks is the generation of a significant number of NHP
models that have similar if not identical genetic composi-
tion and pathogenetic patterns to those found in the founder
transgenic NHP.

Traditionally, a breeding scheme of crossing transgenic
founder with non-transgenic animals has been followed by
back-crossing in murine models. However, due to their long
generation interval in NHP, traditional breeding protocols
are not practical approaches for NHP transgenic models.
Moreover, the natural breeding process will result in unpre-
dictable transgene segregation patterns, especially if multi-
ple integration events occur. Alternative strategies need to
be developed to preserve the unique genotypes of valuable
NHP animal models.

One of the challenges in developing transgenic NHP
models is the limitation of gene transfer methods. Although
great success and advancement have been achieved in the
production of transgenic cloned rodents and large domestic
animals, generation of a cloned monkey has been consis-
tently unsuccessful (Chan et al., 2001). Cloning NHP using
ES cells or somatic cells has, thus far, been unsuccessful
(Wolf et al., 1999; Wolf et al., 2004; Simerly et al., 2004).

The only successful method in generating transgenic
NHP, thus far, has been the infection NHP oocytes with
retroviral vectors. Although the production of transgenic
NHP models for human genetic diseases by cloning remains
in the distant future for the time-being, efforts will continue
to develop NHP cloning techniques because of the foresee-
able, revolutionary impact of transgenic NHP models in
comparative biomedical research. The production of identi-
cal animals carrying a unique genotype and, potentially, an
identical phenotype, has great promise for pharmaceutical,
therapeutic, and vaccine development, as well as the study
of cell differentiation.

Conclusion

Tremendous progress has been made in gamete and embryo
biotechnologies, molecular biological techniques, gene and

cell cycle regulation, and gene delivery methodologies over
the past three decades. These advancements have collec-
tively provided a solid basis for future breakthroughs in
transgenesis in a wide array of mammalian species. Species-
specific and more efficient gene delivery systems (e.g.,
inducible and conditional viral vectors), together with the
development of cloning techniques using nuclear transfer,
will provide alternative transgenic approaches for species
in which PI and ES cell technology has not been successful.
Specific gene replacement, specific-site insertion of trans-
genes, tissue-specific expression of transgenes, artificial
mammalian chromosomes, in vitro differentiation, and
many other, newly developed research areas will benefit
from successful transgenesis in animals. Our scientific
knowledge has benefited greatly from transgenic rodent
studies of gene function and genotypic interactions with
various environmental cues. The future holds great promise
for the translation of this research to the large scale produc-
tion of transgenic animal species for xenotransplantation,
biopharming, production of animal models for human dis-
eases, and other biomedical and agricultural uses which can
improve the quality of life for humans as well as animals.
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Chapter 6

Gender Selection in Mammalian Semen and

Preimplantation Embryos

Yuksel Agca and Hongsheng Men

Introduction and Background

During the last two decades both the agricultural and bio-
medical communities have witnessed important advance-
ments in gamete and embryo biotechnologies. Artificial
insemination (AI) and embryo transfer (ET) techniques
were two of the earliest and most commonly used means of
assisted reproductive technologies (ART), and both greatly
impacted animal production systems and the treatment of
human infertility.

Since the introduction of Al and ET, more sophisticated
ART have been developed and widely used in basic and
applied research within both veterinary and human medi-
cine. Some of these more sophisticated techniques include
transvaginal aspiration of oocytes, in vitro oocyte matura-
tion and fertilization, embryo culture and transfer, micro-
manipulation of gametes and preimplantation embryos,
and cryopreservation of germplasm. The incorporation of
molecular biological techniques [i.e. polymerase chain
reaction (PCR) and florescence in situ hybridization (FISH)]
and high-speed, flow cytometric, cell-sorting techniques
have further enhanced the agricultural and veterinary and
human clinical applications of ART.

For centuries there has been great interest in gender pre-
selection for the offspring of domestic animals, as well as
humans. However, all such efforts were based on myths or
superstitions until the scientific basis for sex determination
in mammals was discovered in the early 20th century
(Betteridge et al., 1981; Guyer, 1910).

Significant progress has been made in gender pre-
selection based on the understanding that “accessory” or
“sex” chromosomes control mammalian gender determina-
tion. The use of cutting-edge technologies has been critical
to the development of future animal production systems, as
well as the facilitation of family planning decisions through
the diagnosis of X-linked genetic diseases prior to embryo
formation or implantation. In this context, gender pre-
selection for offspring has been a long sought after technol-
ogy. Although other methods have been suggested, two
reliable and highly repeatable techniques have been devel-
oped and widely used for gender pre-selection in mammals.
The first is the separation of X and Y chromosome-bearing
sperm, and the second is the amplification, using PCR, of

a male-specific Y chromosome sequence in cellular mate-
rial obtained from a preimplantation embryonic biopsy.

Both currently used methods of gender pre-selection
have advantages and limitations in terms of their practical
use. To date, flow cytometric sorting of X and Y chromo-
some-bearing sperm in combination with AI, IVF, or
intracytoplasmic sperm injection (ICSI) has resulted in
production of offspring from a wide range of mammalian
species. Similarly, offspring of the desired sex have been
obtained following embryonic biopsy and sexing prior to
ET. However, the ultimate goal in gender pre-selection is
the development of a safe, convenient, and accurate sexing
procedure resulting in acceptable pregnancy rates after Al,
in vitro fertilization (IVF), and/or subsequent ET.

Regardless of the method, a sexing procedure should not
adversely affect sperm or embryonic viability and must be
rapid, efficient, accurate, and economically feasible to be
accepted by the agricultural and biomedical communities.
In this chapter, we will first provide a historical overview
of the currently used, state-of-the-art techniques for gender
pre-selection in domestic animals, and then we will discuss
the overall impact of these methods on animal management
systems and veterinary and human medicine.

Genetic Basis of Sex Determination
in Mammals

In mammals, the gender of offspring is primarily deter-
mined by the sex chromosome (i.e., X or Y chromosome)
transferred from the male parent. X- and Y-bearing sper-
matozoa are produced in equal numbers by the testis during
mammalian spermatogenesis, and there is generally an
equal chance of X- or Y-bearing spermatozoa being involved
in the fertilization process. Ovulated oocytes only contain
an X-chromosome, so if a sperm with an X chromosome
fertilizes the oocyte, the resulting embryo is genetically
female (XX). Conversely, the resulting embryo will be male
(XY) if a sperm with a Y chromosome fertilizes the
oocyte.

During the later stages of normal development, embryos
with XY chromosome constitution will develop into a phe-
notypic male by the action of sex-determining genes on the
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Y chromosome, whereas embryos with XX chromosomes
will develop into a female by default. Based on the genetics
of sex determination, various methods have been developed
during the past several decades to pre-select gender in
mammalian offspring, especially in livestock. The efforts
have primarily focused on either the separation of X- and
Y-bearing spermatozoa or gender identification in pre-
implantation embryos.

Sperm Sexing by Flow Cytometry

Based on potential density and/or mass differences between
X- and Y-bearing spermatozoa, methods of sperm sexing
have been developed which involve differential density gra-
dient centrifugation and albumin centrifugation (Windsor
et al., 1993). Other approaches, such as electrophoresis,
flow fractionation, and laminar flow, have been based on
the potential differences on surface charges or swimming
behavior (Gledhill, 1988) between sperm containing an X
chromosome vs. a Y chromosome. All the above-mentioned
approaches, however, have proven to be of little practical
value because of non-repeatability, low efficiency, or
impaired sperm viability.

An accurate and efficient flow cytometric sperm-sorting
method based on differences in DNA content between X
and Y chromosome-bearing spermatozoa was introduced
in the early 1980s (Garner et al., 1983). This technique,
referred to as the “Beltsville sperm sexing technology”
because of its development at Beltsville Laboratories in the
United States, is the most widely used sperm sexing proce-
dure in the world. It uses flow cytometers that are com-
monly used for cell-sorting in many fields of science (see
Figure 6.1), and several modifications have been made to
the standard flow cytometer to make sperm sorting more
accurate, repeatable, and efficient (Johnson and Pinkel,
1986).

First, a forward fluorescence detector has replaced the
light scatter detector which is standard in the orthogonally
configured flow system. In addition, a way of orienting the
sperm to the laser beam has been incorporated to collect
the fluorescent light from both the edge of the sperm (90°
detector) as well as from the side (0° detector) of the sperm.
The cylindrical sample injection needle was replaced by a
beveled sample injection needle that was designed to create
a flat ribbon-type sample-sheath stream, which orients the
paddle-shaped head of single spermatozoa to align within
the stream. This modification allows a high proportion of
sperm face to the beam in a proper plane as they pass the
laser beam.

The principle of sperm sexing using flow cytometry is
based on detecting the difference in DNA content between
X and Y chromosome-bearing spermatozoa. The Y chro-
mosome is smaller and thus carries less DNA than the X
chromosome (see Table 6.1). This is valid for almost all
mammalian species including bulls, boars, rams, and
humans (see Figure 6.2). On the other hand, the autosomes

Table 6.1. Flow cytometric analysis of X- and Y-bearing
sperm for DNA difference.

Species Percent difference
Cattle 3.8%

Sheep 4.2%

Pig 3.6%

Dog 3.9%

Horse 41%

Rabbit 3.0%

Human 2.9%

Turkey 0%

Ram 4.2%

carried by X- or Y-bearing sperm are identical in DNA
content.

Sperm sexing using flow cytometry requires initial incu-
bation of sperm with a plasma membrane permeable viable
dye which strongly interacts with sperm DNA. The Hoechst

Ribban-shaped

shawlly Aud
sawmpie core r"mm"-._.

— i o W“W
(1.
%M'ﬁ"l{‘
” e Exif anfica
"-'lr-p;; e
= S
Sampio input
0
o= 3
L — o @J.H*u
o g ativi
deflection
plits . deflaction
o L= Pl
- .
A o
ysor faf .", x st
\._ washo

Figure 6.1. Schematic representation of sperm sexing with flow
cytometric method.
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Figure 6.2. Schematic flow cytometric histograms showing the
difference in DNA content between X- and Y-chromosome
bearing spermatozoa.

33342 is the most commonly used dye known to have a
strong affinity to adenine- and thymine-rich sites of the
sperm DNA. The flouresencently stained sperm heads are
then introduced under pressure into the flow cytometer in
liquid suspension. The fluorescence detectors measure the
intensity of fluorescence resulting from excitation of the
DNA-bound dye molecules by laser. The level of the fluo-
rescence signals depends on the number of florescence mol-
eculesboundtosperm DNA. Because X chromosome-bearing
spermatozoa contain more DNA than Y chromosome-
bearing spermatozoa, it emits a higher level of signals than
Y chromosome-bearing spermatozoa when they are excited
by laser. The emission signals are then amplified and ana-
lyzed to determine the sex of the sperm.

Sperm cells are then electrically charged and deflected
to a collection tube as they pass through an electrostatic

field of about 2,000 volts. Both the charged droplets con-
taining sperm and uncharged droplets containing no sperm
pass through the electrostatic field. If the system does not
make any determination, the spermatozoa are not given any
electrical charge, and they are simply discarded. The drop-
lets carrying X and Y chromosome-bearing sperm are
electrically charged based on their DNA content. While X
chromosome-bearing sperm are positively charged, Y
chromosome-bearing sperm are negatively charged. The
droplets carrying no sperm are not given any electrical
charge. The brightest peak is associated with those sperm
whose edge is toward the 90° detector. Thus, the droplets
containing miss-oriented sperm emit less light toward the
90° detector and are discarded by the system. In general,
70 percent to 95 percent of the sperm heads are properly
oriented in any given sample (Johnson, 1994; Johnson and
Welch, 1999).

Factors Affecting the Efficiency of Sperm
Sexing Using Flow Cytometry

The current challenge with flow cytometric sperm sexing is
to sort sufficient numbers of X or Y chromosome-bearing
spermatozoa to impregnate the female following routine Al
without the use of more sophisticated ART such as IVF and
ICSI. Several important factors influence the accuracy of
flow cytometric sperm sexing (Suh et al., 2005), including
intensity of the laser, sensitivity of the fluorescence detec-
tors, and optical quality of the system. All of these param-
eters have to be optimal to detect differences between X
and Y chromosome-bearing sperm.

The morphology of the sperm head also influences the
accuracy of flow cytometric sperm sexing because the
shape of the head affects the orientation of sperm as they
pass the laser beam by proper plane (see Figure 6.3). For-
tunately, spermatozoa from most domestic livestock have
flattened, oval-headed sperm that can be easily oriented
within a sorter using hydrodynamic forces. Bull and boar
sperm are particularly well-suited for separation using flow
cytometry (Johnson and Welch, 1999).

Sorting conditions must be optimized for each species
to achieve an acceptable (90 percent or better) sperm sexing
accuracy. With the currently used sorting systems, it is pos-
sible to sort around 7 X 10° live bull or boar spermatozoa
per hour with at least 90 percent accuracy (Seidel and
Garner, 2002). However, it should be noted that conven-
tional AI in swine and cattle requires about 1 x 10° and
15 x 10° motile spermatozoa, respectively. It was found that
3 x 10° fresh motile sexed spermatozoa were required to
obtain acceptable pregnancy rates which did not differ from
pregnancy rates (about 50 percent) obtained from standard
AT under the same conditions (Schenk et al., 1999). On the
other hand, the number of sexed spermatozoa has to be at
least 15 x 10° to compensate for motility loss following
cryopreservation, and one study determined that deep
uterine insemination of swine with 50 X 10° fresh sex-sorted
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Figure 6.3. Diagrammatic representation of the morphology of
spermatozoa from various mammalian species.

sperm resulted in only a 33% pregnancy rate after deep
uterine insemination (Grossfeld et al., 2005). Post-sorting
and post-thawing viability of sexed sperm will need to be
significantly increased to meet the commercial demand.
Efficient low-dose insemination methods are also essen-
tial for the use of sex-sorted sperm (see Figure 6.4). Insemi-
nation techniques such as IVF and ICSI require expensive
equipment and are labor intensive, but these techniques use
significantly fewer sperm to achieve fertilization than stan-
dard Al procedures. For example, viable ET offspring were
obtained following the IVF of pig and cattle oocytes using
a few thousand sorted sperm (Abeydeera et al., 1998; Lu
et al.,, 1999; Rath et al., 1999; Zhang et al., 2003). ICSI
procedures require injection of only a single sperm into the
cytoplasm of the oocytes to achieve fertilization. Hamano
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et al., (1999) transferred blastocyst stage cattle embryos
that were produced by ICSI of sex-sorted bull sperm and
obtained two healthy calves of the desired gender. Probst
and Rath (2003) later described a similar protocol for swine,
in which pregnancies delivered a total of 13 male piglets.
Although the ability to have sex-sorted and cryopreserved
sperm for later Al is an ultimate goal, other insemination
methods, particularly IVF, could serve as a powerful bioas-
say for improving sperm-sorting procedures before their
use with conventional AI (Flint et al., 2003). It is foresee-
able that IVF procedures in cattle breeding programs will
increase considerably, if cryopreserved sex-sorted sperm
become commercially available in the near future.

Preimplantation Embryo Sexing

To date, various cytogenetic, immunological, and molecular
biological approaches have been investigated to determine
the sex of preimplantation embryos. These methods are
based on the identification of X or Y chromosomes in whole
embryos or in a few biopsied embryonic cells. Embryo
sexing was initially done by simple karyotyping in murine
(King et al., 1979) and bovine preimplantation embryos
(Hare et al.,, 1976; Sighn and Hare, 1980; Torres and
Popescu, 1980; Picard et al., 1985). However, these studies
were performed in such a way that embryos could not be
recovered after karyotyping and, thus, were of little value
to animal breeding programs. A high percentage of the
examined embryos have to be recovered after biopsy for an
embryonic sex-determination method to be acceptable.

Identification of a Barr Body

Normal mammalian females have two X chromosomes,
whereas male mammals have only one X chromosome. For
dosage compensation in gene expression, an X chromosome
is randomly inactivated during the early stage of embryonic
development, and this inactive X chromosome is termed
Barr body (Gartler and Riggs, 1983). A few embryonic cells
can be biopsied and stained for the identification of a Barr
body. This approach in blastocyst stage embryos resulted in
the live birth of rabbits of the diagnosed gender (Gardner
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Figure 6.4. Potential use of sex-sorted semen (A) and biopsied and sexed embryos (B) with the incorporation of currently available
assisted reproductive technologies. Al: artificial insemination; IVF: in-vitro fertilization; IVC: in-vitro culture; ICSI:
intracytoplasmic sperm injection; ET: embryo transfer; PCR: polymerase chain reaction; FISH: fluorescence in situ hybridization.
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and Edwards, 1968). However, the granular nature of
embryonic nuclei from domestic animals limits the applica-
tion of this approach to preimplantation embryo sexing.

Identification of Sex Chromosomes on Metaphase
Chromosome Preparations

Similar to the identification of a Barr body, this method also
involves a biopsied sample of embryonic cells. However,
instead of direct staining, these cells are cultured for several
hours in the presence of colchicine or related drugs to arrest
them in the metaphase portion of a mitotic division cycle.
A metaphase chromosomal spread is made using conven-
tional cytogenetic procedures, and the sex chromosomes
are identified with appropriate chromosomal staining
techniques.

Detection of Male-Specific Histocompatibility Antigen
(H-Y Antigen)

The H-Y antigen was identified following skin graft trans-
plantation incompatibility between male and female in
inbred mice (Wachtel, 1984). The expression of H-Y antigen
can be detected as early as the 4-cell stage in mouse
embryos. Co-culture of murine embryos with H-Y antise-
rum plus guinea pig complement shifted the female to male
ratio in unaffected embryos from 1:1 to 11.5:1, as con-
firmed by karyotyping (Epstein et al., 1980). Later, White
et al. (1983) conducted a similar experiment on a larger
scale. Two thousand embryos at the 8- to 16-cell stage were
treated for 24 hours, and the unaffected embryos were then
transferred into pseudopregnant recipients, resulting in 58
offspring with a high (86 percent) female ratio. H-Y antigen
can also be detected by a noninvasive method involving the
use of an indirect immunofluorescent assay (i.e., the use
of secondary antibody conjugated with a fluorochrome

to detect binding of H-Y antigen to male embryos). This
approach was only 80 percent accurate in the identification
of the sex in murine, porcine, ovine, and bovine embryos
(Jafar and Flint, 1996).

Unfortunately, none of the aforementioned cytogenetic
and immunological approaches has found widespread appli-
cations in domestic animals. Very recently, more advanced
molecular approaches such as PCR and FISH methods have
been developed and successfully used for greater than 90
percent accurate sex determination in livestock and humans.
Similar to cytogenetic methods, these methods involve pre-
implantation embryonic biopsy techniques to get a few
cells/blastomeres for sex determination (see Figure 6.5).

Polymerase Chan Reaction

Since the realization that physical removal of a single blasto-
mere from a 4-cell mouse embryo via micromanipulation
does not appear to affect continued in vitro development
to the blastocyst and offspring viability, rapid progress
has been made in developing embryo sexing techniques
using sex-specific gene amplification by PCR (Wilton and
Trounson, 1989). A PCR-based method has been developed
for the amplification of a Y chromosome-specific sequence
obtained from preimplantation bovine embryos (Aasen and
Medrano 1990). Kirkpatrick and Monson (1993) have devel-
oped a rapid and sensitive method of sex determination
which uses nested, allele-specific amplification of bovine zfx
(female) and zfy (male). A nested PCR protocol is used to
amplify zinc finger protein Y-linked (zfy) and X-linked (zfx).
The first primer set was used for amplification of both zfy
and zfx. For allele-specific amplification, these mismatches
are incorporated into the nested primers. The product of first
PCR reaction is used in a nested PCR reaction where the
nested primer sets amplify 247bp of zfx or 167bp of zfy

blastomere
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Figure 6.5. Schematic representation of bovine embryo biopsy and sexing with PCR and FISH analysis. Double bands (lanes 1, 2, 5,
8, 11, and 14) indicate male embryos; the single band (lanes 3, 4, 7, 9, 10, 12, and 13) indicates female embryos. FISH using
blastomere derived from IVF bovine embryos. Interphase nuclei of male-putative blastomeres and the detection of BtY2-L1 by FITC-

conjugated anti-avidin antibody.
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gene. Thus, a single band at 247 bp indicates female embryo,
and double bands at 247 and 167 bp indicate male embryo
(see Figure 6.5).

Using the same zfy/zfx primers and other PCR primers
derived from an ovine-specific, randomly amplified poly-
morphic DNA marker for the Y chromosome (UcdO43),
Gutierrez-Adan (1997) has developed an accurate (100
percent), sensitive, and quick (about three hours) method
for determining the sex of ovine embryos. Mara et al. (2004)
have used the PCR method with a primer pair recogniz-
ing a bovine Y chromosome-specific sequence (sex-
determining region Y; SRY). The PCR-based embryo
sexing method has also been used successfully in swine
(Pomp et al., 1995).

Although the previously described PCR-based methods
have been applied successfully in livestock breeding pro-
grams to manipulate sex ratio of offspring, all of these
methods used gel electrophoresis of PCR product.
Bredbacka (1998) has developed a simple PCR-based sexing
assay for cattle embryos which does not require gel electro-
phoresis. It uses primers that bind a highly repeated (60,000
times) bovine sequence of Y-chromosome. When the Y
chromosome is present, the PCR reaction yields large quan-
tities of PCR product; whereas when the embryo is female,
no PCR product is amplified. The reactions are observed
under UV light after ethidium bromide has been added to
PCR reactions. Pink reactions show the presence of the Y
chromosome (male embryo) and colorless reactions demon-
strate the absence of the Y chromosome (female embryo).

Hasler et al. (2002) have used this alternative sexing
protocol for in vitro and in vivo derived bovine embryos in
a large scale commercial ET program. Biopsies of blasto-
cyst stage embryos are obtained using a steel blade attached
to a mechanical micromanipulator. The PCR results have
shown that males constituted 49 percent of 3,964 in vivo
and 53 percent of 1,181 in vitro derived embryos. Post-
partum sexing revealed the accuracy of the embryonic sex
determination to be 98.7 percent and 94.4 percent for male
and females embryos, respectively.

Fluorescence in situ Hybridization

Recently, another highly sensitive, molecular cytogenetic
method of embryo sexing has been developed. Similar
to other previously described cytogenetic methods, this
involves embryonic biopsy techniques to obtain a few cells
for sex identification. FISH has been successfully used in
sex identification for embryos from cattle, pigs, and humans
with an accuracy rate greater than 90 percent (Kobayashi
et al., 1998; Kawarasaki et al., 2000; Lee et al., 2004,
Thornhill and Monk, 1996). Besides gender determination,
FISH has also been used extensively to diagnose genetic
defects such as X-linked recessive disease in humans
(Pettigrew et al., 2000; Li et al., 2005). The principle of this
method of embryo sexing is based on the complementary
hybridization of a Y-specific DNA probe to the Y chromo-
some of one or more biopsied cells from an embryo. The

Y-specific DNA is usually labeled with biotin, and avidin-
conjugated with a fluorochrome (i.e., FITC) is used visual-
ize the specific hybridization on the Y chromosome (see
Figure 6.5).

For sex determination in swine, Kawarasaki et al. (2000)
have performed FISH using digoxigenin (dig)-labeled chro-
mosome Y-specific DNA, and a total of 12 piglets of the
expected sex have been obtained after ET. Lee et al. (2004)
have recently validated embryo sexing by FISH in bovine
embryos. In their study bovine Y chromosome-specific
PCR product derived from BtY2 sequences was labeled
with biotin-16-dUTP (BtY2-L1 probe), and FISH was per-
formed on karyoplasts of biopsed blastomeres (see Figure
6.5). The FISH assay gave high accuracy (96 percent)
biopsied blastomeres.

Although the PCR and FISH methods allow for sex
determination in a relatively short time and with high
reliability, they also present some drawbacks. Non-specific
sequences or contaminants can be amplified, and skilled
micromanipulation is required to biopsy preimplantation
embryos. In addition, the biopsy procedure damages the
zona pellucida (egg shell) and can impair its function as
a natural barrier against potential microbial pathogens
(Thibier, 2001) (see Figure 6.6). It is likely gender determi-

Figure 6.6. (A) a biopsied bovine morulae (arrows indicate the
breached zona pellucida), and (B) a hatching blastocyst after
morulae biopsy.
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nation from biopsied preimplantation embryos will be used
less commonly as sperm sexing techniques improve.

Cryosurvival and Fertility of Flow-Sorted
Sperm and Biopsied Embryos

Cryopreservation and cryostorage of sex-sorted sperm or
biopsied embryos are often required until the results of
molecular or cytogenetic analyses (i.e, PCR and FISH) are
available. The ability to cryopreserve sex-sorted sperm or
biopsied and sexed embryos allow for the wider application
of gender pre-selection techniques. National and interna-
tional transport of frozen sperm and embryos, sample
exchange between remotely located research institutes and
medical centers, as well as the elimination of some of the
logistical problems associated with ovulation synchroniza-
tion in livestock and humans are all facilitated by cryo-
preservation of germplasm.

Sperm and preimplantation embryos from different
mammalian species demonstrate varying degrees of sensi-
tivity to in vitro manipulations. The physical intervention
during handling, centrifugation, and the multiple steps
involved in cryopreservation procedures have cumulative
detrimental affects on sperm and embryos. It has been
reported that flow cytometric sperm sexing adversely affects
sperm viability. It causes about 30 percent reduction in
motility and impaired plasma membrane and acrosome
integrity and fertility due to high pressure laser illumination
and staining with Hoechst 33342 (Lu et al., 2001).

For optimal sexing efficiency, the relative susceptibilities
of sperm and embryos from each mammalian species to the
physical stresses that occur during sexing and cryopreserva-
tion procedures must be considered. To date, flow cyto-
metrically sorted sperm from cattle, swine, and sheep have
been successfully cryopreserved, and live births have been
obtained with various methods of AI (Hollinshead et al.,
2002; Johnson et al., 2005; Morton et al., 2004; Seidel et
al., 1999). One study conducted with sex-sorted bull sperm
showed that despite reduced sperm viability, a pregnancy
rate of 50 percent was achieved with no abnormalities noted

with respect to the birthweights of offspring, gestation
length, and calving ease (Tubman et al., 2003).

The protocols used for the cryopreservation of sexed
spermatozoa are based on modifications of existing proto-
cols for the cryopreservation of unsorted spermatozoa
(Morton et al., 2004; Schenk et al., 1999). However, the Al
of the sexed spermatozoa requires special techniques or
equipment due to the limited number of sexed sperm avail-
able. The sperm are usually delivered either into the oviduct,
utero-oviductal junction, or deep within the uterus to allow
sperm easier access to the site of fertilization. Grossfeld et
al. (2005) have recently performed non-surgical Al in swine
using sex-sorted semen and a specially designed catheter
for the deposition of 5 x 10° sperm into the tip of the uterine
horns. A pregnancy rate of 33 percent was achieved with
sexed sperm, while inseminations with non-sexed sperma-
tozoa resulted in a pregnancy rate of 54 percent. All but one
piglet born as a result of the sexed semen were of the pre-
dicted sex. Table 6.2 summarizes some of the results rep-
resenting the recent live births from sexed spermatozoa
across several livestock species.

Preimplantation embryo sexing methods require embry-
onic biopsy techniques which can be detrimental to embry-
onic development. Depending on one’s technical skills, 60
percent to 70 percent of biopsied cleavage stage embryos
can develop to the blastocyst stage. Lehn-Jensen and Greve
(1978) punctured in vivo derived expanded bovine blasto-
cysts and then slowly froze them. They were able to obtain
live calves following thawing and ET. Moreover, the biopsy
procedure appears to have 10 percent fewer detrimental
effects on expanded blastocysts (Agca et al, 1998;
Tominaga and Hamada, 2004).

Until 1989, attempts to freeze embryos without an intact
zona pellucida were met with little success in cattle
(Kanagawa et al., 1979), mice (Bielansk et al., 1987; Wilton
et al.,, 1989), and humans. Niemann et al. (1987) have
achieved pregnancy rates of 61 percent and 43 percent
from frozen intact and biopsied in vivo derived blasto-
cysts, respectively. Another study by Nibart et al., (1989)
compared the pregnancy rates after transfer of fresh and

Table 6.2. Pregnancy rates and live births that resulted from artificial insemination using cryopreserved unsorted and sex-

sorted spermatozoa in various domestic species.

Frozen Dosage

Pregnancy Average

Species sperm (x10°) Al sites rate (%) live births References

Bovine Unsorted 20 Uterus ~80% 1 DedJarnette et al., 2004
Sorted 0.2 Uterine horns 51.0% 1 Seidel et al., 1999

Porcine Unsorted 1,000 DUI* 72.5% 9.25 Roca et al., 2003
Sorted 0.2 Oviduct N/A 6.8 Johnson et al., 2005

Ovine Unsorted 200 Vaginal or cervical 73.43% 215 Paulenz et al., 2005
Sorted 2-4 Utero-tubal junction 14.6-25% 1.5 Hollinshead et al., 2002

*DUI: deep intrauterine insemination.
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frozen biopsied bovine embryos. While fresh, biopsied
embryos resulted in a pregnancy rate of 55 percent, transfer-
ring frozen biopsied embryos resulted in a pregnancy rate
of 41 percent. Agca et al. (1998) biopsied and sexed in vitro
derived bovine morulae and subsequently cryopreserved
these embryos using a vitrification (ultra-rapid cooling) pro-
tocol. Those results did not show any significant difference
in pregnancy rates between freshly transferred and vitrified
biopsied embryos (50 percent vs. 44 percent, respectively).
Furthermore, the calves produced as a result of biopsied-
sexed and vitrified embryos had normal gestation length,
birthweight, and calving ease compared to calves that
resulted from routine Al in the same study.

Multiple interventions, such as physical manipulations,
biopsy techniques, and cryopreservation, cause a slight, but
not a marked, reduction in the developmental competence
of pre-implantation bovine and human embryos (Agca et
al., 1998; Tominaga and Hamada, 2004; Ciotti et al., 2000;
Magli et al., 2004).

Potential Applications of Sexed Semen
and Embryos

Gender selection in offspring would be useful in dairy and
beef production operations, equine athletics, human medi-
cine, and basic research. In dairy cattle operations, it would
allow production of more replacement heifer progeny from
superior milk-producing cows. In beef operations, control-
ling offspring would enable new directions for genetic
selection and would make sustainable single calving heifer
systems feasible (Taylor et al., 1985). The production of
more bull calves would be possible, and progeny testing
would be more efficient. There would be substantial com-
mercial applications of gender selection techniques in the
swine industry. More boars could be produced, and split-sex
feeding could be eliminated. There could also be a signifi-
cant interest in sex pre-determination in horses, such as
when a certain gender is preferred for specific sporting
events (Lindsey et al., 2002a and 2002b; Buss et al.,
2005).

Embryonic biopsies for preimplantation genetic diagno-
sis have been widely used in human medicine during the
last decade. The successful applications of embryo biopsy
techniques, PCR for the amplification of DNA, and FISH
analysis have allowed an increasing number of couples to
identify sex-linked diseases such as hemophilia or muscular
dystrophy (Handydside et al., 1990; Chong et al., 1993;
Thornhill and Monk, 1996; Li et al., 2005) and/or autoso-
mal diseases such as cystic fibrosis, Tay-Sachs and sickle
cell anemia (Handyside et al., 1992; Lynch and Brown,
1990; Pettigrew et al., 2000) in preimplantation embryos.

Because our current knowledge about sexual dimor-
phism in mammals is very limited, sexing procedures
would be useful in basic research to better understand mam-
malian sexual dimorphism. With the availability of sexed
semen or embryos, many interesting questions may be

raised and investigated regarding sexual development of
mammalian embryos, even as early as during sperm and
egg interactions (Beyhan et al., 1999). Furthermore, studies
can be designed to elucidate differential gene expression
between male and female embryos under various in vitro
culture conditions and to determine differences in the
developmental kinetics between male and female embryos
(Gutierrez-Adan et al., 2001; Peippo et al., 2001).

The current efficiency of the sperm-sorting and embry-
onic sexing methods of sex determination is somewhat suf-
ficient for experimental studies and human clinical use, but
it is not satisfactory for large scale animal production opera-
tions. As research to improve the efficiency of sperm sexing
progresses and more non-invasive methods of sex determi-
nation of preimplantation embryos are developed, the use
of gender determination in conjunction with Al, ET, and
cryopreservation techniques is expected to have a signifi-
cant, worldwide impact on livestock production, as well as
increased use in veterinary and human medicine.
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Chapter 7

Artificial Insemination

Gary Althouse

Artificial insemination (AI), the act of mechanically and
unnaturally depositing semen into the female reproductive
tract with the goal of achieving conception, was truly the
first assisted reproductive technology (ART) to be prac-
ticed. As the most frequently used ART procedure today,
Al has had and continues to have a tremendous impact on
the various animal breeding industries. Driving the imple-
mentation of Al are the distinct advantages it brings to each
species through the accelerated proof in genetic merit;
propagation; and amplification of genetic progress, disease
control, delineated reproductive management, and cost
savings (i.e., reduced animal transportation, animal inven-
tory, and associated labor costs).

Some of these advantages can also be considered disad-
vantages, given that this technology can help spread genetic
defects and that it requires an increased level of training
and intensive breeding management to be successfully inte-
grated into a system.

The majority of breeding in modern dairy cattle, poultry,
and swine production systems is performed by Al Interest-
ingly, early work that was instrumental in the development
and application of Al was performed on companion animals.
In the scientific literature, the earliest documented study
was that of Spallanzani (1784), in which freshly obtained
dog semen was inseminated into a bitch which led to the
whelping of a litter of three pups. This same scientist (who
ironically was a priest by training) also provided insight
into the effects of cooling of sperm on viability and longev-
ity. The literature remained devoid of work in AI until a
century later, when reports of Al in dogs (Heape, 1897) and
horses (for review, see Perry, 1968) surfaced. The Russian
scientist Ivanoff (1922) took this knowledge from his initial
work in horses and applied it to performing Al in cattle and
sheep.

As studies in Al increased in the early 20th century,
work also commenced to develop the technology to effec-
tively and efficiently collect semen from the male. From the
initial work of Amantea (Bonadonna, 1937), development
of the artificial vagina (AV) ensued (Milovanov, 1938).
Numerous modifications and novel designs have subse-
quently occurred within each of the species. Structurally,
the AV for most species consists of a firm outside cover
with a thin-walled rubber lining housed within. The cavity
between the outside cover and rubber liner is filled with

tempered water to provide the ideal temperature and
pressure conditions to stimulate ejaculation upon penile
insertion. The ejaculate is then directed into a collection
receptacle, usually by an integrated funnel which is part of
the rubber-lined AV.

In addition, methods to analyze, process, and store
semen have undergone an immense evolution, much of
which is species-specific. The unique physiological attri-
butes of each species have led to species-specific techni-
ques in the application of Al. Fresh-extended and chilled
semen is most commonly used by many of the species
commercially using Al today. Starting in the mid-1950s,
cattle producers made a transition from fresh-extended/
chilled semen to frozen-thawed semen. Even with increased
frozen-thawed semen use in cattle and other species, in
general, overall fertility appears to be slightly lower for
frozen-thawed semen than for fresh-extended/chilled
semen.

Cattle

Whether dairy or beef cattle, the techniques used to collect
and process semen and to breed by Al are essentially the
same. Because of the intensive management of today’s dairy
cattle operations, the majority (more than 70 percent) are
bred using Al Conversely, most beef operations are run
under extensive, outdoor management systems. This type of
system makes application of AI much more labor-intensive
and, thus, today it is only used by about 10 percent of the
beef industry.

Bulls are usually housed in dedicated studs, where semen
is most commonly collected using an artificial vagina (see
Figure 7.1) while mounted and thrusting on a teaser animal.
Electroejaculation (see Figure 7.1), a procedure in which
electrical stimulations are emitted from a rectal probe
eliciting an ejaculate, is used for bulls not trained for routine
AV collection.

Ejaculate volume is less than 10mL (average 4mL) and
contains 2 billion to 12 billion (average of 4 billion) sperm
(DelJarnette, 2004; DelJarnette et al., 2004). The ejaculate
is assessed for volume and sperm motility, morphology,
concentration and total numbers.

Although technology has been available for decades to
produce extended-chilled semen, the majority of bull semen
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Figure 7.1. Equipment used to collect semen from bulls.
(A): electroejaculator unit; (B): holder with semen collection
cone and tube; (C): rectal probe; and (D): complete artificial
vagina.

is processed in a cryoprotectant semen extender and frozen.
Frozen doses of semen are packaged into pre-labeled 0.25
or 0.5mL straws (see Figure 7.2) containing approximately
20 to 40 x 10° sperm, and then frozen and stored at —196°C
in liquid nitrogen until it is used.

Appropriate timing for Al in cattle is determined through
a systematic estrus detection program and/or pharmaco-
logic (e.g., gonadotropins, prostaglandins, and sex steroid
hormones) manipulation to synchronize estrus. Frequent
visual assessment (two to three times/day) of the animals
for outward signs of estrus is crucial to a breeding program.
The primary sign of estrus in cattle is standing to be
mounted. Other secondary signs may include vulvar edema,
vulvar mucous discharge, frequent urination, vocalization,
and a roughened tail head (from being mounted by other
animals).

Optimal conception rates are achieved when a cow is
inseminated between mid-estrus and estrus termination. As
a general rule, a single insemination is performed 10 to 14
hours after first observing clinical signs of estrus. Com-
monly referred to as the AM/PM rule, cows in which pro-

ducers have identified signs of estrus in either the morning
(AM) or evening (PM) are scheduled to be inseminated the
following PM or AM, respectively. Alternatively, pharma-
cologic manipulation programs are available in which a
fixed-time insemination can be performed without the need
for estrus detection.

Cows are restrained for insemination. Due to their fre-
quent handling, dairy cattle are usually restrained either by
tethering or placement in a stanchion. Less frequently
handled cattle (e.g., beef) are restrained by a chute.

The dose of semen is then thawed according to manu-
facturer recommendations, and the thawed straw is placed
into an insemination rod (see Figure 7.2). Making sure that
the cow is aware of your approach and presence, the vulvar
and peri-vulvar regions of the cow are cleaned with a towel
or wipe. A sleeved, lubricated hand is then inserted into the
rectum. Pushing down on the ventral floor of the rectum,
above the vulva, will cause gapping between the labia,
allowing for introduction of the insemination rod into the
anterior vagina at an angle of about 30°.

Once in the vagina, the insemination rod is repositioned
horizontally and directed cranially along the dorsal wall
of the vagina toward the cervix. As an aid, the hand in
the rectum can be moved cranially along the ventral floor
to assist trans-rectally in directing the insemination rod
toward the cranial vagina. The hand in the rectum is then
used to manually transfix the cervix. Stabilizing the
cervix is important in cattle because the cervix protrudes
into the vaginal vault, forming a circumferential blind
pouch known as the vaginal fornix. Through manual
maneuvering of both the cervix and insemination rod, the
rod is introduced into the cervix and threaded through it
into the uterine body. Once the insemination rod tip is in
the uterine body, as determined by transrectal palpation, the
dose of semen is deposited. The rod is gently exteriorized
from the reproductive tract, and the sleeved hand removed
from the rectum.

Although the aforementioned technique is most com-
monly used for inseminating cattle, other modifications
exist. One includes threading the insemination rod into the
uterine horn ipsilateral to the ovulating ovary, and deposit-
ing the semen in or toward the tip of the horn.

Figure 7.2. Cattle artificial insemination equipment. (A): insemination straw gun; (B): gun sheath; and (C): frozen-thawed semen

straw.
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Figure 7.3. A stallion mounting a phantom dummy for semen
collection. (Also see color plate)

Equine

Artificial insemination is frequently used in the equine
industry. Fresh-extended semen for Al is popular in and
between countries where transporting the mare to the stal-
lion is feasible. Shipping of cool-extended semen for Al use
at the resident mare’s farm is favored when animal trans-
portation is unrealistic or not feasible. The majority of
equine Al is performed with extended-chilled semen within
48 to 72 hours of collection and processing. Frozen semen
is another option when shipping semen to a mare for Al;
however, conception rates can be lower than those from
fresh-extended or cool-extended semen. Certain breed
registries (i.e., The Jockey Club) do not recognize offspring
produced through Al by any means.

Stallions may be housed at dedicated studs or at breed-
ing farms. Stallions are sexually stimulated (e.g., teased) to
elicit exteriorization of the penis and tumescence. The penis
is washed and cleaned with warm water and disposable
wipes. The stallion is then directed toward a mount mare
or phantom and allowed to mount (see Figure 7.3). Once
mounted, the penis is directed into an artificial vagina (see
Figure 7.4). The combination of adequate AV pressure and
temperature, sometimes specific to the stallion, stimulates
ejaculation.

Stallion ejaculates contain a viscous gel fraction. This is
filtered either through an in-line filter in the AV or with a
free-standing filter immediately afterward. The gel-free
ejaculate is then assessed for volume and sperm motility,
morphology, concentration, and total numbers.

For fresh- or cool-extended semen, the semen is diluted
with liquid media commonly referred to as an extender.
Typically, 500 million to 1 billion total sperm are used as
a single dose in a final volume of 50 to 60mL. In general,
the goal is to provide an insemination dose of at least 300
to 500 million progressively motile, morphologically normal
sperm at the time of AI (Allen, 2005). If the extended

semen is not immediately used, it is stored at 5°C until
use.

For frozen semen, the semen may be centrifuged and
then diluted with a cryoprotectant extender, loaded into
0.25, 0.5, or 5SmL pre-labeled straws, and then frozen and
stored in liquid nitrogen. Multiple frozen semen straws
often are required to produce a single Al dose which con-
sists of more than 300 x 10° motile, frozen-thawed sperm.

Visual signs of an estrous mare are best promoted using
a teaser stallion. An estrous mare responds to the stallion
by showing interest in his presence, raising her tail, everting
her clitoris (e.g., winking), and urinating. In AI programs,
it is not uncommon for supplemental diagnostic aids such
as rectal palpation of the reproductive tract and/or visual-
ization of the ovaries and uterus using B-mode ultrasonog-
raphy to be used.

Using these breeding management tools, the goal is to
inseminate the mare peri-ovulation (e.g., 48 hours before
ovulation to six hours post-ovulation). Estrus can last up to
seven to eight days in mares, with ovulation occurring one
to two days before the end of estrus. Given the challenges
of the lengthy estrus and inappropriate timing of insemina-
tion, pharmacologic manipulation to induce estrus and/or
ovulation is common in many Al programs.

Once a mare is identified as being in estrus and has a
follicle greater than 35mm in diameter, she is eligible for
insemination. For standard insemination, the mare is placed
in stocks, her tail is wrapped, and the vulvar/peri-vulvar
area is cleaned. The labia are parted, and a sterile sleeved,
lubricated hand carrying a pipette is passed through the
vagina (see Figure 7.5). The cervix is digitally located, and
the pipette introduced into the cervix and gently advanced
into the uterine body. A syringe containing the insemina-
tion dose is attached to the exteriorized portion of the
pipette, and the dose slowly deposited in the uterine body
while the hand in the vagina holds the mare’s cervix closed
around the pipette to minimize loss of semen. The cervix
can continue to be held closed as the pipette is withdrawn.
Once the pipette is out, the sleeved hand also is withdrawn
from the vagina. The mare then is returned to her stall.

For fresh- and cool-extended semen, subsequent insemi-
nations are performed every other day (assuming the

Figure 7.4. A Missouri artificial vagina for stallion semen
collection. (Also see color plate)



162 Comparative Reproductive Biology

Figure 7.5. A sterile sleeved hand is used to part the mare’s
labia and introduce the insemination pipette. (Also see color
plate)

stallion is of reasonable fertility) until ovulation is detected.
Due to the reduced longevity of frozen-thawed semen, mares
bred with frozen-thawed semen must be inseminated closer
to ovulation (Allen, 2004). In these cases, more frequent
monitoring via ultrasonography (up to every six hours) is
performed to inseminate her either within six to 12 hours
prior to ovulation or within six hours following ovulation,
or both (see Figure 7.6). Using pharmacologic manipulation,
a fixed-time insemination protocol has also been gaining
interest in the industry (Wilsher and Allen, 2004).

Recently, low-dose insemination with less than 50 x 10°
motile sperm in no more than 1 mL total volume has been
investigated (Katila, 2005). Both transrectal deep intracor-
nual and hysteroscopic insemination techniques have been
used to deposit the low-dose inseminates at the tip of the
uterine horn ipsilateral to the ovary that contains the domi-
nant follicle. Due to the level of penetration of the reproduc-
tive tract and the small amount of inseminate which needs
to be deposited at the uterotubal papilla, multiple personnel
and sedation of the mare are frequently required. Pregnancy
rates of 10 percent to 75 percent have been reported using
these techniques (Morris et al., 2000; Morris et al., 2002;
Morris et al., 2003; Brinsko et al., 2003; Sieme et al.,
2003).

Porcine

Since the early 1990s, the global swine industry has rapidly
embraced the use of Al in their reproductive management
programs. In developed countries, pig production has
evolved from the traditional extensive, outdoor operations
to the current and predominant intensive, indoor production
systems. It is through this evolution that the majority of
piglets born today in developed countries are conceived
through AL

As the industry was making the transition from natural
mating to Al, boars frequently were housed and semen col-
lected and processed on-farm. Today, most boars used in
Al programs are housed in dedicated studs located off-site
from the sow breeding herd. The majority of boars used in
commercial breeding operations are crossbred rather than
purebred animals.

Young boars are inquisitive and easily trained to mount
a stationary dummy (see Figure 7.7). Soon after mounting,
the boar begins to thrust, exteriorizing his penis. Using a
gloved hand, the semen collector grasps and locks the cork-
screw tip portion of the penis in his hand. Applying con-
stant pressure to the penile tip, the boar completes the
exteriorization process and commences ejaculation. The
boar ejaculate is the most voluminous of the domestic
species, usually generating more than 200 mL in volume.

The ejaculate is filtered at the time of collection into a
large thermos or cup. Filtering the semen during ejaculation
is important in order to separate the bulbourethral gland gel
fraction from the remaining ejaculate. The ejaculate is
assessed for volume and sperm motility, morphology, con-
centration, and total numbers. Normal crossbred boar ejac-
ulates generally exhibit more than 80 percent progressively
motile sperm and more than 75 percent morphologically
normal sperm. A typical ejaculate contains 99.5 billion £
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Figure 7.6. Use of transrectal B-mode ultrasonography to
visualize a follicle on an equine ovary in situ.



Artificial Insemination 163

Figure 7.7. A typical boar semen collection pen and phantom
mount. Note the spacing of vertical posts to allow the
technician easy access and escape from the pen, while yet
keeping the boar within the pen. (Also see color plate)

22 billion total sperm (Althouse and Kuster, 2000). If
acceptable, the ejaculate is then diluted using a variety of
commercially available semen extenders. Extenders are
chosen according to the expected shelf life of the product,
which can range from a few days to one week.

Unique to the commercial pig industry, many studs fre-
quently pool several (e.g., usually three to six) ejaculates
together prior to packaging into doses (Althouse et al.,
1998). Pooling semen increases processing efficiency and
decreases the effect of any one boar on herd reproductive
performance. Understand, though, that semen is only pooled
for doses intended to be used for producing slaughter market
pigs.

Extended semen is processed into 75 to 90 mL doses of
semen which contain 2 billion to 4 billion sperm. Doses are
packaged in receptacles (e.g., bottles, tubes, flatpacks) made
of a non-leaching plastic material that is non-toxic to sper-
matozoa. Dose receptacles are specifically designed to be
flexible so that they can collapse naturally with the female’s
uptake of the semen. Extended-chilled semen packaged
doses are stored at 15°C to 18°C until used for breeding.
Frozen semen is also available for use in swine; however,
its use is very limited currently due to its reduced
fecundity.

Visual signs of an estrous gilt/sow are best promoted
using a teaser boar. Behaviorally, estrus is primarily char-
acterized by eliciting a rigid, immobilized, kyphotic, stand-
ing reflex in the gilt/sow. Other signs of estrus may include
mounting other females, fence walking, vocalizing, tilted
ears, vulvar swelling, and a vulvar discharge. Estrus lasts
approximately 36 to 48 hours in gilts (nulliparous females)
and 48 to 72-plus hours in sows (pluriparous females),
with ovulation occurring mid- to late-estrus. Gilts/sows are
teased daily—at a minimum—to determine if they are in
estrus. Once identified, they are bred once a day until they
no longer exhibit signs of estrus when exposed to a boar.

The goal of a successful Al program is to inseminate the
gilt/sow peri-ovulation (e.g., 24 hours before ovulation to
six hours post-ovulation). Due to this species’ strong signs
of estrus and their very predictable return to estrus post-
weaning, pharmacological manipulation of the pig’s estrus
cycle is uncommon.

A single-use, disposable insemination (foam- or spiral-
tip) pipette is used for artificial insemination (see Figure
7.8). After eliciting a rigid, standing reflex, the vulvar area
is examined and, if soiled, cleaned with a disposable wipe.
The vulval lips are parted using the Al technician’s thumb
and index finger, and the lubricated pipette gently inserted
through the parted vulva in a forward and upward motion
into the vagina (about 10 to 20cm). The insemination
pipette is then continued forward until it reaches the cervix.
Foam-tipped pipettes conform to the cervical rings as it is
pushed forward into the cervix, seating the pipette in the
cervix. Spiral-tipped pipettes are seated in the cervix by
physically rotating the pipette in a counter-clockwise
fashion, locking it into the cervix. With either pipette,
proper placement of the tip within the cervix is important
to prevent leakage back into the vagina during the insemi-
nation process.

The extended semen dose is then attached to the exposed
end of the pipette and pressure gently applied to the dose
to start the flow of semen into the uterus. Once flow has
commenced, the sow’s uterine motility increases, allowing
for passive uptake of the extended semen dose. Semen
uptake can be stimulated or enhanced through boar pres-
ence and via the technician massaging and placing pressure
on the back, flanks, and underline of the gilt/sow. The
insemination process may take up to three to five minutes
to complete. Transcervical- and deep-uterine insemination
techniques have been described in swine (Watson and
Behan, 2002; Rath et al., 2003; Vazquez et al., 2005).

Small Ruminants

A large percentage of small ruminant operations (e.g.,
sheep, goats) are managed as small flocks under free-range,
extensive, outdoor systems. Due to this prevailing manage-
ment style, along with inherent animal value and technical

Figure 7.8. Swine artificial insemination pipettes. (A): single-
use, disposable spiral tip pipette; (B): single-use, disposable
foam-tip pipette; and (C): re-usable Melrose catheter. (Also see
color plate)
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Figure 7.9. A complete ram/buck artificial vagina. (Also see
color plate)

difficulty of the technique, Al is currently used by only a
very small fraction of the global sheep and goat industries.
Small purebred sheep/goat breeders and dairy goat opera-
tions are the routine users of Al Interestingly, these indus-
tries may see increased implementation of this assisted
reproductive technology as government mandated restric-
tions of animal movement are implemented to minimize the
spread of disease.

Most rams and bucks are kept as flock animals on farms
rather than at dedicated studs. Semen collection is per-
formed using an AV designed for use on rams/bucks (see
Figure 7.9). The male is allowed to mount a restrained,
receptive female or mounting dummy. Once mounted, the
AV is placed in front of the prepuce to allow the exterior-
ized penis to intromit directly into the AV. Rapid pelvic
thrusting followed by ejaculation occur quickly, with the
male rapidly dismounting post-ejaculation.

The ejaculate is assessed for volume and sperm motility,
morphology and concentration. Satisfactory ejaculates
exhibit better than 80 percent motility and better than 85
percent normal sperm morphology for the buck, and better
than 30 percent motility and better than 51 percent normal
sperm morphology for the ram (Bulgin, 1992). The ejacu-
late is then processed to be used as fresh-extended, cool-
extended, or frozen semen. Fresh-extended and cool-extended
semen is more commonly used in the goat; whereas, the
sheep industry currently prefers the use of frozen semen in
their AI programs. A typical intracervical or intrauterine
insemination dose contains up to 200 x 10° sperm sus-
pended in no more than 0.25mL.

In temperate climatic zones both the ewe and doe are
seasonally polyestrous, short-day breeders. Natural estrus
can last up to 48 hours, with ovulation occurring mid- to
late-estrus. Some Al programs employ the use of teaser
animals once or twice a day for estrus detection. These
teaser males are usually sterilized—either by vasectomy or
epididymectomy—with or without penile translocation to
prevent intromission. When exposed to a teaser animal,
clinical signs of estrus include interest/attractiveness to the
male, restlessness, vocalization, tail-flagging, frequent uri-
nation, and standing to be mounted. It is important to note
that these signs are exhibited more prominently in does than
in ewes.

Frequently, and in the absence of teaser males, many
small ruminant Al programs employ pharmacologic manip-

ulation (e.g., prostaglandins, progestins, gonadotropins) to
synchronize estrus and ovulation for a timed mating during
seasonal and non-seasonal use (Baldassarre and Karatzas,
2004; Menchaca and Rubianes, 2004). Many researchers
consider pharmacologic manipulation a key component to
a successful Al program in small ruminants. The goal of
any Al program is to inseminate a good quality dose of
semen immediately prior to ovulation. In most situations,
this insemination takes place 12 to 24 hours after initiation
of standing estrus.

Once identified in natural estrus or after successful
application of pharmacologic manipulation, the ewe or doe
is prepared for insemination. The animal is restrained and
her perineal area cleaned. For intravaginal insemination
(IVI), the labia are parted and a pipette passed cranially
along the dorsal wall of the vagina. Once resistance to
further passage is felt, the pipette is retracted 1 to 2cm, and
the dose (3 billion to 4 billion sperm) deposited in the
cranial vagina. In general, fertility rates associated with IVI
are poor. As a result, this technique is not favored in sheep;
this is true to a lesser extent in goats.

Intracervical insemination (ICI) is the preferred option
in small ruminants. With this technique, the ewe/doe is
restrained with her hindquarters elevated. After cleaning
the perineal area, a lubricated speculum is passed into the
vagina (see Figure 7.10). The external cervical os is visual-
ized using illumination. A pipette is then visually passed
through the speculum and into the cervix to a depth of 5 to
12mm. After positioning the pipette in the cervix, the
insemination dose is deposited.

Intrauterine insemination (IUI) is also used in small
ruminants. Although both non-surgical and surgical tech-
niques have been developed, preference is currently given
to the surgical approach (i.e., laparoscopy, laparotomy) due

Figure 7.10. Sheep and Goat artificial insemination equipment.
(A): small ruminant insemination gun; (B): vaginal speculum;
(C): light source; (D): cervix holders; and (E): frozen-thawed
semen straw.
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to better success and fecundity results. As with any of our
species in which surgical IUI is performed, inherent to the
technique are the risks associated with placing an animal
under general anesthesia and its concomitant welfare con-
siderations. Conversely, the ewe’s unique cervical anatomy
makes for difficult catheter passage and possible tissue
trauma when using the non-surgical IUI approach (Kershaw
et al., 2005). Overall, ICI and IUI are currently the
more favored techniques for use in small ruminant Al
programs.

Canine

The domestic dog is known to be a fertile species, with the
majority of pregnancies achieved under natural mating
conditions. Even so, purebred breeders and the racing
greyhound industry have embraced Al technologies due to
the inherent genetic, economic, and logistical values it
can provide. Fresh-unextended, cool-extended, and frozen
semen are used in the industry. Fresh-unextended semen is
inseminated into a female shortly (e.g., minutes) after col-
lection. Cool-extended semen is typically used when the
semen can be delivered and used within 48 to 72 hours of
collection and processing. For long-term preservation, con-
venience, and long-distance shipping durability, frozen
semen is the preferred modality.

The male breeding dog is either housed with his owner/
guardian or at a mixed-sex kennel. With minimal training,
semen is readily collected from most dogs by digital stimu-
lation and application of pressure at the base of the penis.
The presence of an estrus bitch can be helpful in stimulating
arousal of the dog; however, many have found it unneces-
sary to obtain an ejaculate.

The dog is taken into a quiet room which has minimal
distractions and good footing, and allowed to investigate
personnel and surroundings. Once the dog appears relaxed,
the handler restrains the dog in the standing position with
a lead. The technician approaches and greets the dog and
then gently runs his hand along the abdomen. The penis is
initially massaged through the prepuce, causing arousal.
The prepuce is manually retracted caudally behind the
bulbus glandis. If an AV is used (see Figure 7.11), it is then
slipped over the penis. Tourniquet digital pressure is applied
behind the bulbus glandis, mimicking a “lock.” The dog
usually initiates pelvic thrusting concomitant with penile
engorgement. Once fully engorged, the penis is rotated 180°
caudally between the dog’s hind legs. Ejaculation soon
commences, with the pre-sperm, sperm-rich, and minimal
post-sperm rich (e.g., prostatic fluid) fractions collected in
the AV receptacle.

A more common alternative to the AV is to perform a
free-catch of the sperm-rich fraction of the ejaculate into
either a sterile specimen cup or other container. The ejacu-
late is assessed for volume and sperm motility, morphology,
and concentration. Semen intended for extended use is
diluted with an extender; with dose volume depends upon

Figure 7.11. Cat (A) and dog (B) artificial vaginas for the
collection of semen.

the number of doses needed and the size of the bitch to be
inseminated. Generally, dose volume is between 2 and
10mL and contains at least 100 x 10° sperm. If it is not used
immediately, the extended semen is chilled to 5°C and
stored until use. For frozen semen, the semen may be cen-
trifuged and then diluted with a cryoprotectant extender. It
is then frozen into pellets or loaded into 0.25 or 0.5mL
pre-labeled straws and frozen. Both pellets and straws are
stored in liquid nitrogen. Generally, enough pellets or straws
are thawed to obtain a minimum of 100 to 150 X 10° motile
sperm for the insemination.

The domesticated bitch is seasonally monoestrous,
exhibiting estrous only once or twice a year (for review, see
Concannon et al., 1989). The interestrous interval can range
from approximately five to 12 months, with an average of
seven months. Signs of estrus are best elicited in the pres-
ence of an intact teaser dog. Hormonal profiling (e.g., pro-
gesterone, LH) and vaginal cytology (see Figure 7.12) can
also be used with or without a teaser dog to estimate stage
of estrous. Sexual activity is first observed in the proestrus
bitch. The presence of a bloody, vulvar discharge (originat-
ing from the reproductive tract under estrogen influence)
typically characterizes the onset of proestrus. Other signs
include vulvar edema, restlessness, excitability, an increase
in water intake, and increased urination. During proestrus,
the bitch shows interest in the dog but will not stand to be
mated. Proestrus can range from two to 15 days, with an
average of nine days.

Estrus commences once the bitch accepts mating by
assuming a rigid stance, moving her tail to the side and
exposing her vulva by arching her back. Estrus can range
from three to 12 days, with an average of 10 days. Ovulation
generally occurs within five days after the onset of estrus.

Canidae release immature, primary ovocytes at ovula-
tion (Reynaud et al., 2005). First polar body extrusion and
subsequent completion of meiosis occur in the oviduct. As
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Figure 7.12. Vaginal cytology in a bitch. Sample shows
predominantly keratinized epithelial cells, indicative of an
estrus bitch. (Also see color plate)

such, dogs are unique in that the oocyte remains viable for
days rather than hours, as seen in our other domestic species.
Generally, it takes two to three days for ovulated oocytes
to become fertilizable. Using a combination of behavioral
signs, serial hormonal profiling, and serial vaginal cytology,
insemination(s) is targeted an estimated one to five days
post-ovulation. Pharmacologic manipulation for induction
and synchronization of estrus in the dog is possible (Kutzler,
2005). Variability in treatment efficacy and subsequent fer-
tility, however, have precluded significant clinical use.

Most estrus bitches in Al programs are examined daily
to approximate the day of ovulation and, subsequently, the
opportune time that fertilizable oocytes are present in
the oviduct. For standard intravaginal insemination (IVI),
the bitch is restrained and her perineal area cleaned. The
vulvae are parted and a plastic pipette (see Figure 7.13)
gently inserted and passed cranially along the dorsal vaginal
wall. Transabdominal palpation can help to facilitate
advancement of the pipette into the cranial vagina. The
cervix lies cranio-dorsally from the tip of the vaginal vault.
A pseudocervix, approximately 2.5 to 3cm caudal to the
cervix, is present in the cranial vagina and is formed by a
distinctive dorsal median fold (Pineda, 1973). This pseudo-
cervix elicits resistance, making further pipette passage
difficult.

Many times, the semen dose is deposited at the pseudo-
cervix while still achieving acceptable fertility results. The
pipette is withdrawn and the bitch’s vestibulum digitally
stimulated for a few minutes to elicit strong vaginal contrac-
tions to aid in movement of semen up to the site of fertiliza-
tion. With good quality semen and appropriate Al timing,
pregnancy rates can exceed 80 percent. When using frozen
semen, a single-timed transcervical (TCI) or surgical
insemination are the preferred methods. Poor fertility
results are usually achieved with frozen semen if it is used
by IVL

For TCI, a rigid cystoscope, with relay optics, is passed
into the cranial vagina as with an IVI pipette (Pretzer et al.,
2006). The vaginal vault is visualized as the cystoscope is
advanced cranially by both cystoscope manipulation and
transabdominal palpation. The cystoscope is passed under
the pseudocervix and advanced cranially to visualize and
abut the external cervical os. A flexible 8 french urinary
catheter is passed through the cystoscope guide and
advanced into the cervix. The small dose (less than 2mL)
inseminate is then deposited intrauterine, which is deter-
mined by visualizing the insemination process to ensure no
backflow has occurred. The cystoscope is removed and the
vestibulum digitally stimulated as with IVL.

Surgical insemination is performed under general anes-
thesia on a dorsally recumbent dog. Either through laparos-
copy or by laparotomy, each uterine horn is inseminated via
needle puncture, the abdomen closed, and the dog allowed
to recover. With good quality semen and appropriate insem-
ination timing, 70 percent or better pregnancy rates can be
obtained.

Feline

As with dogs, the cat population has a propensity for
excellent reproductive performance. Given this innate attri-
bute as well as the complexities in tom semen collection
and overall low client demand, Al is uncommon in cats.
Even so, a fair bit of research has been performed on cat
Al with published success. Looking outside its application
to the domestic cat population, much of this research has
aided in propagating some of our endangered wild cat
species.

The behavior and undesirable smell makes a tom unsuit-
able for a household pet. As such, small numbers of toms
are kept in captivity and, if so, usually are housed in a
mixed-sex cattery. Semen can be collected using an AV (see
Figure 7.11); however, even trained toms can exhibit adverse
behavior and temperament when exposed to an estrus
queen, making application of the technique difficult.

The most common method of collecting semen from a
tom is by electroejaculation (EE). In this method, a probe
with electrodes is placed in the rectum of an anesthetized

Figure 7.13. Various length artificial insemination pipettes
used in inseminating dogs.
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tom. The prepuce is retracted to expose the penis. A series
of electrical stimulations of various amplitudes and fre-
quencies are then applied to the probe via an electroejacula-
tor unit (Howard et al., 1990). The electrical stimulation
elicits muscle contractions in the tom’s reproductive tract
allowing for emission of an ejaculate which is collected in
a small receptacle located at the tip of the penis.

Tom ejaculates are small in volume. If sufficient volume
is obtained, sperm motility, morphology, and concentration
may be obtained. The semen is then either used immedi-
ately unextended or processed for cool-extended or frozen
semen. An insemination dose contain 5 to 80 X 10° sperm
in less than 1 mL total volume.

Queens are seasonally polyestrous, long-day breeders.
Domestic queens are also induced ovulators. That is, ovula-
tion is triggered by mechanical stimulation of the vagina
during natural mating. With sufficient vaginal stimulation,
ovulation occurs 18 to 24 hours later.

The queen behavior’s and vaginal cytology are used to
determine if she is in estrus. Behavioral signs are quite
obvious, and include increased rolling and rubbing against
objects, more frequent and louder vocalization, and induc-
tion of lordosis when rubbing the queen’s back or when put
in the presence of a tom. In AI programs, ovulation is
artificially induced using pharmacologic manipulation
(e.g., gonadotropins or precursors to) the day before the
scheduled AI (Goodrow et al., 1987).

Intravaginal insemination is an option for cats; however,
transcervical (TCI) or surgical insemination procedures
generally provide for much higher fecundity rates (Zambelli
and Cunto, 2005) when using reduced numbers of sperm
and/or for frozen semen. For TCI, the queen is heavily
sedated or anesthetized. The labia are parted and a lubri-
cated, rigid, small diameter catheter is advanced into the
cranial vagina to the cervical os. A flexible 3 french catheter
is then threaded through the rigid catheter and through the
cervix. Directing both catheters is greatly facilitated by
trans-rectal digital manipulation (see Figure 7.14). Once
intrauterine, the semen dose is deposited and both the inner
and outer catheters withdrawn.

Intrauterine deposition of semen in the anesthetized
queen can be performed surgically via laparotomy or lapa-
roscopy. For surgical insemination, the uterus is visualized
and semen deposited into either one or both uterine horns
via needle puncture. With good quality semen and appro-
priate technique, a 34 percent to 80 percent pregnancy rate
can be attained.

Other Artificial Reproductive Technologies

Artificial insemination (including I'VI, TCI, IUI, and low-
dose Al) is the most commonly used of the current artificial
reproductive technologies. Other important ART exist and
are worth a brief discussion. It is important to appreciate
that pharmacologic manipulation is an important, if not
critical, component (e.g., estrus induction, ovulation, super-

Figure 7.14. Domestic feline artificial insemination technique
showing the use of trans-rectal digital manipulation to facilitate
Al catheter passage into the uterus.

ovulation, estrus synchronization) in these other ART.
Many times these technologies are used as a means of treat-
ment for subfertility or infertility in the animal, but they
can also be used simply to propagate desired genetics.

Embryo transfer (ET) is a popular technique used in
cattle and horses, and to a lesser extent in the other domestic
species. In most species, this procedure requires the surgi-
cal/nonsurgical harvesting of preimplantation embryo(s)
from the donor animal and transferring this embryo(s)
either surgically or nonsurgically into the uterus of a syn-
chronized recipient animal. Embryos can be cooled and
stored for short periods of time (preferably less than
24 hours), or frozen if long-term storage is desired.

A newer ART is oocyte transfer (OT), in which oocytes
are recovered from mature follicles by laparotomy/laparos-
copy or by transvaginal aspiration using ultrasonography.
The oocyte(s) is then surgically transferred into the oviduct
of the recipient animal, which is then bred naturally or
artificially inseminated with the goal of obtaining and car-
rying this pregnancy to term.

A modification of OT is gamete intrafallopian transfer
(GIFT), in which oocytes are harvested as with OT. Matured
oocytes and sperm are then transferred together into the
oviduct of a recipient animal, with the goal of fertilization,
pregnancy, and birth of offspring. A variant of GIFT is
zygote intrafallopian transfer (ZIFT), in which a zygote is
developed in vitro and then transferred to the oviduct of a
recipient animal for further development into offspring.

In vitro fertilization (IVF) is an ART which has been
applied in practice for a couple of decades. With IVF, har-
vested, matured oocytes and sperm are placed in media and
incubated together in vitro in an environmentally controlled
chamber. Preimplantation embryos which develop from this
union are then transferred to the uterus of a recipient animal
to achieve pregnancy and offspring.
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A form of IVF is intracytoplasmic sperm injection
(ICSI), in which sperm are obtained either from the ejacu-
late, or via testicular sperm extraction (TESE), or even by
microscopic (MESA) or percutaneous (PESA) epididymal
sperm aspiration. An individual sperm is then injected
directly into a mature oocyte. The sperm-injected oocyte(s)
can then be transferred via OT into a recipient or in vitro
cultured for seven to eight days and then the preimplanta-
tion embryo(s) transferred into the recipient’s uterus. If
mature sperm are unavailable for ICSI, another option is to
use round spermatid nucleus injection (ROSNI) or round
spermatid injection (ROSI) to try to obtain a zygote or
embryo for transfer to a recipient.
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Chapter 8

Embryo Transfer and In Vitro Fertilization

John F. Hasler

In its strictest form, embryo transfer (ET) is the process of
moving one or more embryos from the reproductive tract of
one female to another. Transfers may be conducted by either
surgical or nonsurgical procedures and may involve trans-
ferring the embryo(s) from either the oviduct or uterus of
one female, known as a donor, into the oviduct or uterus of
another female, known as a recipient. Embryo transfer also
may involve the transfer of laboratory-produced embryo(s),
such as those made by in vitro or cloning procedures, into
the reproductive tract of a recipient.

Embryo transfer procedures are widely used both in
commercial programs to produce livestock and in various
research contexts. In the human field, all of the reproductive
technologies associated with embryo transfer now are
grouped in the field of assisted reproductive technology
(ART). In fact, it might be appropriate to apply the acronym
ART to all the technologies covered in this review.

Commercial embryo transfer has been most widely used
in cattle, with millions of animals produced over the past
35 years. The modern livestock ET industry is a result of
the pioneering efforts of two groups: the scientists who
initially developed the procedures and techniques of ET
and, later, the commercial practitioners who modified this
technology, making it practical and available first to the
cattle industry and then to the livestock industry in general.
As used henceforth, ET will refer individually or collec-
tively to the collection, handling, and transfer of embryos.

Historical Background

Credit for the first successful transfer of mammalian
embryos is given to Walter Heape, an Englishmen who had
an amazingly wide range of interests that included animal
breeding. In 1890, Heape transferred two 4-cell Angora
rabbit embryos into an inseminated Belgian doe which sub-
sequently gave birth to four Belgian and two Angora young
(Heape, 1891). A later paper actually described Heape’s
technique for handling rabbit embryos, which involved
spearing them on the tip of a needle and transferring them
to a recipient without an intermediary step of placing them
in holding medium (Heape, 1897).

As documented by Betteridge (1981), there is no further
record of any successful ETs until the 1920s, when several
investigators again reported on transfers in rabbits. During

this period, better understanding of the relationship between
the pituitary and ovaries led to significant advancements in
reproductive technology. Also, development of techniques
for superovulation, estrous synchronization, and artificial
insemination (AI) set the stage during the 1930s and ‘40s
for successful ET in a number of species—not including
cattle, however.

Although Umbaugh (1949) reported four pregnancies in
Texas resulting from the transfer of cattle embryos in 1949,
all the recipients aborted prior to term. In 1951, the first ET
calf was born following the surgical transfer of a slaughter-
house-derived day-5 embryo (Willett et al., 1951). It perhaps
is unfortunate that most members of the team responsible
for this achievement were subsequently directed to pursue
development of Al technology, leaving Willett alone to
pursue ET research (Betteridge, 2000). Willett moved to
Michigan State University in 1956 and died shortly
thereafter.

Development of the Modern Commercial
Embryo Transfer Industry

Commercial ET started in the early 1970s, in North
America, and cattle were the initial focus among farm
animals.

Cattle
Commercial ET began in cattle primarily as a result of the
high prices being paid for various breeds of so called
“exotic” beef cattle that had been imported in small numbers
from Europe. Initially, all embryo recoveries and transfers
were performed surgically. Although early investigators
described nonsurgical embryo recovery techniques (Rowson
and Dowling, 1949; Dziuk et al., 1958), these worked rather
poorly and few embryos were recovered. As a consequence,
the first commercial ET programs during the early 1970s
relied on mid-ventral surgical exposure of the uterus and
ovaries with the donor under general anesthesia.
Concurrent with the escalating value of exotic cattle, the
newly available prostaglandin F,, made synchronization of
donors and recipients practical. The necessity for anesthesia
and surgery limited most ET to in-house programs with
suitable facilities. Another reason that ET was not widely
used by the dairy cattle owners at that time was because

171



172 Comparative Reproductive Biology

the udder of dairy cows hindered mid-ventral access to the
reproductive tract. The introduction of nonsurgical embryo
recovery (flushing) in the mid-1970s and nonsurgical trans-
fer techniques in the late 1970s (for review, see Betteridge,
1977) allowed ET to be practiced on the farm and made it
especially attractive to dairy farmers.

The cattle ET industry grew rapidly in the late 1970s,
both in the number of practitioners and the number of
donors flushed. Prior to the early 1980s, however, the inabil-
ity to freeze and thaw embryos made it necessary to main-
tain sufficient numbers of estrous-synchronized recipients
so that all embryos could be transferred on any given day.
After effective methods of freezing embryos were devel-
oped, using either dimethyl sulfoxide or glycerol as cryo-
protectants (Wilmut and Rowson, 1973), ET became a
much more efficient technology that no longer depended on
the immediate availability of suitable recipient cattle. There
were no significant additional improvements in ET technol-
ogy during the 1980s.

A change in the U.S. federal tax regulations in 1986
eliminated the tax advantages of owning cattle as invest-
ments and reduced the sale value of many donor cows. This
reduced ET activity, at least temporarily, for many ET
businesses in the United States. Today, traditional ET
technology provides relatively consistent results, and many
practitioners have 20 or more years experience in an indus-
try that is mature.

Size of the Cattle ET Industry

The exact size of the cattle ET industry is somewhat diffi-
cult to determine. Two statistics can help estimate the scope
of ET activity in any given geographical area and/or period
of time: practitioners of ET can be polled, or the number of
calves that are produced by ET can be determined. Unfor-
tunately, neither of these statistics can be assessed accu-
rately. Not all practitioners belong to an ET organization,
and of those who do, a significant percentage do not return
questionnaire/census forms (American Embryo Transfer
Association, personal communication). Although most ET
is conducted on registered rather than grade or commercial
cattle, not all breed organizations differentiate between
calves that result from ET versus Al or natural breeding.
The membership in a number of embryo transfer organiza-
tions is shown in Table 8.1.

Founded in 1974 with 82 charter members, the Interna-
tional Embryo Transfer Society (IETS) is the oldest orga-
nization of its kind and the only one that is international.
Throughout the 1990s, the size of the membership in the
IETS has changed very little and currently there are approx-
imately 1,000 members representing 45 countries. There
has been a significant change in the vocational composition
of the membership, however. With the founding of regional
ET organizations, a growing number of commercial ET
practitioners have discontinued membership in the IETS in
favor of their regional organizations. It appears that after
rapid and significant increases in membership during the

Table 8.1. International and national embryo transfer
organizations.

Organization Year founded = Membership
International Embryo Transfer 1974 ~1000
Society (IETS)

American Embryo Transfer 1982 340
Association (AETA)

Canadian Embryo Transfer 1984 102
Association (CETA)

Brazilian Society for Embryo 1985 536
Technology (SBTE)

European Embryo Transfer 1986 ~170
Association (AETE)

Japanese Embryo Transfer 1987 291
Society (JETS)

Australian Embryo Transfer 1990 113

Society (AETS)

1980s, there has been little change in membership of
regional ET organizations in the United States, Canada, and
Europe. In contrast, the Brazilian society has seen a remark-
able increase in membership during the 1990s and currently
has more than 500 members.

At the 2006 annual meeting of the IETS, the largest
number of abstracts (62) dealt with cloning/nuclear transfer,
whereas superovulation and embryo transfer were repre-
sented by only 10 and eight abstracts, respectively. Large
numbers of abstracts also dealt with developmental biology,
in vitro procedures, gene expression, transgenesis, and other
categories not directly related to ET. Thus, it is clear that a
majority of the IETS now is composed of basic researchers
representing government and industrial or academic institu-
tions rather than ET practitioners. As a result, the actual
processes involved in commercial embryo transfer are now
more frequently emphasized in the meetings of the regional
associations listed in Table 8.1.

Even withinsome countries, there are distinctions between
organizations that represent the basic sciences related to ET
and those that represent commercial practitioners. For
example, the Japanese Embryo Transfer Society (JETS), as
shown in Table 8.1, has 291 members, most of whom are
engaged in basic research (personal communication),
whereas most practitioners belong to either the Eastern Japan
Embryo Transfer Society (389 members) or the Hokkaido
Bovine Embryo Transfer Society (160 members).

In the United States, there have been significant
changes—both increases and decreases—in the overall
numbers of registrations among different breed associations
as well as in the number of calves that are produced by ET
and registered yearly. The percentage of all registered
Holstein calves produced by ET has exceeded 5 percent for
the last 10 years, and the percentage of Angus calves has
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exceeded 5 percent for the last six years. In contrast, Here-
fords resulting from ET have never exceeded 2 percent of
all registrations. Although they are not illustrated here, a
number of other beef breeds have undergone a similar
decline. In contrast, the number of Angus, both total regis-
trations and ETs, has steadily increased throughout the last
25 years.

Holstein breeders adopted the use of ET in the early
1970s, with the number of registered calves reaching a peak
in the late 1980s. The inability to market all the bulls pro-
duced may have depressed the frequency with which dairy
farmers have used ET. In 2005, for example, of the approxi-
mately 20,000 ET calves registered by the Holstein Asso-
ciation USA, Inc., only 34 percent of total registrations were
males.

Another approach to determining the scope of ET activ-
ity is to take a census of the members of regional organiza-
tions. As noted above, this is a notoriously inaccurate
approach because not all practitioners belong to ET organi-
zations and even among the members, only 50 percent
comply (AETA, personal communication).

After remaining fairly stable throughout the 1990s, the
annual number of cattle embryo recoveries in the United
States has increased over the past few years, with more than
42,000 reported for 2005 (AETA, unpublished). Unfortu-
nately, the negative impact during the past few years of
bovine spongiform encephalopathy (BSE) on cattle exports
from Canada led to a decrease in ET activity, with approxi-
mately 11,000 recoveries reported for 2005, compared to
more than 14,000 in 2002 (Canadian Embryo Transfer
Association, unpublished). The number of cattle embryos
recovered in 2004 throughout the world is shown in
Figure 8.1.

The largest amount of ET activity was in North and
South America. An interesting difference between these
two regions is that a majority of embryos are cryopreserved
after collection in North America, whereas a majority are
transferred fresh in South America. Brazil is the only
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Figure 8.1. The number of cattle donor embryo recoveries and
the number of embryos transferred and frozen in major regions
of the world in 2004. Courtesy of Thibier, 2005.

country in which available data indicate a large increase in
ET activity during the past few years. Paralleling the
increase in the number of ET practitioners, the number of
embryos transferred in Brazil increased from approximately
40,000 in 1995 to 74,000 in 1999 (J.L. Rodrigues, personal
communication) and grew to 102,100 in 2004 (Thibier,
2005).

It is even more difficult to determine the scope of ET
activity in other species of domestic animals than it is in
cattle. Fewer practitioners are involved with ET in pigs,
horses, goats, sheep, and dogs and cats, and thus obtaining
census information from them is difficult. Furthermore,
tabulating ET activity through these species’ breed organi-
zations is not productive.

Horses

Embryo transfer in horses has grown substantially in North
America in the last few years, due, at least in part, to a
change in the regulations of the American Quarter Horse
Association (AQHA). The new regulations permit the reg-
istration of an unlimited number of ET foals per mare each
year, whereas only one per year was previously allowed.
The use of frozen semen for insemination in ET procedures
was allowed at the same time. In 2006, the AQHA voted to
allow the cryopreservation of embryos starting in 2007
(personal communication). Recent reviews of ART proce-
dures in horses include those of Allen (2005), Hinrichs
(2005), and Squires (2005).

Pigs

The first ET piglets were produced in 1950 in Ukraine
(Kvasnitski, 1950). This led to the slow but steady growth
of a commercial pig ET industry in a few countries. It has
proven particularly difficult to assess the amount of ET
activity in the swine industry. The largest number of trans-
fers in 2004 includes 9,780 in Korea, 2,448 in Canada, and
885 in Taiwan (Thibier, 2005). There are no records for the
United States or most other countries. This is partly due to
the fact that a large share of pig ET is performed on large,
corporate-owned swine production farms and therefore the
scope of the work is often confidential. Reviews on the
status of ART in the pig include those of Hazeleger and
Kemp (1999), Day (2000), Youngs (2001), and Martinez,
et al. (2005).

Most of the commercial ET activity in the swine industry
involves the movement of genetics between large pathogen-
free facilities. Difficulties in the cryopreservation of pig
embryos have greatly limited the international movement
of embryos from this species. It was recently demonstrated
that ET provides a viable method of increasing the numbers
of an endangered breed of pigs (Mangalica) that is charac-
terized by small litter sizes (Ratky et al., 2000).

Sheep and Goats
Commercial ET in these two species is practiced on a large
scale in only a few countries, and the scale of sheep ET is
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considerably larger than that for goats. Data available to the
IETS indicate more than 68,000 transfers of sheep embryos
during 2004, primarily in South Africa, Australia, and New
Zealand (Thibier, 2005). Fewer than 2,000 goat embryos
were transferred, primarily in South Africa. These figures
are undoubtedly greatly underreported. Reviews on ART in
these species include those of Tibary et al. (2005), Cognié
(1999), and Cognié et al. (2003).

Dogs and Cats

“Man’s best friend” has merited such close attention
throughout recorded history that perhaps it is not surprising
that the first known successful artificial insemination was
performed in a dog by Spallanzani in 1780 (Heape, 1897).
Subsequent progress in knowledge about dog reproduction
was slow, however, perhaps due to a lack of commercial
value compared to domestic farm animals. Only a few
reports on embryo transfer in dogs have been published, and
the success was limited (reviewed in Farstad 2000a,
2000b).

In a recent review of ART in dogs and cats, Farstad
(2000b) describes as “an understatement” the phrase “cats
are not small dogs,” and it is clear from the literature that
far more progress has been made in understanding basic
reproduction in cats compared to dogs. A good deal of the
research involving ART and ET in domestic cats has been
directed at their use as a model for the numerous species of
wild felids that are endangered. ART procedures are more
highly developed in cats than in dogs (Farstad, 2000b;
Pope, 2000) and, in fact, cryopreservation procedures have
resulted in good pregnancy rates following ET (Swanson,
et al., 1999).

Superovulation

The species covered in this review include almost exclu-
sively monotocous (horses), usually monotocous (cattle),
twin-bearing (sheep and goats), polytocous with small or
moderate litters (dogs and cats), and polytocous with large
litters (pigs). When females of any of these species are used
as embryo donors, superovulation, or the induction of the
maturation and ovulation of more ova than normal, is
usually induced with the injection of a gonadotrophin. The
gonadotropin most frequently used is follicle stimulating
hormone (FSH) purified from porcine or ovine pituitary
glands. In some cases, equine chorionic gonadotropin
(eCG), formerly known as pregnant mare serum gonadotro-
pin (PMSGQG), is used, although it is less popular due to its
long half-life.

Cattle

The most frequently reported average number of embryos
recovered from superovulated cows is between four and
seven. However, the range of response is quite large, with
more than 100 ova and as many as 60 or more viable
embryos occasionally recovered. It is generally accepted
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Figure 8.2. The distribution of the number of embryos
recovered from each of 984 Holstein cows.

that the observed variation stems more from genetic varia-
tion among individual females than factors such as the
specific gonadotropin used or the breed of cattle. Many
reports indicate that beef breeds of cattle produce slightly
more embryos on average than dairy breeds. Although well-
controlled comparisons of superovulation among different
breeds have not been conducted, data tabulated from the
members of the Canadian and American ET associations
indicate that beef cattle produced an average of approxi-
mately one more embryo per superovulation attempt than
did dairy cattle. The distribution of the numbers of embryos
recovered from nearly 1,000 Holstein cows, each super-
ovulated once, is shown in Figure 8.2.

The mean number of embryos recovered from this group
was approximately six; however, more than 50 percent of
them produced fewer than four embryos and nearly 20
percent produced no embryos. Thus, the inconsistency of
superovulation, rather than the average number of embryos
recovered, is a major factor adding to the expense of embryo
transfer in cattle and detracting from the wider application
of the technology. Looney (1986) clearly illustrated this
problem with the report that in a large commercial cattle
ET program, 24 percent of superovulated donors produced
no embryos and only 30 percent produced 70 percent of the
total number of embryos.

A typical superovulation protocol for cattle involves
twice daily injections of FSH for four days. Donors are
started in mid-cycle, usually eight to 13 days after a previ-
ous estrus (Hasler, et al., 1983; Donalson, 1984) or four days
after insertion of a controlled intrauterine drug-releasing
devices (CIDR) (reviewed by Bo et al., 2002).

A large body of evidence indicates that the fertility of
dairy cattle has significantly declined over the past 20 years
on a worldwide basis (Thatcher et al., 2006). Nevertheless,
arecent analysis of a large number of superovulation records
over a 20-year period did not indicate that response to
superovulation in dairy cattle has declined (Hasler, 2006).

Horses

Until recently, single embryo collections were the norm for
mares because superovulation usually was not successful.
Although it is not clear why, FSH derived from porcine or
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ovine pituitaries does not reliably induce superovulation in
mares, even though it works quite well in cattle, sheep,
goats, and pigs. However, an equine FSH pituitary extract
(eFSH) first studied at Colorado State University, and now
available commercially, has proven to successfully induce
superovulation in the mare. Responses to eFSH in mares
are not as large as those seen in cattle and other species,
and when large responses do occur, embryo collection rates
are usually disappointing. This is due to the fact that folli-
cles in the mare can only ovulate and release their oocyte
through the ovulation fossa because of the fibrous tunica
albuginea that covers the rest of the external surface of the
mare ovary (Allen, 2005). Nevertheless, ovulation rates and
embryo recovery rates have proven to be about four times
greater than single ovulations and the mean of 0.5 embryos
per recovery is standard in cycling mares (Squires, et al.,
2003).

Pigs

Sows can be successfully superovulated with eCG followed
by hCG. However, because sows normally ovulate large
numbers of ova, superovulation is less effective than in
other species of farm animals and is often not part of pig
ET programs (Youngs, 2001). Synchronization of estrus is
often achieved by simultaneously weaning groups of sows
at three to four weeks of lactation because prostaglandin
F,, is much less effective for inducing luteolysis in pigs than
in cattle.

Sheep and Goats

Protocols for the superovulation of both sheep and goats
usually involve synchronization of the estrous cycle with
intravaginal sponges that contain progesterone. The use of
a gonadatropin-releasing hormone (GnRH) antagonist,
injected three times over a 10-day period to suppress endog-
enous gonadotropins, has proven efficacious, with an
average of 10 embryos per ewe recovered (Cognié et al.,
2003). Both multiple injections of FSH and single injections
of eCG are used in various commercial superovulation pro-
grams in these two species.

As in cattle, there is a high degree of variability in
response to superovulation, with a range of zero to 30 trans-
ferable embryos recovered. It was estimated that more than
25 percent of superovulated donor goats fail to produce any
transferable embryos (Baldassarre, 2004).

Dogs and Cats

Because both of these species are polytocous and there is
virtually no commercial application of ET, there are few
reports of superovulation. Verstegen et al. (1993) reported
recovering an average of nine embryos from cats super-
ovulated with porcine FSH. Superovulation has been used
to stimulate follicular growth in the dog so that oocytes
can be collected for in vitro procedures (Yamada et al.,
1993).

Insemination

Donor females are inseminated either artificially (AI) or by
natural service, depending on the species and the specific
situation. For example, frozen semen is used almost exclu-
sively for transcervical artificial insemination in cattle. In
rare cases, however, donor females that proved to be infer-
tile to Al are serviced naturally by a bull. In contrast to
cattle, transcervical Al is very difficult in sheep and goats
and donors are inseminated primarily by a laparoscopic
approach.

Cattle

The fertilization rate after artificial insemination of super-
ovulated cows averages about 65 percent, with about 15
percent of cows having no fertilized ova (Hasler et al., 1983;
Donaldson, 1983). Under normal circumstances, embryos
from cycling cattle exhibit large numbers of accessory
sperm trapped in the zona pellucida. In these embryos, entry
of the fertilizing sperm into the vitellus triggers a zona
block, trapping sperm that were in the process of penetrating
the zona at the time of fertilization. The low numbers of
accessory sperm observed in embryos recovered from
superovulated cattle suggest that sperm numbers at the site
of fertilization are low (Hawk and Tanabe, 1986). Super-
ovulated cattle are often inseminated twice, with one straw
at 12 and 24 hours after the onset of estrus.

Sperm numbers affect not only the rate of fertilization;
they also are directly associated with embryo quality.
Delarnette et al. (1992) showed that there is a significant
and positive correlation between the number of accessory
sperm in embryos and the morphological quality of the
embryos (reviewed by Saacke et al., 2000). In addition to
this phenomenon of an association between sperm numbers
and embryo quality, a positive correlation also exists
between sperm quality and embryo quality. Evidence for
this relationship is supported by data from a commercial
ET program, clearly demonstrating that sperm quality not
only affects fertilization rate, but also is positively associ-
ated with embryo quality (Stroud and Hasler, 2006). It was
reported that among more than 9,700 embryos recovered
from superovulated cattle, the percentages of those classi-
fied as excellent (61 percent), good (56 percent), fair (54
percent), or poor (34 percent) decreased in direct relation
to semen quality that was classified as excellent, good, fair,
or poor, based on five factors.

Horses

Donor mares are naturally serviced by stallions in some ET
programs. Mares inseminated with fresh semen are more
likely to achieve fertilization than those inseminated with
either cooled or frozen semen (Squires et al., 2003).

Pigs
Donor females are normally bred at 12 and 24 hours after
onset of estrus (Youngs, 2001). There have not been any
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Figure 8.3. Silicone catheter and embryo filter used for bovine embryo collection. Courtesy of Bioniche Animal Health USA, Inc.

definitive studies dealing with the optimization of breeding
superovulated gilts and sows.

Sheep and Goats

Natural service by rams or bucks is often used in these two
species (Gordon, 1997). However, laparoscopic insemina-
tion results in high fertilization rates (Cognié, 2003).

Dogs and Cats

There is simply not enough ET practiced in either of these
two species for insemination techniques to have been
specifically designed for donors. In one study, the transfer
of embryos resulting in pregnancy and delivery of pups
involved natural mating (Tsutsui et al., 2001). However, the
use of frozen-thawed dog semen in Al is well established
(Farstad, 2000). Embryo transfer has been successful with
donor cats bred naturally and by AI with frozen semen
(Farstad, 2000).

Embryo Recovery

A number of different methods are employed for embryo
recovery. Specific methods vary both by necessity among
different species and by the preferences of individual prac-
titioners. The use of a catheter inserted transcervically into
the uterus is relatively easy and is routine in cattle and
horses. Smaller species require either laparoscopic surgery
or full surgical exposure to access the uterus.

Cattle
Most embryos are collected six to eight days after estrus.
The efficiency of collection by nonsurgical procedures is
decreased prior to day 6 because some embryos are still in
the oviducts. Cryopreservation and embryo manipulation
procedures become less effective after day 8. Bovine
embryos also start hatching from the zona on day 8 and
become more difficult to locate and recognize in the flush
fluid.

Nonsurgical methods for collecting bovine embryos
were first developed more than 40 years ago, but because

recovery rates were poor, surgical methods continued to
be used for many years. However, even under ideal condi-
tions for surgery, scar tissue sometimes forms in the repro-
ductive tract, causing infertility and even sterility in some
cases. In addition, surgical collections must be performed
in specialized facilities with expensive equipment and sup-
plies. In the mid-1970s much effort was put into improving
the nonsurgical methods to avoid damaging valuable donors.
Currently, virtually all embryos are collected by the non-
surgical method, which is often referred to as “flushing”
embryos.

In preparation for nonsurgically recovering embryos, a
local anesthetic is administered by an epidural injection
into the tail head. A silicone catheter, temporarily made
rigid with a removable metal stylette, is passed through the
cervix into the uterus (see Figure 8.3).

Some practitioners pass the catheter and inflate the
balloon in one uterine horn, and following embryo collec-
tion of that side, deflate the balloon and move the catheter
to the other horn, repeating the collection process. This is
often referred to as a horn flush; the positioning of the
catheter is shown in Figure 8.4.

Other practitioners prefer to inflate the catheter just
inside the internal cervical os, thus collecting from both

Figure 8.4. Placement of catheter for nonsurgical embryo
recovery of uterine horn in bovine. Courtesy of G.E. Seidel, Jr.
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Figure 8.5. Nonsurgical embryo recovery of a donor cow using
a gravity flow system for inflow of medium and a filter for
collection of embryos. Courtesy of B. Stroud.

uterine horns and the uterine body simultaneously. Flush
fluid is introduced into the donor cow either by gravity flow,
as seen in Figure 8.5, or by injection with a large syringe.
Figure 8.5 also illustrates the use of an embryo filter (see
Figure 8.3) held in a ring clamp. In gravity flow collections,
flush fluid exiting the uterus passes through a 70 micron
stainless steel or nylon mesh in a plastic filter.

All nonsurgical collection procedures involve repeatedly
filling and emptying the uterus with flush fluid; some prac-
titioners opt to flush each horn separately, while others flush
both horns and the body simultaneously.

A number of isotonic media often based on Dulbecco’s
PBS, and containing antibiotics and a surfactant such as
BSA or polyvinyl alcohol, can be successfully used for
recovering embryos of all the species in this review.
Embryos usually remain viable in this fluid for at least 24
hours.

Horses

Embryos are recovered quite reliably from mares via non-
surgical flushing of the uterus. The procedure is different
from that used in cattle in that a much larger catheter is
used, and the cuff is inflated just inside the internal os of
the cervix. The uterus is then filled and emptied several
times and a total of 2—61 of medium is used. The outflow
medium of the flush is either collected in a vessel or run
through an inline embryo filter of the same type used in
cattle.

Pigs

Embryos are recovered surgically in commercial ET pro-
grams, although there is at least one report of a nonsurgical
protocol (Hazelberger et al., 1989). A mid-line incision is
performed with the sow on her back under anesthesia. The
uterotubal junction in the pig does not allow for retrograde
flushing of embryos from the uterus and back through the
oviduct. Instead, embryos are flushed out of the uterus
through a cannula into a tube or dish (see Figure 8.6).

Sheep and Goats
In commercial situations, embryos are surgically recovered
from both of these species via a mid-line incision with the

Figure 8.6. Surgical embryo recovery of (A) an ewe and (B) a sow. (A) Courtesy of D. Osborn, (B) courtesy of C.M. Murphy.
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Figure 8.7. Diagram of surgical embryo recovery (left) and transfer (right) in sheep and goats. Courtesy of R.S. Castelberry.

female under anesthesia (see Figure 8.6). In some cases, a
laparoscopic approach is used.

The placement of a small catheter and the technique for
injecting flush medium are illustrated in Figure 8.7. This
approach can be used for both goats and sheep. The method
for surgically transferring embryos in these two species is
also illustrated.

A nonsurgical, transcervical method was described as sat-
isfactory in goats (Pereira et al., 1998). This method involves
the use of a speculum to visualize the cervix in a standing
goat. Using forceps, the external os of the cervix was then
pulled almost to the vulvar opening so that a small catheter
could be introduced and pushed forward into the uterus.

Dogs and Cats

Because maturation of canine oocytes is completed in the
oviducts several days after ovulation, embryo recovery is
normally not scheduled until eight to 11 days after ovulation
or four to seven days after insemination or mating. Based
on counts of corpora lutea in one study, 43 percent of poten-
tial embryos were recovered by a surgical approach (Tsutsui
et al., 2001). Embryo recoveries in these two species are
normally performed with the animal under general anesthe-
sia; a mid-line incision is made, the reproductive is exterior-
ized, and the uterus flushed in a manner similar to that
shown for pigs and sheep in Figures 8.6 and 8.7. A cannula
rather than a catheter is often used for the outflow.

Embryo Handling and Evaluation

The mammalian oocyte is the largest cell in the body.
Oocyte diameters of all the species covered in this review
are similar and in the range of 150 to 180 microns. Aside
from the similarity in the size of oocytes at ovulation,
however, there also are significant differences in early
embryonic development among these species. For example,
on day 8 after estrus, the cow embryo normally has reached
the expanded blastocyst stage, with a diameter of approxi-
mately 250 microns, and hatches from the zona pellucida
shortly thereafter. The development of cattle embryos from
the late morula to the expanded blastocyst stage is shown
in Figure 8.8.

The morulae and early blastocysts in Figure 8.8 are
typical of the embryos recovered on day 7 post-estrus in
cattle. The expanded blastocyst is a typical day-8 embryo.
Following the embryo recovery procedure of a donor,
embryos are normally located in the flush fluid with the aid
of a stereomicroscope at 6x to 10X magnification, trans-
ferred to holding medium, and evaluated at 50X magnifica-
tion. Careful examination with a stereomicroscope of
ova/embryos that are recovered from donors is necessary
to ensure that viable embryos are not discarded, or on the
other hand, unfertilized ova are not transferred or cryopre-
served. A highly magnified view of an excellent quality late
morula and an unfertilized ovum is shown in Figure 8.9.
This is a good example of how these two stages are some-
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Figure 8.8. In vivo-derived cattle embryos. (A) Day-7 morula; (B) day-7 morula with extruded cells; (C) day-7 early blastocyst with
extruded material; (D) day-7 early blastocyst with two blastocyst carities; (E) day-8 expanded blastocyst.

times difficult to differentiate unless they are examined
carefully at a magnification of at least 50x.

Following fertilization, horse zygotes increase in size
much more rapidly than cattle embryos and may reach
1,000 microns in diameter by day 8. Other differences in
embryos among the species in this review include the

Figure 8.9. (A) Day-7 compact bovine morula; (B)unfertilized
bovine ovum.

amount of lipid, the presence or absence of a capsule, and
the time of implantation.

Cattle

Cattle embryos tolerate storage very well at ambient tem-
perature in a variety of holding media. A pH of 7.25 to 7.35
and osmolality of approximately 275 are ideal, although
cattle embryos can tolerate rather large deviations from
these values for a period of several hours.

It was recently reported that a higher percentage of
embryos from lactating dairy cows were classified as poor
morphological quality and containing more lipids than
embryos from non-lactating dairy heifers (Leroy et al.,
2005) Examples of the appearance of some of the embryos
from these groups of cows is shown in Figure 8.10.

The dark appearance of one embryo is due to the block-
age of the light transmitted from below the embryo as
viewed with a stereomicroscope. Leroy et al. (2005) at-
tributed the greater density of this type of embryo to the
presence of more than the normal number of lipid droplets
in the cytoplasm. It is a widely held view in the ET industry
that lipids decrease pregnancy rates and survivability fol-
lowing cryopreservation (personal communication). The
differences between the donor groups in this study were
dramatic, with only 13 percent of embryos classified as
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Figure 8.10. Two bovine morulae categorized as pale and dark. Courtesy of Leroy et al., 2005.

excellent and 24 percent with a high lipid content from
lactating cows, compared to 63 percent and less than 1
percent, respectively, from the non-lactating group. Unfor-
tunately, pregnancy data following transfer of these embryos
into recipients were not included in the study.

Horses

Horse embryos can be maintained at room temperature for
a period of several hours in the same media that have proven
to work well for cattle embryos. One difference between the
two species, however, is that traditional methods for embryo
cryopreservation do not work well for horse embryos, espe-
cially for those that are greater than 300 microns in dia-
meter (Squires et al., 2003). Horse embryos are often
collected at one location and suitable recipients are located
elsewhere, often at a distant location. Horse embryos survive
cooling very well and thus can be shipped overnight in
liquid holding medium in a chilled container (Carney et al.,
1991), with high resulting pregnancy rates following ET
(Squires et al., 1999). Horse embryos develop a translucent,
elastic glycoprotein capsule under the zona starting about
day 6 after ovulation (Betteridge, 1989). The capsule
remains for approximately 10 days around the blastocyst
during its dramatic increase in diameter.

Pigs

Pig embryos are more sensitive to temperature than many
other domestic species and cannot be stored at refrigerator
temperature (4°C) prior to transfer (Pollard and Leibo,
1994) as can cattle and horse embryos. Unique among the
species in this review, it was shown that embryos from
superovulated sows vary in rate of development relative to
the dosage of eCG used for superovulation (Hazeleger et
al., 2000). A dosage of 1,0001U of eCG resulted in blasto-
cysts with more cells but a similar diameter to blastocysts
from sows that received 1,5001U of eCG.

Sheep and Goats
Sheep and goat embryos tolerate handling and short-term
storage similarly to cattle embryos.

Dogs and Cats

The 8-cell dog embryo in Figure 8.11 is characterized by
rather dark cytoplasm. Dog embryos develop a capsule-like
structure that is similar in appearance to what has been well
described in the mare. This structure, evident in the photo-
micrographs of the blastocysts in Figure 8.11, has not been
well-characterized in the literature. The tendency of dog
blastocysts to shrink after recovery, also evident in Figure
8.11, has been described (Tsutsui et al., 2001). It has been
suggested that the capsule-like structure is, in fact, the zona
pellucida and that in the dog it is somehow chemically
altered by the embryo; there is an evident change in elastic-
ity so the dog zona does not maintain its shape as do the
elastic zonas of most other species (D.C. Kraemer, personal
communication). There are no published accounts detailing
any specific storage requirements for either dog or cat
embryos.

Embryo Transfer

ART procedures for all species that include the transfer of
embryos ultimately depend on the availability of suitable
recipients. Many factors that influence the suitability of
potential recipients have been identified. Methods for pre-
paring females to serve as recipients vary significantly
among different species. In cattle, it often is taken for
granted that females can be maintained in a group and that
estrus, as manifested in mounting behavior, can be easily
observed. Mares do not exhibit mounting behavior in a
group of females and detection of estrus is much more labor
intensive and requires the presence of a stallion.

Induction of estrus in cows and horses is rather easy with
the use of prostaglandin (PG). Controlled intrauterine drug-
releasing devices (CIDR) frequently are also being used
in cows, but rarely in horses, and often this includes treat-
ment with GnRH or estrogen. Synchronization schemes in
some of the other species covered in this review are more
complicated than in cattle and horses. For example, proges-
terone and estrogen treatments do not work in pigs as they
do in cattle because estrogen may induce pseudopregnancy
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Figure 8.11. In vivo-derived dog embryos. (A) 8-cell embryo; (B) early blastocyst; (C) blastocyst that has collapsed inside the
capsule-like structure; (D) expanded blastocyst. Courtesy of D.C. Kraemer.

(Pusateri et al., 1996). This is because estrogen is the signal
for maternal recognition of pregnancy in the pig (Bazar et
al., 1986).

Cattle

Today, cattle embryos are nearly always transferred to
recipients nonsurgically. A few embryo transfer practitio-
ners still use surgical procedures in rare situations. Before
the mid-1970s, most cattle embryos were transferred surgi-
cally while the recipients were secured on their backs under
general anesthesia in a surgical facility as shown in Figure
8.12.

Embryos were transferred through a mid-line incision
made between the udder and navel to expose the uterus.
While this procedure resulted in excellent pregnancy rates,
it was very labor intensive and required special facilities. A
simpler surgical approach, often called a flank transfer, was
developed that involved administering a local anesthetic,
making a flank incision, slightly exteriorizing the uterine
horn, and transferring the embryo through a puncture
wound in the uterine wall. This approach was used on cattle
and horses, and still is used on horses in some cases.

Nonsurgical transfers in cattle and horses are performed
with a special transfer gun, similar to that used for Al
Nonsurgical pregnancy rates in dairy heifers were reported
to be similar to those achieved with surgical flank transfers,
but pregnancy rates were lower with nonsurgical compared
to surgical transfers in diary cows (Hasler, 2006). Most

practitioners administer an epidural injection to relax the
rectal muscles.

Although it is similar to artificial insemination, nonsur-
gical transfer of embryos is a more challenging procedure.
First, embryos usually are transferred approximately seven
days after estrus. Because the cervix is closed at this stage
of the estrous cycle, transversing it with a transfer gun at
this time is much more difficult than performing Al
when a cow or heifer is in estrus. Sanitation is also more

Figure 8.12. Cow under general anesthesia, prepared for mid-
ventral surgical embryo recovery or transfer. Courtesy of G.E.
Seidel, Jr.
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Figure 8.13. Effect of synchrony between bovine embryo
age and recipient estrus on the pregnancy rate of recipients
following transfer of fresh or frozen-thawed embryos.

Plus asynchrony = recipient in estrus before donor; minus
asynchrony = recipient in estrus after donor. Courtesy of
Hasler, 2001.

important, because penetrating the cervix one week after
estrus is more likely to lead to uterine infection. In addition,
the embryo is transferred into the uterine horn on the ipsi-
lateral side on which ovulation occurred, whereas semen
usually is placed into the body of the uterus. Thus, bovine
ET practitioners must be able to palpate the corpus luteum
(CL) of the previous estrous cycle.

Both parity and breed affect the pregnancy rate of recipi-
ent cattle. Pregnancy rates were much higher in Holstein
heifers and heifers and cows representing a variety of beef
cattle breeds than in Holstein cows (Hasler, 2001). The
degree of estrous synchrony between the donor and recipi-
ent has been shown to have a very clear influence on preg-
nancy rates. The rates did not vary when the degree of
estrous asynchrony between donors and Holstein heifers
was no more than 24 hours plus or minus (Hasler et al.,
1987). Furthermore, there were no differences in pregnancy
rates relative to the degree of asynchrony among beef or
dairy cows and heifers (Hasler, 2001). Also, as seen in
Figure 8.13, although frozen-thawed embryos resulted in a
lower pregnancy rate following ET compared to fresh
embryos, the influence of synchrony was similar for both
fresh and frozen-thawed embryos.

It goes without saying that the quality of embryos that
are transferred is a significant factor in determining preg-
nancy rate. The IETS has adopted a classification of embryo
quality that assigns a rating of 1 (excellent/good), 2 (fair)
and 3 (poor) (Robertson and Nelson, 1998). In commercial
ET programs, some practitioners have further refined this
quality scale and separately record excellent and good
embryos. An example of this is seen in Table 8.2, which
clearly shows that embryo quality influences pregnancy
rates. However, the stage of transferred embryos, ranging
from late morulae to expanded blastocyts, did not affect
pregnancy rates.

Embryo transfer practitioners and scientists long have
sought and used various drugs (clenbuterol, ibuprofen, flu-
nixin meglumine) and hormones (progesterone, hCG, eCG,
GnRH) in attempts to improve pregnancy rates in recipi-
ents. Injection of these products before and/or after transfer
has not resulted in consistently higher pregnancy rates in
the field trials and experiments that have been conducted
thus far. However, a recent field trial, in which flunixin
meglumine was administered to recipients a few minutes
prior to ET, resulted in higher pregnancy rates compared to
controls on two farms but not on a third farm (Purcell et al,
2005).

Horses
A transfer gun holding a one-half cc straw is often used for
horse ET, because after day 7, equine embryos are fre-
quently too large to fit in a one—fourth cc straw. Recipients
are generally sedated and the perineal area scrubbed prior
to transfer. Embryos can be transferred into one of the
uterine horns, although results are quite good with transfer
into the uterine body. Pregnancy rates following nonsurgi-
cal transfer have been reported to be in the range of 70
percent one week after transfer and comparable to those
achieved with flank surgical transfer (Squires et al., 1999;
Fluery and Alvarenga, 1999; Foss et al., 1999).

As with all species, the health and management of the
recipients is probably the single most important factor in

Table 8.2. Effects of embryo grade and stage of
development of fresh and frozen-thawed bovine in vivo-
derived embryos on pregnancy rates of recipients.

Fresh Frozen
:::3:3’0 g(;.nsfers % pregnant ﬁ(a)l.nsfers % pregnant
1 (excellent) 4,163 73° 2,482 63?2
2 (good) 3,156 68° 2,329 57°
3 (fair) 1,641 56° 454 44°
4 (poor) 61 48° 22 36°°
Embryo
stage
M 5,633 67 3,576 58
EB 1,978 70 1140 61
MB 995 71 478 58
XB 391 71 93 51
HB 25 56 — —

#®cyalues in columns without common superscripts vary significantly
(P < 0.05). (Hasler, 2001).

M = morula, EB = early blastocysts, MB = mid blastocyst, XB = expanded
blastocyst, HB = hatched blastocyst.
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ensuring a high pregnancy rate following ET. Because the
CL of horses is not readily discernable by rectal palpation
as in cattle, ultrasonography is widely used to determine the
suitability of recipient mares. Synchrony between the age
of the embryo and the stage of estrus of the recipient is less
critical than in cattle. Similar pregnancy rates have been
reported for recipients ranging from plus one day (before
the donor) to minus three days (after the donor) (McKinnon
et al. 1988). The tone of uterus and cervix prior to ET are
important in selecting suitable mares (Carnevale et al.,
2000). Ovariectomized, progesterone-treated mares have
been successfully used as recipients (McKinnon et al.,
1988).

Pigs

Most if not all pig embryos are transferred surgically in
commercial programs. Experimental nonsurgical proce-
dures have been described, with success rates ranging from
poor to moderate (reviewed by Hazeleger and Kemp, 1999,
2001). It was recently reported that 71 percent of sows far-
rowed an average of 6.9 piglets following nonsurgical trans-
fer into one uterine horn using a catheter specifically
designed for the procedure (Martinez et al., 2004). In a
commercial application of nonsurgical transfers averaging
28 blastocysts per gilt recipient, 41 percent farrowed an
average of 7.2 piglets, compared to 12.8 percent for controls
(Ducro-Steverink et al., 2004). In another recent report,
success of nonsurgical transfer in gilts was directly related
to the number of the estrus, with cervical passage not pos-
sible unless gilts had exhibited three or more estrous cycles
(Cuello et al., 2005).

More work is needed to clarify whether the pregnancy
rate in recipient sows is significantly affected by the loca-
tion in the uterus of transferred embryos. Youngs (2001)
reviewed the literature showing that at least four pig embryos
must be transferred to establish pregnancy and that the
pregnancy outcome following transfer to one or both uterine
horns is not entirely understood. Youngs (2001) also
reviewed the literature on estrus synchrony between donors
and recipients. More complex than in monotocous species
such as cattle and horses, there seems to be an interactive
relationship between embryo ages within a group and the
synchrony of the recipient in pigs. For example, small blas-
tocysts had a lower pregnancy rate than large blastocysts
when transferred to synchronous recipients, while there was
no difference in survival in recipients that were one day
minus (estrus one day after the donor).

Another apparent anomaly unique to the pig was the
report that embryos produced with 1,0001U of eCG resulted
in a 71 percent pregnancy rate following transfer to recipi-
ents, compared to only 46 percent for embryos resulting
from 1,5001U of eCG (Hazeleger et al., 2000).

Sheep and Goats
Two embryos are routinely surgically transferred to each
recipient of these two species. Pregnancy rates are tradition-

ally high and in the 70 percent range. A diagram illustrating
surgical transfer into these species is seen in Figure 8.7.

Dogs and Cats

There are very few reports of ET involving dog embryos.
Tsutsui et al. (2001) reported that embryos ranging from
8-cell to blastocysts surgically transferred into three recipi-
ents that were between minus four to minus two days of
estrous asynchrony did not result in any pregnancies. Of 21
recipients that were minus one to plus two days of syn-
chrony, 12 (57 percent) became pregnant. The number of
pups born relative to the number of embryos transferred in
this group was 52 percent.

There has been a good deal of attention centered on ET
in domestic cats as a model for endangered feline species
(Pope, 2000). Successful ETs have been reported by a
number of laboratories, but pregnancy rates have been low
(Farstad, 2000; Pope, 2000). Because cats are induced ovu-
lators, various hormonal treatments that may be less than
optimal have been devised to induce estrus and ovulation
in recipients.

Embryo Bisection

Embryos from some mammalian species can be divided in
two, and the halves, frequently called demi embryos, can
potentially develop into identical twins following ET.
Embryo bisection, often referred to as splitting, is usually
accomplished at the late morula or blastocyst stage prior to
hatching from the zona. When bovine embryo bisection was
first used commercially in the mid 1980s, it was thought
that each demi embryo needed to be placed back into a zona
(Williams et al., 1984). Consequently, zonas of unfertilized
ova were used to provide a home for the extra demi embryos.
This approach to embryo splitting required two microma-
nipulators: one with an aspiration pipette attached, the other
with a microsurgical blade. It was soon discovered, however,
that the pregnancy rate of demi embryos was the same
whether they were in a zona or not (Seike et al., 1989). In
addition, pregnancy rates were similar whether embryos
were divided with a glass microneedle or a metal micro-
blade (Kippax et al., 1991). These findings eliminated the
need for one micromanipulator and made the procedure
simpler and faster.

Embryos can be split while they rest on the bottom of a
Petri dish. A metal microsurgical blade used in this approach
is shown in Figure 8.14. The photomicrograph in Figure
8.14 shows two bovine demi embryos after the parent
embryo was split. The shadow of the microsurgical blade is
visible in this view from below the Petri dish. Some practi-
tioners split embryos with a handheld blade without the aid
of a micromanipulator.

Cattle
Identical twin Holstein calves derived from a split em-
bryo are shown in Figure 8.15. Because the migration of
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Figure 8.14. (A) Steel microsurgical blade attached to micromanipulator for bisection of embryos held in microdrops of embryo
holding medium on the bottom of a Petri dish. (B) Demi embryos after bisection viewed from below with an inverted microscope
through the bottom of a Petri dish. Note scratch from blade on the bottom of the Petri dish.

melanocytes is not strictly under genetic control, these
calves have slightly different hair color patterns.

A large census of embryo splitting based on a number
of different commercial cattle ET operations in the United
States showed that pregnancy rates were similar for embryos
split at the morula vs. blastocyst stage and at an age ranging
from six to seven and a half days (Gray et al., 1991). The
overall pregnancy rate following transfer of 1988 demi
embryos was 50.2 percent, which translates into a 100.4
percent pregnancy rate had the single intact embryos been
transferred. Embryo splitting is used by only a moderate
number of ET practitioners; primarily they do not want to

Figure 8.15. ldentical twin Holstein calves resulting from
transfer of bisected embryo (demi) halves. Courtesy of R.E.
Mapletoft.

develop the necessary skills, expend the time, or invest in
the equipment.

Between 1982 and 2006 a total of only 2,664 Holstein
calves resulting from bisected embryos were registered by
the (Holstein Association USA, Inc., personal communica-
tion). This is an average of just over 100 calves a year,
compared to 15,000-20,000 Holstein calves registered
yearly from intact embryos during this period. Numbers of
calves of other breeds resulting from transfer of demi
embryos are not available.

Horses

Two sets of identical horse twins were produced from demi
embryos that resulted from the separation of 8-cell embryos
recovered from the oviducts of donor mares (Allen and
Pashen, 1984). The demi embryos were produced with the
aid of a micromanipulator and each demi was imbedded in
an agar chip to prevent the blastomeres from dispersing.
The demis were then temporarily cultured in sheep oviducts
and, after three and a half to five days, recovered and
transferred to recipient mares. Obviously, this approach to
embryo splitting is labor intensive and expensive. The pres-
ence of the capsule inside the zona of developing horse
embryos interferes with conventional splitting as practiced
in cattle, and there is currently no commercial activity
involving equine embryo splitting.

Pigs

Normal piglets have been produced following transfer of
demi embryos that were split by either a glass microneedle
(Nagashima et al., 1988) or a steel microblade (Ash et al.,
1989). In addition, it has been demonstrated that pregnancy
rates are similar whether or not demi embryos are trans-
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ferred within a zona (Nagashima et al., 1988). This technol-
ogy has been used as a research tool in swine, but there is
currently no commercial application for it.

Sheep and Goats

Because two embryos are usually transferred into recipients
of these two species, embryo splitting would appear to have
a very practical application. Pregnancy rates following
transfer of zona-free goat (Nowshari and Holtz, 1993) and
sheep (Chesné et al., 1987) demi embryos, two per recipient,
were reported to be high. Udy (1987) reported that a com-
mercial goat embryo splitting project, in which the demis
were in zonas, resulted in 59 percent fetal survival at eight
weeks of gestation. Nevertheless there is apparently little or
no commercial use of embryo splitting in these two species.
Pregnancies from IVF-derived sheep embryos that were
split and transferred zona-free into recipients were reported
recently (Morton et al., 2006).

Dogs and Cats
There are no published reports of embryo splitting in these
two species.

In Vitro Fertilization

From its Latin origin, in vitro fertilization (IVF) means
“fertilization in glass,” although today it could more
accurately be described as “fertilization in polystyrene.”
IVF has been adopted as a generic phrase that often includes
the procedures of in vitro maturation (IVM) and in vitro
culture (IVC). All three procedures usually are conducted
in sequence to produce embryos exclusively in vitro
(IVP).

In 1959, the rabbit was the first mammalian species in
which live offspring were known to have been produced by
IVF (Chang, 1968). The next reported success was with
laboratory mice in 1968 (Whittingham, 1968). Subsequent
progress with in vitro technology in mice, however, often
did not extend to livestock species, because the mouse did
not prove to be a good procedural model.

Cattle

In 1977, in vitro fertilization in cattle was first accomplished
with semen capacitated in the oviduct or uterus of cows in
estrus or the uterus of a rabbit (Iritani and Niwa, 1977). The
first live calf resulting from IVF was born in 1981 as the
result of the transfer of a 4-cell embryo into the oviduct of
a recipient cow (Brackett et al., 1982). Pregnancies were
achieved following transfer of IVM-IVF bovine embryos
cultured in the oviduct of a sheep for five days (Critser et
al., 1986). Two calves were born following transfer of
embryos resulting from IVF with sperm capacitated using
calcium ionophore and the resulting zygotes cultured in
rabbit oviduct (Hanada et al., 1986). The first calves pro-
duced entirely from IVM, IVF, and IVC were born in 1987
(Fukuda et al., 1990).

Horses

The first foal born as a result of IVF was matured in vivo
(Palmer et al., 1991). This was followed by a report of the
successful intracytoplasmic sperm injection (ICSI) of
equine oocytes after IVM (Squires et al., 1996) and the
birth of a foal in 1996 (McCullen, 1996). As noted by Allen
(2005), IVF in the horse has been extremely disappointing
and only two live foals have been born to date using in
vivo-matured oocytes recovered by ovum pick-up (OPU).

Pigs

The first birth of piglets resulting from the IVF of oocytes
matured in vivo occurred 1985 (Cheng et al., 1986). Suc-
cessful IVM and IVF of pig oocytes with the subsequent
birth of piglets were reported in 1989 (Mattioli et al.,
1989).

Sheep and Goats

In vitro fertilization in the goat was independently reported
in 1984 by Rao et al. (1984) (achieved with xenogenous fer-
tilization in the rabbit oviduct) and Hanada and Pao (1984),
who used ionophor-capacitated spermatozoa. The first preg-
nancies in goats from IVM and IVF were announced by
Younis et al. in 1991, followed by the birth of a kid that
resulted from in vivo culture in 1992 (Crozet et al., 1993).
The first documented kid resulting from complete in vitro
methodology was described in 1994 (Keskintepe et al.,
1994), and in 1985 the first lambs resulting from IVM and
IVF were reported by Cheng et al. (1986).

Dogs and Cats

The first reported in vitro success in cats involved in vitro
maturation followed by IVF (Goodrowe et al., 1988). The
first and only reported pregnancy from IVF oocytes was
reported by England et al. (2001).

Research involving in vitro procedures has grown dra-
matically in recent years and there is a very large and
rapidly expanding body of literature. For example, even
though the first calves resulting entirely I[IVP were not born
until 1987, Ian Gordon’s review of laboratory production of
cattle embryos (1994) contains more than 170 pages of ref-
erences on the subject.

Oocyte Collection

There is considerable variation in the methods of collecting
oocytes from the species covered in this chapter. Transvagi-
nal aspiration of ovaries manipulated per rectum and guided
by a vaginally-inserted ultrasound probe is used in cattle
and horses. Smaller species require a laparoscopic approach
in which follicles are visibly identified and aspirated.

Cattle

Originally, in vitro procedures in cattle primarily were con-
ducted for research purposes and used oocytes collected
from superovulated females. When collected either from
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preovulatory follicles or oviducts 20 to 24 hours after onset
of estrus, these oocytes had already undergone maturation
and thus were ready for in vitro fertilization and in vitro
culture. Oocytes collected from slaughterhouse-procured
ovaries were not useful for studying fertilization and culture
until in vitro maturation techniques were improved. Conse-
quently, oocytes for research were obtained surgically from
superovulated cattle in the 1970s and 1980s (Bederian et
al., 1975; Brackett et al., 1980). Although laparoscopic pro-
cedures for oocyte retrieval via the paralumbar fossa were
developed in the 1980s (Lambert et al., 1986), this approach,
like surgical procedures, was expensive, inefficient, and
risked the formation of adhesions with subsequent loss of
fertility.

The introduction of real-time transrectal ultrasonic
imaging (for review, see Griffen and Ginther, 1992) led to
the development of techniques for the repeated collection
of oocytes from bovine females. Ultrasound-guided collec-
tion of oocytes via the paralumbar fossa was described in
1987 (Callesen et al., 1987). The first repeatable, efficient
technique involving transvaginal ultrasound-guided aspira-
tion was developed in 1988 (Pieterse et al., 1988) and has
become the predominant technique for oocyte collection
from living cattle. This technique has become widely known
as ovum pick-up (OPU). An ultrasound transducer and
attached needle guide of the type used in cattle and horses
is shown in Figure 8.16. A diagram of how the transducer
is inserted into the vaginal fornix so that a needle can be
guided through the vaginal wall and into the ovary is also
shown.

Bols et al. (1996a) and Fry et al. (1997) clearly demon-
strated that the proportion of oocytes surrounded by a
compact cumulus decreased as vacuum pressure increased.

In addition, Bols et al. (1996a) showed that although recov-
ery rates were higher from 18 gauge needles than from 19
or 21 gauge needles, a larger proportion of oocytes with
intact cumulus were recovered with the use of the thinner
needles. In a comprehensive subsequent study using a dis-
posable needle guidance system, Bols et al. (1997b) proved
that aspiration with long-beveled needles resulted in higher
oocyte recovery rates than did short-beveled needles.

A significant degree of variation has been reported in
the literature regarding the number of oocytes collected via
OPU. The number of bovine oocytes ranges from 4.1 (Hasler
et al., 1995) and 5.3 (Looney et al., 1994) usable oocytes
collected from combined populations of dairy and beef
breeds to much higher average numbers. Especially impres-
sive are reports of averages of 17 to 25 oocytes routinely
collected in Brazil from Nelore cattle, an indigenous breed
of Brahman origin (personal communication). This proba-
bly reflects higher numbers of follicles developing in each
follicular wave in these cattle.

There have been a number of different approaches to
increasing the number of oocytes collected by OPU. Several
workers showed that the number of oocytes per collection
was similar whether bovine females were collected twice
weekly, i.e., every three or four days, or only once weekly
(Van der Schans et al., 1991; Gibbons et al., 1994; Broad-
bent et al., 1997). Hasler (1998) reported that numbers of
oocytes per OPU session remained comparable whether
donors were collected at three-, four-, or seven-day inter-
vals. At Holland Genetics (Hanenberg and van Wagten-
donk-de Leeuw, 1997), the influence of collection interval
varied between locations of OPU collection units. In two of
three units, three- and seven-day intervals between OPU
resulted in significantly more oocytes than a four-day inter-
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Figure 8.16. (A) Ultrasound transducer with oocyte aspiration needle protruding from needle guide. (B) Diagram showing position
of the ultrasound transducer pressed against vaginal fornix, with ovary manually manipulated per rectum and held up against the

vaginal wall.
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val. The percentage of oocytes that developed into trans-
ferable embryos, however, was significantly higher for
three- and four-day collection intervals than for seven-day
intervals. Garcia et al. (1996) reported 5.5 oocytes were
collected at each OPU session at seven-day intervals on
Holstein heifers versus eight oocytes per session when
OPU was conducted twice weekly at three- and four-day
intervals.

The results of pretreatment of donors with gonadotro-
phins prior to OPU results in a larger yield of oocytes per
OPU session (Bols et al., 1996b; Goodhand et al., 1999; de
Ruigh et al., 2000). A so-called “coasting period” involving
48 or 84 hours of FSH starvation was shown to improve
oocyte developmental competence as expressed by the rate
of development of the 8- and 16-cell stage (Blondin et al.,
2002). Recently, this concept has been successfully
employed in a commercial bovine IVP business (Durocher
et al., 20006).

In a recent, very comprehensive comparison of different
OPU intervals with and without FSH, Chaubal et al. (2006)
reported that the most productive protocol in terms of
oocyte and embryo production involved dominant follicle
removal, FSH treatment 36 hours later, and OPU 48 hours
after FSH. This treatment was alternated weekly with
simple once weekly OPU. The OPU weekly session involv-
ing FSH averaged 10.6 oocytes and 2.4 blastocysts, while
the alternating weekly OPU with no FSH averaged 4.6
oocytes and 0.9 blastocysts.

Pavlok et al. (1996) injected cows once with recombi-
nantly derived somatotropin (rBST) and noted more good
quality oocytes but no difference in follicle numbers com-
pared to control cows. Bols (1997a) treated heifers with
rBST on a weekly basis and performed OPU twice weekly
for 10 weeks. There was a tendency for the number of fol-
licles to increase over the 20 OPU sessions, with the number
of follicles higher in the treated group. However, there was
no difference between the treated and control groups in the
number of oocytes recovered.

There is little literature regarding the age of bovine
donors relative to the number of oocytes collected by OPU.
Among Holstein donors that were collected at Em Tran by
OPU at least 20 times over a period of four to six months,
age was a highly significant (P < 0.001) source of variation
(Hasler, 1998). However, the only significant difference
among groups (P < 0.05) was the higher number of oocytes
from the six- to nine-year-olds compared to the 14- to 18-
year-old age group. A regression analysis showed a linear
decrease in oocyte numbers relative to collection session
and an interaction of age in the degree of the decline
(P <0.005). The number of oocytes decreased between 0.11
and 0.30 per OPU session for cows in the different age
groups.

In contrast to these results, Boni et al. (1997) recently
showed that although follicle numbers varied, they did not
significantly decrease with repeated, twice-weekly OPU
sessions over a three- to six-month period. However, the

authors did not report on oocyte numbers and, as shown by
Bols (1997b), follicle numbers were not always correlated
with the number of oocytes retrieved.

There is considerable variation between donors in terms
of oocyte production over time. A dramatic example of the
relationship between repeated OPU over a long period of
time and oocyte recovery and embryo production was
described by Hasler (1998). A Holstein donor, eight years
of age at the start of OPU, produced a total of 176 embryos
by 23 different sires, primarily as a result of weekly OPU
collections. Although oocyte numbers clearly decreased
relative to OPU session, oocyte viability, as evidenced by
embryo production, did not appear to change over time.
This clearly shows the potential for production of large
numbers of embryos by OPU-IVP methods and the advan-
tage of using different sires weekly or even bi-weekly.

In addition to bovine oocyte retrieval by ultrasound-
guided OPU, there are several situations in which oocytes
are removed from excised ovaries. When cows either
develop terminal diseases or become crippled, ovaries can
be removed via a flank laparotomy or through a vaginal
incision and the oocytes recovered by follicular aspiration
or slicing. Stringfellow et al. (1993) reported collecting
an average of 46 oocytes from 18 culled dairy cows by
slicing the ovarian cortex. In a highly successful commer-
cial program, Green and McGuirk (1996) reported produc-
ing an average of 46 oocytes and nine embryos per donor
in more than 100 cases of chronically ill, injured, and senile
COWS.

A third type of commercial cattle OPU program involves
production of valuable embryos from ovaries procured from
slaughterhouses. In a mass-production system using ovaries
from the slaughterhouse, Lu and Polge (1992) reported pro-
ducing more than 200,000 in vitro-derived blastocysts from
approximately 700,000 oocytes in two years. Although this
program is no longer in operation, it demonstrated the
potential for production of IVP embryos from cattle after
slaughter. It has been reported that occasionally between
100 and 200 oocytes can be harvested from one pair of
ovaries (Vajta et al., 1996).

In Japan, ovaries from individual Kobi cows are pro-
cured at the time of slaughter and sent to an IVP lab for
processing. Later in the same day, carcass values of the
individually-identified cattle determine which oocytes will
be retained and processed through the entire IVP proce-
dure. In Italy, thousands of cattle embryos have been
cultured in sheep oviducts for six days following IVM and
IVF and then frozen and exported (Lazzari and Galli,
1996).

Horses

Oocytes can be collected from mares via OPU using the
same ultrasound equipment that is used in cattle. One
difference between the species is that oocytes are usually
collected after a specific in vivo maturation period in the
mare, because complete maturation cannot be successfully
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achieved in vitro with mare oocytes. Mare oocytes also can
be collected from slaughterhouse-derived ovaries. However,
research with equine oocytes is difficult because there are
very few equine slaughterhouses remaining in the United
States and ovaries often must be shipped long distances.
Storage simulating long-distance shipment of equine ovaries
for extended periods of 15 to 18 hours at room temperature
or 4°C resulted in significantly lower in vitro maturation
rates compared to control ovaries (Love et al.,, 2003).
Oocytes transported in CO, equilibrated maturation medium
achieved maturation equivalent to that for standard
incubation.

The large size of pre-ovulatory follicles in the mare and
the firm attachment of the cumulus to the follicle wall make
recovery more difficult than in cattle (Briick et al., 1999).
In fact, successful collection of oocytes from slaughter-
house-derived or excised mare ovaries usually involves
scraping the follicle wall.

Other Species
Oocytes from other domestic animals are collected by three
general methods:

® Qocytes are obtained from excised ovaries either by fol-
licular aspiration or by slicing or mincing the ovaries.

® Qocytes are aspirated while the ovaries are exposed in
situ either via a laparotomy or viewed through a
laparoscope.

® Qocytes are aspirated while the ovaries are viewed with
the use of a transvaginal ultrasound transducer.

The range in the number of oocytes collected in different
species as reported in various studies is extreme (Hasler,
1998). A number of factors may affect the number of oocytes
collected fromdifferentspecies, including collection method,
animal breed, age and health status, season, reproductive
status, and pretreatment with hormones and/or drugs.

Sheep and Goats

OPU in these species generally involves a laparoscopic pro-
cedure. In some cases the ovaries are exteriorized and the
oocytes collected with a needle connected to a syringe.
Treatment of ewes with FSH was shown to increase the
numbers of follicles and oocytes collected via OPU (Morton
et al., 2005) and to result in a higher percentage of oocytes
developing into blastocysts compared to control groups
(Berlinguer et al., 2004).

Dogs and Cats

Although preovulatory oocytes can be aspirated from the
ovaries of living dogs and cats, most in vitro research in
these two species has involved the collection of ovulated
oocytes from the oviducts or from excised ovaries. Slicing
the ovaries has proven to be more efficient at releasing
oocytes than aspiration in both species, with an average of
12 oocytes per donor in dogs (Rodrigues and Rodrigues,
2003) and 18.8 in cats (Freistedt et al., 2001).

In Vitro Maturation

In some cases, oocytes are allowed to mature in vivo and
then are collected via aspiration from Graafian follicles just
prior to ovulation. However, this requires very precise
timing of the collection and in most cases, immature oocytes
are collected and then matured in vitro.

Cattle

Because of the interdependence of each step in the [IVMFC
sequence, there were difficulties in improving the technol-
ogy in cattle. For example, development of IVC media could
not progress rapidly until large numbers of zygotes were
available. Production of zygotes, however, depended on the
development of semen capacitation procedures and suitable
fertilization media as well as the availability of mature
oocytes. Except for the small numbers removed from super-
ovulated females, mature oocytes were not readily available
until IVM techniques were perfected. Thus, IVF could not
be efficiently studied without IVM, but the only definitive
proof of complete IVM is fertilization followed by normal
cleavage and embryonic development. Such development,
however, depends on a suitable IVC system. Currently, the
efficiency of IVM is high enough to make feasible extensive
research using immature oocytes obtained from slaughter-
house ovaries.

Two aspects of IVM in the bovine are rather remarkable.
Oocytes aspirated from a variety of the follicles in any
given wave can be induced to mature in approximately 24
hours. Second, maturation can be induced in vitro with a
wide variety of media. Although it is known that oocytes
from follicles less than 2mm in diameter exhibit lower
rates of maturation than oocytes from larger follicles
(Schellander et al., 1989; Pavlok et al., 1992), a high per-
centage of oocytes from larger follicles are competent to
undergo IVM.

Not all oocytes collected by OPU from living donors are
suitable for processing in an in vitro system. The reproduc-
tive status of the donor, the size and age of individual folli-
cles, and the OPU technique may affect the type and quality
of oocytes that are recovered. In commercial applications
of IVF, oocytes usually are categorized in one of four types,
of which only types I and II have a realistic possibility of
developing into embryos, as shown in Figure 8.17.

The actual rates at which these four types of oocytes
developed into blastocysts in a commercial IVP program
are shown in Table 8.3. Type III oocytes, often referred to
as nude oocytes because they have no cumulus investment,
have an extremely low incidence of progressing through
IVM and IVF and developing into blastocyts. Type IV
oocytes can range from slightly mature to atretic with pyc-
notic cumulus cells. Type I oocytes have the highest rate of
development and are often used exclusively in research.

It has proven to be very feasible to transport bovine
oocytes during the maturation process. High rates of embryo
development have been routinely achieved from oocytes
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Figure 8.17. Variety of immature bovine oocytes aspirated by OPU. (A) Type I oocyte with more than four layers of compact
cumulus; (B) type II oocyte with one to three layers of cumulus; (C) type 3 nude oocyte; (D) type 4 oocyte with expanded cumulus.

collected at several locations, placed in CO,-equilibrated
maturation medium in sealed plastic tubes, and transported
within a portable incubator by automobile several hundred
kilometers (Holland Genetics, Arnhem, The Netherlands,
unpublished data). In addition, over a four-year period more
than 200,000 oocytes have been placed in CO,-equilibrated
IVM medium within sealed plastic tubes and shipped in a
battery-powered incubator (Minitub, Tiefenbach, West
Germany) at 39°C by overnight air transportation (Hasler,
unpublished data; Stringfellow et al., 1997). In most cases,
developmental rates from these oocytes have been similar

Table 8.3. Potential for fertilization and embryonic
development in different types of immature bovine oocytes.

QOocyte Cumulus No. % % %

Type Oocytes Cleaved Blastocysts Hatched

I >4 layers 571 65% 297 192

I 1t03 228 40° 8° 6°
layers

11} nude 289 38° <1° <1°

1% expanded 151 38° 7° 5°

#Values within a column with different superscripts differ significantly
(P < 0.025) (Hasler, 1994).

to those of control oocytes that underwent IVM in a station-
ary CO,-controlled incubator.

Horses

It was initially difficult to determine whether IVM was
successful in horses because of the very low rates of IVF
and subsequent in vitro embryo development. Fulka and
Okolski (1981) found that equine oocytes with compact
cumulus needed 48 hours of IVM to reach metaphase II.
Using TCM-199 containing FSH, LH, estradiol, and fetal
calf serum, Del Campo et al. (1995) showed that a maximal
percentage (55 percent) of equine oocytes reached meta-
phase II in 24 hours. Other groups have used 30 to 36 hours
for IVM (Alm and Torner, 1994; Choi et al., 1994; Briick
et al., 1996). Hinrichs and Williams (1997) recently dem-
onstrated that a larger proportion of horse oocytes with
expanded cumulus (74 percent) reached metaphase II during
24 hours of IVM than did oocytes with compact cumulus
(30 percent). They noted that oocytes from atretic follicles
had greater meiotic competence than did oocytes with
compact cumulus from viable follicles at the time of oocyte
collection. This is in direct contrast to the bovine
situation.

Pigs
It has been well established that nuclear maturation requires
significantly more time in pigs than in cattle (for review,
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see Day and Funahashi, 1996). In vitro maturation periods
as long as 48 hours in TCM-199 have been used suc-
cessfully to achieve metaphase II by some workers
(Kure-bayashi et al., 1996). Ding and Foxcroft (1992)
employed a 47-hour IVM period in TCM-199 and showed
that the presence or absence of follicular cells during IVM
did not influence the efficiency of nuclear maturation.
Oocytes matured in the presence of follicular cells, however,
showed a significantly increased rate of male pronuclear
formation.

This type of study clearly indicates that traditional
methods of assessing IVM, such as the oocyte reaching
metaphase II, does not necessarily prove the acquisition of
full maturational competence. The use of NCSU 23 medium
(Petters and Wells, 1993) with PMSG and hCG for a matu-
ration period of 44 hours proved to be a highly effective
IVM system (Koo et al., 1997). However, two-step IVM
systems, in which hormonal supplements in NCSU 23,
TCM-199, Waymouth’s Medium, or Whitten’s Medium are
present only during the first half of the culture period, have
also proven very effective in the pig (Abeydeera et al., 1997;
Funahashi et al., 1997b). A high rate of in vitro development
to blastocysts was achieved with pig oocytes preincubated
in NCSU 23 medium supplemented with 10 percent porcine
follicular fluid for 12 hours followed by 20 hours incubation
with PMSG and hCG and another 20 hours without hor-
mones (Funahashi et al., 1997a).

Sheep and Goats

Based on the percentage of sheep oocytes reaching meta-
phase II, Yadav et al. (1997) announced that 30 to 32 hours
was the optimal duration of IVM. Numerous other workers
(Thompson et al., 1995; Baldassarre et al., 1996; Bernardi
et al., 1996; Walker et al, 1996; O’Brien et al., 1997; Yadav
et al., 1997), however, have employed IVM durations of 22
to 26 hours with quite acceptable results, supported by
development of embryos in vitro. Almost universally, TCM-
199 supplemented with 10 percent or 20 percent serum,
FSH, and LH has been used for IVM in sheep.

Recently, acceptable rates of IVM were achieved with
ovine oocytes matured in a portable incubator in the absence
of continuous CO, (Byrd et al., 1997). These authors
reported that IVM and IVF rates were similar for oocytes
matured in plastic tubes containing either CO,-equilibrated
medium or HEPES buffered medium.

Most of the IVM systems that have been described for
goats (Younis et al., 1991; Martino et al., 1994; Crozet et
al., 1995; Keskintepe et al., 1997; Mogas et al., 1997; Yadav
et al., 1997) are very similar to those commonly used in the
bovine and most use TCM-199 supplemented with 20
percent bovine serum, FSH, LH, and estradiol. Most pub-
lished work also has shown that the optimal time for matu-
ration in the goat appears to be 27 to 30 hours, which is
longer than in the bovine. Keskintepe et al. (1996, 1997)
conducted IVM cultures in 5 percent O,, in contrast to the
20 percent O, generally used by others.

Dogs and Cats

In contrast to the other species covered in this review,
ovarian follicles in canids luteinize prior to ovulation and
primary oocytes are ovulated without formation of the first
polar body (Holst and Phemister, 1971). Maturation is com-
pleted in the oviducts over a period of two to three days
(Luvoni, 2000) and, as a consequence, traditional IVM
systems have not worked for dogs and other canids. Some
success was achieved using synthetic oviduct fluid, a high
concentration of BSA, oviductal cell culture, and a very
long maturation time of 96 hours (Hewitt and England,
1999). Several different hormone supplementation regimens
of IVM systems have been reported to achieve moderate
success with dog oocytes. Rodrigues et al. (2004) reported
that IVM using TCM-199 supplemented with estradiol and
human somatotropin resulted in oocytes that were success-
fully fertilized in vitro and developed to the 8-cell-stage.
Kim et al. (2005) added both estrogen (E2) and progester-
one (P4) to an IVM system and found that either hormone
alone improved the percentage of oocytes undergoing
nuclear maturation.

Furthermore, the combination of the two steroids,
depending on the concentrations, either decreased or
increased maturation. Epididurmal growth factor (EGF)
combined with FSH and LH in an IVM system significantly
enhanced cumulus cell expansion of dog oocytes (Bolamba
et al., 2006). Factors known to be involved in IVM of
canine oocytes were recently reviewed in detail (Luvoni et
al., 2005).

In vitro maturation has been more successful in the cat
than in the dog. Incubation of cat oocytes for 24 hours in
TCM-199 supplemented with hormones has reportedly
resulted in very satisfactory maturation (Freistedt, 2001;
Gomez et al., 2003).

In Vitro Fertilization

Distinct differences among species are perhaps no more
apparent than in the IVF of oocytes from the species
covered in this chapter. By chance, IVF in cattle is more
easily accomplished than in some of the other species
discussed here. Other species, especially the mare, have
provided real challenges that have not yet been entirely
solved.

Cattle

In vitro fertilization in the bovine presents a challenge quite
different from that encountered with traditional in vivo
insemination. As one might expect, IVF rates are low when
mature oocytes are exposed to inadequate sperm numbers.
In contrast to the situation in vivo, however, the use of
higher than optimal concentration of in vitro sperm numbers
results in polyspermy and the production of polyploid
zygotes. To determine a suitable concentration for IVF,
bulls can be tested at different semen concentrations using
slaughterhouse-derived oocytes, which then can be stained
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Figure 8.18. Polyspermic bovine zygote stained with orcein 18
hours after in vitro exposure to sperm. Note polyspermic
fertilization characterized by presence of four pronuclei
indicating presence of three sperm.

shortly after IVF and examined for the presence of more
than one male pronucleus (see Figure 8.18).

The wide range in the optimal sperm concentrations
among bulls used for IVF in one commercial program is
shown in Table 8.4. The four Holstein bulls illustrated rep-
resent the range of variation observed among many dozens
of bulls tested. Some bulls in this example, such as A,
worked best at a relatively low sperm concentration, while
C worked best at a high concentration. A few bulls, as
demonstrated by B, worked well over a wide range of sperm
concentrations.

Cleavage rates of inseminated oocytes have traditionally
been used as an index of the IVF fertility of bulls. In an
experiment using relatively high sperm numbers in all treat-
ments, Kurtu et al. (1996) did not find an influence within
sires of sperm concentration on cleavage rate. Others have

shown sperm concentration to be significant (Kroetsch and
Stubbings, 1992; Hasler, 1994; Brackett and Keskintepe,
1996). Cleavage rates are not always correlated with embryo
development rates, however, as illustrated by bulls C and D
in Table 8.4.

The relationship between in vitro cleavage and embryo
development also was demonstrated by data (unpublished)
from Holland Genetics, Arnhem, The Netherlands. There
was a highly significant difference (P < 0.001) in cleavage
rate among 63 sires that were used for IVF on more than
13,000 in vitro-matured oocytes obtained by OPU from
valuable donor females. The percentage of embryos that
developed to a transferable stage, i.e. late morulae or blas-
tocysts, was highly affected by sire (P < 0.001), supporting
previous observations (Eyestone and First, 1989a; Shi et al.,
1990; Brackett and Keskintepe, 1996).

Holland Genetics also observed a significant correlation
between cleavage rate and embryo development rate (P <
0.01) when sufficient numbers of oocytes were employed
for the in vitro procedures (unpublished, personal commu-
nication). There was not a significant correlation between
in vitro oocyte cleavage and the non-return rates of the bulls
when they were used in AI. However, there was a significant
correlation (P < 0.05) between the embryo development rate
and non-return rates.

These data provide a strong argument for the use of
embryo development, and not cleavage alone, as an index
of sire fertility. The data also indicate that there is a predic-
tive value for IVF relative to the in vivo fertility of bulls
used in the field. Interestingly, Schneider et al. (1996) con-
cluded that in vitro cleavage and embryo development did
not accurately predict fertility of bulls in the field, whereas
Marquant-Le Guienne et al. (1990), Bredbacka et al. (1997),
and Zhang et al. (1997) reached the opposite conclusion.
The non-return rates in the study by Schneider et al. (1996)
ranged from an average of 65.8 percent for the low group
to 73.2 percent for the high, while only approximately

Table 8.4. Variation among Holstein bulls in the cleavage rate and embryonic development of in vitro-fertilized bovine

oocytes.
Sperm concentration (millions/ml)
0.25 0.5 1.0

Bull No. Oocytes % Cleaved % Blasts® % Cleaved % Blasts % Cleaved % Blasts
A 1,221 74° 34° 63° 27 549 169

B 720 69 37 72 36 68 34

C 502 37° 15° 57° 24! 63° 349

D 946 78 45° 74 40° 74 32

aPercentage of blasts (blastocysts) was calculated on day 8 of IVC from the number of oocytes matured. **®Values for percentage cleaved within a row with
different superscripts differ significantly (P < 0.05) and ®“values for percentage of blasts within a row with different superscripts differ significantly

(P < 0.05). (Hasler, 1998)
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150 oocytes were used for each bull. The high correlation
between in vitro fertilization and non-return rates (r = 0.82,
P =0.004) found by Bredbacka et al. (1997) may have been
related to the wide range (30.2 percent to 73.0 percent) of
non-return rates among the sires tested. Zhang et al. (1997)
also studied bulls with a wide range (46.2 percent to 74.8
percent) of non-return rates and reported that cleavage rate
was more highly related to non-return rate (r = 0.59, P <
0.001) than was embryo development (r = 0.35, P < 0.05).

Horses

Successful in vitro fertilization has been very limited in
horses. Most studies have used fresh rather than frozen-
thawed semen. Capacitation rates much lower than those in
cattle were achieved with calcium ionophore (Del Campo
et al., 1990; Zhang et al., 1990), while similarly low rates
were reported for frozen-thawed semen prepared with
swim-up sperm and capacitated with heparin (Dell’Aquila
et al., 1996). Fertilization rates of 10 percent and lower were
achieved with fresh semen separated from seminal plasma
by centrifugation through Percoll™ (Marcos et al., 1996).

ICSI of horse oocytes has proven to work quite well;
however, embryo developmental rates in IVC following
ICSI have been low. When transferred to the horse oviduct
following IVM and ICSI, blastocyst development rates were
reported to be 36 percent (Choi et al., 2004) and there are
several reports of foals produced by ICSI into horse oocytes
matured in vitro (Squires et al., 1996; Dell’Aquila et al.,
1997; Galli et al., 2002). Although this approach is more
technically demanding than conventional IVF, it allows the
use of small numbers of fresh sperm, frozen-thawed sperm,
or sex-selected sperm. It was recently reported that equine
sperm subjected to two freeze cycles were able to initiate
embryo blastocyst formation via ICSI and that even non-
motile sperm resulted in blastocyst development (Choi et
al., 2006).

Another variation of in vitro production of horse embryos
involves gamete intrafallopian transfer (GIFT), in which
oocytes, after undergoing IVM, are transferred to the
oviduct of a recipient mare, and then the mare is mated or
artificially inseminated. Foals resulting from GIFT have
been reported by several research groups (Carnevale et al.,
2000; Scott et al., 2001; Hinrichs et al., 2002). A commer-
cial clinical program at Colorado State University has suc-
ceeded in producing numerous foals from sub-fertile donor
mares using in vivo matured oocytes and GIFT (Carnevale
et al., 2005).

Pigs

Polyspermic fertilization has proven to be a major problem
associated with IVF in pigs (for reviews, see Day and
Funahashi, 1996; Day, 2000), and a number of workers have
reported that more than 50 percent of IVF zygotes were
polyploid. It has been suggested that the block to poly-
spermy is slower in pigs than in other domestic species (Day
and Funahashi, 1996). Capacitation of boar semen does not

require the use of glycosaminoglycans such as heparin
and, in fact, capacitation can be induced with caffeine
(Funahashi and Day, 1993) or by incubating sperm in
TCM-199 for approximately 4 hours (Cheng et al., 1986;
Rath, 1992; Coy et al., 1993). Treatment of sperm with
methyl-f-cyclodextrin compared to caffeine resulted in a
lower rate of polyspermia, higher fertilization, and higher
blastocyst cell numbers (Mao et al., 2005).

Rath and Niemann (1997) achieved high in vitro fertil-
ization rates of in vivo matured oocytes with epididymal
sperm. These authors hypothesized that epididymal sperm
were superior for IVF compared with ejaculated semen due
to lack of contact with seminal plasma.

Recently it has been demonstrated that IVF sperm con-
centration can affect the developmental competence of in
vitro-matured pig oocytes following IVC (Koo et al., 2005).
In this study, structural integrity of blastocysts, based on
the ratio of inner cell mass to trophoblast cells, was lower
in embryos fertilized by higher sperm concentrations.

Sheep and Goats

Capacitation of ram spermatozoa with heparin for IVF was
described by Slavik et al. (1992). Without the use of heparin,
however, others have successfully achieved IVF with 2
percent (Walker et al., 1994; O’Brien et al., 1997) or 20
percent (Baldassarre et al., 1996) estrous sheep serum or
20 percent metestrous sheep serum (Pugh et al., 1991) in
synthetic oviduct fluid.

In vitro fertilization in goats has been proven to work
satisfactorily with techniques very similar to those used in
cattle (Younis et al., 1991; Pawshe et al., 1994; Mogas et
al., 1997). It has also been shown that caprine blastocysts
can be produced following intracytoplasmic sperm injec-
tion and in vitro culture (Keskintepe et al., 1997).

Dogs and Cats

Rates of IVF in dogs have been low; for example Otoi et al.
(2000) reported only one blastocyst developing of 217
inseminated oocytes. In vitro fertilization in cats has been
more successful than in dogs (reviewed by Luvoni, 2000).
In addition, several laboratories have reported successful
fertilization via subzonal sperm insertion SUZI in the cat
(Farstad, 2000; Luvoni, 2000).

In Vitro Culture of Embryos

Many different types of in vitro systems have been designed
for the culture of mammalian embryos. Although there
is no absolute agreement among researchers, IVC systems
are often classified as “defined,” ‘“semi-defined,” or
“non-defined.”

Defined culture systems are those in which all of the
components can be chemically defined and, as a conse-
quence, products such as serum and BSA are not included.
It should theoretically be possible for a defined system to
be exactly replicated in any laboratory at any time.
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Semi-defined systems are those in which every compo-
nent is chemically defined with the exception of BSA.
Although BSA is obviously more chemically defined than
the serum from which it is refined, different lots of BSA
have been shown to vary significantly in their ability to
support the IVC of embryos, including those of hamsters
(McKiernan and Bavister, 1992), cattle (Rorie et al., 1994),
and rabbits (Kane, 1983).

Non-defined systems include components such as serum,
which contains proteins, hormones, growth factors, vita-
mins, chelators for heavy ions, and various defined and
undefined molecules in varying quantities (Gardner and
Lane, 1993; Keskintepe and Brackett, 1996). These systems
also have the potential for microbial, especially viral, con-
tamination. In addition, non-defined systems may involve
co-culture, in which any of a number of different somatic
cells are included in the system or, in the case of condi-
tioned medium, the products of such cells are included in
the culture medium.

Not only can the composition of non-defined systems not
be characterized, in some cases they cannot be consistently
reproduced. Therefore, the use of defined systems is essen-
tial for understanding and optimizing the culture require-
ments of preimplantation embryos of various species. Some
very comprehensive and thoughtfully written reviews have
been provided by Walker et al. (1992a), Brackett and Zuelke
(1993), Gardner and Lane (1993), Bavister (1995), Gordon
(1994), and Thompson (1996).

Numerous differences between in vitro- and in vivo-
produced embryos have been described in detail for cattle
and other species (Hasler, 1998). The identification of the
occurrence of apoptosis, or programmed cell death, has
been used to evaluate embryo quality (Maddox-Hyttell
et al., 2003). Recently, apoptosis was used to compare in
vitro- vs. in vivo-derived embryos in cattle, horses, pigs,
sheep, and goats (Rubio Pomar et al., 2005). Although a
higher percentage of apoptotic cells was noted in IVP
embryos compared to in vivo-produced embryos, the inci-
dence was at a low level that does not reflect the differences
described for pregnancy rates achieved with in vivo and in
vitro-produced embryos.

Cattle

An obvious goal in the commercial production of bovine
IVF-derived embryos is to produce as many embryos as
possible from the original population of immature oocytes.
It has been demonstrated that a variety of culture systems
are capable of promoting the development of blastocysts
from 30 percent to 40 percent of the original oocytes.
However, qualitative as well as quantitative characteristics
of various IVC systems should be considered.

Using an immunosurgical staining technique, Iwasaki et
al. (1990) showed that IVF embryos were composed of
fewer cells and had lower proportions of inner cell mass
(ICM) to trophoblast cells than did in vivo embryos. Others
have not reported a difference between IVF and in vivo

embryos in overall cell counts (Shamsuddin et al., 1992; Du
et al., 1996), but IVF embryos in the Du et al. (1996) study
had a lower proportion of ICM cells compared to in vivo
embryos.

Total cell counts that were produced in different culture
systems varied significantly among embryos at the same
stage of development (Pinyopummintr and Bavister, 1991;
Ectors et al., 1993; Goto et al., 1994; Rieger et al., 1995).
However, total cell counts do not necessarily reflect the
overall integrity and viability of preimplantation IVF
embryos. Van Soom et al. (1996) observed that embryos pro-
duced in Menezo’s B2 medium had higher cell counts than
embryos of the same age produced in TCM-199 and had a
larger variation in the number of ICM cells in the B2 embryos.
The additional cells in the embryos produced in B2, however,
were mainly trophoblast. This finding was based on differen-
tial staining of the blastocysts, whichis a technically demand-
ing but very useful technique that clearly differentiates
between inner cell mass and trophoblast cells. An example of
a differentially stained blastocyst is seen in Figure 8.19.

Mucci et al. (2006) showed that inclusion of serum in a
bovine IVP system resulted in higher cell counts compared
to medium without serum, with an equal yield of blasto-
cysts. Interestingly, the blastocysts resulting from serum
IVC did not survive cryopreservation as well as blastocysts
produced in the absence of serum.

The rate of embryonic development also varies among
IVC systems (Hawk and Wall, 1994; Donnay et al., 1997b;
Hasler et al., 1996; Farin et al., 1997). It is clear that within
a given I'VC system, faster-developing embryos are of higher
quality based on cell number (Jiang et al., 1992), end-stage
of development (Grisart et al., 1995), and pregnancy rate
after transfer (Hasler et al., 1995).

Figure 8.19. Differentially stained bovine IVP-derived
blastocyst. The larger cells in the lower part of the blastocyst
comprise the inner cells, while the trophoblast cells are the
smaller cells in the upper part of the blastocyst.
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A study that used fluorescence in situ hybridization
showed that a high proportion (72 percent) of bovine
embryos cultured in a Menezo’s B2 co-culture system
were mixoploid, compared to 25 percent of blastocysts
developed in vivo (Viuff et al., 1999). Of the total number
of in vitro embryos, 17 percent contained more than 10
percent polyploidy cells. In contrast, all of the in vivo
embryos contained fewer than 10 percent polyploidy cells.
The authors of this study offered a hypothetical link between
the polyploidy in in vitro embryos and the possibility of
polyploidy placental cells developing from them, leading to
overactive placentas that in turn are responsible for large
calves.

In the past, most commercial in vitro production of
bovine embryos involved the use of co-culture systems that
included a monolayer of somatic cells. Cell types that have
been used in the successful co-culture of bovine embryos
include primary cells from oviduct (bovine or porcine),
mouse oviductal ampullae, cuamulus, granulosa, and uterus,
as well as established cell lines such as Buffalo Rat Liver
(BRL), and Vero cells. These cells have been combined
in co-culture systems with a number of different media,
including TCM-199, Menezo’s B2, and Ham’s F-10.

Using a B2-BRL co-culture system, the laboratory at Em
Tran, Inc. consistently produced day-8 blastocysts from 40
percent to 45 percent of immature oocytes (Hasler et al.,
1996; Farin et al., 1997). Numerous other groups have
reported high rates, i.e., more than 30 percent, of blastocyst
production from a variety of co-culture systems, including:
B2 plus BRLs after IVM in Ham’s F-10 (Hawk and Wall,
1994), SOF plus mitomycin-treated Vero cells (Carnegie et
al., 1997), TCM-199 plus cumulus cells (Vajta et al., 1996),
CR1laa plus BRLs plus 2.5 or 5 percent egg yolk (Elhassan
and Westhusin, 1997), CR1aa plus granulosa cells (Palma
et al., 1997), TCM-199 plus frozen-thawed cumulus-
granulosa cells (Broussard et al., 1994), TCM-199 plus
bovine oviductal cells (Rehman et al., 1994), and B2 plus
bovine oviductal cells, (Xu et al., 1992).

Excellent rates of embryo development have also been
achieved with various media preconditioned by co-culture
with a variety of somatic cells. Eyestone and First (1989b)
showed that the proportions of oocytes developing to
morulae and blastocysts were similar in a co-culture com-
posed of TCM-199 plus oviductal cells compared to TCM-
199 conditioned by previous culture with oviductal cells.
Eyestone et al. (1991) and Mermillod et al. (1993) proposed
that one of the advantages of conditioned medium is that
it can be collected, frozen, and stored for future use.
Both groups reported high rates of blastocyst development
from TCM-199 conditioned for 2 days with bovine
oviductal cells. Other reports of successful in vitro-
conditioned culture systems include TCM-199 or a mixture
of Dulbecco’s modified Eagle’s medium and Ham’s F-12
conditioned by BRLs (Vansteenbrugge et al., 1994), and
CZB conditioned by either BRLs or oviductal cells
(Hernandez-Ledezma et al., 1993).

Moderately successful rates of blastocyst production
have been reported with chemically defined, protein-free
media (Pinyopummintr and Bavister, 1991; Bavister et al.,
1992; Kim et al., 1993). In vitro cultures in the three previ-
ous studies were conducted in an atmosphere of 5 percent
CO,in air. However, there is significant evidence that in the
absence of co-culture, bovine embryos develop better in a
5 percent CO,, 5 percent O,, and 90 percent N, atmosphere
(Thompson et al., 1990; Fukui et al., 1991). Reducing the
oxygen level may be one reason for a recent high level of
success with the in vitro culture of bovine embryos in
defined media without the use of protein.

Keskintepe and Brackett (1996) reported that more than
40 percent of inseminated oocytes developed to the blasto-
cyst stage within 7 days when cultured in synthetic oviduct
fluid (SOF) supplemented with citrate, nonessential amino
acids, and polyvinyl alcohol (PVA); however, viability of
these embryos was not tested by transfer to recipients. Lee
and Fukui (1996) used SOF supplemented with essential
and nonessential amino acids and PVA incubated in a 7
percent O, atmosphere to support more than 30 percent
blastocyst development. Gardner et al. (1997) reported
similar results with SOF supplemented with Eagle’s 20
amino acids and BSA. In the strictest sense, this is not a
defined system due to the inclusion of BSA.

Variations of Tervit’s (1972) original synthetic oviduct
medium, supplemented with amino acids, are now widely
used for commercial IVP of cattle embryos (Lane et al.,
2003; Wagtendonk-de Leeuw et al., 2000; De La Torre-
Sanchez et al., 2006). Although there is no proof that these
media have completely eliminated problems with IVP-
derived pregnancies, the embryos produced have been char-
acterized as more similar to in vivo-derived embryos than
those produced in co-culture systems and those containing
serum.

Other Species

The emphasis on improving in vitro procedures for the
oocytes of the other genera in this review has been concen-
trated primarily on in vitro maturation and fertilization.
This is logical considering that embryo culture cannot be
comprehensively tested without the availability of viable in
vitro-produced zygotes.

With few exceptions there is nothing remarkably differ-
ent in the media used to culture embryos from the other
species covered in this review compared to media used
successfully in cattle. An exception is the NCSU23 medium
that was developed specifically for the pig (Petters and
Wells, 1993).

Transfer of IVF-Derived Embryos

In most cases, IVF-derived embryos of a given species
are transferred in the same manner as in vivo-derived
embryos. Once removed from the incubator, IVF-derived
embryos are usually transferred immediately; whereas, at
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least with some species, in vivo-derived embryos can be
held at room temperature for up to 24 hours prior to transfer.
Also, as described below for cattle, IVF-derived embryos
require that synchrony—the matching of the age of the
embryo to the estrous stage of the recipient—be calculated
more tightly than is necessary for in vivo-derived
embryos.

Cattle

Commercial production of bovine embryos through in vitro
procedures is now successful internationally in a number of
laboratories. BOVITEQ Inc. in Quebec (Bousquet et al.,
1998), Trans Ova Genetics (Looney et al., 1994; Faber,
et al., 2003), and Em Tran, Inc. (Hasler et al., 1995; Hasler,
1998) in the United States are commercial embryo transfer
companies that have produced embryos from large numbers
of infertile donors. In The Netherlands, IVP embryos are
produced from oocytes obtained by OPU from young,
reproductively-healthy donors and transferred on-farm
around the country (Kruip and den Daas, 1997).

In an Italian commercial program, embryos are pro-
duced from slaughterhouse-derived ovaries and frozen for
future sale. Published figures from the Italian program
include data on more than 12,000 frozen IVF embryos
produced from 97,000 oocytes that were recovered from
3,777 donor animals (Lazzari and Galli, 1996). In Japan,
the production of IVF-derived embryos from slaughter-
house ovaries is widespread and, in some cases, very large
numbers of embryos have been produced. Kuwayama et al.
(1996) described the production of more than 150,000
frozen IVP embryos in a one-year period from more than
21,000 ovaries of Japanese Black Cattle. Most of the IVP
embryos in Japan are selectively produced from beef donors
with high marbling scores for the ribeye area. Although
accurate numbers are not available, very large numbers of
IVP embryos continue to be produced in this manner in
both Japan and South Korea (Thibier, 2005).

The scale of the commercial bovine IVP embryo produc-
tion is shown in Figure 8.20. The largest numbers of IVP
embryos are produced in Japan from oocytes harvested
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Figure 8.20. The number of IVP embryos produced and
transferred (fresh) in major regions of the world in 2004.
Courtesy of Thibier, 2005.

from slaughterhouse material and in Brazil from OPU of
living cattle.

In one commercial cattle ET program, the highest preg-
nancy rate was achieved with grade 1 fresh in vivo-derived
embryos (Hasler et al., 1995). Significantly lower pregnancy
rates were achieved, in order, by in vivo frozen, fresh day-7
IVE, fresh day-8 and frozen day-7 IVF, and frozen day-8
IVF embryos. A lower pregnancy rate was also achieved by
grade 2 day-8 IVF embryos versus day-7 embryos. In con-
trast, the transfer of large numbers of in vivo embryos,
independent of age and grade, demonstrated that early blas-
tocysts (EB) and mid-blastocysts (MB) resulted in higher
pregnancy rates than morulae (M), expanded blastocysts
(XB), or hatched blastocysts (HB) (Hasler et al., 1987).
Transfer of grade 1 day-7 embryos at the EB, MB, or XB
stages resulted in higher pregnancy rates (P < 0.05) than
transfer of corresponding day-8 embryos.

There are few data on the possible effect of the syn-
chrony between the age of the IVF embryos and the day of
estrus in the recipients on pregnancy rate. Consequently, in
the commercial program at Em Tran, Inc., without regard
to their developmental stage or quality, IVF embryos were
transferred to zero, plus or minus synchrony recipients
(Hasler, 1998). It should be noted that there is a potential
for confusion due to the convention of referring to the day
of estrus in recipients as day zero (0) whereas in IVF
systems the day of fertilization is designated as Day 0
(Hasler et al., 1995; Avery et al., 1995).

For example, early blastocysts first start appearing
approximately six days after fertilization both in vivo and
in vitro. However, due to the difference in the designation
of day O in the two systems, this represents day 6 in vitro
and day 7 in vivo. In determining the degree of synchrony
for in vitro embryo transfers, zero synchrony involves trans-
ferring in vitro embryos into recipients whose own embryos
would be one day behind in development.

Synchrony data resulting from the transfer of 4,598
seven-day old IVP embryos at Em Tran, Inc., are shown in
Figure 8.21. The transfer of IVF embryos into recipients
that were plus 12 to 24 hours resulted in a pregnancy rate
of 57.6 percent, while zero synchrony resulted in a 55
percent pregnancy rate. The 50.3 percent pregnancy rate
that resulted from recipients that were minus 12 to 24
hours was significantly lower than both the zero and plus
synchrony.

The explanation for this may be due to the fact that
minus synchrony of 24 hours is actually a 48-hour differ-
ence between embryo and recipient, as depicted in Figure
8.1. The relationship between embryo-recipient synchrony
with IVF embryos is different than that observed in previ-
ous studies involving large numbers of surgical transfers in
Holstein heifers (Coleman et al., 1987; Hasler et al, 1987).

Horses
The single IVP foal reported by Palmer et al. (1991) resulted
from the transfer of single embryos to eight recipients. This
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Figure 8.21. Effect of synchrony between bovine embryo age
and recipient estrus on the pregnancy rate of recipients
following transfer of day-7 in vivo- or IVP-derived embryos.
Plus asynchrony = recipient in estrus before donor (before day
of IVF); minus asynchrony = recipient in estrus after donor
(after day of IVF). (a vs. ¢: P < 0.001; b vs. c: P < 0.025)
Courtesy of Hasler, 1998.

foal and the one reported by McCullen (1996) represent the
only two foals cited in the literature as having been born as
a result of exclusively in vitro procedures. This is simply
not enough information from which to draw any conclu-
sions regarding embryo quality, interactions between
embryo and recipient, or problems with offspring resulting
from in vitro production.

Pigs

The surgical transfer of swine in vivo-derived embryos has
been a successful procedure for a number of years. However,
following the report of the birth of live piglets resulting
from the transfer of in vitro-produced embryos in 1989
(Mattioli et al., 1989), there have been few additional pub-
lished reports of success (Yoshida et al., 1993). Funahashi
et al. (1997b) recently reported the birth of 19 live piglets
from three recipients. These births resulted from the trans-
fer of 40 early-cleavage stage embryos to the oviducts of
four recipients.

Sheep and Goats

Sheep represent the only species of domestic animal, next
to cattle, in which large numbers of in vitro-derived embryos
have been transferred. Walker et al. (1992b) reviewed the
older literature on the subject and observed that in the past,
pregnancy rates following transfer of cultured sheep
embryos were very low. Walker and co-workers transferred
multiple in vivo-produced and in vitro-cultured embryos
(cultured from in vivo-derived zygotes) to ewes and then
flushed the reproductive tracts on day 14. Embryo survival
rates were comparable, with 68 percent of the 211 in vivo
embryos and 66 percent of the in vitro embryos developing
into elongated conceptuses. The same workers also reported
day-50 pregnancy rates of 59 percent versus 48 percent for
ewes receiving two in vivo or two in vitro embryos,
respectively.

In contrast, the very low viability of embryos derived
from in vitro-matured oocytes was clearly demonstrated
by the birth of only two lambs following the transfer of
61 day-6 morulae and blastocysts (Pugh et al., 1991).
Recently, however, improvements in the efficacy of IVMFC
systems (Walker et al., 1996; Bernardi et al., 1996) have
resulted in embryo survival rates of 40 percent to 50 percent
and pregnancy rates of 60 percent to 70 percent for ewes
that received two blastocysts (Thompson et al., 1995; Holm
et al., 1996; O’Brien et al., 1997). The transfers in the pre-
ceding studies were performed either via midventral lapa-
rotomy or with the aid of a laparoscope. The use of a
moderately invasive laparoscopic technique involving a
modified Al aspic (IMV, L'Aigle, France) allowed the trans-
fer of in vivo embryos into 15 to 20 ewes per hour with a
high pregnancy rate (McMillan and Hall, 1994). Transcer-
vical transfer of embryos in sheep has not yet proven to be
efficacious, with one study producing only one pregnancy
following the transfer of 37 embryos into 15 recipients
(Buckrell et al., 1993).

Two kids were produced from IVF of in vivo-matured
goat oocytes (Hanada, 1985), and one kid resulted from
an oviduct-cultured oocyte that had been subjected to
IVM and IVF (Crozet et al., 1993). The first two kids
resulting from IVMFC were the result of the transfer of
three embryos at the 4- to 8-cell stage into each oviduct
(Keskintepe et al., 1994). A total of six does each received
six embryos; two does became pregnant and one subse-
quently aborted.

Dogs and Cats
There are insignificant data available to merit a discussion
on the transfer of IVP embryos in these two species.

Pregnancies and Offspring

Problems with pregnancies resulting from IVP embryos
have been described by a number of authors in both cattle
(Farin and Farin, 1995; Farin et al., 2006; Kruip and den
Daas, 1997; Hasler, 1998; Wagtendonk-de Leeuw et al.,
1998, 2000) and sheep (Sinclair et al., 1997; Thompson et
al., 1995; Walker et al. 1992b). Although a number of prob-
lems with IVP-derived pregnancies and offspring have been
described, one of the more obvious is larger-than-normal
calves and lambs at birth. As a consequence the syndrome
often is referred to as the Large Offspring Syndrome (LOS).
Some of the problems associated with this syndrome are
shown in Table 8.5. Problems resulting from transfer of IVP
embryos have not been reported in the other species covered
in this review, perhaps because of the relatively small
numbers involved.

A number of reports show that male bovine embryos
produced in vitro grow more rapidly than female embryos
during the first seven to eight days of culture (Avery
et al., 1991, 1992; Xu et al., 1992; Carvalho et al., 1996;
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Table 8.5. Aberrant characteristics associated with the LOS
syndrome of IVP bovine pregnancies and calves.

Large calves

Increased gestation length
Decreased intensity of labor
Increased abortions
Congenital malformations
Increased perinatal mortality

Increased hydroallantois

(Hasler, 1998).

Gutiérrez-Adan et al., 1996; Tocharus et al., 1997). Bovine
IVC embryos are usually transferred on day 7 or 8 and the
most advanced embryos are usually selected because they
tend to be more viable (Hasler et al., 1995; Behboodi et al.,
1997). The percentage of male calves born following trans-
fer of in vitro-derived embryos has variously been reported
as 60 percent (Reichenbach et al., 1992), 62 percent
(Guyader-Joly et al., 1993; Massip et al., 1995), 73 percent
(Reinders et al., 1995), and 53 percent (Hasler et al., 1995).
The 53.4 percent males out of more than 2,000 in vitro-
derived calves and fetuses reported by Hasler (1998) dif-
fered significantly (P < 0.001) from 50 percent and also
from the 51.1 percent males reported for 1,751 calves pro-
duced from transferred in vivo-derived embryos (King et
al., 1985) and the 50.5 percent of 24,000 Holstein Al-
produced calves that were males (Foote, 1977).

A number of reports indicate that the birthweights of
IVF calves often are heavier than those of AI calves
(Behboodi et al., 1995; Sinclair et al., 1995; Kruip and den
Daas, 1997; Numbabe et al., 1997; Holland Genetics,
Arnhem, The Netherlands, unpublished data). Furthermore,
Farin et al. (1995) showed that seven-month fetuses derived
from IVC embryos were heavier than those from in vivo
embryos. In 1992 Walker et al. (1992b) reported that lamb
birthweights were heavier and gestation lengths longer
when ewes carried in vitro-cultured embryos than when
ewes carried in vivo-cultured embryos. Embryos cultured
in an in vitro system, which was supplemented with 20
percent human serum, were characterized as exhibiting
earlier blastocoel formation, increased cyctoplasmic frag-
mentation, and fewer cells.

The findings of Walker et al. were extended to a study
of in vitro-culture, with and without serum, of zygotes
derived from both in vivo and in vitro sources (Thompson
etal., 1995). Lambs derived from in vitro culture containing
20 percent human serum were an average of 20 percent
heavier at birth than lambs from the same culture medium
containing 0.8 percent BSA and no serum. Thompson et al.
(1995) also reported that although gestation length was
increased significantly (an average of two days) in the

serum group, gestation length did not account for the heavier
birthweights.

Following this study, Holm et al. (1996) reported results
from a study that involved in vivo- vs. in vitro-derived
zygotes, in vivo Vs. in vitro embryo culture, and co-culture
vs. non-co-culture. Lambs produced from synthetic oviduct
fluid medium (SOF) cultures containing 20 percent serum
were heavier and had longer gestations than lambs derived
from control embryos that were in vivo-matured and cul-
tured. Surprisingly, lambs derived from IVM-IVF zygotes
in vivo-cultured in sheep oviducts were also heavier, with
longer gestations, than controls. The authors concluded that
IVM-IVF, independent of subsequent culture conditions,
was capable of altering birthweight and the duration of
gestation.

Culture conditions are not the only reported factors that
affect birth-weights in sheep. Alterations of the environ-
ment of preimplantation sheep embryos, such as transfer
into asynchronous recipients (plus three days), resulted in
heavier lambs (Wilmut and Sales, 1981), increased fetal
weight that was not based on accelerated development
(Young et al., 1996), and increased total muscle fiber
number, but not weight, of plantaris muscles (Maxfield et
al., 1996). However, exposure of sheep embryos to an asyn-
chronous uterine environment for three days, followed by
recovery and transfer to a synchronous uterus, had no effect
on fetal growth (Sinclair et al., 1996).

In contrast to their previous study, Maxfield et al. (1997)
found that in vitro co-culture of sheep embryos produced
an increase in the weight of several muscles, including the
plantaris; these muscles contained larger primary muscle
fibers, but no increase in fiber number (Maxfield et al.,
1997). Compared with in vivo controls, heavier heart, liver,
and kidney weights were also observed in day 61 sheep
fetuses derived from in vitro embryos cultured in granulosa
cell co-culture or SOF supplemented with serum (Sinclair
et al., 1997).

Culture studies similar to those in sheep have not been
conducted in cattle. The high maintenance costs and longer
gestation period makes the bovine a much more expensive
model for studying the effects of in vitro procedures on
subsequent offspring. The preceding studies indicate that
serum, co-culture, IVM-IVE, and uterine environment are
all capable of influencing fetal development in the sheep. It
is not known whether the sheep can be used as a model to
study these phenomena in the bovine.

Higher-than-normal abortion rates, ranging from 8
percent to 47 percent, during the first two trimesters of
pregnancy were reported for in vitro-derived bovine preg-
nancies (Reichenbach et al., 1992; Reinders et al., 1995;
Massip et al., 1995; Hasler et al., 1995). In contrast, abortion
rates of 5.3 percent from two to seven months (King et al.,
1985), 4.7 percent from two to six months (Hasler
et al., 1987), and 4 percent from 40 to 250 days (Callesen
et al., 1994) for bovine in vivo embryo transfer pregnancies
were reported. At Em Tran, abortions among the IVP
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pregnancies were not randomly distributed among donors
and the incidence of abortion was not constant over time
(Hasler et al., 1995).

Perinatal and neonatal losses have also been reported as
higher in recipients carrying in vitro-derived fetuses com-
pared to Al or in vivo embryo pregnancies (Van Soom et
al., 1994; Hasler et al., 1995; Schmidt et al., 1996; Kruip
and den Daas, 1997). There was no difference in the inci-
dence of calf loss at birth between calves produced in the
TCM-199 and B2 co-culture systems at Em Tran. However,
the overall loss at birth of the IVF calves was 14.9 percent
(205/1,376), which is higher than the 9 percent loss previ-
ously reported for in vivo embryo transfer calves that had
also been carried in both cows and heifers (King et al.,
1985).

At Em Tran, Inc., an incidence of approximately 1
percent hydrallantois was diagnosed among pregnant
Holstein recipients carrying IVF-derived fetuses (Hasler
et al., 1995); increased incidence of the problem was also
cited by Kruip and den Daas (1997). A frequency of 1
percent is a significantly higher incidence than the fre-
quency of 1 per 7,500 calvings reported in non-IVF preg-
nancies (Sloss and Dufty, 1980).

Finally, although the data were not quantified, it was
reported that labor often was not clearly pronounced in the
Holstein heifers used as recipients for [IVP embryos (Hasler,
1998). As a result, these recipients often were not observed
in labor, and calvings frequently went unassisted, resulting
in increased perinatal losses. However, when calves were
delivered by scheduled Cesarean section, the survival rate
was close to 98 percent.

Because serum has been implicated as a cause of higher
birthweights of in vitro-derived lambs, (for review, see
Young et al., 1998), its use in bovine IVC systems has
received a good deal of attention. Deletion of serum during
the first four days of co-culture failed to decrease the inci-
dence of problems with in vitro-derived pregnancies and
calves (Hasler, 2000), whereas Agca et al. (1998) showed
that birthweights and gestation lengths were normal for a
relatively small number of calves resulting from embryos
cultured in serum-free CR1aa (Rosenkrans et al., 1993).

Another study comparing pregnancies resulting from co-
cultured embryos versus those produced in SOF containing
BSA showed that the use of SOF resulted in lower birth-
weights and easier calvings (Wantendonk-de Leeuw et al.,
2000). Encouraging results were also recently reported
from a sheep I'VF research program (Sinclair et al., 1999).
Pregnancies resulting from the transfer of in vivo-derived
embryos were compared to those cultured in TCM-199 with
granulosa cell co-culture or in SOF with or without human
serum. Fetuses were significantly heavier and growth co-
efficients for liver and heart for fetuses were greater from
co-cultured and serum-supplemented embryos compared to
control embryos. The allometric coefficients for liver and
heart from fetuses derived from embryos cultured in SOF
without serum were not different from controls, however.

The Future of ET and ART

Embryo transfer and ART are well established in a
number of countries as commercial procedures in cattle,
pigs, sheep, goats, and, to a lesser extent, horses. Millions
of cattle have been produced by ET and many thousands of
frozen embryos are moved internationally every year. In
addition, very large numbers of IVP embryos have been
produced from slaughterhouse material in some commer-
cial programs. IVP systems of this type may have the poten-
tial for commercial application either where individual
identification of the donors is possible or when a unique
population of cattle is slaughtered (Kuwayama et al., 1996).
Rutledge (1996) described some genetic advantages of pro-
ducing in vitro F, hybrid embryos from Bos taurus oocytes
fertilized with semen from tropical species such as Bos
javanicus and Bos gaurus. The ability to store bovine
ovaries for 24 hours without loss of oocyte viability
may also make these types of programs more feasible
(Schernthaner et al. 1997).

Van Wagtendonk-de Leeuw (2006) recently reviewed
the history of OPU and I'VP in cattle and offered a view of
future applications of IVP technology. She suggested
that marker assisted selection or gene assisted selection
(Bredbacka, 2001) would be widely incorporated into com-
mercial IVP programs in the future. Another technology
that may blend very effectively with IVP of domestic farm
animal embryos is the availability of sex-sorted semen
(Garner, 2006). It is not clear that sex-sorted semen, as
presently produced, is practical for large-scale use in Al
programs. However, sex-sorted semen has been success-
fully used recently for production of IVP cattle embryos
resulting in 93 percent heifer calves (Wilson et al., 2006).
An extension of this technology is IVF with sex-sorted
semen, followed by the use of a microfluidic cumulus cell
removal device (Zeringue et al., 2004). This approach
reduces the shearing forces exerted on embryos subjected
to centrifugation for cumulus removal. The resulting
embryos were transferred with a 33 percent pregnancy rate
and 95 percent female calves (Wheeler et al., 2006).

There has been no increase during the past 20 years in
the average number of embryos produced per superovulated
donor. There has, however, been increased embryo produc-
tion when it is calculated on the basis of embryos per unit
time. The use of CIDR allows donors to be superovulated
more frequently than in the past, without any obvious
problem(s).

The current low success level of superovulation repre-
sents a significant obstacle to the future growth of the ET
industry. As long as mean embryo production in cattle
remains at less than six, with a range of zero to more than
60 and with 20 percent of donors producing no embryos,
superovulation will remain an expensive, inefficient proce-
dure. The expense of the gonadotrophins, prostaglandins
and/or progesterone implants, the labor involving multiple
injections over a period of days, estrus detection, and several
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inseminations are significant factors in the overall cost of
superovulation. Improvements in the efficacy in all species
would increase efficiency, both for the donor owner and the
ET practitioner, and probably lead to a lowering of the costs
of ET.

Ongoing changes in the composition of the beef and
dairy cattle industries in North America constitute another
factor that will probably influence the volume of conven-
tional ET. A large proportion of beef ET has been used by
externally funded hobby farmers, a segment of the beef
industry that appears to be in decline. Also in decline is the
number of small purebred dairies that have traditionally
supplied most of the bull calves purchased by Al studs.

Although it would appear that the greatest opportunity
for growth of conventional ET is in less developed coun-
tries, this may prove to be a temporary situation. As pointed
out by Seidel (1991), due to the cost of animal versus vege-
table protein, a decrease in animal agriculture in some
countries is likely to occur in the future.

The widespread adoption of freezing embryos in ethyl-
ene glycol for direct transfer (DT) after thawing (Voekel
and Hu, 1992) has made the transfer of frozen-thawed
embryos more practical under a wide variety of conditions
in the field. In 2004, 61 percent of all U.S. cattle embryos
were frozen following recovery (AETA, personal commu-
nication). Ethylene glycol was the cryoprotectant for 89
percent of the embryos that were frozen. Although the skill-
level required to transfer these embryos is unchanged from
what was needed for transfer of conventionally frozen
embryos, no embryologist is needed at thawing. Conse-
quently, a growing number of DT embryos are now being
transferred by technicians with experience in Al. There is
a growing consensus among veterinary ET practitioners
that conventional ET will increasingly become a field
staffed by non-veterinarians.

Several authors have directly addressed the question of
using IVP as a substitute for the in vivo embryos produced
by conventional ET procedures (Hasler, 1994; Sinclair et
al., 1995; Bousquet et al., 1998; Holm and Callesen, 1998).
It is clear from the work at Em Tran and elsewhere (Looney
et al., 1994; Hasler et al., 1995; Bols et al., 1996b; Faber et
al., 2003) that pregnancies can be produced from donor
females that were infertile both to Al and to the application
of conventional ET technology. The larger question,
however, is whether or not IVP is a realistic alternative to
conventional ET for production of embryos from reproduc-
tively healthy cattle.

At least one commercial ET unit has provided data com-
paring the efficacy of conventional ET to IVP in cattle
(Bousquet et al., 1998). The success rates quoted in this
study (4.7 embryos per OPU session, 48 percent blastocysts
from oocytes recovered) greatly exceed the published
results of other commercial programs. The authors directly
compared the results of IVP and the conventional in vivo
programs at Boviteq and concluded that IVP would produce
about 3.4 times more embryos and 3.2 more pregnancies in

a 60-day period, assuming only one superovulation per
donor. In contrast, in a commercial IVF program in
Australia, an average of four oocytes suitable for [IVM were
collected per OPU session and an average of 0.25 normal
calves per session resulted (Vivanco-Mackie et al., 2000).

Currently, under commercial conditions in the United
States, it is more expensive to produce pregnancies by OPU/
IVP than with conventional ET. For most breeders, this
technology is an advantage only for extremely valuable
cows that are infertile or fail to respond to superovulation.
This is likely to change only when the efficiency of IVP
improves significantly and the problems with pregnancies
and calves are reduced.

The U.S. federal government regulates the movement of
live animals across state borders with detailed and strict
health regulations. Until now, there has been no federal
control of the interstate movement of gametes. It is unlikely
that this will continue to be the case indefinitely, however.

Many tens of thousands of frozen cattle embryos have
been exported to member countries of the European Union
over the past 20 years with no identified cases of pathogen
transfer. While individual European countries once required
that donor females be tested for as many as 15 pathogens,
the current EU regulations require that U.S.-based donors
be tested only for epizootic hemorrhagic disease.

Washing procedures suggested by the International
Embryo Transfer Society (Stringfellow, 1998) make it pos-
sible to safely import in vivo-derived embryos originating
from donors sero-positive to pathogens such as bovine leu-
kemia and bovine viral diarrhea viruses (BVDV). However,
it is a different story with IVF-derived embryos. Because
the in vivo embryo is exposed to oviductal glycoproteins,
the structure of the zona pellucida differs from that of in
vitro-derived embryos (Wegner and Killian, 1991).

In a recent review, Stringfellow and Givens (2000a)
clearly made the case that a number of pathogens are more
likely to remain associated with in vitro-derived embryos
following washing than with in vivo-derived embryos. This
obviously has potentially serious ramifications for the inter-
national movement of IVF-derived embryos. Testing for any
microbes in question can be performed on donor cows that
produce oocytes via OPU. However, there may be a serious
health risk when oocytes are recovered from slaughter-
house-derived ovaries of untested cows. BVDV and BHV-1
viruses were isolated from 0.88 percent and 1.47 percent,
respectively, of the batches of oocytes harvested from
slaughterhouse ovaries in France (Marquant-Leguienne et
al., 2000). Caution also should probably should be observed
when using follicle or oviductal cells from slaughterhouse
sources (Stringfellow and Givens, 2000b).

Determination of the sex of preimplantation bovine
embryos with the use of the polymerase chain reaction
(PCR) by conventional (Shea, 1999) or non-electrophoretic
protocols (Bredbacka, 1998) is a service offered by a
moderate number of ET businesses. When conducted prop-
erly, both of these PCR techniques are characterized by
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high rates of efficiency and accuracy. However, removal of
the biopsy from the embryo requires a high level of operator
skill. In addition, embryo biopsy is an invasive technique
that results in some compromise in the viability of the
embryo. Also, the procedure of embryo biopsy and the suc-
cessful operation of a PCR program necessitate a higher
level of hygiene and care than is often practiced in the ET
industry. Therefore, although a modest portion of livestock
breeders readily accepts sexing embryos with the use of
PCR, it is not a technology that will find widespread use
throughout the ET industry.

A PCR assay for detection of the bovine leucocyte adhe-
sion deficiency (BLAD) gene was used at Em Tran, Inc.
Developed by P. Bredbacka, this assay simultaneously
determines the BLAD status and the sex of embryo biop-
sies. In the near future there will probably be similar
PCR assays for bovine genes such as red factor and polled,
which will be of interest to a rather limited number of cattle
breeders. Genotyping for some of the known alleles, cur-
rently conducted only on blood samples, will undoubtedly
be adapted for embryo biopsies. The extent of the market
for this will depend on the value to cattle breeders of the
genes in question.

The flow cytometric technology used to separate X- and
Y-bearing sperm into live fractions has been significantly
improved over the last 10 years (Johnson, 2000). About 10
million live sperm of each sex can be sorted per hour with
a purity of 90 percent (Seidel, 2003). In Al field trials
involving approximately 1,000 heifers, pregnancy rates
with 1 x 10° sexed, frozen sperm were 70 percent to 90
percent of unsexed controls inseminated with 20 to 40 times
as many sperm (Seidel et al., 1999). A recent study involv-
ing 574 calves produced from sex-sorted sperm compared
to 385 control calves concluded that there were no differ-
ences in gestation, neonatal deaths, calving ease, birth-
weight, or survival rate to weaning (Tubman et al., 2003).
The biggest disadvantages of this technique are the slow
sorting speed and decreased pregnancy rates.

Due to the time needed for sex sorting semen, straws
containing only 2 million total sperm have been used in
most field trials. A trial involving the use of sex-sorted
semen in superovulated beef heifers and cows was recently
reported. A combined group of heifers and cows insemi-
nated twice with 40 million non-sexed sperm per straw
produced an average of 8.7 embryos compared to only 3.3
embryos for the donors inseminated with sex-sorted semen
(Schenk et al., 2006). The adoption of sexed semen by the
ET industry, specifically for superovulated donors, will be
affected by the apparent lower fertility, the cost of the
semen, and the availability of semen from specific bulls.
These factors and other issues on the future of flow-sorted,
sexed semen were reviewed by Amann (1999). In addition,
Seidel (2003) provided some rather intriguing suggestions
as to possible unconventional applications of sexed semen
in both beef and dairy programs. The use of this technology
currently is limited to licensees of XY, Inc., a company that

holds an exclusive license to the patented process that was
provided by the U.S. Department of Agriculture (Johnson,
1992).

Summary

Embryo transfer in cattle and, to a smaller extent, pigs,
sheep, goats, and horses, has grown into a large interna-
tional business over the last 25 years. Much of the technol-
ogy is reasonably well standardized and practitioners have
reported that nearly 500,000 embryos are produced from
superovulated cows yearly on a worldwide basis. In addi-
tion, thousands of frozen cattle, sheep, and goat embryos
are routinely sold and moved between countries. However,
without improvements in technology, especially superovu-
lation, the ET industry may have a reduced opportunity for
growth. It should not be overlooked that animal rights orga-
nizations, government regulations, and patents all poten-
tially present negative influences on the ET industry.
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Chapter 9

The Comparative Cryobiology of Preimplantation
Embryos from Domestic Animals

Steven F. Mullen and John K. Critser

Introduction

Methods for cryopreserving mammalian preimplantation
embryos have been available for about 35 years (Whitting-
ham et al., 1972; Wilmut, 1972b), although success has only
been achieved for embryos from some taxonomic groups.
For example, while frozen and thawed embryos from cows
and pigs have developed into live offspring (Massip, 2001),
not a single live birth of a domestic dog resulting from the
transfer of a frozen-thawed embryo has been reported
(Farstad, 2000). There are varying reasons for this discrep-
ancy, ranging from the current status of in vitro embryo
manipulation (Bavister, 1995; Thompson, 2000), to vast
differences in the ability of embryos across taxa to tolerate
the various nonphysiological stresses imposed upon them
during freezing and thawing (Massip, 2001).

Numerous benefits of embryo cryopreservation can be
cited. From the practical standpoint of animal agriculture,
being able to freeze embryos from superior females facili-
tates dispersion of superior genetics from dams, allowing
improvements in the genetic quality of herds (Lohuis, 1995)
as has resulted with artificial insemination using cryopre-
served semen from superior bulls (Barber, 1983). Cryo-
preservation also facilitates international transport of
embryos as a means of infusing genetic variation into indig-
enous populations (Gunasena and Critser, 1997; Wildt et al.,
1997).

In many instances, proper handling (e.g. extensive
washing coupled with trypsin treatment) has been shown
to remove contaminating pathogens from the surface of
embryos (e.g. Akabane virus, bovine leukemia virus, blue-
tongue virus, bovine viral diarrhea virus, foot-and-mouth
disease virus, and bovine herpes virus 1 and 4 (Chemineau
et al., 1986; Philpott, 1993 reviewed in Stringfellow, 2000).
Therefore, applying proper precautions can allow the cre-
ation of a bank of “clean” embryos as a means to regenerate
a disease-free herd in the event that a disease outbreak
results in the contamination of healthy animals.

Cryopreservation has the potential to eliminate the inter-
national transport of diseases with embryo exchange pro-
grams (Thibier and Nibart, 1987). However, it should be
noted that the effectiveness of these treatments can vary
across taxa (Guerin et al., 1997; Stringfellow and Givens,

2000), and there is evidence that some infectious organisms
persist after such treatments (Bane et al., 1990; Riddell
et al., 1989). In addition, effective measures for in vivo
derived embryos have been shown to be less effective when
applied to in vitro derived embryos after experimental
contamination (Bielanski and Jordan, 1996; Bielanski
and Surjujballi, 1996; Marguant-Le Guienne et al., 1998;
Stringfellow et al., 2000; Trachte et al., 1998). Therefore,
care must be taken in the development of embryo banks in
regard to the potential for disease transmission.

Finally, embryo cryopreservation procedures allow the
creation of a bank of frozen material as a back-up in the
event of a catastrophic failure with the possibility of
eliminating small, isolated populations of either valuable
domestic (Critser and Russell, 2000; Glenister et al., 1990;
Whittingham, 1974) or exotic animals (Ballou, 1992; Holt
et al., 2003; Wildt, 2000).

In this chapter, we review the field of cryobiology and
provide an overview of the historical development of pre-
implantation embryo cryopreservation from several domes-
tic taxa. The literature on embryo cryopreservation for
some groups is vast. Here we will only highlight the major
points which have allowed the science to advance to its
current state. In the section on cryobiology fundamentals,
we provide an overview of the many facets of this science,
and the place that the mammalian preimplantation embryo
has had in its development. We hope this provides insight
into the approaches taken to freeze embryos, and the reasons
why embryos from some mammals can be cryopreserved
relatively easily, while others remain recalcitrant. To provide
a proper context, we will begin with a brief overview of
preimplantation embryology in mammals.

An Overview of Preimplantation
Mammalian Embryology

Development of the mammalian embryo begins with suc-
cessful fertilization of the mature oocyte (see review by
Yanagimachi, 1994). Many events occur in the oocyte after
sperm entry, including sperm head decondensation, sperm
nuclear reorganization, nuclear reprogramming, and com-
pletion of maternal meiosis (Fan and Sun, 2004; Garagna
and Redi, 1988; Hartmann, 1983; Kim et al., 1996; McLay
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Figure 9.1. Images showing the progression of the preimplantation embryo from the 2-cell stage to the blastocyst stage in the
mouse. A 2-cell embryo is shown in panel 1. About two days later the embryo progresses to the 8-cell stage (panel 2). Note that the
individual cells are still discernable. The following day, the embryo undergoes compaction and becomes a morula (panel 3), and the
individual cells are no longer evident. In panel 4, the early formation of the blastocoel cavity is evident, and by the fifth day, a fully-
formed blastocoel cavity has formed (panel 5). In embryos from livestock species, it is more difficult to discern individual cells at
the 8-cell stage, due to the significantly higher cytoplasmic lipid content.

and Clarke, 2003; Schatten and Schatten, 1987; Schatten
et al., 1988; Schatten et al., 1986; Shimada et al., 2000;
Sutovsky et al., 1996; Wassarman et al., 2001). Eventually,
a maternal and paternal pronucleus form and the pronuclei
are brought into apposition via microtubules (Schatten
et al., 1985). The pronuclear membranes break down, and
the chromosomes align on the metaphase plate (termed
“syngamy”) in preparation for the first mitotic cleavage
division resulting in a 2-cell embryo.

During the first couple of cell divisions (see Figure 9.1),
the embryonic cells, referred to as blastomeres, remain as
independent entities from the standpoint of their develop-
mental fate. Embryos have been produced by allowing one
of the two blastomeres from 2-cell embryos to develop
independently (Nicholas and Hall, 1942; Pincus, 1936;
Rands, 1986). However, differences have been reported
between such embryos and normal embryos, and term
development differs across species (Tsunoda and McLaren,
1983 and references therein).

One important developmental event occurs around this
time in the progression of the embryo, however. Stockpiling
of resources such as mRNA and proteins occurs during
maturation of the oocyte, and the early embryo relies on
these resources for its support (Capco, 2001; Smith, 1972).
There is a transition to genomic control of development
at a certain stage of early development, whereby gene
products from the embryo are required to direct further
developmental fate of the embryo (Nothias et al., 1995;
Schultz, 2002).

This approximate temporal transition can be determined
by several methods, including incorporation of *H-Uridine
into mRNA, monitoring degradation of maternal messenger
RNAs, or culturing embryos with o-amanitin to inhibit
gene transcription and then following embryo development
in culture. Such studies have determined the temporal
events in embryos from different mammals, and have shown
that the time at which embryos require embryonic tran-
scription occurs around the 2-cell stage in the mouse
(Schultz, 1993), although differences between strains have

been shown (Rambhatla and Latham, 1995), the 4-cell stage
in the pig (Tomanek et al., 1989), and the 9- to 16-cell stage
in the cow (Memili and First, 1998). It should be noted that
upregulation of embryonic transcription is not an all or
nothing event, and levels of transcription have been detected
as early as the zygote (Bouniol et al., 1995; Tesarik and
Kopecny, 1989; reviewed in Memili and First, 2000).

The embryo undergoes compaction—the first noticeable
morphological change in its development—around the 8-
cell stage. Up to this point, contacts between the blastomeres
are tenuous. During compaction, cell-to-cell interactions
become more prominent, with tight junctions becoming
established between the blastomeres (Pratt et al., 1982).
Upon completion of compaction, the embryo becomes a
morula, with individual blastomeres no longer discernable.

Tight junctions are essential for continued differentiation
of the embryo (Fleming et al., 2001). The next stage of
development is marked by the first cell differentiation event
(Fleming et al., 2004), culminating in the development of
the blastocyst. The blastomeres, up to this stage, remain
totipotent (Kelly, 1977; Tarkowski and Wroblewska, 1967).
At the early stage of blastocyst development, the cells
become irreversibly committed to their developmental fate
(Gardner et al., 1973; Rossant, 1976; Ziomek et al., 1982)
and differentiate either into cells of the trophectoderm or
inner cell mass. The cells of the trophectoderm eventually
form the placental tissues, while the majority of the cells in
the inner cell mass form the embryo proper. This stage of
development is also marked by the formation of a fluid-
filled cavity termed the blastocoel. The blastocoel develops
as a result of the action of several gene products, including
the sodium-potassium-ATPase enzyme which pumps
sodium ions into the inner space of the embryo, with water
following via osmosis (Biggers et al., 1977; Overstrom et
al., 1989; Watson and Barcroft, 2001). As cell division
continues, the blastocoel cavity eventually constitutes the
majority of the volume of the embryo.

After development into the blastocyst, the embryo
“hatches” from its glycoprotein shell (the zona pellucida),
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migrating out of a small crack in its structure. During devel-
opment of the blastocyst, an acellular, proteinaceous capsule
is produced by the trophectoderm and is deposited between
the embryo and zona pellucida. An interesting difference is
seen in embryos from horses, however (Ginther, 1992). In
equine embryos, the zona pellucida peels away from the
embryo, leaving the blastocyst encased by the capsule (see
discussion in Betteridge, 1989).

In some mammals, such as the mouse and human, the
embryo establishes intimate contact with the uterus shortly
after hatching from the zona. In others, such as the pig and
cow, implantation occurs at a later time, after continued cell
division and greater enlargement of the embryo (Dey et al.,
2004). Implantation, the mechanisms of which vary widely
across mammalian taxa (Lee and DeMayo, 2004; Ramsey,
1975), allows the embryo to acquire nutrients directly from
the mother’s bloodstream. Without this nutritional support,
continued growth and differentiation of the embryo would
not be possible.

Cryobiology

While the effects of cold temperatures on biological systems
and attempts to preserve cells and tissues through freezing
have been investigated for several centuries (Luyet and
Gehenio, 1940; Parkes, 1957; Walters and Critser, in press),
it is only within the last few decades that reliable methods
to cryopreserve some cell types have become available. As
will be discussed in more detail below, research using pre-
implantation embryos has contributed significantly to our
understanding of many of the fundamental principles of
cryobiology. Cryobiology is a broad discipline, encompass-
ing aspects of physics, chemistry, engineering, mathe-
matics, and cellular and molecular biology.

What follows is a general overview of the more important
aspects of the effects of freezing on cells and our current
understanding of how to overcome some of these challenges.
Interested readers are referred to classic texts such as Life
and Death at Low Temperatures (Luyet and Gehenio, 1940),
Cryobiology (Meryman, 1966), and the very recently pub-
lished Life in the Frozen State (Fuller et al., 2004) if more
detailed information on the subject is desired.

To truly cryopreserve cells, they must be held at very
low temperatures. Liquid nitrogen is the medium most often
used to store frozen material (—196°C), because it is rela-
tively easy to generate yet cold enough to prevent the decay
of cells during storage. Once cells reach this temperature,
it is believed that they can be held indefinitely (Fogarty
etal., 2000; Leibo et al., 1994; Mazur, 1970). Consequently,
it is the means of getting cells to such temperatures, and
equally important, getting them back to physiologic tem-
perature, that constitutes the challenge for effective cell
preservation (see Mazur, 2004 for a more thorough discus-
sion of these principles).

Prior to the late 1940s, success with cellular cryopreser-
vation was limited, and the few methods claimed to succeed

were often difficult to replicate (Parkes, 1985). It is fre-
quently said that cryobiology as a science was born in 1949
with the report of the serendipitous discovery of the cryo-
protective properties of glycerol (Polge et al., 1949). During
the ensuing years, it was established that a high degree of
cell survival during freezing is only possible if the cells are
frozen in solutions containing one or more compounds
generically referred to as cryoprotective agents (CPAs).
These compounds are often categorized into two classes—
permeating, or those which freely diffuse through the
plasma membrane, and non-permeating. Common permeat-
ing cryoprotectants include glycerol, ethylene glycol (EG),
propylene glycol (PG) and other low molecular weight
polyols, and dimethylsulfoxide (DMSO). Common non-
permeating cryoprotectants include saccharides such as
sucrose, fructose, trehalose, and raffinose.

The mechanism of protection of cryoprotectants has
often been attributed to several causes, including:

e direct interaction with cell membranes and other macro-
molecules acting to stabilize their structure (Anchordo-
guy et al., 1987)

e suppression of the intracellular nucleation temperature
(Rall et al., 1983)

e dilution or colligative effects by reducing the ionic con-
centration in the cytoplasm or suspending medium or
the amount of ice formed in the solution (Lovelock,
1953a, 1953b; Mazur et al., 1981; Meryman et al., 1977;
Santarius and Giersch, 1983).

While the presence of these compounds is usually neces-
sary for cell survival during freezing, as mentioned above,
exposing cells to solutions that contain cryoprotectants is
not necessarily benign. For example, in their original 1949
report, Polge et al. showed that rooster sperm maintained a
degree of motility comparable to unfrozen sperm after rapid
freezing in the presence of glycerol. However, only after the
glycerol removal procedure was modified according to a
similar method developed for leukocytes (Sloviter, 1951)
were the sperm able to fertilize ova (Polge, 1951).

Today, the potential detriment to cells as a result of
anisosmotic exposure has been well documented (Agca
et al., 2000; Blanco et al., 2000; Gao et al., 1995; Gilmore
et al., 1996; Liu et al., 2002; Mazur and Schneider, 1986;
Meryman, 1971; Mullen et al., 2004; Pukazhenthi et al.,
2000; Williams and Shaw, 1980; Zieger et al., 1999). Math-
ematical models describing the osmotic response of cells to
anisosmotic solutions were developed many years ago
(Jacobs and Stewart, 1932; Kedem and Katchalsky, 1958).
Often, an early step in optimizing cryopreservation proce-
dures involves determining the limits to which cells can
tolerate cell volume excursions, and using this information
to develop optimal procedures for the addition and removal
of permeating CPAs to cells (Gao et al., 1997; Gao et al.,
1995).

After exposure to the cryoprotective solution, cells are
cooled progressively until reaching the final storage



216 Comparative Reproductive Biology

temperature. The optimal rate of this cooling differs across
cell types. Cooling too slowly or quickly can be damaging
to the cells for several reasons, including injury due to chill-
ing (see below), intracellular water crystallization, or as a
result of exposure to concentrated solutions for extended
periods (the so-called “solution effects” injury) (Mazur et
al., 1972).

Intracellular ice formation (IIF) is often cited as the
primary cause of cell death when supraoptimal cooling
rates are used, and is a well-studied phenomenon (Acker
et al., 1999; Karlsson et al.,, 1993; Leibo et al., 1978;
McGrath et al., 1975; Muldrew and McGann, 1990;
Myers et al., 1989; Pitt, 1992; Pitt and Steponkus, 1989;
Ruffing et al., 1993; Toner et al., 1990; Toner et al.,
1993; Toner et al., 1991).

Related to understanding the phenomenon of optimal
cooling rates during freezing, one of the most influential
reports in the field of cryobiology was published in 1963 by
Mazur, who proposed a mechanism by which slow cooling
prevented IIF. According to his theory, the crystallization
of water in the extracellular solution establishes a thermo-
dynamic gradient as a result of the difference in the
chemical potential of intracellular and extracellular water.
Chemical potential equilibrium can be reestablished by
either crystallization of the intracellular water to form ice,
or by liquid water flowing out of the cell and joining the
extracellular ice phase. The former is often fatal. If the
degree of supercooling is low, the probability of intracellu-
lar ice formation is reduced, and the second scenario is
more likely. If cooling proceeds at a sufficiently slow rate,
enough intracellular water can flow out of the cell to prevent
excessive supercooling and increase the concentration of
the cytoplasm so that damaging ice crystals are not formed
upon transfer to liquid nitrogen.

This mechanism explains the different optimal cooling
rates for different cell types because it accounts for inherent
differences in biophysical characteristics of cells such as
water permeability and the surface-to-volume ratio. As a
measure of the success of his theoretical work, the proce-
dure that resulted in the best survival for the first successful
cryopreservation of mammalian embryos (Whittingham
et al., 1972) was similar to that predicted to be effective by
the theory put forth nine years earlier.

Intracellular ice formation and the ensuing damage can
be prevented by vitrification (Fahy et al., 1984), which is
often defined as the transition of a liquid phase to a solid
phase without crystallization. Achieving a vitreous state of
the cytoplasm requires that cells be equilibrated with intra-
cellular concentrations of solutes at much higher concentra-
tions than those used for slow cooling methods (e.g. >4 M),
and also that the cell suspension is cooled quickly (Fahy
et al., 1987; Fahy et al., 1984). As mentioned earlier, expos-
ing cells to high solute concentrations can be lethal due to
osmotic as well as chemical effects. The higher solute con-
centrations necessary to achieve vitrification simply exac-
erbate these problems.

Many methods to reduce the detrimental effects of vit-
rification solutions have been investigated. To date, these
include application of hydrostatic pressure, addition of non-
penetrating agents to the suspension (and a concomitant
reduction of the permeating solute concentration), combin-
ing different permeating agents to reduce the concentration
of each individual agent, and adding compounds to neutral-
ize the toxicity of certain permeating agents (reviewed in
Fahy et al., 1984).

The mechanistic explanation of the prevention of intra-
cellular ice formation via slow cooling suggests that there
is a cooling rate for each cell type below which survival
is predicted to be high. However, empirical studies have
shown that there is an optimum cooling rate for different
cells, above and below which cell survival diminishes. This
observation has been interpreted to mean that two distinct
mechanisms of injury occur to cells during freezing (Mazur
et al., 1972): intracellular ice formation at supraoptimal
rates (as just described), and the effects of the solution.

If cells are to be cooled from physiological temperature
to liquid nitrogen without being killed, they must traverse
this temperature range once again before being used. The
rate of warming from —196°C can be as important to cell
survival as the rate of cooling. In typical slow cooling pro-
cedures used for preimplantation embryos, cooling pro-
ceeds at a rate around 0.5°C/minute to about —35°C, at
which the sample is transferred to liquid nitrogen. Some of
the earliest investigations in mammalian embryo cryobiol-
ogy (Wilmut, 1972) demonstrated that the warming rate
necessary to achieve survival was directly related to the
cooling rate (this had also been observed in other cell types;
Mazur and Schmidt, 1968) or the temperature to which the
cells were cooled prior to being transferred to liquid nitro-
gen (Rall and Polge, 1984; Willadsen, 1977).

This outcome has been interpreted as follows: When
cooling is hastened (either by applying faster rates or inter-
rupting the cooling at higher temperatures), more water
remains in the cells than if cooling was prolonged. This
water either forms small ice crystals or vitrifies upon trans-
fer to liquid nitrogen. This state of water is thermodynami-
cally unstable. Rapid warming in this instance would be
necessary to maintain cell viability by preventing lethal IIF
via devitrification—the transformation of vitreous water
into ice (Rall et al., 1984)—or recrystallization—the amal-
gamation of smaller ice crystals into larger, more damaging
ice crystals (Bank, 1973).

One possible explanation for the sensitivity to rapid
warming after slow cooling to lower temperatures (which
causes more osmotic dehydration than cooling to higher
temperatures) is that an excessive osmotic differential is
created across the cytoplasmic membrane as the extracel-
lular ice suddenly melts and the cytoplasm remains concen-
trated (Farrant and Morris, 1973), resulting in damage to
the plasma membrane.

The first report on the achievement of vitrification with
mammalian (mouse) embryos appeared in 1985 (Rall and
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Fahy, 1985). Subsequently, numerous papers describing
mammalian embryo vitrification have appeared, and this
approach has proven more effective for cryopreserving
chilling sensitive embryos than more traditional slow
cooling methods (see below).

While there are many factors to consider in developing
appropriate cryopreservation methods, success should be
achievable for embryos of all organisms given more thor-
ough understanding of their cryobiological properties and
further investigations into fundamental cryobiology.

The Sensitivity of Mammalian
Preimplantation Embryos to Cooling

Cold shock injury, the detrimental response to a rapid
reduction in temperature, has been the subject of investiga-
tions for many years (Morris and Watson, 1984). Several
factors can affect the response of cells to cold exposure,
including the rate of cooling and the time to which the cells
are exposed to the temperature.

The plasma membrane is one of the primary sites of
injury resulting from cold shock (De Leeuw et al., 1990).
During rapid cooling, membrane lipids undergo a transition
from a liquid crystalline phase to a gel phase. It is thought
that this transition is the cause of the injury, which results
in the loss of the selective permeability (Drobnis et al.,
1993). Other responses of cold shock damage have been
attributed to protein denaturation, metabolic disturbances,
and damage to the cytoskeleton and cytoskeletal-membrane
attachments (reviewed in Watson and Morris, 1987).

Because cooling to subphysiological temperatures is
required for cryopreservation, it is not surprising that many
investigations have been conducted in an effort to under-
stand the effects of cold but non-freezing temperatures on
preimplantation embryo development. It has been shown
that embryos from some species are quite tolerant of cooling,
while those from other species are very sensitive to cold
temperatures. These factors, which will be discussed in
more detail below, have contributed to the evolution of
cryopreservation methods for embryos across various taxa.
The idea of designing cryopreservation methods to “out
race” chilling injury has been applied to embryos from
organisms as diverse as pigs and flies (Dobrinsky, 2001;
Mazur et al., 1992; Steponkus et al., 1990) and is one of the
primary reasons that vitrification methods have been most
successful for porcine embryos.

Two of the earliest reports on the developmental effect
of cooling mammalian embryos in vitro were published in
1947 and 1948 by M.C. Chang. In the first paper, he docu-
mented the effects of cooling 2-cell rabbit embryos to 0° or
5°C on their further development. He noted several impor-
tant factors, including the benefit of slow cooling (four- or
five-hour transition from 25°C to 5°C or 0°C, respectively),
and that these embryos could be held for 24 hours at 0°C
to 15°C with 63 percent to 85 percent continuing develop-
ment. He also showed that 23 percent of embryos held for

144 hours at 10°C could develop in culture (colder tempera-
tures were more detrimental at these times). He documented
several live births from embryos stored at temperatures
between 0°C and 15°C, but only one embryo held for 120
to 144 hours at 0°C and 5°C developed to term, and the
offspring was smaller than normal.

In his second study, Chang showed that 2-cell and morula
stage embryos are more tolerant of cooling and holding at
10°C compared to blastocysts (37 percent, 37 percent, and
19 percent of embryos developed to term, respectively). He
also showed that some embryos held at 0°C for 24 and 96
hours can develop to term (11 percent and 6 percent,
respectively).

The following year, Pincus (1949) reported on the effects
of cooling in vivo-derived cattle embryos. He demonstrated
that cleavage-stage embryos could develop further in vitro
after exposure to 10°C for up to 24 hours. However, when
the exposure was extended (72 hours) or the temperature
was reduced (0°C for 24 or 72 hours), the developmental
progression was reduced.

In 1959, Averill and Rowson reported on the effects of
cooling, and perhaps the earliest attempt at cryopreserva-
tion, on sheep embryos. In this report, they cooled embryos
slowly (about 0.5°C/minute) to 5°C to 8°C and stored them
for six to nine hours in serum or Ringers solution. Nine of
12 embryos cooled in serum continued development in
utero, while zero of five cooled in Ringers developed. They
went on to show that storage up to 24 hours was possible
(seven of 15 normal embryos), but further storage (48 to 72
hours) was lethal. Storage below 4°C was invariably fatal.
Further cooling (down to —79°C) in the presence of 12.5
percent glycerol and storage for 24 hours also proved fatal.
In the last experiment, they performed embryo transfer
using embryos previously cooled to 4.5°C to 7°C, or below
4°C, for 24 or 72 hours. Of the six embryos cooled to 4.5°C
to 7°C, held for 24 hours, and re-warmed, four developed
to term (all recipients became pregnant). Two of the five
embryos held for 72 hours developed to term. However,
none of the embryos cooled below 4°C developed fully.

Several reports were published in the early to mid 1970s
documenting the effects of cooling on cattle, pig, and sheep
embryos. From these reports, several common themes
appear, including the differential cooling sensitivity of
embryos across taxa, sensitivity differences at different
developmental stages, and embryo source (in vivo- versus
in vitro-derived).

Wilmut (1972a) showed that there is a decrease in in
vivo derived porcine embryo tolerance to cooling below
15°C. Eight-cell embryos were cooled to 20°C, 15°C, 10°C,
or 5°C. None of the embryos cooled to 10°C or 5°C devel-
oped either in vitro or in vivo. This effect was not seen with
embryos cooled to the higher temperatures. In 1974, Polge
et al. described differences in cooling sensitivity of embryos
from cattle, sheep, and pigs. When sheep embryos from 8-
cell to the blastocyst stage were cooled to 0°C, all developed
normally in rabbit oviducts. The majority of cattle morula
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also developed, but most of the 8-cell embryos from cattle
and all of the pig embryos (8-cell to the blastocyst stage)
were killed by this treatment.

In 1975, Wilmut et al. demonstrated a stage-dependent
tolerance to chilling of in vivo derived cattle embryos. Early
stage embryos, up through the early morula stage, demon-
strated sensitivity to chilling down to 0°C. However, late
morula embryos were more tolerant. For cattle embryos,
one might speculate that an effect of the transition to embry-
onic genome control of development is responsible for this
sensitivity because this transition occurs around the morula
stage. If this is the case, however, the same mechanism does
not appear to be responsible for conferring chilling toler-
ance to porcine embryos, because they undergo this transi-
tion at an earlier stage than cattle embryos.

In 1976, Trounson et al. described a similar stage depen-
dence on chilling tolerance of bovine embryos. Their data
also suggested that the cooling rate can affect chilling toler-
ance as well, with slow cooling conferring a benefit. Time
of exposure also seemed to affect on survival, but this
depended upon the final storage temperature.

In two other reports that same year, the same group
reported on the stage-dependence of tolerance to cooling of
cattle (Trounson et al., 1976) and sheep (Willadsen et al.,
1976) embryos. The first report demonstrated that bovine
blastocysts produced by culturing morulae in vitro are more
tolerant of cooling than morulae produced in vivo (from
their previously published study). However, the develop-
mental rate was better for in vivo-produced embryos versus
in vitro-produced embryos (60 percent versus 38 percent).
The second study showed that the tolerance of sheep
embryos to 0°C exposure increased from the 2- to 4-cell
stage (8 percent further cleavage) to the morula stage (71
percent).

Several years later, Pollard and Leibo (1994) designed
experiments to determine more precisely the temperature

and time effects on bovine and porcine embryos. They
showed that while 90 percent of in vivo-derived porcine
morula cooled to 15°C progressed to the blastocyst stage,
only 5 percent of those cooled to 14°C did, and none cooled
to 13°C survived. It should be noted that in this first experi-
ment, the embryos were cooled at a rate of 1°C/minute.
When embryos were abruptly cooled from 30°C, 80 percent
survived exposure to 20°C, but tolerance to 10°C was only
possible if the exposure was restricted to 30 seconds.

These authors also demonstrated the differential sensi-
tivity of in vivo-derived compared to in vitro-derived bovine
embryos at the morula and blastocyst stage. In vitro blasto-
cysts were shown to be fairly tolerant of cooling to 5°C (80
percent survival) and 0°C (60 percent survival). Similar to
the in vivo-derived bovine morula in the studies described
above, in vitro-derived morula were shown to be more tem-
perature sensitive, with only 65 percent surviving exposure
to 15°C, and exposure to 10°C could only be tolerated (>60
percent survival) if the exposure lasted for one minute
or less.

Similar to the tolerance of bovine blastocysts, equine
blastocysts (day 7) can tolerate cooling to 5°C (Carnevale
etal., 1987). In fact, in this report, 55 percent of the embryos
exposed to this temperature for 24 hours developed in utero
for at least 35 days. Cook et al. described successful embryo
transfer after cooling and transporting equine embryos by
air freight (Cook et al. 1989). The pregnancy rates were no
different for control, transported, and cooled-transported
embryos. It was later shown that, contrary to the results for
freezing discussed below, larger equine blastocysts appear
to be more tolerant of cooling compared to smaller blasto-
cysts (Moussa et al., 2003).

One of the more interesting reports to be published
recently on chilling injury to embryos demonstrated that
the intracellular lipids can have a significant effect on cold
exposure to early porcine embryos (see Figure 9.2).

Figure 9.2. Embryos from mammals have varying degrees of cytoplasmic lipids. The left panel shows a 2-cell embryo from a rat
and the right panel shows a 2-cell embryo from a pig. The high concentration of lipids makes the pig embryo very dark, whereas a
relatively lower lipid concentration makes the rat embryo more transparent. Mammals with embryos of low lipid content include rats,
mice, and humans. Pigs, sheep, goats, horses, cats, and dogs have embryos with high lipid content.
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Nagashima et al. (1994) demonstrated, by centrifugation
and micro-manipulation techniques, that removal of the
lipids from 1-cell embryos allows a proportion of the
embryos (about 20 percent cooled at the 1-cell stage and
about 45 percent cooled at the 2- to 4-cell stage) to tolerate
one hour of exposure to 4°C as measured by in vitro devel-
opment to at least the 8-cell stage. This is in contrast to the
lethal effects of cooling on non-manipulated embryos.

As will be discussed below, the investigations into
cooling tolerance had practical implications to the suc-
cesses of experiments designed to cryopreserve livestock
embryos. Far less work has been done to understand the
effects of cooling on embryos from other domestic
animals.

The Development of Cryopreservation
Procedures for Domestic Animal Embryos

Since the first reports of successful mouse embryo cryo-
preservation in 1972 (Whittingham et al., 1972; Wilmut,
1972), hundreds of other studies designed to examine
factors associated with cryosurvival of mammalian
embryos have followed. Below, we will attempt to highlight
what we feel are the more important developments in this
field for several domesticated animals. We also provide
examples using relevant publications that either pioneered
the work or provide good examples of the main principles
described. It is difficult to provide the details for each
report, particularly for the bovine, on which several hundred
publications on embryo cryopreservation have appeared.
Over the years, several well written reviews have been
published. We will refer to many of these to provide the
reader with a starting place if there is a desire to gain
further knowledge.

Cattle

It likely comes as no surprise that work on cattle embryo
cryopreservation followed shortly after the initial reports
for the mouse (see Figure 9.3), given the economic incentive
to advance cattle embryo transfer (Wilmut and Hume,
1978). Using a method similar to that shown to be effective
with mouse embryos, Wilmut and Rowson documented the
first birth of a healthy calf derived from frozen and thawed
embryos in 1973 (Wilmut and Rowson, 1973).

Not surprisingly, given the stage-specific tolerance of
bovine embryos to cooling, they used late-stage (day 10—11)
in vivo-produced blastocysts for their work. In their first
experiment using 2.0M DMSO as a cryoprotectant, they
determined that slow cooling to —=70°C (at 0.22°C/minute)
was superior to more rapid cooling (0.67°C or 23°C/minute).
In the second experiment, they determined that rapid
warming (360°C/minute) was favorable to slower warming
(60°C/minute). It was the combination of favorable cooling
and warming rates that led to the first successful pregnancy.
It should be noted that the success rate was quite low,
however, with only one of 11 heifers delivering a calf.

For the next several years, many groups began to inves-
tigate the effects of the various factors, such as cryoprotec-
tant type and concentration, embryo stage, and cooling and
warming rates. Fahning and Garcia (1992) provide an over-
view of this time period in the early part of their review,
and Gordon (1995) provides a nice overview of the develop-
ment of cattle embryo cryopreservation in his recently
revised text as well.

The desire to incorporate practicality into embryo freez-
ing methods drove much of the research during the late
1970s and early 1980s. Following the earlier work of Utsumi
and Yuhara (1975) and Tsunoda and Sugie (1977), Massip
et al. (1979) reported on a direct comparison of one-fourth
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Figure 9.3. Timeline showing the major developments in bovine embryo cryopreservation.
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Figure 9.4. Examples of the various types of freezing vessels
used to cryopreserve cells. From left to right: glass ampoule,
one-half cc straw, one-fourth cc straw, open-pulled straw, and
1.5ml cryovial. The inset shows the different diameters of the
straws for comparison. The smaller diameter straws increase the
surface area-to-volume ratio, allowing higher rates of cooling.

cc French straws, typically used for semen freezing, to glass
ampoules which, along with glass test tubes, were com-
monly used as the freezing vessels in preceding research
(see Figure 9.4). While the embryos frozen with ampoules
generally had a higher development rate in vitro, those
frozen in straws outperformed their counterparts in vivo.
The net result was that the pregnancy rates using the two
methods were similar. Straw freezing has a marked practi-
cal advantage over glass ampoules, in that it facilitates
directly transferring embryos into a recipient post-thaw.
Work ensued to develop freezing in straws during the
early 1980s, and Stanley Leibo, who had become note-
worthy as a contributor to the first report on mouse embryo
freezing, took a principle lead with this approach. He
showed how cryoprotectant dilution could be achieved
within the straws by combining different solutions in the
freezing straw (being separated by air bubbles) and mixing
them immediately after thawing without removing the
embryos from the straw. A 1984 report documented the

effectiveness of this “in straw dilution” method in several
field trials, with pregnancy rates typically ranging between
20 percent and 45 percent (Leibo, 1984).

At about the same time, a report by Massip and van der
Zwalman (1984) appeared, describing how adding sucrose
to the freezing medium could preclude dilution steps after
thawing. As a testament to this development, nearly all
modern cryopreservation procedures incorporate non-
permeating compounds as cryoprotectants in the freezing
medium.

The comparisons made by Fahning and Garcia in Table
1 of their review show some of the progressive changes that
occurred to bovine embryo cryopreservation methods
during the late 1970s through mid-1980s. Glycerol became
more commonly used in place of DMSO, and propylene
glycol began to be used shortly thereafter. It also became
more common for sucrose to be used in the freezing medium
after the report by Massip and van der Zwalman appeared,
and stepwise CPA removal was superseded by the use of
sucrose as an osmotic buffer shortly after it was first
described in this context.

In 1992, a detailed report was published on the efficacy
of several permeating cryoprotectants, describing the supe-
riority of EG to PG, DMSO, and glycerol when used in a
standard slow cooling procedure (Voelkel and Hu, 1992).
These authors reported the 72-hour post-thaw viability for
frozen in vivo-produced embryos as 70 percent for EG,
compared to 11 percent, 25 percent, and 30 percent for the
others, respectively. They also showed that embryos frozen
with EG could be directly transferred to a holding med