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PREFACE 

One of the goals of reproductive (gamete) biologists is to understand the 
biochemical processes and molecular mechanisms that regulate the formation 
and maturation of male and female gametes, and their ultimate union to form a 
zygote, a cell with somatic chromosome numbers. Development of the zygote 
begins immediately after sperm and egg haploid pronuclei come together, 
pooling their chromosomes to form a single diploid nucleus with the parental 
genes. The major difference between the reproductive and non-reproductive 
processes is that many events including interaction of the opposite gametes are 
species specific, and the knowledge gained in a given species may be 
applicable only in a few closely related species. Thus, the progress in 
understanding many aspects of gamete biology have been painfully slow. 
Despite slow advancement, many fascinating discoveries have been made. 
Recent successes of in vitro fertilization (IVF), and intracytoplasmic sperm 
injection (lCSI) techniques are noteworthy, and have helped many couples 
experience joy of parenthood. The assisted reproductive procedures are now 
being routinely used to increase the numbers of farm animals and endangered 
species. Many of these advances, in conjunction with recent successes in the 
cloning of laboratory and farm animals, were some of the factors behind my 
decision to undertake the task of organizing this book on mammalian 
reproduction. 

So far as I know, there is no other book that systematically describes the 
formation and maturation of male and female gametes, and factors that 
regulate their union during the fertilization process, activation and 
implantation of fertilized egg, manipulation of the gametes for assisted 
reproduction, and environmental toxicants. That such book was needed 
became apparent to me when teaching a course on reproduction to the 
graduate and medical students at the Vanderbilt School of Medicine. Every 
attempt has been made to include a wide spectrum of topics (chapters) on 
morphological and physiological aspects of male and female gametes. These 
chapters are contributed by investigators currently engaged in "cutting-edge" 
research in the area of reproductive biology. Needless to say, I am very 
grateful to all the contributors, whose expertise, willingness to contribute, and 
hard work have made this book possible. My sincere hope is that the book 
will succeed in giving pertinent information to most of its readers, which are 
likely to include undergraduate, graduate and medical students, and perhaps 
their mentors. If my attempts generate a reasonable interest and stimulate a 
few young minds to expect exciting possibilities in the area of gamete biology, 
this book has fulfilled its purpose. 

Daulat R.P. Tulsiani, Ph.D. 
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Chapter 1 

MAMMALIAN 
FUNCTION 

TESTES: STRUCTURE 

Neelakanta Ravindranath, Luis Dettin, and Martin Dym 
Georgetown University School of Medicine, Washington, DC, USA 

INTRODUCTION 

AND 

The male reproductive system consists of the primary sex organs, the 
two testes and a set of accessory sexual structures. The adult mammalian 
testis performs two important functions, spermatogenesis and male sex 
hormone production. It is an organ structurally designed to produce the 
haploid male gametes from diploid postnatal germ-line stem cells, i.e. type A 
spermatogonia. The process of morphological and functional differentiation 
of type A spermatogonia into the haploid male gamete, the spermatozoon, is 
termed spermatogenesis. In addition, the testis elaborates a steroid hormone, 
testosterone, that is responsible for maintaining the spermatogenic process as 
well as the secondary male sexual characteristics. Furthermore, testosterone 
is important for several different functions in various organ systems 
including the maintainance of muscle mass and bone density. The process of 
testosterone formation from its precursor, cholesterol, is termed 
steroidogenesis. In this chapter, we will discuss how the structure and form 
of the testis contributes to the processes of spermatogenesis and 
steroidogenesis. 

MORPHOLOGY OF THE ADULT TESTIS 

Each testis is covered with a thick fibrous capsule, the tunica albuginea. 
The thick infolding of the tunica albuginea at the posterior margin of the 
testis forms the mediastinum of the testis. Connective tissue septae originate 
from the mediastinum and pass into the interior of the testis, and subdivide it 
into several lobules. Within these lobules lie the convoluted folds of the 
seminiferous tubule. The space surrounding the seminiferous folds is 
occupied by the interstitial tissue. The seminiferous tubules form coiled 
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loops that tenninate at both ends into the rete testes located within the 
mediastinum. Spennatozoa and testicular fluid produced within the 
seminiferous tubule pass through the rete testes into the ductuli efferentes 
and epididymis. 

Histologically, the adult testis can be divided into two compartments, a 
seminiferous tubular compartment and an interstitial compartment (Fig. 1). 
The tubular compartment consists of an outer layer (s) of peritubular myoid 
cells and an inner layer of seminiferous epithelium separated by an 
intennediate layer of acellular matrix or basement membrane. The 
interstititial compartment consists of Leydig cells, immune cells 
(macrophages and lymphocytes), and fibroblasts. In addition, it also contains 
blood and lymph vessels, nerves, and loose connective tissue. The tubular 
and interstitial compartments of the testis perfonn the defined functions of 
spennatogenesis and steroidogenesis, respectively. 

Figure 1. Schematic representation of a mammalian testis (top left), a cross section of a 
seminiferous tubule (bottom left), and the seminiferous epithelium (right) showing myoid cells 
(M), the basement membrane (BM), Sertoli cells (S), and germ cells (G). 

SEMINIFEROUS EPITHELIUM AND 
SPERMATOGENESIS 

The seminiferous epithelium rests on the acellular basement membrane 
and contains two types of cells, Sertoli cells and genn cells (Fig. 1). At the 
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time of birth, the seminiferous epithelium consists of Sertoli cells and only 
one type of germ cell, i.e., the gonocyte, located in the central part of the 
seminiferous cord. Gonocytes migrate to the basement membrane during the 
early postnatal period and are now called type A spermatogonia. Type A 
spermatogonia could be called 'male germ-line stem cells' as they renew 
themselves and also differentiate into spermatozoa (1). During the process of 
differentiation into spermatozoa, the type A spermatogonia undergo several 
mitotic divisions to yield type B spermatogonia. Type B spermatogonia 
mitotically divide to yield primary spermatocytes. Primary spermatocyte 
through two successive meiotic divisions form haploid spermatids. The 
haploid spermatids morphologically differentiate into spermatozoa. Thus, in 
the adult testis, the seminiferous epithelium consists of various germ cell 
types with the stem cells resting on the basement membrane and more 
differentiated germ cell types arranged progressively towards the lumen. The 
germ cells at different stages of differentiation are in close anatomical and 
functional contact with the Sertoli cells. However, tight junctional 
complexes between adjoining Sertoli cells compartmentalize the 
seminiferous epithelium into a basal compartment and an adluminal 
compartment (2). The junctional complexes separate young germ cells, i.e. 
spermatogonia and the preleptotene spermatocytes, from later spermatocytes, 
spermatids, and spermatozoa. In addition, they form the morphological basis 
of blood-testis barrier. This barrier creates a unique microenvironment in the 
adluminal compartment. The germ cells in the basal compartment 
communicate with the neighbouring Sertoli cells, the basement membrane, 
the peri tubular myoid cells, and the blood and lymphatic vessels. More 
advanced germ cells in the adluminal compartment derive substances in 
blood or lymph through the Sertoli cell (3). Thus, Sertoli cells interact with 
all types of germ cells via desmosomes and gap junctions (4,5). In addition, 
Sertoli cells develop ectoplasmic specializations (actin-rich filaments 
sandwiched between plasma membrane and endoplasmic reticulum) and 
tubulobulbar complexes with spermatids (6). The development and 
degradation of these structural complexes between neighbouring Sertoli cells 
at the base of the seminiferous epithelium and between elongating spermatids 
and the Sertoli cell at the apical end of the seminiferous epithelium has been 
correlated with the movement of spermatocytes from basal to adluminal 
compartment and the release of sperm to the lumen, respectively (6). 

Sertoli Cell 

Generally, the Sertoli cells exhibit an infolded nuclear envelope with 
pores, a homogeneous nucleoplasm, and a single tripartite nucleolus (Fig. 2). 
Within the cytoplasm of Sertoli cells, a large Golgi apparatus, numerous 
mitochondria, lysosomes, multivesicular bodies, lipid droplets, and residual 
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bodies have been described. Sertoli cells present a profuse network of both 
rough and smooth endoplasmic reticulum suggesting their capability for both 
protein and steroid synthesis and secretion. Sertoli cells lack secretory 
granules, large vacuoles, and exocytotic vesicles (7, 8). Lack of these 
structures indicate that the synthesized proteins may be transferred to the 
plasma membrane where they are either secreted after cleavage or remain 
membrane-bound for interaction with the corresponding receptor on germ 
cell types. A classic example of the growth factor that is expressed by Sertoli 
cells in both membrane-bound and secretory form is stem cell factor (9). The 
corresponding receptor, c-kit, is expressed on the surface of type A 
spermatogonia (10, 11). This concept appears to be true as Sertoli cells have 
been shown to extend cytoplasmic processes (conical at the base, sheet-like 
in the middle, and tapered apical towards the lumen) that interact with the 
plasma membranes of spermatogonia, spermatocytes, spermatids, and 
spermatozoa (12). The shape of the Sertoli cells in 3-dimension 

Figure 2. A schematic representation of a Sertoli cell. Morphological details of the Sertoli 
cell is shown in the magnified image of the portion of the seminiferous tubule from the 
drawing on the left. Note that the Sertoli cell (S) is placed perpendicular to the basement 
membrane (BM). It possesses an infolded nucleus (N) with cytoplasm containing numerous 
mitochondria (Mit) and lipid droplets (LD). A tripartite nucleolus (Nu) is apparent within the 
nucleus. A tight junction (TJ) between adjoining Sertoli cells is also shown. 

changes continuously to accommodate the developing and differentiating 
germ cells and their mobilization from the base to the lumen (13). Apart 
from the above mentioned structures, Sertoli cells possess elaborate 
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cytoskeleton consisting of microtubules and filaments that may be involved 
in transport of spermatids through the seminiferous epithelium (6). 

Germ Cells 

ill the seminiferous epithelium of the adult testis where spermatogenesis is 
progressing actively, germ cell types begining with the most primitive germ 
cell, i.e., type A spermatogonia, to the most differentiated type, i.e., 
spermatozoa, are observed. The intermediary cell types during this 
differentiation pathway are type B spermatogonia, preleptotene 
spermatocytes, spermatocytes in different phases prior to meiotic division 
(leptotene, zygotene, and pachytene), secondary spermatocytes, and 
spermatids (round and elongating). A schematic representation of the stages 
of differentiation of type A spermatogonia into spermatozoa is shown in Fig. 
3. 

Figure 3. A schematic representation of the process of spennatogenesis. Type A 
spennatogonia that are present at the base of the seminiferous epithelium undergo a series of 
mitotic divisions to yield intennediate and type B spennatogonia. Further mitotic divisions of 
type B result in the fonnation of preleptotene spennatocytes. The preleptotene spennatocytes 
through leptotene, zygotene, and pachytene stages undergo the first meiotic division. The 
resultant secondary spermatocytes proceed through the second meiotic division to yield round 
spennatids. Round spennatids morphologically differentiate into spermatozoa. 
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Spermatogonia 

Although the discovery of spennatogonia dates back to the second-half 
of the 19th century (14), it was Regaud (15) who classified spennatogonia of 
rats into 'dusty and crusty types of cells' based on the chromatin patterns in 
the nuclei. Later, dusty type and crusty type were renamed as type A and 
type B, respectively (16). The type A cells exhibit nuclei with fine, palely 
stained chromatin granulation (Fig. 4), and the type B cells, in contrast, 
exhibit coarse granules of heavily stained chromatin close to the nuclear 
membrane. An intermediate type of spermatogonia with fine plaques of 
chromatin close to the nuclear membrane has been recognized in rodents 
(17). In addition, type A spermatogonia have been further classified into five 
different subtypes Ao, A\, A2, A3, and ~ based on nuclear morphology (18, 
19, 20). An alternate method of classification in rodents suggests the 
presence of A-single (As), A-paired (Ap), and A-aligned (Aal) spermatogonia 
before the formation of Al through ~ (21, 22, 23). Unlike in the rodents, 
only two subtypes of type A spermatogonia have been observed in the 
human. These are termed dark and pale types (24). The characteristic 
feature of the dark type A spermatogonia is the central pale-stained area in 
the nucleus (nuclear vacuole) surrounded by densely staining chromatin. In 
contrast, pale type A spermatogonia lack the nuclear vacuole and exhibit 
palely-stained granular chromatin. In similarity with the human, dark and 
pale type A spermatogonia have been observed in monkeys (25, 26, 27). 
More recently, we have observed dark and pale type A spermatogonia with 
similar characteristic features in 6-day old immature mice testis (Dettin et aI, 
unpublished results). 

Several review articles (28, 29) have summarized the work on male 
germ line stem cells in the testis. The spermatogonial renewal and 
differentiation schemes described are based on a whole mount analysis of 
adult seminiferous tubules and depend upon morphology and position in the 
cycle of the seminiferous epithelium. More recently, using plastic sections 
from adult mice testes, Russell and colleagues defined distinct morphological 
characteristics of the As, AaI, and Ap. (30). In the 6-day-old mouse testis, 
there are no stages since germ cell development is barely initiated, thus it is 
difficult to identify the AI to~. All the type A cells appear homogeneous in 
section, although it is believed that among the type A there must be a 
subpopulation of cells that are the real stem cells - possibly the As. More 
recent studies indicate that spermatogonial stem population lacks c-kit while 
the differentiating spermatogonia express c-kit on their surface (31). What 
"keeps a stem a stem" is one of the most important unanswered questions in 
biology today (32). Based on the report that stem cells in skin possess 
integrin receptors and that their loss is associated with differentiation, 
Brinster and colleagues have reported that 131- and a.6-integrins could be 
used as markers for spermatogonial stem cells (33), although Sertoli cells and 
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other spennatogonia (type A, In, and B) also have integrin receptors. Using 
transgenic mice either over expressing GDNF (glial cell-derived 
neurotrophic factor) or lacking a GDNF allele, it has been shown that 
spennatogonial stem cells require GDNF for their survival and renewal (34). 
Thus, GDNF receptor could serve as a marker for the identification of 
spennatogonial stem cells. 

In all mammalian species, spennatogonia are linked together by 
intercellular bridges (35). These bridges possess a thin rim of poorly stained 
cytoplasm with very few organelles. Although attempts have been made to 
correlate the structural features of various types of A spermatogonia (30, 36) 
with function, they are hampered by lack of biochemical markers to identify 
and separate these individual types of type A spennatogonia. Type B 

Figure 4. A schematic representation of a type A spermatogonium (right) within a cross 
section of a seminiferous tubule (left). Note that the spermatogonium (Spg) is located within 
the basal compartment of the seminiferous epithelium. Two adjoining Sertoli cells (S) along 
with the basement membrane (BM) create the basal compartment. A Sertoli-Sertoli tight 
junction (TJ) is also shown above the spermatogonium. Spermatogonia possess large nuclei 
(N) with a thin rim of cytoplasm and scarce cytoplasmic organelles. 

spennatogonia are smaller in size compared to type A spennatogonia. The 
chromatin material is arranged towards the periphery of the nucleus. A 
prominent nucleolus is located centrally in the nucleus. These cells appear to 
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have least contact with the basement membrane (37) suggesting that they are 
about to detach and move towards the adluminal compartment in the pathway 
of differentiation into primary spermatocytes. 

Spermatocytes 

Type B spermatogonia undergo mitotic division to yield preleptotene 
spermatocytes. These are the primary spermatocytes which prepare 
themselves for undergoing the first meiotic division. The primary 
spermatocytes are smaller in size than type B spermatogonia and possess less 
chromatin along the nuclear envelope (37, 38). They are still in contact with 
the basement membrane. During transition into the leptotene stage of 
meiotic prophase, they lose the contact with the basement membrane and 
become more rounded. At this stage, the peripheral chromatin is lost 
completely and fine condensed filamentous chromatin threads appear in the 
nucleus. This suggests active synthesis of DNA leading to chromatid 
duplication and eventual condensation of the chromatid DNA. The 
chromosomes remain unpaired. In the next stage, i.e., zygotene 
spermatocytes, the homologous chromosomes pair with each other forming a 
synaptonemal complex. Following the formation of the synaptonemal 
complex, the primary spermatocyte enter the pachytene stage in which there 
is further thickening and shortening of the paired chromosomes linked 
together at regions known as chiasmata. Functionally, genetic recombination 
between maternal and paternal homologous chromosomes occur by 'crossing 
over' in this stage. In addition, there is enormous growth of the cell with 
increased volumes of both the nucleus and the cytoplasm. The diplotene 
stage of prophase that follows the pachytene stage is very short, however, the 
paired chromosomes segregate except at chiasmatic regions of association. 
At the end of the diplotene stage, cells possess two pairs of each 
chromosome and enter metaphase, anaphase, and telophase in rapid 
succession completing the first meiotic division leading to the formation of 
secondary spermatocytes with a single pair of each chromosome. Secondary 
spermatocytes have a very short life and lack special distinguishing features 
(38). These cells are smaller than pachytene spermatocytes but larger than 
round spermatids. The nuclei present evenly distributed chromatin with a 
centrally located nucleoli. The secondary spermatocytes undergo the second 
meiotic division resulting in the formation of round spermatids that possess 
haploid number of chromosomes. 



9 

Spermatids and Spermatozoa 

Spermatids are the haploid cells derived from the secondary 
spermatocytes. These spermatids undergo a unique morphological 
transformation to yield spermatozoa. This process of transformation is 
defined as spermiogenesis. Spermiogenesis involves formation of an 
acrosome, changes in nuclear morphology and position, and formation of a 
tail. Nineteen steps have been identified in the transformation of immature 
round spermatids into spermatozoa in the rat (39) and these steps could be 
sub grouped into a Golgi phase, cap phase, acrosomal phase and maturation 
phase. Very recently formed spermatids are spherical in shape with a 
centrally placed spherical nucleus, a well developed perinuclear Golgi 
apparatus, and adjacent centrioles. A chromatid body, an electron dense 
mass, is also visible in the perinuclear region (37). These cells do not have 
an acrosome. They are classified as step 1 spermatids. Through step 2 to 
step 7 in the rat, the Golgi apparatus deposits proacrosomal vesicles 
(containing acrosomal granules) which form an acrosomal cap at one end of 
the nucleus. This process has been described in much detail in Chapter 2. 
Until step 7, the spermatids are round in shape with a centrally located 
nucleus. Beyond step 7, the nucleus becomes eccentric with the acrosomal 
end coming in contact with the cell membrane, and the process of elongation 
of spermatids begin. The acrosomal end is the anterior pole of the sperm 
head and is oriented towards the base of the seminiferous epithelium. 
Progressively through each step, nuclear chromatin condenses to eventually 
form an electron-dense homogeneous mass. In addition, the nuclear volume 
decreases, and the shape of the nucleus changes in a species-specific manner. 
The sperm tail formation begins at the immature spermatid stage in step 1. 
An axial filament arises from one of the centrioles and pushes the cell 
membrane outwards. This filament known as the axoneme forms the core of 
the sperm tail and consists of nine peripheral doublets with a central pair of 
microtubules. The axoneme is located at the opposite end of the acrosomal 
pole. During the cap phase of development, the chromatid body surrounds 
the origin of the flagellum. In the acrosomal phase, modifications to the 
centriolar apparatus results in a neck piece. As the flagellum consisting of 
the axoneme surrounded by the cell membrane elongates, the central pair of 
microtubules are symmetrically enveloped by nine columns of coarse fibers, 
and are united to nine segmented columns in the neck piece. In the 
developing flagellum extending from the neck, a middle piece, an annulus, a 
principal piece, and an end piece can be identified. In the middle piece 
which is separated from the principal piece by the fibrous ring (annulus), 
mitochondria align along the coarse fibers. The principal piece is devoid of 
mitochondria and the nine columns of coarse fibers are enveloped by a dense 
fibrous sheath. The end piece consists of the central and outer pairs of 
microtubules covered by the cell membrane. The functional significance of 
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the ultrastructures in spennatids and spermatozoa are described in chapters 2 
and 5. In the maturation phase, the cytoplasm is extruded as residual bodies 
and is phagocytosed by the Sertoli cells. 

Cell Associations and the Wave of the Seminiferous Epithelium 

The structure-function relationship in the tubular compartment is best 
defined by stages, the cycle, and the wave of the seminiferous epithelium. 
Although there are variations among species, characteristic cell-cell 
associations have been well defined for rat, mice, and the human (38, 40-42). 
In the rat, there are 14 stages or cell associations, and the genn cells seen at 
each stage is shown in Fig. 5 (20). 

Figure 5. Cell associations or stages of the cycle of the seminiferous epithelium in the rat. 
Each stage of the cycle is represented by a Roman numeral. The column above the numeral 
indicates the composition of germ cell types during that particular stage. For example, in 
column V, type Al spermatogonia, type B spermatogonia, pachytene spermatocytes, round 
spermatids, and elongating spermatids in step 17 of spermiogenesis are seen. This segment of 
the seminiferous epithelium is in stage V of the cycle. As time progresses, the same segment 
will progress to stage VI with type Al and B spermatogonia, pachytene spermatocytes, round 
spermatids in cap phase, and elongating spermatids in step 18 of spermiogenesis. 

During the process of development and differentiation of spennatogonia 
in the basal compartment to spennatozoa in the adluminal compartment, a 
specific cell association, e.g., VII, exists in a small segment of the tubule. In 
that segment of tubule, the cell association will mature to successive cell 
associations until there is a return to the starting cell association, i.e., VII. 
This is referred to as the cycle of the seminiferous epithelium. A particular 
cell association pattern within the cycle is called a stage of the cycle. Along 
the length of the tubule, a continuous series of successive cell associations 
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are present. For example, a particular segment of tubule is in stage VII of the 
cycle. The next segment along the longitudinal axis of the tubule will exhibit 
stage VIII of the cycle, and the following segment will be in stage IX of the 
cycle. A progressive change in stages of the cycle is observed until stage 
XIV in rodents after which stage I begins. Beginning with a particular stage 
of the cycle and ending at the same stage of the cycle along the longitudinal 
axis of the seminiferous tubule is known as the wave of the seminiferous 
epithelium. 

PERITUBULAR MYOID CELL 

Originally described by Regaud (15) as connective tissue cells, 
peritubular myoid cells were renamed based on their smooth muscle cell-like 
ultrastructure and their contractile nature (43-45). While only a single layer 
of myoid cells has been observed in rodents (44, 46), larger animals and 
humans have multiple layers of myoid cells (47, 48). Ultrastructurally, the 
myoid cells contain central elliptical nuclei, sparse cytoplasmic organelles, 
and abundant cytoplasmic filaments made up of a-smooth muscle isoactin 
(49). The actin-containing filaments form bundles that run in different 
directions in a species-specific manner with the most complicated 
arrangement seen in the human seminiferous tubules (50). The arrangement 
of actin filaments may contribute to the direction and movement of the cells. 
Apart from actin, myoid cells also contain myosin, another cytoskeletal 
protein, that may be involved in the contractile process (51). Other 
cytoskeletal proteins such as desmin, vimentin, alpha-actinin, and vinculin 
have been demonstrated in the cytoplasm of myoid cells in a species-specific 
manner (50). Based on the structural features, contractility of seminiferous 
tubules (52, 53) has been attributed to the myoid cells. Efforts have also 
been made to associate the contractility of seminiferous tubules to the 
ongoing process of spermatogenesis and spermiogenesis within the tubules 
(54) and the luminal content of spermatozoa and testicular fluid (55). In 
addition to providing the contractile function to the seminiferous tubule, the 
myoid cells contribute to the blood-testis barrier partially by preventing the 
entry of high molecular weight substances (2, 56). With their close 
proximity to the Sertoli cells and germ cells (basal compartment), myoid 
cell-secretory products may modulate spermatogenesis (Fig. 5). PModS, a 
protein secreted by myoid cells, has been shown to affect the function of 
Sertoli cells (57). Recently, it has been shown that leukemia inhibitory factor 
(UF) elaborated by myoid cells may modulate the function of both Sertoli 
and spermatogonial cells that express the receptors for LIF (58). Although 
the secretion of several other factors by myoid cells has been demonstrated, 
their functional significance is not known. 
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BASEMENT MEMBRANE 

The seminiferous epithelium rests on a thin zone of extracellular matrix 
known as the basement membrane (59). In between the basement membrane 
and the peri tubular myoid cells, lie a zone of collagen fibrils arranged in 
varying orientation (60). The basement membrane in the rat is composed of 
laminin, type IV collagen, heparan sulfate proteoglycan, and 
nidogenlentactin (61) (Fig. 6). 

Figure 6. A schematic representation of the acellular basement membrane separating the 
seminiferous tllbule from the interstititial compartment. Note that the basement membrane 
(BM) underlies the plasma membranes of both Sertoli cells (S) and early germ cells (G) in the 
basal compartment of the seminiferous tubules. 

The individual components of the basement membrane have been 
shown to induce structural and morphological changes in the cells of the 
basal compartment of the seminiferous epithelium, specially in the Sertoli 
cells (62-64). Sertoli cells acquired the characteristic in vivo appearance with 
a columnar shape and polarity. When cultured on Matrigel (a reconstituted 
basement membrane derived from the Engelbreth-Holm-Swarm tumor), 
isolated Sertoli cells and germ cells were able to differentiate and form 
testicular cords in the presence of a few peritubular myoid cells (65). Not 
only does basement membrane induce changes in the structure of cells at the 
base of the seminiferous epithelium, it also induces functional changes in 
them. Most pronounced effects have been observed in terms of 
responsiveness of Sertoli cells to follicle stimulating hormone. These include 
enhanced stimulation of the expression of the c-fos gene (66), and the 
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enhanced secretion of androgen binding protein and transferrin (64, 65). The 
enhancement in the function of Sertoli cells in response to FSH in the 
presence of basement membrane has also been correlated with the 
modulation of the signal transducers involved, i.e., cAMP and intracellular 
calcium (67, 68). Despite an important role for FSH in Sertoli cell function, 
the survival of Sertoli cells is exclusively dependent on the presence of 
underlying basement membrane (69). Basement membrane may also playa 
specific role in the survival of spermatogonia in the basal compartment, and 
detachment of spermatogonia from the basement membrane may signal 
either differentiation or apoptosis. 

LEYDIG CELLS AND STEROIDOGENESIS 

Leydig cells were first identified as masses of cells with fatty vacuoles 
and pigment inclusions in the intertubular space (70). They are frequently 
associated with blood vessels in the intertubular spaces. Leydig cells are 
either spherical or irregularly polyhedral in shape (39). The nuclei are round 
or oval and generally are eccentrically placed. Ultrastructurally, the nuclear 
envelope may present numerous indentations (37). Clumps of 
heterochromatin associate with the inner surface of the nuclear envelope. 
The nucleolus exhibits dense granular and amorphous areas. The 
characteristic feature of the cytoplasm of the mammalian Leydig cells is the 
abundance of smooth endoplasmic reticulum (71). It consists of a random 
network of interconnected tubules packed in sheets. They may also appear as 
arrays of fenestrated cisternae or concentric whorls of smooth membranes. 
There are species-specific variations in the appearance and abundance of 
smooth endoplasmic reticulum. Efforts have been made to correlate the 
relative abundance of smooth endoplasmic reticulum with the steroidogenic 
ability of Leydig cells (72, 73). There exists a strong correlation between 
androgen secretion and the amount of smooth endoplasmic reticulum and 
Golgi membranes within the cytoplasm of Leydig cells (74). The smooth 
endoplasmic reticulum associates with the large lipid droplets found in the 
cytoplasm of Leydig cells. The lipid droplets contain cholesterol in the 
esterized form. Most of this cholesterol is synthesized by the smooth 
endoplasmic reticulum of the Leydig cells (75). The first step in 
steroidogenesis is the movement of cholesterol present in the lipid droplets 
onto the surface of mitochondria. Structurally, the movement may involve 
the actin and the vimentin cytoskeletal filaments found in the cytoplasm of 
Leydig cells (76). The size and number of mitochondria present in Leydig 
cells vary depending upon the species of animals. The mitochondria are 
either ovoid or rod-shaped, and consist of an outer membrane and inner 
membrane including the cristae. Cholesterol present on the outer membrane 
is transported to the inner membrane where it is cleaved by the side chain 
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cleavage enzyme (P450scd and converted into pregnenolone. Recent 
evidence suggests that the movement of cholesterol from outer to inner 
membrane of mitochondria is facilitated by steroiogenic acute regulatory 
protein (StAR) and/or by peripheral benzodiazepine receptor (77) (78). 
Pregnenolone in the presence of 17a-hydroxylase, 17-20 lyase, and 3f3-
hydroxysteroid dehydrogenase is converted into testosterone in the smooth 
endoplasmic reticulum. Testosterone could also be converted further into 
estradiol in the presence of aromatase enzyme in the testis. Thus, the 
structural features of Leydig cells, i.e., lipid droplets, abundant smooth 
endoplasmic reticulum, and mitochondria contribute to the process of 
steroidogenesis. The current model of Leydig cell steroidogenesis is 
depicted in Fig. 7. 

CONCLUSIONS 

This chapter focuses exclusively on histomorphological features of the 
mammalian testis and their relationship to the function of the testis. The 
testis can be subdivided into a tubular compartment and an interstitial 
compartment based on structure and function. The tubular compartment is 
the site of spermatogenesis and consists of seminiferous epithelium on the 
inside and a peri tubular myoid cell layer on the outside. Sertoli cells, the 
somatic cell component of the epithelium, provides structural and nutritional 
support to the dormant and developing germ cells. ill addition, it may also 
regulate the process of spermatogenesis through the release of several growth 
factors and cytokines. Spermatogenesis begins with the diploid type A 
spermatogonial stem cells and proceeds through type B spermatogonia, 
primary spermatocytes, and secondary spermatocytes to yield haploid round 
spermatids. Haploid round spermatids morphologically differentiate into 
spermatozoa. The tubular compartment on the outside is surrounded by one 
or multiple layers of myoid cells. Peritubular myoid cells provide 
contractility to the seminiferous tubule and may elaborate secretory products 
that regulate the functions of Sertoli, Leydig, and germ cells. These cells are 
separated from the seminiferous epithelium by an acellular layer of basement 
membrane. 

Basement membrane affords structural integrity to Sertoli cells and 
probably to the early spermatogenic cells. It also acts as a survival factor for 
these cells. The interstitial compartment with a high vascular and lymphatic 
supply consists predominantly of Leydig cells, macrophages, and fibroblasts. 
Leydig cells possess the machinery for steroid biosynthesis and secretion. 
Structurally, the cell is endowed with lipid droplets containing cholesterol 
(the precursor for steroid synthesis), and an abundant smooth endoplasmic 
reticulum and mitochondria to convert cholesterol into testosterone. 
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Figure 7. Morphological details of the Leydig cell are shown in the magnified image of the 
portion of the seminiferous tubule from drawing on the left. Note that the Leydig cells (L) are 
large in size and are located in close proximity to the blood vessel (BV) (top right.) They 
possess numerous lipid droplets (LD) and a rich network of smooth endoplasmic reticulum 
(SER) for steroid biosynthesis (bottom). 
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CONTENTS 

AYda Abou-Haila And Daulat R.P. Tulsiani 
Universite Rene Descartes, Paris, France and Vanderbilt School of Medicine, Nashville, 
Tennessee, USA 

INTRODUCTION 

The mammalian spennatozoon is a uniquely shaped cell with a head 
containing the nucleus and enzyme-filled acrosome, and a flagellum (tail) 
containing contractile apparatus such as the axoneme, cytoskeletal structures 
and mitochondria. The shape of the spenn head varies from species to species 
and usually falls into two categories: a sickle shape in rodents and a paddle 
shape (spatulate) in several larger species including man. This highly 
specialized cell, capable of delivering the male genome to the egg, is fonned 
in the testes throughout postpubertal male reproductive life span by a 
regulated process called spennatogenesis. The final phase of this process, 
referred to as spermiogenesis, is a continuous process beginning with the 
fonnation of the round spennatid and cOI).cluding with the release of the 
spennatozoon into the lumen of the seminiferous tubule. The number of 
programmed steps needed to transfonn an ordinary looking round spennatid 
into a hydrodynamically shaped spennatozoon with a fully developed 
acrosome varies· from species to species and ranges from six to eight steps in 
man to 19 steps in rats and rabbits. 

The fonnation and organization of the acrosome are perhaps the most 
fascinating events during spenniogenesis. Despite slow progress, many new 
details are emerging. The acrosome, a Golgi-derived secretory vesicle, is a 
sac-like structure filled with a variety of antigens including powerful 
hydrolytic enzymes. The acrosome contains two sets of components: those 
that are readily soluble and others that are present in the fonn of an insoluble 
matrix. Because of their differential solubility, the acrosomal contents are 
thought to be released at different rates at the on-set of the acrosome reaction. 
This prerequisite event allows the acrosome-reacted spennatozoon to 
penetrate the zona pellucida and fertilize the egg. Thus, an understanding of 
the acrosome and its contents is necessary for a clear picture of how the 
organelle prepares itself for a role in early events of fertilization. 
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The cellular changes during the formation of acrosomic system have 

been studied and described using biochemical and morphological approaches 
(1, 2). In this chapter, we review these changes and include our recent studies 
with anti-acid glycohydrolase antibodies as probes to monitor the formation 
of the sperm acrosome. 

FORMATION OF SPERMATOZOA 

Spermatozoa are formed from spermatogonial stem cells throughout 
male reproductive life by a highly orchestrated process referred to as 
spermatogenesis. The entire process consists of three sequential phases of 
proliferation and differentiation. First, spermatogonial stem cells multiply to 
produce an optimal number of spermatogonia which give rise to primary 
spermatocytes and also maintain a pool of fresh stem cells. During this phase, 
cells subdivide into A-type spermatogonia (cells with no heterochromatin in 
the nucleus) and B-type spermatogonia (cells with heterochromatin in the 
nucleus). In rats and mice, intermediate (In)-type spermatogonia are also 
formed (Figure 1). Second, the resulting primary spermatocytes (diploid 
cells) undergo a lengthy meiotic prophase, followed by two successive 
divisions: the first division produces two secondary spermatocytes. Each 
secondary spermatocyte then undergoes a second division to produce four 
haploid round spermatids. The non-dividing spermatids remain in close 
association with Sertoli cells during their differentiation into polarized 
spermatozoa. This last process, referred to as spermiogenesis, is perhaps the 
most fascinating and involves coordinated changes in intracellular systems 
including Golgi apparatus, nucleus, mitochondria and centriolar-axonemal 
complex. These alterations require a series of shape changes from round to 
elongate as spermatid metamorphoses into a developing spermatozoon. The 
nucleus elongates, shifts towards the cell surface and takes on a compact and 
species-specific microanatomy (Figures 2 and 3). The chromatin condenses 
and testis-specific histones are replaced by spermatozoal proteins 
(protamines) which are rich in arginine and cysteine. The net result is the 
formation of a spermatozoon that is devoid of endoplasmic reticulum and 
Golgi apparatus but contains new structures such as cytoskeletal elements and 
acrosome. 

The process of the transformation of a round spermatid into the 
spermatozoon is continuous, has several steps, and is completed in 12-14 
days in rats and 23 days in man. The progressive steps vary considerably 
from species to species: there are 19 steps in rats and rabbits, 16 in mice, 14 
in monkeys, and 6-8 steps in man. 



23 

p 

i 
Cl> 19 F~ CI) 

ClJ' 
~ 
£1. 

t) 

Figure 1. Diagram illustrating spermatogenic cycle of the seminiferous epithelium for rat. 
The abbreviations for the spermatogenic cells at various stages of the cycle are as follows: A, 
A-type spermatogonia; In, intermediate-type spermatogonia; B, B-type spermatogonia; Z, 
zygotene spermatocyte; P, pachytene spermatocyte; and spermatids from stages I to 18. The 
sperm cell (stage 19) is released into the lumen of the seminiferous tubule. Reproduced with 
permission from Abou-Haila and Tulsiani (3). 

The Sperm Acrosome 

A well-developed acrosome is a membranous structure covering the 
anterior portion of the nucleus. There is a large variation in the size and 
shape of the acrosome from species to species which depends on the 
morphology of the sperm head. In mammals, the sperm head and its 
acrosome generally fall into two categories: a sickle-shaped head in rodents, 
and a skull-cap/paddle-shaped (spatulate) head in several larger species, 
including man (Figure 4). However, the basic structure and function of the 
acrosome in all mammals are the same. The acrosome consists of two 
segments, the acrosomal cap (anterior acrosome) and the equatorial segment 
(posterior acrosome). The distribution of these two segments differs greatly 
between species. The acrosomal cap is comprised of the marginal segment 
(portion that extends beyond the anterior margin of the nucleus) and the 
principal segment (portion overlying the nucleus). The equatorial segment 
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Figure 2. Diagram illustrating eight stages of the transformation of round 
spermatids into spermatozoa (spermiogenesis) in man. The figure was 
adopted from Holstein (4). 

forms a band that approximately overlies the equator of the head in spatulate 
spermatozoa and covers much of the lateral surface in sickle-shaped 
spermatozoa (Figure 4). In most species, the equatorial segment persists until 
sperm-egg fusion. 

A mature acrosome is a sac-like structure with an inner acrosomal 
membrane close to the nucleus and an outer acrosomal membrane underlying 
the sperm plasma membrane (Figure 4). It is a Golgi-derived secretory 
vesicle which resembles the cellular lysosome in many ways. The two 
organelles originate from the Golgi apparatus. Internal milieu in these 
vesicles is normally acidic. Finally, both are filled with several common 
enzymes such as acid glycohydrolases, proteases, esterases, acid 
phosphatases and aryl sulfatases (5,6). Despite these similarities, the 
acrosome is different from the lysosome in that it contains several novel 
components such as acrosin acrogranin, a matrix protein AM67, and several 
testis-specific serine proteinases (3,7). Because of these differences and its 
exocytotic properties, the sperm acrosome is considered analogous to a 
secretory granule. The important features of this secretory vesicles as 
reported by Burgess and Kelly (8) are : 1) the secretory contents are stored 
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Figure 3. Diagram illustrating nineteen stages of the transfonnation of round spennatids into 
spennatozoa (spermiogenesis) in the rat. The acrosome is gradually fonned during four phases 
as indicated in the figure. The phases are as follows: Golgi phase, stages 1-3; cap phase, stages 
4-7; phase, stages 8-14; and maturation phase, stages 15-19. Reproduced with permission 
from Abou-Haila and Tulsiani (3). 
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Figure 4. Schematic drawing of human (a,b) and rat (c,d) sperm head. Section through the 
plane of the nuclear flattening (a), longitudinal sections (a,c), and saggital section (d). The 
drawings seen in b and d correspond to levels of the plane of sections seen in (a) and (c). A, 
acrosome; AA, anterior acrosome; AR acrosomal region; ES, equatorial segment; lAM, inner 
acrosomal membrane; N, nucleus; OAM, outer acrosomal membrane; PAR, postacrosomal 
region; PM, plasma membrane; RNM, redundant nuclear membrane; VS, ventral spur. 

over an extended period of time and are present in a concentrated form; 
2) the contents form a dense structure surrounded by inner and outer 
membranes and the acrosomal granule is stored for several weeks during 
sperm development in the testis and subsequent maturation in the epididymis; 
and 3) the organelle undergoes secretion as a result of an external stimulus. 

The interior of the acrosome proper is thought to be biochemically and 
morphologically compartmentalized with specific components present in 
discrete regions of the organelle. Furthermore, the acrosome contains two sets 
of components with different solubility, a set of readily soluble components 
and a set of insoluble (particulate) matrix components. Thus, it has been 
suggested that the solubility of the acrosomal components determines their 
function during and after the acrosome reaction. For instance, a soluble 
component would be released instantly at the on-set of the acrosomal 
exocytosis, whereas matrix components would remain associated with the 
acrosome for a longer period of time during the acrosome reaction. 

The insoluble matrix components in the acrosome may also act as 
structural components that allow it to maintain the species-specific shape. In 
addition, the matrix proteins have been suggested to segregate hydrolases 
within the acrosome (9). Thus, the acrosome is not just a vesicle filled with 
enzymes. The high organization within the organelle ensures that its 
constituents are released in a timely manner as spermatozoa traverse the egg 
vestments. 
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constituents are released in a timely manner as spermatozoa traverse the egg 
vestments. 

F onnation of the Acrosome 

The formation and organization of the acrosomic system takes place 
during spermiogenesis. Several stages have been identified in man (Figure 2) 
and rat (Figure 3). In the rat, spermiogenesis has been divided into several 
sub-phases (steps) based upon changes occurring during the developing 
acrosome and nucleus. During early stages of spermiogenesis (Golgi and cap 
phases), the Golgi apparatus is active in synthesizing and delivering 
proteins/glycoproteins and membrane vesicles required for the maturing 
acrosome. At this stage, the Golgi complex consists of a prominent system of 
closely packed tubules and vesicles localized close to one pole of the nucleus. 
The vesicles that contribute to acrosome formation are derived from the 
stacks of trans-Golgi network. During the "Golgi phase", numerous 
proacrosomic granules are formed from the trans-Golgi stacks and 
accumulate in medullary region. These small granules fuse with each other 
forming a single acrosomic granule which establishes close contact with the 
nuclear envelope. During the "cap phase", the spherical acrosomic granule 
enlarges by the addition of glycoprotein-rich contents into the forming 
acrosomic system (acrosome and head cap; Figures 5,6). The synthesis of 
several glycoproteins involved in acrosome formation begins in pachytene 
spermatocytes and continues throughout spermiogenesis. During these early 
stages of acrosome fonnation, there is a close association between the Golgi 
complex and the forming acrosomal vesicle. Recent evidence suggests the 
occurrence of a number of small coated vesicles (40-50 nm in diameter) in 
the Golgi complex that may correspond to coatomer-coated vesicles (COP) 
which have been observed in somatic cells (10,11). Two of these vesicles, (3-
COP and clathrin coated, are present in both the Golgi complex and the 
forming acrosome suggesting that these vesicles may have a role in 
membrane trafficking during acrosome biogenesis. The developing 
acrosomic system grows and flattens over the nucleus. The nuclear region 
which is in close contact with the developing acrosomal vesicle is 
characterized by a thin layer of condensed chromatin just beneath the nuclear 
membrane. Finally, during the "acrosomal phase", the acrosomic granule 
attaches itself to the inner acrosomal membrane and becomes hemispherical. 
The structure remains distinct throughout the final maturation phase of 
spermiogenesis and represents the acrosome proper. Additional 
modifications, such as condensation of the acrosome vesicle and intra
acrosomal modifications of several antigens have been reported as sperm 
cells undergo maturation in the epididymis. (for details see chapter 6). The 
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mechanism by which the sperm acrosome attains the species-specific shape is 
far from clear. It has been suggested that flattening and spreading of the 

Figure 5. Diagram showing the structure of the hemispherical Golgi apparatus and acrosomic 
system (acrosome and head cap) at the surface of the nucleus (N) of a step 6 rat spermatid. 
The acrosomal vesicle (A V) is close to the inner acrosomal membrane lining the nuclear 
membrane and the head cap (HC) is spread over the surface of the nucleus. The Golgi 
apparatus shows a cortex composed of several saccules (GS) and a medulla (M) containing 
membranous vesicular and tubular profiles. A trans-Golgi network (TGN) with coated edges 
(arrow) is seen in the saccules. Endoplasmic reticulum (ER) is seen at the cis face of the Golgi 
apparatus. 

acrosome over the nucleus may be the result of vesicle fusion at the edges 
of the forming acrosome coupled with membrane retrieval at the center of the 
acrosome. According to this model, newly-synthesized Golgi components 
move from Golgi-to-acrosome during the early stages of spermiogenesis and 
are responsible for the growth of the acrosome. Over time, the traffic from 
the Golgi-to-acrosome declines, and there may be a concomitant increase of 
traffic in the opposite direction (i.e., from acrosome-to-Golgi complex). The 
spermatids constantly adjust both trafficking routes until the acrosome has 
flattened and the Golgi apparatus has migrated towards the opposite pole of 
the germ cell (11). The proposed retrograde and anterograde vesicular 
transport trafficking pathways which control the growth and shape of the 
acrosome has yet to be confirmed. 
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Figure 6. Electron micrograph showing the distribution of {1-glucuronidase in the mouse 
spermatid (step 6). Note the presence of gold particles in the Golgi stacks (GS) and Golgi 
vesicles in the medulla (M) as well as in the acrosomal vesicle (A V) and the head cap (HC) 
over the nucleus (N). Original magnification X 24,000. 

Acid Glycohydrolases as Markers to Study Acrosome Formation 

Glycohydrolases are exo-enzymes that cleave terminal glycosidic 
residues from the glycan portion of glycoproteins and glycolipids. These 
enzymes are expressed during spermatogenesis and are localized in the sperm 
acrosome (see below). We have recently utilized antibodies against two 
glycohydrolases as probes to monitor the acrosome formation during 
progressive transformation of spermatids into testicular spermatozoa which 
contain well-developed acrosome. This was accomplished using 
immunohistochemical approaches at light and electron microscopic levels. In 
the former approach, we examined the binding of monospecific 
immunoglobulin (IgG) to mixed spermatogenic cells prepared by enzymatic 
disruption of the rat testes. The permeabilized germ cells treated with the 
primary antibodies were immunostained using fluorescein (FITC)-labeled 
secondary antibody. Various stages of the acrosome formation were 
identified by confocal microscopy using Nomarski differential interference 
contrast optics. Data presented in Figures 7 and 8 demonstrate the 
distribution of /3-D-galactosidase and /3-D-glucuronidase, respectively, during 
spermiogenesis. Both glycohydrolases were expressed in the Golgi apparatus 
and lysosome-like multivesicular bodies present in diploid spermatogenic 
cells (pachytene spermatocytes) and early round spermatids. The progressive 
formation of the acrosome coincided with the decrease in the number of 
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multi vesicular bodies. This result suggests that during spermiogenesis 
the Golgi apparatus is more involved in the formation of aero somal 
components. 

Figure 7. Confocal micrographs showing immunolocalization of {1-D-galactosidase in the 
forming acrosome during spermiogenesis in the rat. The testicular germ cells were 
immunostained using anti-{1-D-galactosidase immunoglobulin (IgG) as primary antibody and 
FITC-labeled anti-rabbit goat IgG as secondary antibody (3). Various phases of the acrosome 
formation were photographed with a confocal microscope using Nomarski differential 
interference contrast optics (A-D). Note the presence of an intense fluorescence in the forming 
acrosome during progressive differentiation of the spermatids (E-B). The spermatids are from 
the following stages: Stage 8, A & E; Stage 10, B & F; Stage 14, C & G; and Stage 16, D & 
H. The absence of flagellum in the elongated spermatids is due to its loss during preparation 
of the spermatogenic cells by enzymatic disruption of the testis (3). 

Figure 8. Confocal micrographs showing immunolocalization of {1-D-glucuronidase in the 
forming acrosome during progressive transformation of the rat round spermatid (A) into the 
spermatozoon (D). Other details are the same as in Figure 7, except that anti-{1-D
glucuronidase IgG was used as primary antibody. The spermatids are from the following 
stages: Stage 4, A; Stage 8, B; and Stage II, C. 
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In addition to these two glycohydrolases, male germ cells also contain 
N-acetyl I3-D-glucosaminidase and a-L-fucosidase, the exo-enzymes which 
cleave terminal 13-linked N-acetylglucosamine, and a-linked fucose residues, 
respectively. Although the biological significance of acrosomal 
glycohydrolases is still far from clear, a recent study reported abnormal 
spermiogenesis in dogs suffering from fucosidosis, an inherited storage 
disorder caused by severe deficiency in lysosomal a-L-fucosidase. It is not 
known whether male animals and humans with other storage conditions such 
as galactosidosis or mannosidosis have similar aero somal abnormalities. 

Despite many advances in our understanding of the formation and 
organization of the acrosome, little is known about the factors that regulate 
various steps of the complex process. The highly regulated processes of 
acrosome formation is thought to require sequential activation of many genes 
expressed in differentiating germ cells (12). 

ACROSOMAL CONTENTS AND THEIR FUNCTIONAL 
SIGNIFICANCE 

There is extensive literature on the aero somal contents and their 
functional significance in sperm physiology. The following is a brief 
description of the constituents of the acrosome and their potential role in 
fertilization. 

Glycohydrolases 

The acrosome contains a host of hydrolytic enzymes with catalytic 
and immunological properties similar to the enzymes present within 
lysosomes. The lysosomal glycohydrolases have both anionic and 
carbohydrate recognition markers demonstrated to be mannose-6-phosphate 
(Man6-P). The newly synthesized enzymes are transported to lysosomes by 
virtue of exposed Man6-P-ligand (13). The ligand is recognized by two types 
of Man6-P receptors localized in the trans-Golgi cisternae, a 215 kDa cation
independent (Cl) and a 46 kDa cation-dependent (CD) type. The two 
receptors bind to Man6-P ligands and segregate acid glycohydrolases in 
transport vesicles. These vesicles bud off from the Golgi-associated 
compartments (transport vesicles) and deliver their enzymes by fusing with 
prelysosomal (endosome) structures (6,14). The signal required for targeting 
glycohydrolases to the lysosomes is well documented; however, it is not clear 
how these enzymes are targeted to the acrosome. Although several 
glycohydrolases, including a-L-fucosidase, N-acetyl-I3-D-glucosaminidase, 
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/3-D-galactosidase and /3-D-glucuronidase, are expressed in the late 
spermatocytes and early spermatids, subcellular localization data are 
available only for the last two enzymes. Both enzymes are present in the 
Golgi membranes, Golgi-associated vesicles, and lysosome-like 
multivesicular bodies in the late spermatocytes and early spermatids. This 
localization suggests that the enzymes are likely phosphorylated and 
transported to the lysosome-like structures in the late diploid and early 
haploid cells. Moreover, one ofthese enzymes (/3-D-glucuronidase), localized 
in the forming/formed acrosome during spermiogenesis has immunological 
and biochemical properties similar to the lysosomal form of the enzyme 
present in spermatocytes. Based on the common Golgi apparatus origin of 
cellular lysosomes and the sperm acrosome, and the fact that mouse germ 
cells are known to contain CD- and CI- Man6-P receptors, it has been 
suggested that spermatocytes and spermatids synthesize glycohydrolases 
which undergo post-translational modifications prior to being transported to 
either the lysosome or the forming acrosome by virtue of Man6-P receptors 
(6,15). This suggestion awaits confirmation. 

The aero somal glycohydrolases, like the lysosomal glycohydrolases, 
have high substrate specificity and will not hydrolyse even a closely related 
glycosidic linkage (Table 1). These enzymes catalyze hydrolytic cleavage of 
terminal sugar residues from the glycan portion of glycoprotein and 
glycolipids. Under in vitro or in vivo conditions, the hydrolytic enzymes 
function sequentially in such a way that the product of the first enzymatic 
cleavage becomes the substrate for the next enzyme (6). 

Potential Function of Acrosomal Glycohydrolases 

Although the precise role of these enzymes is not yet known, they could 
be functional in the primed (i.e. capacitated) spermatozoa and/or following the 
binding of opposite gametes when the bound spermatozoon undergoes the 
acrosome reaction and releases its contents at the site of sperm binding (14). 
Spermatozoa penetrate the cumulus cells surrounding the ovulated egg in 
vivo. These cells are held together by an extracellular matrix primarily 
composed of hyaluronic acid covalently attached to a protein backbone. 
Hyaluronic acid is a polymer composed of repeating disaccharide units 
containing glucuronic acid and N-acetylglucosamine in /31,3- and /31,4-
linkage (Figure 9). The sperm surface antigen, posterior head-20 (PH-20) 
with hyaluronidase activity, as well as the acrosomal hyaluronidase which 
translocates to the plasma membrane after capacitation, have been implicated 
in hyaluronic acid digestion and sperm penetration through the cumulus 
oophorus cells. /3-D-glucuronidase and /3-N-acetylglucosaminidase can 
further hydrolyse the hyaluronidase product (disaccharide) into monomeric 
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units (14). Two other enzymes implicated in passage through the cumulus 
matrix are j3-D-galactosidase and aryl sulfatase (5,6). 

It should be noted that, with the exception of sperm surface PH-20 
with hyaluronidase activity, all other glycohydrolases suggested to have a 
role in digestion and dispersion of the cumulus cells are intra-aero somal. 
Thus, any reasonable hypothesis suggesting a role for the aero somal 
glycohydrolases must include a possible mechanism(s) which allows the 
enzymes to be present on the surface of an acrosome-intact spermatozoa and 
recognize its substrate on cumulus cells. Interestingly, epididymal luminal 
fluid and seminal fluid are rich in most of the glycohydrolases. Thus, one 
likely possibility is that these enzymes tightly bind to the· sperm surface 
during epididymal transit and ejaculation and remain bound during 
interaction of the male gamete with the cumulus mass in the oviduct. A 
second possibility is that the enzymes present in the acrosome translocate in 
capacitating spermatozoa and are available on sperm surface as has been 
reported for hyaluronidase (16) and mannose-binding protein (17). 
Alternatively, some of the capacitated spermatozoa may undergo spontaneous 
acrosome reaction releasing the hydrolytic enzymes. These enzymes could 
disperse the cumulus cells allowing the acrosome-intact spermatozoa a clear 
passage through the cells. 

Table 1. Glycohydrolase Activities Present in Mammalian Sperm 
Acrosome 

Enzyme 

Hyaluronidase 
a-L-Fucosidase 
0.-D-Galactosidase 
j3-D-Galactosidase 
j3-D-Glucuronidase 
j3-N-Glucosaminidase 
a-D-Mannosidase 
j3-D-Mannosidase 
Neuraminidase 
Aryl sulfatases A, Band C 

Sugar linkagea 

(GlcNAc-j3-Gluc )n 
Fuc-a-GlcNAc 
Gal-a.-Gal 
Gal-j3-GlcNAc 
Glu-j3-GlcNAc 
GlcNac-j3-(Gal)GaINAc 
Man-a-Man 
Man-j3-GlcNAc 
NANA-a-(Gal)GaINAe 
Sulfates 

a GlcNAc, N-acetylglucosamine; Gluc, glucuronide; Fuc, fucose; Gal, 
galactose; GalNac, N-acetylgalactosamine; Man, mannose; NANA, N
acetylneuraminic acid. 
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Hyaluronidase 

cooH H2COH • cooH H2COH 

'~~ 
OH NHCOCH3 OH ~ NHCOCH3 

Disaccharide Disaccharide 

Repeating units of hyaluronic acid 

Figure 9. Chemical structure of two repeating (disaccharide) units of hyaluronic acid. The 
enzyme, hyaluronidase, hydrolyzes tn,4-linkage(s) present between N-acetylglucosaminyl and 
D-glucuronide residues as indicated. 

Proteinases / Proteases 

These are proteolytic enzymes which catalyse the breakdown of 
polypeptide backbone ofproteins/glycoproteins. Mammalian spenn acrosome 
contains several proteinases (Table 2). These include the extensively studied 
acrosinlproacrosin, the spenn-specific serine protease, to less studied serine 
proteinases (testis-specific proteinases 1,2,4 and spennin), cysteine 
proteinases (cathepsins) and a metalloproteinase. The guinea pig spenn 
acrosome contains dipeptidyl-peptidase II, a 130 kDa protein which is 
optimally active at an acidic pH of 4.5-5.5 (5,6). In addition, the spenn 
acrosome is reported to contain a dipeptidyl carboxypeptidase, calpain, and a 
metalloprotease in the acrosome. Whether all these enzymes are needed for 
normal functioning of spermatozoa is not known. 

Acrosin, a serine-like proteinase, is believed to be present in the 
acrosome as well as on the surface of capacitated spennatozoa (6). This 
enzyme is the most extensively studied spenn proteinase implicated in spenn
zona binding and penetration of the zona pellucida. Proteolytic cleavage 
results in a penetration pathway for the motile hyperactivated spennatozoa 
through zona pellucida. Since various trypsin inhibitors have been reported 
to markedly inhibit the spenn binding to, and penetration of, zona pellucida 
in vitro, it has been assumed that a trypsin-like serine protease(s) plays a role 
in early events of fertilization. However, spenn from mice carrying a targeted 
mutation of acrosin gene (acrosin-knock-out mice) are still fertile in spite of 
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the absence of acrosin protease activity. This study implies that sperm do not 
require acrosin to penetrate the zona pellucida and fertilize the egg. Further 
studies with the mouse spermatozoa lacking the acrosin have revealed that 
the major role of the protease may be to accelerate the dispersal of the 
acrosomal constituents during the acrosome reaction since spermatozoa 
lacking acrosin show delayed fertilization (17). These results suggest that a 
proteinase(s) other than acrosin may be essential for sperm function. 
Interestingly, a non-acrosin protease of 42 kD, sensitive to the trypsinlacrosin 
inhibitor p-aminobenzamidine, has been implicated in the zona penetration 
step (18). Mouse sperm acrosome also contains four other serine-specific 
proteases: spermin, TESPl, TESP2 and TESP4 (Table 2). However, the role 
of these proteases in sperm function, if any, is not known. 

Table 2. Proteinase Activities in Mammalian Spermatozoa 

Enzyme Specificity Localization References 

Acrosin Serine Acrosome 6 
Acrolysin Amino proteinase Acrosome 6 
Cathepsin D Carboxyl Acrosome 6 
Cathepsin L Cysteine Acrosome 6 
Cathepsin S-like Cysteine Spermatozoa 6 
MetalloproteaseNot known Acrosome 6 
Spermin Serine Acrosome 5 
pz-Protease Not known Acrosome 5 
TESPl* Serine Acrosome 7 
TESP2* Serine Acrosome 7 
TESP4* Serine Acrosome 7 
Protease 42 kD Serine** Acrosome 18 

* Testis-specific proteinase 
**Sensitive to p-aminobenzamidine, an inhibitor of serine proteinase 

Phospholipases 

The sperm acrosome from several mammalian species possess two well 
characterized lipases, phospholipases A2 and C. The former enzyme 
catalyzes the hydrolysis of phosphatidylcholine into lysophospholipid and 
cis-double bond (unsaturated) fatty acids. The enzyme is reported to be 
calcium-dependent and optimally cleaves its substrate between pH 7.4 to 8.0. 
Phospholipase C is optimally active at pH 6.0. Both enzymes are activated 
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by Ca2+ and are thought to be important in the signal transduction pathway 
which leads to acrosomal exocytosis (19). In addition to these two 
phospholipases, there is evidence that bovine sperm contains a 115 kDa 
phospholipase D 1. This enzyme is localized in the acrosomal region of the 
sperm head and occurs in a complex form with protein kinase Ca (19). 

Phosphatases 

Mammalian sperm acrosome contains several phosphatases including 
acid and alkaline phosphatases. Both have been purified and characterized 
from the rabbit spermatozoa (5). In addition to these phosphatases, 
mammalian spermatozoa possess several ATPases believed to have a role in 
the acrosome reaction (see Chapter 15); however, whether all of the ATPases 
are associated with the sperm acrosome is not yet known. 

Esterases 

Non-specific esterases comprise a widely distributed group of enzymes 
which not only act on ester bonds but also catalyse the hydrolysis of amide 
bonds and carry out transacylation. Although a total of 11 non-specific 
esterases isoenzymes have been found in the bull sperm head and tail, none 
were identified in the acrosome. A corona-penetrating enzyme which 
disperses corona cells has been extracted from rabbit and human acrosomes. 
The enzyme, suggested to be esterolytic in nature, has been purified from the 
testis and appears to be an aryl esterase (5). In the guinea pig, a non-specific 
esterase activity (observed histochemically in the forming/formed acrosome) 
was recognized at the ultrastructural level on the acrosomal membrane until 
stage 8 of spermatogenesis and on the plasma membrane after this stage. 
Based on this localization, the enzyme may modify the sperm plasma 
membrane. Mouse sperm acrosome also contains low levels of non-specific 
esterase activity. This activity is not detected in 76% of the acrosome-intact 
spermatozoa after 8 hours of mating. This is likely due to its loss during 
passage through the female genital tract or due to the low local level of the 
enzyme. 

Aryl Sulfatases 

Aryl sulfatases (A,B,C) are enzymes that remove sulfate from various 
sulfated glycoconjugates and steroids. Aryl sulfatase activity was 
demonstrated in acrosomal extracts of the boar, bull, rabbit and ram 
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spermatozoa as a soluble enzyme and localized with the electron microscope 
in the acrosome of human spermatozoa (5). Aryl sulfatase A, an enzyme 
which desu1fates su1foga1actolipids, has been purified from boar epididymal 
sperm acrosomes (5) and rabbit testis (20). Boar acrosoma1 aryl sulfatase A 
has a pH optimum of 4.2 and has been demonstrated to disperse the cumulus 
cells of ovulated hamster, rabbit and pig eggs. The enzyme, however, has no 
effect on the zona pellucida or the oolemma (5). 

Other Acrosome-Associated Components 

In addition to the above enzymes, mammalian spermatozoa contain 
calmodulin, a 17 kDa calcium-binding acidic protein, synaptic vesicle 
protein, synaptotagmin I or a very similar homolog, rab3A1a, a small GTPase, 
angiotensin II receptor, epidermal growth factor receptor, and soluble N
ethylma1eimide-sensitive factor attachment receptor (SNARE) proteins. All 
of these components have been reported to be involved in a regulatory role in 
triggering the acrosome reaction (for details, see chapter 15). 

The sperm acrosome also contains cytoske1eta1 elements between the 
inner layer of sperm plasma membrane and outer layer of the outer acrosomal 
membrane. These elements are rich in actin, a protein characteristic of muscle 
fibers. In capacitated spermatozoa, the actin occurs in filamentous form (F
actin) and has been suggested to provide a physical barrier that prevent the 
fusion of the plasma membrane and the outer acrosome membrane (6). In 
response to the increased Ca2+ and elevated intrasperm pH during early stages 
of induction of the acrosome reaction, the F -actin depolymerises to form a 
soluble monomeric actin (G-form) which disperses, bringing the sperm 
plasma membrane closer to the outer acrosoma1 membrane for fusion during 
the acrosome reaction. 

CONCLUSIONS 

This book chapter focuses on several aspects of the acrosome, including 
its formation and organization during sperm development in the testis, its 
contents, and its functional significance in the prefertilization events. It is 
important to keep in mind that recent advances in assisted reproductive 
procedures (in vitro fertilization, IVF; and intracytoplasmic sperm injection, 
ICSI) appear to sideline the importance of the sperm acrosome and its 
contents. However, the significance of this enzyme-filled organelle should 
not be undermined during in vivo fertilization. It is our hope that the updated 
information included in this chapter would allow present and future 
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reproductive biologists to devise new strategies to alter the sequence of 
events during acrosome formation and regulate the sperm function. 
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Chapter 3 

DUCTUS EPIDIDYMIS 

Gail A. Cornwall 
Texas Tech University Health Sciences Center, Lubbock, TX USA 

INTRODUCTION 

"Of the epididymis: This body may be considered as an appendix to the 
testis, and its name is derived from its being placed upon this organ, as the 
testes were anciently called didymi. It is of crescenti form; its upper edge 
rounded, its lower edge thin. Its anterior and upper extremity is called its 
caput, the middle part its body, and the lower part its cauda." 

Sir Astley Cooper 
(1830) 

Described more than a century ago the epididymis has been the subject 
of extensive anatomical, histological, biochemical, and molecular analyses. 
Although spermatozoa are produced in the testis by the process known as 
spermatogenesis, often overlooked is the fact that testicular spermatozoa in 
mammalian species are nonfunctional and require transit through the long, 
convoluted tubule known as the epididymis to acquire progressive motility 
and the ability to fertilize an egg. Indeed, following early studies which 
suggested that sperm acquire motility in the epididymis (1), elegant studies 
by Bedford (2) and Orgebin-Crist (3) showed that the maturation of sperm 
motility and fertility in the epididymis was not intrinsically due to sperm 
cells themselves but rather to exposure of spermatozoa to the luminal 
environment of the epididymis. These observations set the pace for 
subsequent studies to identify and study the components in the epididymal 
fluid that are necessary for the sperm maturation process. More recently, 
studies have also focused on mechanisms of gene regulation in the 
epididymal cells as well as using gene knockout approaches to study gene 
function. While significant progress has been made towards identifying 
specific molecules that are involved in the regulation of epididymal function 
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as well as the maturation of spermatozoa, to date, a full understanding of the 
molecular events that occur in the epididymis to allow maturation is not 
known. Further studies aimed at examining epididymal function are 
critically important, not only to gain a basic knowledge of the epididymis 
and sperm maturation, but also to facilitate the development of new clinical 
therapies including the design of male contraceptives as well as treatment for 
unexplained male infertility. 

This chapter will provide brief discussions of epididymal anatomy and 
histology, functions of the epididymis, region-specific gene and protein 
expression, regulation by steroid hormones and testicular factors, and gene 
knockout mouse models. Although birds and reptiles also require an 
epididymis for sperm maturation, the discussions in this chapter will focus 
on studies carried out in mammals, primarily in rodents and humans. The 
goal of this chapter is not to go into great detail on any given topic but to 
provide the background and scientific basis for subsequent chapters that 
discuss in greater detail the luminal fluid components of the epididymis and 
its regulation by testis factors (Chapter 4), sperm motility (Chapter 5), and 
sperm maturation (Chapter 6). 

EPIDIDYMAL ANATOMY AND HISTOLOGY 

The epididymis consists of a long, convoluted tubule that is 
encapsulated by an extension of the tunica albuginea of the testis to form the 
epididymis proper. The efferent ducts, which arise from the rete testis, 
converge to form the single epididymal tubule, which if unraveled, can range 
from several meters in human to up to 60 meters in the boar (4). On the 
basis of the gross morphology of its tubule, the epididymis is divided 
anatomically into three regions, the caput (head), corpus, (body), and cauda 
(tail) (Figure 1). Although the three anatomical regions can be defined in 
almost all species, the precise boundaries of these regions are not distinct and 
vary between species. Each epididymal region is characterized histologically 
by cell type, cellular dimensions and microvilli, as well as by epididymal 
tubular diameter and surrounding muscle layer. Furthermore, there are 
functional differences between epididymal regions with early and later 
maturation events associated with the caput and corpus regions, respectively 
and sperm storage occurring in the cauda. The most proximal part of the 
caput region is distinguished from the more distal parts of the caput by a 
unique tall columnar epithelium with tall microvilli, and therefore this region 
is termed the initial segment. 

The major epididymal epithelial cell is the principal cell, which, 
according to Robaire and Hermo (5), comprises 80% of the epididymal 
epithelium in the rat initial segment with a slight decrease along the tubule to 
approximately 65% of the epithelium in the caudal region (Figure 2). These 
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EPIDIDYMIS 

Figure 1. Diagrammatic representation of the testis showing a seminiferous tubule and the 
rete testis, the ductuli efferentes, the epididymis, and the vas deferens. The shaded regions 
indicate areas of the different segments of the epididymis, i.e., the initial segment, caput, and 
distal cauda from which light microscopic photographs were taken for Figure 2. Modified 
and reprinted with permission from Robaire and Hermo (5), copyright Lippincott, Williams, 
and Wilkins. 

cells exhibit a basal nucleus with apical microvilli. Many small vesicles 
appear in the apical cytoplasm. The principal cells appear to be the major 
transporting cells mediating secretion and resorption across the epithelium. 
Evidence of active absorption by these cells is the presence of microvilli and 
coated pits at the apical surface and coated vesicles within the apical 
cytoplasm. Evidence for secretory activity by these cells is less obvious 
since classical secretory granules are not present. It is thought, however, that 
the epididymis may utilize an apocrine mechanism of secretion and thus 
proteins are released from the principal cells by blebbing of the apical 
plasma membrane (6). In support of this, several studies have described the 
presence of membrane vesicles within the epididymal lumen (7). Apocrine 
secretion may be a tissue-specific means to regulate protein function since 
epididymal proteins would be kept in the neutral pH cytoplasm until 
secretion into the acidic epididymal lumen. 
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Throughout the epididymal tubule, the principal cells exhibit regional 
differences with regard to cell height, length of microvilli, and the tubule 
with the cells becoming less columnar and more cuboidal in the cauda 
compared to the caput region (Figure 2). This decrease in cell height allows 
for the tubular lumen to increase in the cauda epididymis thus allowing for 
sperm storage (see below). 

Basal cells comprise about 20-30% of the epididymal epithelium and 
are present in all epididymal regions. These cells are located on the 
basement membrane and interdigitate with the principal cells. These cells 
are not ciliated. The cytoplasm of these cells contains few organelles but the 
presence of small pinocytic infoldings of the plasma membrane suggests 
absorptive activities. 

The cells that make up the remaining 10-15% of the epithelium include 
the narrow, clear, and halo cells. The narrow cells are present only in the 
initial segment in the adult epididymis, and are tall columnar cells with a 
dense, elongated nucleus in the upper half of the cell. Although function is 
not known, the presence of small vesicles in the apical region suggests a role 
in endocytosis. The narrow cells also are the precursor cells to the clear cells 
that are present in all regions of the epididymis except the initial segment. 
These cells are also thought to perform endocytic functions. Halo cells, 
present in all epididymal regions, have been referred to as lymphocytes but 
may also be monocytes, precursors to macrophages. The function of these 
cells is not known but by their description as lymphocytes or macrophages 
they may perform an immunoprotective role. 

Similar to that described in the testis, there is evidence for the presence 
of a blood-epididymal barrier. Morphological studies of the epididymal 
epithelium showed the presence of extensive tight junctions between 
adjacent principal cells (5). Using the tracer lanthanum, Hoffer and Hinton 
(8) showed that the site of the blood-epididymal barrier was at the luminal 
surface of the principal cells since lanthanum crossed the blood vessels and 
the basement membrane of the epididymis, but could not enter the lumen. 
Other evidence for the presence of a functional barrier is the profound 
difference in concentrations of specific organic and inorganic components 
between the epididymal luminal fluid and the blood that is necessary for 
sperm maturation. Compared to the testis however, fewer studies have been 
performed examining the blood-barrier in the epididymis and therefore less 
is known with regard to exactly how tight the barrier is. Functionally, it is 
logical that the barrier exists in the epididymis as it does in the testis since 
there are many sperm proteins that the body would recognize as foreign; 
therefore it is necessary to maintain this immunoprotected site throughout the 
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Figure 2. Light microscopic photograph of A) initial segment; B) caput; and C) distal cauda 
epididymal regions from mouse. All photographs were taken at 40X magnification. P, 
principal cell; n, nucleus; L, lumen; Sp, spermatozoa 
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EPIDIDYMAL FUNCTIONS 

Sperm Maturation 

The primary function of the epididymis is to create a specialized 
microenvironment within its lumen to promote the maturation of sperm 
motility and fertility. Since the presence of the blood-epididymal barrier 
between epididymal cells prevents molecules from easily passing across the 
epithelium, the epididymis must utilize its absorptive and secretory activities 
to create and control its intraluminal environment. A key factor in creating 
this microenvironment within the lumen is the highly regionalized secretion 
of ions, organic molecules, and proteins into as well as removal from the 
lumen. This results in spermatozoa being exposed to a continually changing 
luminal fluid environment as they migrate from the initial segment to the 
cauda epididymidis. Exposure of spermatozoa to changing luminal fluid 
components, described in greater detail below, results in structural, 
metabolic, and biochemical modifications in the spermatozoa ultimately 
allowing the maturation of sperm motility and fertility. 

Sperm motility and fertility maturation in the epididymis appear to be 
independent events involving different mechanisms since the actual site 
where these two events occur in the epididymis are distinct (Figure 3). In all 
species examined thus far, migration of spermatozoa through the caput 
region is required for the acquistion of fertilizing ability. However, the site 
where the first fertilizing spermatozoa are observed differs among species 
with rodent and human spermatozoa acquiring fertility in the proximal cauda 
region (5). Furthermore, it appears that the acquisition of fertilizing potential 
does not coincide with the production of viable offspring. Studies by 
Orgebin-Crist (3) showed that while spermatozoa from the rabbit corpus will 
fertilize, viable offspring are not produced. However, when ejaculated rabbit 
spermatozoa are used, fertilization and development proceeds normally 
resulting in viable offspring. Additional studies revealed that the loss of 
embryos appeared to be due to a delay in the fertilization process when 
corpus spermatozoa were used to fertilize (10). 

As sperm progress through the epididymis they also gradually acquire 
the capacity for progressive motility. The maturation of sperm motility is 
reflected not only by an increase in the percentage of spermatozoa that are 
motile but also by qualitative differences in the motility patterns of 
spermatozoa from different epididymal regions. Spermatozoa removed from 
the initial segment region and diluted in a physiological buffer exhibit only a 
weak vibratory motion while spermatozoa from the rat proximal corpus 
swim in a circular motion (11). Cauda epididymal spermatozoa, however, 
are like ejaculated spermatozoa and move progressively forward and in 
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straight lines (Figure 3). Detailed studies of spenn flagellar amplitude, 
frequency, curvature ratio and rate of flagellar beat suggest that the circular 
motility of immature spermatozoa may be due to an asymmetry of the 
flagellar beat, whereas the forward progression of cauda spermatozoa is a 
result of a rotation about the axis of progression (12). Although the 
mechanisms of spenn motility and motility maturation will be discussed in 
greater detail in Chapters 5 and 6; respectively, one factor that may 
contribute to motility maturation is the progressive oxidation of spenn 
sulfhydryls to disulfide bonds during epididymal transit. It is thought that 
the fonnation of disulfide crosslinks in flagellar proteins results in a more 
rigid spenn flagellum that in turn can affect motility patterns (13). 

% FERTILE 
1 0 I 2 I 0 55 95 

% MOTILE 
1 0 I 10 I 35 40 65 

Figure 3. Schematic representation of sperm fertility and motility maturation in the rodent 
epididymis. 1, initial segment; 2, proximal caput; 3, distal caput; 4, corpus; 5, cauda 
epididymis. Data taken from Orgebin-Crist (3) and Hinton et al (11). 

Sperm Transport 

Another function of the epididymis is for the transport of spennatozoa 
from the testis to the vas deferens. The length of time required for spenn to 
migrate from region to region as well as through the entire tubule varies 
among species with a total transport time of approximately 10 days in 
rodents and a slightly shorter and more variable period of 3-5 days in humans 
(4). The approximate time required for spenn to migrate from the rat caput 
to corpus and corpus to cauda is 2-4 days while length of time for· spenn to 
traverse the cauda is longer at 5-6 days (5). Spenn transport time through the 
cauda epididymidis also can be more variable than in the caput and corpus 
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since it is dependent on ejaculatory frequency. Frequent ejaculations results 
in accelerated transit times through the cauda epididymis. The mechanisms 
involved in epididymal sperm transport include the action of cilia, muscular 
contractions, and hydrostatic pressure (5). Sperm transport in the epididymis 
appears to be a highly regulated process since following removal of 
androgens by castration, sperm transport through the rat epididymis 
increased significantly due to increased contractility while the administration 
of testosterone reversed this effect (14). Studies also suggest a role for the 
sympathetic nervous system in sperm transport and storage since following 
removal of the rat inferior mesenteric ganglion an excessive accumulation of 
spermatozoa was observed in the cauda epididymis (15). 

Sperm Storage 

While the caput and corpus epididymal regions are primarily associated 
with sperm maturation functions, the cauda epididymidis serves as a storage 
region for functionally mature spermatozoa. This is evident in the rodent 
epididymis by the presence of densely packed spermatozoa in the lumen of 
the cauda epididymidis compared to the relatively dilute amounts of 
spermatozoa in the lumen of the initial segment region (see Figure 2). 
Depending on the species, spermatozoa can be stored for 30 days and up to 
several months in the bat epididymis and still remain functional (16). 
Surprisingly, compared to the rodent, the human cauda epididymidis is not 
an effective storage site for spermatozoa with the sperm reserves being 
considerably less than in the rodent. It has been suggested that because 
sperm transit times through the human epididymis are shorter than in rodents 
larger sperm reserves in the human cauda epididymis are not required (17). 

Absorption and Secretion 

Spermatozoa entering the efferent ducts from the testis are highly 
diluted in testicular fluid and must be concentrated in order for normal 
maturation to occur in the epididymis. Previously it was thought that the 
primary site of fluid resorption was the caput epididymidis; however, more 
recent studies clearly indicate that approximately 90% of the testicular fluid 
is taken up by the efferent ducts resulting in approximately 8-fold 
concentration of spermatozoa prior to their entering the initial segment (18). 
Considering that, like the kidney, the efferent ducts and epididymis are 
embryonically derived from the mesonephros, it is not surprising that the 
mechanisms of resorption in the efferent ducts and epididymis are similar to 
that in the kidney. Studies have identified substantial Na+-K+-ATPase 
activity in the epithelium and thus it appears that a sodium gradient 
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generated by the active sodium pump drives fluid resorption in the efferent 
ducts. Resorption of testicular fluid also results in a decrease in the pH of 
fluid from 7.4 in the testis to 6.4 and 6.8 in the caput and cauda epididymidis, 
respectively (5). The acidification of the luminal fluid is critical for sperm 
maturation as well as sperm storage and it thought to involve the transport of 
Wand HC03- ions. In support of this, an active Na+lH+ exchanger, 
carbonic anhydrase and vacuolar proton adenosine triphosphatase (H+
ATPase) have been identified in the epididymal epithelium (19). 

Micropuncture techniques have been used to examine changes in the 
ionic composition of the epididymal luminal fluid from different regions. In 
the rat, there is a gradual decrease in sodium ions between the caput and 
cauda while potassium ions increase. Overall, regional differences in the 
transport of ions result in an epididymal fluid that exhibits decreasing ionic 
strength from the caput to the cauda epididymidis (5). The osmolarity is 
maintained in the distal regions of the epididymis by the secretion of organic 
molecules such as camitine, glycerylphosphorylcholine, phosphorylcholine, 
and inositol. Camitine is present in concentrations in the epididymis that are 
higher than that found in any other mammalian tissues. While the 
significance of such high concentrations in the epididymis is not known, 
camitine has been proposed to serve as a source of energy for spermatozoa or 
to be involved in sperm maturation (5). Interestingly, mutant mice that lack 
camitine due to a defect in the camitine transporter gene exhibit epididymal 
dysfunction characterized by an accumulation of spermatozoa in the 
proximal epididymis (20). Therefore camitine may also play important roles 
in epididymal development or sperm transport. Similar to camitine, GPC is 
also present in the epididymal luminal fluid at millimolar concentrations. 
Both camitine and GPC are often used as markers of epididymal function in 
men attending infertility clinics (21). 

Other important luminal fluid components include steroids, vitamins, 
prostaglandins, and peptides such as oxytocin and glutathione. Steroids, 
which will be discussed further below, include androgens and estrogens, both 
of which are critical for maintaining normal epididymal function. Vitamins 
such as retinoids have been shown to be involved in key signaling pathways 
in the epididymis. The importance of retinoids in the epididymis has been 
demonstrated by gene knock-out studies which showed that this pathway is 
essential for maintaining the epididymal epithelium (22). Prostaglandins 
may play several roles in the epididymis including functions as modulators 
of epididymal duct contractility thus affecting sperm transport as well as 
regulators of anion/fluid secretion by the epithelium (23). Similarly, 
oxtocyin may be involved in sperm transport (24) while glutathione may be 
important for protecting spermatozoa against oxidative damage (4) 

In addition to the transport of water and ions, proteins in the luminal 
fluid are taken up as well as secreted by the epididymal epithelium. Electron 
microscopic studies reveal the presence of coated vesicles attached to the cell 
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surface as well as within the cytoplasm of the epithelial cells supporting the 
mechanism of endocytosis for protein uptake. The epididymal epithelium 
also exhibits highly regionalized secretory activities as will be discussed 
below. Combined with the region-dependent removal of proteins from the 
lumen, these two processes allow for the formation of a luminal fluid 
environment that is distinct between epididymal regions. 

REGIONALIZED GENE AND PROTEIN EXPRESSION 

Evidence that proteins secreted by the epididymal epithelium are 
important for sperm maturation was first demonstrated by Orgebin-Crist and 
Jahad (25) who showed that androgen-induced maturation of rabbit 
spermatozoa in cultured epididymal tubules was blocked by inhibition of 
RNA and protein synthesis. The study of epididymal secretory proteins 
therefore, has been a major focus for many years as investigators attempt to 
correlate the appearance and disappearance of particular proteins and their 
interactions with spermatozoa with changes in sperm function. Investigators 
have also begun to examine cellular proteins in the epididymis that may 
serve regulatory or signaling roles. The study of epididymal proteins has 
been extended to include detailed examinations of genes expressed in a cell 
and region-dependent manner in the epididymis. As represented 
schematically in Figure 4, there are distinctive patterns of gene expression in 
the epididymis with some genes expressed primarily in the initial segment or 
caput regions, i.e., Sa-reductase, proenkephalin, and thus likely play roles in 
early maturation events while other genes such as CRISP 1 and RES are 
expressed in more distal epididymal regions and may play roles in later 
maturational events or storage functions. Furthermore, some genes are 
expressed in a discrete epididymal region, i.e., eres, while others exhibit a 
broader pattern of expression and are expressed by several regions i.e. 
Adam7, E-RABP. To date, the majority of genes that have been examined 
are expressed by the principal cells. This is not surprising considering that 
this cell population is the primary cell type in the epididymis and the source 
of most epididymal secretory proteins. The initial segment/caput is the most 
metabolically active epididymal region as reflected in Figure 4 by the 
number of genes expressed in this region. 

Genes can also be grouped according to whether they are primarily 
expressed in the epididymis (reproductive) or are expressed in the 
epididymis as well as other tissues (somatic) (Figure 4). Genes that are 
predominantly expressed in the epididymis likely encode proteins with 
unique functions in the epididymis. Genes expressed in the epididymis as 
well as nonreproductive tissues may encode proteins that perform the same 
functions in all tissues or may carry out functions in the epididymis that are 
distinct from their functions in other tissues. For example, the proenkephalin 
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Figure 4. Regional expression of reproductive and somatic genes in the epididymis. IS, initial 
segment. Modified and reprinted with permission from Cornwall and Hann (26). 

gene encodes the opioid peptides met- and leu-enkephalin that function in 
neural tissue. In the epididymis, larger, atypical enkephalin peptides are 
present suggesting that these peptides may carry out a unique role in the 
epididymis. 

Outlined in Table 1 is a representative list of genes with known or 
hypothesized functions in the epididymis. The genes and gene products 
expressed by the epididymal epithelium are reflective of the many processes 
that occur in the epididymis that are necessary for sperm maturation. For 
example, several genes such as DE/CRISPl and SGP2 encode secretory 
proteins that bind to spermatozoa during epididymal transit and thus may be 
directly involved in sperm maturation. Other proteins secreted by the 
epididymis may directly or indirectly modify existing proteins on the sperm 
surface. These proteins include the proteases such as matrilysin and CE4 
that may be involved in the proteolytic processing of sperm proteins and the 
cystatin-related protease inhibitor, CRES that may regulate these processing 
events. Other enzymes modify carbohydrate moieties on existing sperm 
proteins. Beta galactosidase has been shown in vitro to modify galactosyl 
residues on sperm surface glycoproteins and thus may perform similar 
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functions in vivo (28). There are also several antioxidant enzymes including 
gamma glutamyl transpeptidase and superoxide dismutase (E-SOD) whose 
function may be to protect the spermatozoa from oxidative stress during 
transit. The Binlb protein may also serve a protective function in the 
epididymis. The caput-specific Binlb protein has been shown to be similar 
to the antimicrobial peptides, beta-defensins and consequently may play a 
role in host defense mechanisms (29). The enzyme sulfhydryl oxidase is also 
expressed in the epididymis in a region-dependent manner and may be 
involved in the formation of sperm disulfide bonds (30). 

Table 1. Gene expression in the epididymis. 

GENE REGION PROTEIN SECRETED REGULATION IDENTITY 
(kDal 

ERa ED. IS 67 no NO estrogen receptor 

PEA 3 IS 62 no ARlTR poIyomavirus 
enhancer 3 

transcription factor 
A-raf IS 72 no NO serine! threonine 

kinase 
proenk IS 28 ves TR proenkephalin 

eres IS. or caout 14. 19 YeS TR cvslalin-related 
Adam 7 IS. pr caput 89 no ARlTR A Disintegrin 

Meta lIop rotease 
B-mve IS. or. caput 32 no ARlTR transcription factor 
BMP8a IS, pro caput 45 yes NO bone morphogenic! 

TGFB superfamily 

Sared IS. caput 28 no ARlTR Sa reductase 
c-ros IS, caput 260 no NO receptor tyrosine 

kinase 
GGTlI-IV IS, caput 71 yes ARlTR y glutamy! 

transoeotidase 

ClEBPR pro caput 32 no No transcription factor 

Pem pr caput 23 no AR homeobox 
tra nsen plio n factor 

SGP-2 IS. d. caput 73-+34.47 yes AR dusterin, ApoJ 

B/C d. caput 185 yes AR retinoic acid binding 
E·RABP protein 

OrE d caput 29-32 yes AR cyst,eine-rich 
CRISP1 secretory protein 

GPX caput 24 yes ARlTR glutathione 
Peroxidase 

B hex corpus 63 no NO B hexosaminidase 
CO 52 comus 26 ves AR/TR -lymphocyte antigen 

CE4 caDUt. cauda 13 YeS NO WAPdomain 
Matrilysin EO, IS, 28-+18 yes NO matrix 

cauda metalloorotease 
E-SOO corpus, 25 yes NO superoxide 

cauda dismutase 

ED, efferent duct; IS, initial segment. ND, not detennined. AR, androgen-regulated; TR, 
testis-regulated; pro caput, proximal caput; d. caput, distal caput. See review by Cornwall et. 
al. for references (27). 

The unique pattern of mRNA expression for each gene in the 
epididymis is intriguing given that the population of principal cells along the 
tubule is fairly constant. Therefore, specific control mechanisms must be in 
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place allowing some genes to be expressed by principal cells in one region 
while neighboring cells do not express the same subset of genes but rather a 
unique subset of genes. The precise mechanisms that control region and cell
specific gene expression in the epididymis are not known but it is likely that 
transcriptional initiation may be one such means of regulation. Therefore, it 
is not surprising that several proteins expressed in a region-dependent 
manner include signaling and regulatory molecules that may be involved in 
the regulation of epididymal function. For example, several transcription 
factors are expressed in a region-dependent manner in the epididymis (Table 
1). Specific transcription factors that may be important for caput gene 
expression include estrogen receptor a, PEA3, C/EBPI3 and Perno Gel shift 
and transfection analyses have demonstrated direct interactions between 
several of these DNA binding proteins with the promoters of caput expressed 
genes and so may play key regulatory roles in determining whether these 
genes are expressed in the epididymis. For example, CIEBPI3 protein binds 
and transactivates the cres gene promoter (31) while PEA3 binds to the GGT 
and GPX gene promoters (32, 33). The B-Myc protein, although belonging 
to a family of transcriptional regulatory proteins, lacks the DNA binding 
domain and therefore may regulate gene expression by interactions with 
other DNA binding proteins (34). 

Other regionally expressed genes encode proteins likely involved in 
signaling pathways and thus these proteins may function by transducing 
extracellular signals to the nucleus to elicit changes in gene expression. 
These proteins include the kinases A-raj and c-ros, BMP8a, Adam7 and E
RABP. Adam7 belongs to a large family of transmembrane proteins with 
similarity to snake venom proteins. These family members function as 
metalloproteases or as disintegrins. Because Adam7 protein lacks a 
consensus metalloprotease active site it is likely that Adam7 function is, by 
its disintegrin domain and therefore may send signals to the nucleus 
following the binding of luminal factors to its extracellular domain (35). E
RABP is an extracellular retinoic acid binding protein present in the luminal 
fluid that may be important for the delivery of retinoids to other proteins in 
the retinoid signaling pathway (36). Glypican, a cell-surface proteoglycan, 
expressed in the epididymis (Cornwall, unpublished observations) has been 
shown to bind insulin-like growth factor (IGF2) (37) and thus may be 
involved in IGF mediated signaling in the epididymis. 
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REGULATION BY STEROID HORMONES AND 
TESTICULAR FACTORS 

Steroid Hormones 

The epididymis is a highly androgen-dependent organ with many of the 
cellular processes discussed earlier regulated by androgens. Indeed, 
following the removal of androgens by castration, the epididymis involutes 
and many of the genes described in Table 1 are no longer expressed resulting 
in a loss of many epididymal functions. Following the administration of 
androgens to castrate animals, the epithelium regains its former state with 
expression of most genes and functions (see below). Metabolic processes 
including transport of ions and molecules across the epithelium, activity of 
many glycosidases, proteases, and other enzymes, absorptive and secretory 
activities, and the functional maturation of sperm motility and fertility are all 
dependent on the presence of androgens. Although epididymal biosynthesis 
of androgens has been observed in the epithelium of rodents, most of the 
androgens present in the epididymis are from testicular fluid, where it is 
bound to an androgen binding protein or the bloodstream where it is bound to 
sex honnone-binding globulin (5). Like other steroids, androgens function 
by binding to an intracellular androgen receptor that then binds to specific 
DNA response elements in gene promoters and affects gene transcription. In 
the epididymis testosterone is converted predominantly into Salpha 
dihydrotestosterone (DHT) by the enzyme Sa. reductase. This enzyme has 
greater activity in the caput compared to the cauda region. 

In addition to androgens, recent studies of the estrogen receptor a. 
showed that estrogens play critical roles in the male reproductive tract. 
Studies by Hess et aI, (see review, 38) showed high levels of estrogen 
receptors in the efferent ducts and proximal epididymis. Furthermore, in the 
absence of a functional estrogen receptor a. gene, fluid resorption in the 
efferent ducts was greatly impaired. While it is not clear what the 
relationship is between androgens and estrogens in their roles in regulating 
fluid transport, sex steroid hormones are clearly critical molecules in the 
maintenance and regulation of resorption. 

Testicular Factors 

The necessity for factors, other than steroid honnones, to maintain 
epididymal function was first observed by histological analyses. 
Investigators determined that, following administration of testosterone to 
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castrate animals, all regions of the epididymis except for the initial segment 
regained cellular morphology similar to that in a noncastrate animal. The 
finding that the initial segment required factors in addition to androgens for 
maintenance of morphology and function has been supported in recent years 
by gene expression studies. Many of the genes (see Table 1) specifically 
expressed in the initial segment region appear to be no longer expressed 
following castration as evidenced by the disappearance of mRNA, and 
remain turned off following the administration of androgen. Other genes 
expressed in this region regained expression with androgen replacement, but 
not equivalent to that in the noncastrate animal suggesting that there may be 
some genes which are entirely dependent on testicular factors for expression, 
i.e., cres, proenkephalin, while other genes require the presence of both 
androgens and testicular factors, i.e, Adam7, GGT. Studies in which the 
efferent ducts were ligated, thereby preventing the flow of testicular fluid 
into the epididymis, also showed loss of expression of these genes, 
suggesting that some component of the testicular fluid is necessary to 
maintain expression and function in the initial segment. 

The observation that the initial segment region, in particular, requires 
testicular factors for function is intriguing. It is tempting to speCUlate that 
the origin of the testicular factors is spermatozoa or factors secreted by 
Sertoli cells that are in association with spermatozoa. The primary function 
of these signals from the testis therefore to ensure that the epididymis is 
expressing important sperm maturation genes and subsequently is ready to 
receive spertnatozoa and begin the maturation process. Along this line of 
thinking, if spermatogenesis is for some reason disrupted, sperm maturation 
in the epididymis is not required, and critical genes involved in the initiation 
of sperm maturation are turned off. In support of this hypothesis, rats 
administered busulphan to disrupt spermatogenesis, showed a loss of 
proenkephalin expression in the epididymal initial segment that correlated 
with the absence of spermatozoa and a regain of expression when 
spermatogenesis recovered and spermatozoa reentered the epididymis (39). 

While the testicular factor(s) involved in maintaining initial segment 
function are not known, studies suggest that specific growth factors may be 
involved. Previously, studies had shown that fluid from the rete testis 
stimulated protein secretion in the rat initial segment region (40). These 
studies, taken together with the observations that several growth factors 
including basic fibroblast growth factor (bFGF) are produced by the testis 
(41) and growth factors have been detected in rete testis fluid (42), prompted 
Lan and coworkers (43) to test the role of bFGF in the regulation of gamma 
glutamyl transpeptidase (GGT) activity in the rat initial segment. These 
studies showed that GGT activity was reduced in the initial segment region 
following the loss of testicular factors induced by efferent duct ligation and 
that administration of bFGF but not epidermal growth factor rescued GGT 
activity to levels similar to that prior to efferent duct ligation. Although 
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further studies examining the regulation of other epididymal proteins by 
growth factors have yet to be carried out, these studies suggest that growth 
factors are involved in the testis regulation of epididymal function. 

GENE KNOCKOUT MODELS 

By far the most powerful approach today to test biological function of a 
gene is to generate gene knockout mouse models. The specific deletion of a 
gene and thus its gene product allows the investigator to examine the 
phenotype of the knockout mouse to determine which biological processes 
are lost or altered by the absence of the gene. This approach has yielded 
interesting results, often times unexpected. In particular, thus far most of the 
gene knockout mouse models with altered epididymal function have been by 
the deletion of genes expressed in other tissues rather than by the generation 
of mice lacking a gene specifically expressed in the epididymis. 
Nonetheless, these mouse models provide valuable tools for the study of 
epididymal function. 

One of the most profound epididymal phenotypes has been generated by 
the deletion of the c-ros receptor tyrosine kinase gene. Loss of the c-ros 
kinase resulted in mice lacking the initial segment region and with altered 
fertility, thus demonstrating that c-ros plays critical roles in epididymal 
differentiation and emphasizing the importance of initial segment function in 
sperm maturation (44). In addition to the estrogen receptor a, carnitine 
transporter, and retinoic acid receptor mouse models described earlier, other 
knockout models with epididymal phenotypes include deletions of the beta
hexokinase and apolipoprotein B genes. Hexokinase deficient mice had 
abnormal accumulations of lysosomes in the epididymal epithelial cells thus 
demonstrating the importance of hexokinase in maintaining the luminal fluid 
or in endocytosis (45). Mice lacking the apolipoprotein B gene exhibit 
pronounced fertility defects including reduced sperm motility and lack of 
fertilizing ability in vitro and in vivo suggesting that the apolipoprotein B 
protein plays important roles in epididymal function (46). 

CONCLUSIONS 

This chapter focuses on broad aspects of epididymal anatomy and 
histology, function and regulation. The epididymis is an integral part of the 
male reproductive tract and absolutely critical for the development of 
functional gametes. However, compared to other organ systems, it is a 
difficult system to work in due to the lack of appropriate cell lines and in 
vitro assays to assess sperm function especially in spermatozoa from caput 
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and corpus regions. For these reasons, assigning specific roles in sperm 
maturation to epididymal secretory proteins has been problematical. Very 
recently, epididymal cell lines have been developed which hopefully will 
provide the necessary tools for developing in vitro assays for function as well 
as for examination of gene promoters (47, 48). Genetic approaches such as 
transgenic and gene knockout mouse models, briefly discussed in this 
chapter, have also provided valuable information regarding roles of 
particular genes in epididymal function. Therefore, it is likely that important 
insights regarding sperm maturation and epididymal function will be 
forthcoming. 
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THE TESTICULAR AND EPIDIDYMAL 
LUMINAL FLUID MICROENVIRONMENT 

Carmen M. Rodriguez and Barry T. Hinton 
University a/Virginia Health System, Charlottesville, VA, USA 

INTRODUCTION 

From their humble beginnings as spermatogonia and throughout 
their development, spermatozoa are continually exposed to a specialized 
luminal fluid microenvironment. The composition of this fluid is unique to 
the ducts of the male reproductive tract and is distinctly different from blood 
plasma. Moreover, the composition of the testicular and epididymal luminal 
fluid is not constant but changes dramatically from one region to the next. 
Remarkably, the changes in the luminal microenvironment occur even along 
very small distances in the reproductive tract. These changes have been 
assumed to reflect the needs of spermatozoa as they undergo 
spermatogenesis in the testes and maturation in the epididymis. However, 
with the exception of some proteins, few components of the 
microenvironment have been shown to directly playa role in either testicular 
or epididymal function. This chapter will review some of the key 
components of the testicular and epididymal luminal fluid milieu and briefly 
discuss how this microenvironment is formed. Special attention will be 
given to the role of transport proteins in regulating the luminal fluid 
microenvironment. The information presented in this chapter will be 
primarily from data gathered from studies of the rat male reproductive tract; 
although wherever possible, data from other species including the human 
will be included. For more information, the reader is encouraged to consult 
some of the previously published reviews (1,2). 
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THE TESTICULAR LUMINAL FLUID 
MICROENVIRONMENT 

Fluid Secretion and Composition 

The Sertoli cells form tight junctions that divide the seminiferous 
epithelium into a basal and an adluminal compartment and form the basis for 
the blood-testis barrier. A function of the blood-testis barrier is to create a 
proper environment for meiosis and spermiogenesis to occur (2). Therefore, 
the tight junctions enable the Sertoli cells to form a specialized luminal fluid 
microenvironment that is necessary, not only for the development of the 
germ cells but also for the transport of spermatozoa to the rete testis, efferent 
ducts and epididymis. Investigators have examined the manner by which 
fluid is secreted from the testis as well as the fluid composition and 
mechanisms involved in the formation of the testicular luminal fluid 
microenvironment. 

The first measurement of fluid secretion from the testis was made by 
Baillie (1) who compared the weights of testes that had been ligated to those 
that had not been ligated. The increased weight observed in the ligated testis 
suggested that fluid was secreted by the seminiferous tubules. These studies 
were later confirmed by Barack, Smith, Setchell and Gustaffson (1). Fluid 
secretion measurements from a single seminiferous tubule determined that 
the rat testis secretes approximately 0.5nl fluid/cm/min, which is equivalent 
to 80 Jll fluid/hltestis. The flow rate along a seminiferous tubule is 1 Jll/h, 
which when considering the approximately 30 seminiferous tubules in the rat 
testis, equals a fluid flow from the testis of about 30 Jll/h (1). Fluid secretion 
increases substantially from approximately 30 to 60 days of age and may be 
regulated by hormones (1). In addition, fluid secretion from the testis can be 
affected by the presence and/or absence of germ cells as well as by a number 
of drugs. For example, acetazolamide, a carbonic anhydrase inhibitor 
known to decrease fluid secretion in the kidney, also decreases testicular 
fluid secretion in the rat and ram (1). 

The composition of seminiferous tubule fluid (STF) is distinctly 
different from that of blood plasma. For example, the concentration of 
potassium in STF is 10 times higher compared to blood plasma whereas the 
sodium concentration is lower (Table 1). With a pH of approximately 7.3 
(1), the osmolality of STF is isosmotic in the rat but hyperosmotic in the 
hamster (3). In addition to ions, STP also contains inositol (1.8 mM), 
protein (6 mM), testosterone (40-155 ng/ml) and dihydrotestosterone (1.0-
1.5 ng/ml). 

Seminiferous tubular fluid (originally called "free flow fluid") was 
thought to be a mixture of primary fluid, presumably secreted by the Sertoli 
cells, and rete testis fluid. However, an alternative hypothesis proposed by 
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Setchell and co-workers suggested that the seminiferous epithelium secretes 
a potassium bicarbonate-rich fluid, which is later modified to a sodium 
chloride-rich environment as STF enters the rete testis (1). Moreover, the 
concentration of other components such as protein and steroids are also 
modified as STF enters the rete. If this hypothesis is correct, then rete 

Table 1: Approximate concentration (mM) of ions within seminiferous tubule fluid (STF) of 
the rat and rete testis fluid (RTF) of the rat, rabbit, ram, bull, boar, monkey and wallaby. Data 
from Setchell et a!., (2). 

Fluids Na K Ca Mg CI P04 HC03 

STF 
Rat 108 50 0.44 1.2 120 <0.1 20 

RTF 
Rat 143 14 0.81 0.39 140 <0.1 21 
Rabbit 147 7.8 0.8 0.5 
Ram 121 11.2 1.0 0.4 128 0.025 8 
Bull 133 9.1 0.4 0.4 122 0.017 7 
Boar 116 8.8 1.2 - 134 0.22 -
Monkey 136 7.4 - - - - -
Wallaby 118 14 - - 137 - -

testes fluid (RTF) is not representative of fluid that is found within the 
seminiferous tubule and, therefore, associated with germ cell development. 
This hypothesis further suggests that the epithelium of the rete testis is far 
more active in regulating the luminal fluid microenvironment than was 
previously thought. However, the role of the rete testis in regulating the 
luminal fluid microenvironment has not been investigated. 

The ionic composition of rete testis fluid (RTF) has been studied in a 
number of species (Table 1). RTF contains some of the same components 
present in STF including inositol (2.5 mM), protein (1 mM), testosterone 
(22-46.5 ng/ml) and dihydrotestosterone (1.9-32.7 ng/ml). RTF also 
contains pregnenolone, progesterone, dehydroepiandrosterone, 5-androstene-
3, 17-dione, 5a- androstan-3a, 17~-diol, 5a- androstan-3~, 17~-diol, 5-
androstene-3f3, 17f3-diol, and estrogens. Presumably, the tight junctions 
located between the cells of the rete testis play a role in maintaining the 
luminal fluid milieu in this region. 

STF and RTF also contain proteins that are found in blood plasma. 
Sertoli cells secrete a number of proteins including transferrin, 
ceruloplasmin, saposin (SGP-l, testibumin), clusterin (SGP-2), androgen 
binding protein, a2-macroglobulin, growth factors including FGF, TGF, 
interleukins, as well as a number of proteases and protease inhibitors (4-6). 
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The exact role of many of these proteins during spermatogenesis and 
spermiogenesis is not known. Interestingly, growth factors secreted by 
Sertoli cells into the seminiferous tubule appear to play a role in the 
regulation of gene expression in the epididymis (7). Hence, some of the 
proteins secreted by Sertoli cells may well have functions in tissues that lie 
distal to the testis. 

EFFERENT DUCT LUMINAL FLUID 
MICROENVIRONMENT 

Fluid Reabsorption and Composition 

"During the time the ingredients of the semen are propelled through the very 
long ducts of the testicles, the semen is elaborated in their cavities in such a 
way that what was watery and ash-like in the testicles becomes milk and 
thick in the epididymis" 

deGraaf (1668) 

DeGraaf (8) was remarkably observant when he noticed that fluid 
leaving the testis was watery and ash-like but became milky and thick as it 
passed out of the epididymis. One of the principle functions of the efferent 
ducts and the epididymis is to reabsorb water resulting in fluid containing a 
high concentration of spermatozoa. The concentration of sperm within the 
rat RTF is approximately 107 sperm/ml but increases to greater than 109 

sperm/ml in cauda fluid (9). 
Recently, there has been considerable interest in the role of the 

efferent ducts in the regulation of fluid flow across its epithelium. Net fluid 
fluxes across the epithelium of the efferent ducts are quite impressive and in 
one species, the quail, the rate of fluid flux (approx. 100 J.ll cm-2 h-I ) is 
almost equivalent to that of the rat renal proximal tubule (90-190 J.ll cm-2 h
I). Between 50-96% of the fluid leaving the rete testis of several species is 
reabsorbed by the efferent ducts (10). 

The dramatic movement of water out of the efferent ducts results in 
a luminal fluid composition within the rat coni vasculosi of 144 roM Na+, 5.7 

+ 1 2+ 2+ . roM K , 113 mM C -, 2.7 mM Mg ,2.2 roM Ca ,and an osmolality of 303 
mOsmlkg water (10). The driving force for active solute transport across the 
efferent ducts is the Na+ -K+ ATPase located on the basolateral membranes. 
However, the passive movement of sodium through the paracellular pathway 
may exceed that of the sodium pump. Also, it appears that the Na+-H+ 
exchanger plays a pivotal role in the movement of sodium across the 
epithelium, and together with carbonic anhydrase provides a mechanism for 
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the reabsorption of bicarbonate. Fluid phase endocytosis also contributes to 
the movement of water and solutes across the efferent duct epithelium. 

Recent evidence suggests that estrogen may play a role in the 
regulation of fluid transport across the epithelium of the efferent ducts. The 
efferent ducts of estrogen receptor alpha knock-out (aERKO) mice display 
defects in water transport and the males are infertile (11). Although further 
studies are needed to define the role of estrogen in the male reproductive 
system, estrogen receptors are likely to modulate the expression of genes 
involved in the regulation of fluid resorption in the efferent ductules. Other 
factors such as vitamin D, oxytocin, progesterone, and inhibin may also 
regulate efferent duct epithelial function. Clearly, the regulation of water 
transport across the efferent duct epithelium is quite complex. 

THE EPIDIDYMAL LUMINAL FLUID 
MICROENVIRONMENT 

The epididymal microenvironment is carefully regulated from one 
epididymal region to the next such that spermatozoa come into contact with 
a distinct luminal fluid milieu at the appropriate time of maturation. Of great 
interest to investigators is how the epididymal epithelium generates and 
regulates an ever-changing microenvironment along a duct that is 
approximately 3 m in length in the rat and 6 m in the human. The 
epididymal luminal fluid microenvironment is formed by 1) fluid entering 
the epididymis from the testis; 2) de novo synthesis, secretion and absorption 
of proteins by the epididymal epithelium; and 3) the movement of molecules 
and ions in and out of the epididymis. 

Fluid Composition 

Protein 

The protein composition of epididymal fluid has been studied 
extensively by a number of investigators. Therefore, protein composition 
will only be briefly reviewed and the reader is referred to Chapter 3 
(Regionalized Gene and Protein Expression) for further information. 

The protein concentration within the luminal fluid collected from the 
proximal regions of the rat epididymis is approximately 25 ~g/~l, which is 
about 25 times the protein concentration found within rete testis fluid. The 
measured protein concentration within the luminal fluid does not change 
dramatically from the proximal to the distal regions of the epididymis. 



66 

However, if water reabsorption is taken into account, assuming that protein 
is neither degraded nor absorbed, the calculated concentration of protein 
within cauda luminal fluid is greater than 100 ~g/~l. The difference between 
the calculated concentration and the measured concentration is likely due to 
protein endocytosis by the epididymal cells, protein degradation andlor 
association of secreted epididymal proteins with the maturing spermatozoa. 
Spermatozoa are exposed to a highly dynamic protein microenvironment 
that is constantly changing from one region to the next. New proteins are 
secreted into distinct epididymal regions whereas others are absorbed. The 
net protein composition found within the distal epididymal regions is a 
mixture of testicular proteins, de novo synthesis and secretion of epididymal 
proteins, modified testicular and epididymal proteins and sperm-associated 
proteins that have become dissociated from sperm. 

The epididymal luminal fluid contains a repertoire of proteins 
including: protease inhibitors, acrosome stabilizing proteins, multiple 
enzymes (for example, proteases, gamma-glutamyl transpeptidase, 
glycosyltransferases, glycosidases, glutathione peroxidase), protective 
proteins such as the defensins, growth factors (FGF for example), proteins 
involved in sperm-egg binding, and sperm-immobilizing agents (immobilin). 
Some of these proteins may have specific functions within the epididymis, 
whereas others are used by spermatozoa when they reach the female 
reproductive tract. 

Ions, water and organic solutes 

The epididymal luminal fluid microenvironment contains a number 
of ions, organic solutes and macromolecules. Studies by Levine and Marsh 
demonstrated that the ionic composition of epididymal fluid changes as this 
fluid progresses from the caput to the cauda (Fig. 1) (12). These 
investigators also estimated the osmotic deficit present across the 
epididymis. The osmotic deficit is the difference, in mM, between the 
measured osmolality and the concentration of osmotically active ions. When 
the total concentrations of organic solutes and ions were compared to the 
osmolality, Levine and Marsh noticed that there was an estimated osmotic 
deficit of 150 mM, 225 mM and 250 mM for the caput, corpus and cauda, 
respectively. Levine and Marsh postulated that the epididymis had to secrete 
organic solutes to make up the deficit. Indeed, studies demonstrated that 
epididymal luminal fluid contains high levels of organic solutes including 
inositol, L-camitine, glutamate, taurine, hypotaurine, sialic acids, 
glycerophosphorylcholine, phosphorylcholine, and a number of other amino 
acids. The presence of these organic solutes appears to make up over 50% 
of the calculated osmotic deficit. Nonetheless, an osmotic deficit of greater 
than 50 mM is still present in the corpus and cauda suggesting that 
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Figure 1: Mean concentration of ions and organic solutes within the luminal fluid of the rat 
caput, corpus and cauda epididymidis. Na - sodium; K- potassium; CI - chloride; Pi -
inorganic phosphate; RC03 - bicarbonate; car - L-carnitine; ino - inositol; PC -
phosphorylcholine; glu - glutamate; GPC - glycerylphosphorylcholine; OD - osmotic deficit. 
Reproduced from Rinton (12) with permission from the American Society of Andrology. 

additional solutes are secreted into the lumen in these regions. However, 
other factors could also account for the estimated osmotic deficit obseryed in 
the corpus and cauda epididymides. The measured concentration of each 
solute, distal to its site of secretion, is underestimated if water reabsorption is 
taken into account. For example, the measured concentration of inositol in 
rete testis fluid and the vas deferens is 2.49 and 49.17 mM, respectively (13). 
However, if water reabsorption from the rete testis to the vas deferens is 
taken into account, calculated concentration of inositol within the vas 
deferens luminal fluid would be 107.3 mM. Hence, the difference (I 07.3 -
49.17 = 58.13 mM) suggests that the epididymal epithelial cells are 
reabsorbing much of the secreted solutes. Therefore, further secretion of 
inositol into the epididymal duct would not have to be postulated to account 
for the osmotic deficit. The bidirectional movement of inositol and other 
solutes is likely to be necessary to maintain the appropriate physiological 
concentration of that solute within the epididymal lumen. Presumably, 
specific transporting processes are responsible for the movement of solutes 
out of the epididymal lumen. Alternatively, metabolism by either 
spermatozoa and/or the epididymis would also account for the difference. 
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The role of organic solutes in epididymal function is not known 
although there is plenty of speculation. Many of the organic solutes present 
in the epididymal lumen may play a role in the osmoregulation of sperm 
and/or the epididymal epithelium. Organic solutes are ideal molecules to 
regulate water movement across epithelia because they are nonperturbing to 
a cell's interior (14). In contrast, ions are considered to be perturbing 
because cells cannot tolerate high intracellular concentration of ions. 
Interestingly, the osmolality of cauda fluid from several hibernating bat 
species is over 1000 mOsm/kg water (15), but the solute(s) responsible for 
maintaining this extraordinary high osmolality is/are not known. The kidney 
utilizes solutes such as glycerophosphorylcholine (GPC) and inositol to 
move water in and out of cells (16,17). Taurine, which is also found in 
relatively high concentrations in epididymal luminal fluid, may also be a 
prime candidate for the regulation of water across the epididymal epithelium 
(12). Osmoregulation appears to play a critical role in male fertility as 
demonstrated by the phenotype of the tyrosine kinase, c-Ros, knock-out 
mouse. The male mice have underdeveloped initial segments, sperm 
flagellar defects and are infertile (18). The sperm flagellar defects are 
thought to be the consequence of the inability of spermatozoa to regulate 
their volume (19). These defects in tum impair sperm motility resulting in 
infertility. Water reabsorption along the epididymal duct also results in 
dramatic changes in the concentration of several organic solutes. In addition 
to playing a role in osmoregulation, other solutes such as L-camitine have 
been postulated to playa role in the acquisition of sperm motility. L
carnitine has also been implicated in the protection of oxidative stress in 
cultured neurons and may well have a similar role in the epididymis. 

Ions and organic solutes may also play different roles in different 
species. For example, the luminal fluid of the human vas deferens contains 
many of the organic solutes found in the same tissue of other species; 
however, the concentration is almost an order of magnitude lower (20). 
Though much lower than in other species, the concentrations of organic 
solutes in the human vas deferens may still be considered to be high. 
Nevertheless, such differences in concentrations may denote differences in 
function and warrant further study. 

The elaborate tight junctional network present between the 
epididymal epithelial cells is critical for the maintenance of the specialized 
luminal fluid and forms the basis of the blood-epididymis barrier. 
Permeability studies illustrate that the epididymis does not readily allow 
molecules to cross its epithelium (21-22). Therefore, the epididymis utilizes 
a series of specific cellular pathways and transporters to generate a 
specialized luminal fluid microenvironment. Figure 2 (23) summarizes the 
movement of ions, water, organic solutes and protein across different regions 
of the rat epididymis. 
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Figure 2: Summary of the movements of ions, water, organic solutes and macromolecules 
across different regions of the rat epididymis. Transepithelial potential difference and 
intraluminal pH are also shown. Thickness of arrows reflects degree of movement. 
Reproduced from Hinton and Turner (23) with permission from the American Physiology 
Society. 

Transport Systems 

The flow of ions, water, organic solutes and macromolecules across 
epithelia is regulated by specific transport systems. Despite their importance 
in regulating the luminal fluid microenvironment, the transporters involved 
in the movement of molecules across the testicular and epididymal epithelia 
are just beginning to be characterized. 

Studies have established that the efferent ducts reabsorb the majority 
of the rete testis fluid. Osmotic gradients and hydrostatic pressure 
differences can drive water across cells via the transcellular and paracellular 
pathways. The paracellular pathway entails the movement of water through 
the apical junctions. In contrast, the transcellular pathway consists of water 
movement through the lipid bilayer or via the use of transport proteins (Fig. 
3) (24). Indeed, substantial quantities of water pass directly through the lipid 
bilayer. However, in tissues such as the kidney, water channels known as 
aquaporins are critical transporters of water across membranes. In view of 
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the importance of aquaporins in fluid transport, investigators quickly turned 
to examine the expression of these proteins in the efferent ducts and 
epididymis. Aquaporin-l (AQP-l) was localized to the apical brush border 
membrane of efferent ducts (25,26) and estrogens were implicated as 
regulators of AQP-l expression during development (26). Surprisingly, 
AQP-l knock-out mice are fertile (10) suggesting that either the paracellular 
pathway or other water channels or transporters may also be involved in 
water movement in the efferent ducts. Aquaporin-9 was localized in the 
apical region of the efferent duct and principal cells of the epididymis as 
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Lipid bilayer 

/' '\ 
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Figure 3: Diagram of the transcellular and paracellular pathways involved in water transport 
in the efferent ducts. The transcellular pathways include the movement of water through the 
lipid bilayer as well as movement via water channels or transporters. AQP-I and AQP-9 have 
been localized to the apical region of the efferent ducts. Diagram adapted from Verkrnan (24). 

well as the Leydig cells in the testis (27,28). In addition to the movement of 
water, AQP-9 has high permeability for solutes such as carbamides, polyols, 
purines and pyrimidines and may also be involved in the movement of these 
solutes within the male reproductive system. 

The pH of the intraluminal fluid within the seminiferous tubule 
becomes progressively more acidic as it travels along the epididymis. 
Acidification of epididymal fluid and maintenance of a low bicarbonate 
concentration have been suggested to maintain spermatozoa in an immotile, 
quiescent state. Sperm motility is triggered, during ejaculation, when the 
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epididymal fluid is alkalinized by the secretions of the accessory sex glands. 
Manipulation of luminal pH has been suggested as a possible way to regulate 
male fertility (29). Therefore, a number of studies have attempted to identify 
the transport systems responsible for luminal acidification and bicarbonate 
absorption. 

Investigators proposed that an apical N a + IH+ exchanger was 
involved in proton (H+) secretion in the epididymis (30). In fact, 
immunohistochemistry studies have identified a number of Na + IH+ 
exchangers including NHE1, NHE2 and NHE3 (31,32). Not surprisingly, 
these transporters are differentially expressed along the different regions of 
the epididymis. NHE 1 was localized to the basolateral side of epididymal 
cells along the entire epididymis and may be involved in HC03- secretion. 
NHE2 is present on the apical side of the epithelium of the caput, corpus and 
cauda and may be involved in Na + reabsorption (31). NHE3 is highly 
expressed on the apical membrane in all cells of the caput (32). 

An additional mechanism involved in proton (H+) secretion was 
proposed when a vacuolar H+-ATPase was identified in selected cells within 
the epididymis and vas deferens (33,34). In the vas deferens, a bafilomycin
sensitive H+ATPase is responsible for a large fraction of the measured 
proton secretion (34). The apical vacuolar H+-ATPase in conjunction with a 
basolateral Na(HC03) cotransporter were proposed to mediate the 
transepithelial bicarbonate absorption. A Na+/HC03- cotransporter (NBC) 
protein was localized to the basolateral region of the principal cells with 
highest expression observed in the proximal regions of the epididymis (35). 
An NBC isoform, NBC3, was later found to be highly expressed on the 
apical membrane of narrow cells in the caput epididymis and light clear cells 
in the corpus and cauda epididymidis (32). The co-localization of NBC3 
with the vacuolar H+ -ATPase in specialized acid-secreting cells in the 
epididymis prompted investigators to propose a model by wherein these two 
transporters are in close association (32). Studies have suggested that some 
transporters may associate with other transport proteins to regulate their 
functions. For example, the Na+/H+ exchanger regulatory factor, NHE-RF, 
may bind and regulate the function of the cystic fibrosis transmembrane 
conductance regulator (36). 

The cystic fibrosis transmembrane conductance regulator (CFTR) is 
a cAMP-activated chloride channel that also participates in the regulation of 
the luminal fluid microenvironment of the epididymis. Present in the apical 
membrane of the principal cells of the efferent duct (37), CFTR may prevent 
excessive dehydration of the lumen by providing a counterbalance to the 
absorptive activities that predominate in the efferent ducts (37). Mutations 
in the CFTR gene are responsible for cystic fibrosis, an autosomal recessive 
disease observed primarily in caucasians. Men with cystic fibrosis display 
abnormal epididymides and vasa deferentia (38). Whether these 
abnormalities are the results of morphological defects arising during 
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development or the lack of proper chloride transport is unclear. The low 
levels of CFTR expression in the epithelium of the post-natal human 
epididymis were suggested to indicate that this organ was more sensitive to 
CFTR dysfunction than other developing organs (39). However, CFTR 
knock-out mice appear to have normal testicular and epididymal 
development (40). 

In addition to transporting ions, a number of transport systems are 
responsible for the transport of organic solutes. An active transport system 
comprised of both a basolateral and an apical transporter was suggested to be 
involved in the transport of L-camitine across the epididymal epithelium 
(41). L-carnitine is transported against a concentration gradient greater than 
2000-fold, with intraluminal concentrations reaching as high as 50 mM in 
the cauda epididymides of the rat (42). Studies in our laboratory have 
identified a transporter that may be responsible for L-camitine transport in 
the epididymis. OCTN2, a member of the organic cation transporter family, 
is expressed in the rat epididymis in a region-dependent manner with highest 
expression observed in the regions previously shown to be involved in L
camitine uptake (43). Moreover, OCTN2 protein is localized to the 
basolateral region of epididymal cells suggesting that this protein is likely 
responsible for the transport of L-camitine across the epididymal epithelium 
(43). Mutations in OCTN2 are responsible for primary camitine deficiency 
in the juvenile visceral steatosis (jvs) mouse (44) and these mice were found 
to display a number of epididymal abnormalities (45). 

Clearly, transport systems are critical controllers of the luminal fluid 
microenvironment of the epididymis. However, transport systems are also 
being characterized in the testis and other regions of the male reproductive 
tract. Table 2 lists some of the transport proteins that have been identified in 
the testis, efferent ducts, epididymis and vas deferens. Many of these 
transporters may serve as potential targets of male fertility. By targeting 
testicular and epididymal transporters, investigators may be able to further 
define the role of the luminal components in sperm development and 
maturation. Such studies may provide fundamental information for the 
treatment of certain forms of male infertility and for the development of a 
male contraceptive. 

CONCLUSIONS 

Fluid homeostasis is critical for normal development and function of 
the male reproductive system particularly the testis and epididymis. 
Alterations in fluid balance can have adverse effects and may be the source 
of certain forms of male infertility. The tight junctional networks in the 
testis and epididymis ensure that spermatozoa are exposed to a specialized 
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Table 2: Transport proteins identified in the testis, efferent ducts, epididymis and vas deferens 

Transporter Function Tissues expressed or localized Reference 
Aquaporin I (AOP-l) Water channel Efferent ducts, epididymis (25,26) 
Aguaporin 7 (AQP-7) Water channel Developing testis, adult testis (46,47,48) 
Aquaporin 8 iAOP-8) Water channel Developing testis (48,49) 
Aquaporin 9 (AQP-9) Water channel Apical region of efferent ducts, (28) 

principal cells of epididymis, Leydig 
cells 

Anion exchanger 2 CI/HC03 Epididymis (50) 
(AE2) exchanger 
Cystic fibrosis cAMP- Efferent ducts, vas deferens, (37,39) 
transmembrane regulated developing epididymis 
conductance regulator chloride 
(CFTR) channel 
H+ATPase Proton pumping Efferent ducts, epididymis, vas (29,33,34) 

WATPase deferens 
Concentrative Nucleoside Epididymis (51) 
Nucleoside transporter 2 transporter 
(CNT2) 
Equilibrative Nucleoside Epididymis (51) 
Nucleoside transporter transporter 
(ENT!) 
Equilibrative Nucleoside Epididymis (51) 
Nucleoside transporter 2 transporter 
(ENT2) 
GlutxllGlut8 Glucose Testis and epididymis (52,53,54) 

transporter 
Na + Idicarboxylate Sodium Initial segment and proximal regions (55,56) 
cotransporter (SDCT!) dicarboxylate of epididymis 

cotransporter 
Na+-driven CI-HC03 CIIHC03 Testis (57) 
exchanger (NDCBEI) exchanger 
Na+IWexchanger 1 Na+IW Baso1ateral surface of epididymis (31) 
(NHEIl exchanger 
Na+/W exchanger 2 Na+/I·r Apical surface of epididymis (31) 
(NHE2) exchanger 
Na+/W exchanger 3 Na+/W Testis (32) 
(I'IHE3) exchanger 
NBC Na+IHC03- Basolateral surface of proximal (35) 

cotransporter epididymis 
NBC3 Na+/HC03- Apical surface of caput epididymidis (32) 

cotransporter 
Novel organic cation Organic cation Epididymis (43) 
transporter (OCTNl) transporter 
Novel organic Organic Distal caput, corpus, proximal cauda (43) 
cationlcamitine cationlcamitine epididymides 
transporter (OCTN2) transporter 
Novel organic cation Organic cation Mouse testis (43,58) 
transporter (OCTN3) transporter 
Testis anion transporter Anion Human testis (59) 
1 (Tat!) tran~orter 

luminal fluid microenvironment at their appropriate time of development 
and maturation. These junctional complexes restrict the movement of 
molecules across the seminiferous and epididymal epithelium allowing 
transport systems to become critical controllers of the luminal fluid 
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microenvironment. Proteins involved in the transport of water, ions, solutes 
and other macromolecules are quickly beginning to be characterized. The 
advent of new molecular biology tools such as those providing possible tight 
reversible regulation of genes (60), may provide the means to further define 
the role of transport proteins in providing the proper luminal fluid 
microenvironment required for sperm development and maturation. 
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Chapter 5 

SPERM MOTILITY: PATTERNS AND 
REGULATION 

Srinivasan Vijayaraghavan 
Kent State University, Kent, OH, USA 

INTRODUCTION 

Spermatozoa are the only cells destined to be exported from the body. 
Thus, motility is an essential property of fertile spermatozoa. It enables 
ejaculated spermatozoa to traverse the female reproductive tract and reach 
the site of fertilization; it is also essential for penetration of the outer 
investments of the oocyte including the zona pellucida. This chapter will 
describe the following aspects of mammalian sperm motility: structure of the 
flagellum, development of motility in the epididymis, changes in sperm 
movement patterns following ejaculation and during fertilization, 
biochemical mechanisms regulating sperm kinetic activity, methods to 
quantitate sperm motility, and a brief outline of the methods available to alter 
sperm motility in vitro. 

STRUCTURE OF THE FLAGELLUM 

The site of motility is the flagellum. Details of the structure of the 
flagellum have accumulated from extensive studies of not only spermatozoa 
but also of simple ciliated organisms such as protozoa (1-3). The structure 
responsible for kinetic activity of the flagellum is the axoneme. The 
axoneme consists of a central pair of microtubules surrounded by nine outer 
doublets (Figure 1). This 9+2 pattern of the axial filament is a characteristic 
of almost all forms of eukaryotic cilia and flagella. Each outer doublet is 
made up of two tubules, designated as A and B. The A microtubule is 
composed of 13 protofilaments. The B tubule which is attached to the A 
microtubule is made up of 10 protofilaments. The central pair, designated 
C 1 and C2, is made up of 13 proto filaments each. The microtubules are 
composed of a and 13 tubulin. Each A tubule has attached to it an inner and 
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an outer dynein arm. The dynein arms extend towards the B tubule of the 
adjacent doublet. Flagellar dynein is a multi-subunit protein complexed with 
ATP hydrolyzing activity responsible for the conversion of chemical energy 
into kinetic activity. The 9+2 axonemal filament is held together by cross
linking protein structures. The central pair, Cl and C2, is connected to each 
other by regular bridges, resembling the steps of a ladder. The central pair is 
also surrounded by a central fibrous sheath. Each pair of the outer doublets 
is joined to the adjacent doublet by nexin links. Radial spokes are the cross
linking structures projecting from each A microtubule towards the central 
sheath. 

I A lubtJ~o ___ '!. ' ... bl~ 
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Figure 1. Structure of microtubules in a flagelIum. Diagram of the parts of the axoneme 
showing the dynein arms and the cross linking protein structures. In mammalian spermatozoa 
additional structures are present (see Figure 2). 

Axonemal kinetic activity is due to ATP-dependant sliding of the nine 
doublet microtubules relative to one another (2,4,5). The sliding forces are 
manifested as bending since the doublets are held together by cross-linking 
protein structures. Limited proteolysis of demembranated spermatozoa 
results in the loss of these cross-linking protein structures of the axoneme. 
Addition of ATP to such proteo1ytically modified spermatozoa results in the 
telescoping of the microtubu1es. In other words, there is no bending motion 
when the cross-linking protein structures are absent; the microtubu1es slide 
past one another. The dynein arms are important in sliding. Demembranated 
flagella, prepared under conditions resulting in the loss of dynein arms, lack 
kinetic activity. Sliding activity can be restored following reconstitution of 
the dynein arms. Further confirmation of the role of dynein arms in sliding 
came from studies with mutant Chlamydomonas defective in motility. 

In mammalian spermatozoa, the 9 + 2 axonema1 filament is surrounded 
by nine outer dense fibers (6-8). The fibers appear in association with a 
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complementary outer doublet but are usually separate from the outer doublets 
in mature spermatozoa (Figure 2). The shape and thiclmess of the outer 
dense fibers varies in different species. These fibers do not contain tubulin 
or ATPase activity and thus their role in the creation of bending movements 
appears unlikely. The exact role of the outer dense fibers in the kinetic 
activity of flagella is unlmoWll. 
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Figure 2. Additional Components of the Mammalian Spenn Flagellum. In mammalian 
spennatozoa, the 9+2 microtubule structure is surrounded by 9 outer dense fibers. In the 
principal piece, which is the region below the mid-piece, a fibrous sheath surrounds the outer 
dense fibers. Reproduced from (8). 

Mammalian spermatozoa have several tightly coiled mitochondria 
around the flagellum in a region posterior to the nucleus called the mid-piece 
or the middle piece (Figure 3). The number of mitochondria, arranged end to 
end at the mid-piece, varies among species ranging from 15 in human to 
about 350 in rat spermatozoa. Below the mid-piece is the principal piece of 
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the flagellum that is surrounded by a fibrous sheath. This sheath is made up 
of semicircular ribs that join to form two lateral columns along the length of 
the principal piece. The mitochondria and the fibrous sheath are covered by 
the plasma membrane. As with outer dense fibers the exact structure of the 
fibrous sheath varies greatly between species. The fibrous sheath terminates 
before the end of the flagellum. The end piece of the tail has only a central 
pair of microtubules under the plasma membrane. The role of the fibrous 
sheath in flagellar actiVity is not known . 

.-
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Figure 3. Diagram showing the head, middle piece, principal piece and end piece of a 
mammalian spennatozoon. Reproduced from reference (8). 
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MOTILITY DEVELOPMENT IN THE EPIDIDYMIS 

Spennatozoa exiting from the testis are immotile and unable to fertilize 
the egg. These functions develop during their passage through the 
epididymis (9-11), a period varying from 6 to 14 days, depending on the 
species. ill almost all mammalian spennatozoa, motility and fertilizing 
ability develop in the proximal and distal caudal regions of the epididymis 
(Figure 4). Maturation in the epididymis is a complex combination of 
processes taking place within spennatozoa and through interaction of the 
spennatozoa with environment of the androgen sensitive epithelium and its 
secretions. 

During epididymal maturation, spennatozoa undergo alterations in 
structure and metabolism. Structural changes include modifications in the 
plasma membrane and increases in disulfide linkages affecting the stability 
of the outer dense fibers, fibrous sheath and mitochondria. Changes in the 
activities of metabolic enzymes and in the composition of membrane 
phospholipids and proteins also take place. Marked increases in glycolysis 
and respiration rates accompany the development of motility. It is not known 
whether this increase in metabolic rate is an independent event or a 
consequence of the energy demand from motility. 

100 

Epididvmal segment 

Figure 4. Motility development in the epididymis. Motility index of spermatozoa removed 
from successive regions of the ram epididymis. Motility was measured after a 10 minute 
incubation at 37'C in a Krebs-Ringer bicarbonate buffer. Maximum motility is displayed by 
spermatozoa from regions 8 and 9 of the cauda epididymidis. Reproduced from (12). 

Motility of testicular and immotile caput epididymal spennatozoa 
demembranated by Triton X-lOO extraction can be activated in the presence 
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of ATP and cAMP (13-15). This suggests that the structural machinery 
required for motility exists in immature spermatozoa. This observation 
implies that cAMP levels in immotile spermatozoa are limiting. Other 
studies with developing epididymal spermatozoa have shown that, in 
addition to cAMP, calcium and intrasperm pH also play important roles in 
the regulation of sperm kinetic activity. As spermatozoa pass through the 
epididymis cyclic AMP levels and pH increase, while intracellular total and 
free calcium levels decrease (16-18). It is not known how the changes in the 
levels of these mediators are effected. However, these observations have 
provided us with approaches to alter motility in vitro. Thus, elevation of 
intra sperm cAMP levels, with phosphodiesterase inhibitors such as caffeine 
and isobutyl methyl xanthine, leads to motility initiation (19). Changes in 
calcium and pH, depending on the conditions, can stimulate or inhibit sperm 
motility (17). Under optimum conditions, motility induced in vitro in 
immotile caput epididymal spermatozoa can resemble that of motile mature 
caudal spermatozoa. 

EJACULATED SPERMATOZOA AND HYPER
ACTIVATED MOTILITY 

Mature spermatozoa stored in the cauda epididymidis are apparently 
immoti1e. The reasons for this appear to be species dependent. In the rat and 
hamster a protein, "immobilin," is responsible for suppressing motility (20). 
Immobilin increases the viscosity of epididymal fluid suppressing sperm 
movement. Dilution of the viscous fluid with a physiological buffer restores 
motility. The metabolism of these mechanically immobilized sperm, as 
measured by their respiration rates, is not different from that of motile rat 
caudal epididymal spermatozoa. A completely different mechanism operates 
in the bull. Bovine caudal epididymal spermatozoa are held immotile during 
their storage due to acidity of the epididymal fluid (21-22); the pH of caudal 
epididymal fluid is around 5.5. Lactate present in the epididymal fluid enters 
the sperm plasma membrane as lactic acid acidifying the sperm cytoplasm. It 
appears that a low intracellular pH inhibits dynein ATPase activity. Dilution 
of the immotile caudal spermatozoa in a physiological buffer causes 
alkalinization of the cytoplasm resulting in vigorous motility. It is interesting 
that intracellular pH is also used as a means of regulating sperm motility in 
some invertebrate species. Sea urchin spermatozoa are activated upon 
contact with sea water by alkalinization of their intracellular pH caused by a 
plasma membrane sodium/proton exchanger. The nature of the inhibitory 
mechanism by which human spermatozoa may be held immotile in the 
epididymis is unknown. 

Spermatozoa are vigorously motile following ejaculation. This suggests 
that dilution by seminal plasma or that some component of seminal plasma 
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serves to inactivate sperm immobilizing factors. Seminal plasma contains a 
complex mixture of secretions of the male reproductive tissues (23). A 
glycolysable substrate, such as glucose or fructose, and bicarbonate ion that 
activates sperm adenylyl cyclase is also present in semen. There is no doubt 
that motility, along with high sperm density, are generally positive indicators 
of fertile semen. However, there is considerable uncertainty about the lower 
limits of motility and sperm number. 

Following ejaculation, spermatozoa undergo a process called 
capacitation before they can bind to and fertilize the ovum. In a wide variety 
of species, one of the features of capacitated spermatozoa is hyperactivated 
motility (24-27). Hyperactivated motility is variously described as 'whip 
lash', 'dancing', and 'serpentine' movements. Detailed analysis of flagellar 
beat reveals that hyperactivated motility is characterized by a high amplitude, 
asymmetric waveform of the tail (Figure 5). The asymmetric tail beat results 
in a non-linear progression. Hyperactivated motility is thought to be required 
for penetration of the outer investments of egg. Because of this potential 
significance in fertilization the detection of the ability of spermatozoa to 
undergo hyperactivation could be of clinical value in predicting fertility of 
semen samples. It is believed that elevation of cAMP and calcium levels 
mediate the onset of hyper activated sperm motion. 

BIOCHEMICAL MECHANISMS REGULATING 
MOTILITY 

ATP hydrolysis by the inner and outer dynein results in microtubule 
sliding, flagellar bending, and motility. Microtubule sliding velocity is 
thought to be regulated by phosphorylation of yet unidentified axonemal 
proteins. Net protein phosphorylation is a result of the action of protein 
kinases and the opposing action of protein phosphatases. As noted above, 
cAMP appears to be a key regulator of motility (9). Most of the known 
actions of cAMP in cells are mediated by protein kinase A. Inactive protein 
kinase A is a tetramer consisting of two regulatory and two catalytic 
subunits. Binding of cAMP to the regulatory subunits results in the 
dissociation and activation of the catalytic subunit. The activated catalytic 
subunit, when intrasperm cAMP levels are sufficiently high, is thought to 
phosphorylate proteins leading to motility and metabolic activation of 
spermatozoa. 

As described above definitive studies on the role of cAMP in motility 
come from experiments with demembranated spermatozoa (13-15). Mature 
motile spermatozoa have higher cAMP levels than immotile and immature 
spermatozoa. Thus, in demembranated caudal and ejaculated spermatozoa, 
ATP alone can sustain motility if sperm were motile prior to removal of the 
membrane. However, demembranated immotile testicular and caput 
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epididymal spennatozoa require cAMP, in addition to ATP, for motility. 
Consistent with these studies is the observation that membrane penneable 
cAMP analogs and phosphodiesterase inhibitors induce motility in immature 
spennatozoa and stimulate motility of mature spennatozoa. Enzymes of 
cyclic nucleotide metabolism, adenylyl cyclase and phosphodiesterase, are 
present in spennatozoa. The soluble spenn adenylyl cyclase is unique 
compared to the membrane bound enzyme found in somatic cells (28). The 
spenn enzyme appears not to be coupled for activation or inhibition by 
trimeric G-proteins as is the case in honnone responsive somatic cells. The 
spenn enzyme is sensitive to activation by bicarbonate ions (29,30). 
Activation of the bicarbonate-sensitive spenn adenylyl cyclase and the 

A 

B 
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Figure 5. Patterns of flagellar beat in hyperactivated hamster spermatozoa. A, two sperm 
showing the waveform of the principal bend in the proximal mid-piece; B, reverse bends at 
the distal mid-piece are propagated along the flagellum followed by principal mends of very 
low curvature. This asymmetric waveform results in non-linear motion resembling a star
shaped or figure eight trajectory; C, sinusoidal symmetric principal bends (p) and the reverse 
bends (r) results in linear trajectories. Reproduced from (27). 

resultant increase in cAMP levels are thought to explain the requirement for 
this anion in spenn suspension buffers used in in vitro fertilization. 

If there is an involvement of a protein kinase in a cellular response, the 
response is most likely modulated by a protein phosphatase. Inclusion of 
protein phosphatases in the inactivation buffer of demembranated 
spennatozoa prevents motility induction. A protein phosphatase is found to 
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be tightly associated with the Chlamydomonas axoneme. Treatment of 
immotile spermatozoa with protein phosphatase inhibitors results in a 
dramatic induction of motility. These observations highlight the importance 
of protein phosphatases in flagellar kinetic activity. 

Somatic cell protein phosphatases can be divided into four subtypes, 
PPl, PP2A, PP2B, and PP2C, depending on their substrate specificity, metal 
ion requirement and inhibitory characteristics (31). The predominant protein 
phosphatase in spermatozoa is the PPI subtype. Sperm contain a testis 
specific isoform of PPl: PPly2 (32-34). This isoform contains a carboxyl 
terminus extension not found in the somatic cell isoform PPI yl. Antibodies 
against the carboxyl terminus peptide cross-react with PPly2 in spermatozoa 
from a wide range of species - mouse, rat, bull, monkey and human. Since 
the carboxyl terminus is not required for catalytic activity, the seeming 
conservation of this extension is intriguing. It is possible that the unique 
amino acid sequences in the protein could be involved in enzyme localization 
and regulation in spermatozoa. In addition to PPly2, relatively lower activity 
levels of the serine/threonine phosphatase subtypes PP2A and PP2B are also 
present in spermatozoa. Mechanisms by which protein kinases and 
phosphatases are regulated are likely to be key aspects of the biochemical 
mechanisms regulating sperm motility. 

METHODS FOR QUANTITATING SPERM MOTILITY 

Methods for quantitating motility range from simple microscopic 
observation to complex computerized automated analysis (27). Microscopic 
observation by an experienced investigator, even though subjective, has 
significant value and is still used for semen evaluation. Motility quantitation 
techniques can be classified as indirect or direct. Indirect techniques, such as 
turbidometry and laser techniques, use the optical properties of the sperm 
suspension to estimate percent motility and velocity distribution. Direct 
techniques involve observation of individual spermatozoa. Such a direct 
quantitative analysis is made following cinematographic or video recordings 
of the sperm sample under a microscope. Analysis of these images can be 
manual or computerized. One of the manual techniques, for example, 
involves the use of a transparent grid placed on a monitor to follow sperm 
head motion through a specified number of video frames. Such a relatively 
simple, but labor intensive, manual procedure can provide reliable head 
motion parameters such as percent motility and velocity. Computerized 
motility analysis techniques have now become more prevalent (35-37). 
These motility analysis procedures, CASMA or CASA (Computer Assisted 
Sperm Motility Analysis or Computerized Assisted Sperm Analysis), consist 
of a video-recording device, image accession and digitization in the 
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computer, and image analysis software. The posItIons of the head of 
spermatozoa, tracked through a specified number of video frames, can be 
used to compute a number of motility parameters. These include direct 
parameters such as percent motility, straight line, curvilinear, and average 
velocities. Other derived parameters such as beat cross frequency, turn angle 
and linearity can also be measured. While motility quantitation is of great 
value as a research tool, the utility of these procedures in clinical andrology 
as a predictor of sperm function i~ still being investigated. 

Turning angle 

Average 
Path 

Curvilinear Path 
Vel 

VsI 

Figure 6. An idealized tracing of the head positions of a sperm tracked by a computerized 
analysis system. VsI: Straight line (end-to-end) velocity. Vel and Vap: are curvilinear and 
average path velocities. ALH: average amplitude of lateral head movement. BCF: Beat cross 
frequency. Adopted from (27). 

PHARMACOLOGICAL METHODS TO ALTER SPERM 
MOTILITY IN VITRO 

There is considerable clinical and economic interest in the development 
of safe and reliable methods to maintain optimum motility in sperm 
preparations used in in vitro fertilization and artificial insemination. 
Spermatozoa are notorious for their lack of sensitivity to hormones and other 
signaling molecules that activate somatic cells. However, a number of 
pharmacological additives have been shown to stimulate sperm kinetic 
activity. As noted earlier, phosphodiesterase (PDE) inhibitors, by virtue of 



89 
their ability to elevate cAMP levels, are stimulators of motility. The PDE 
inhibitors that have been used are caffeine, theophylline, and pentoxyfylline. 
All these compounds, used at millimolar levels, stimulate motility. The 
effect of these compounds on in vitro fertilization rates, however, is variable. 

Yet another class of compounds more potent in stimulating motility are 
analogues of adenosine (38). The effect of these compounds on sperm 
motility was first discovered in this author's laboratory. The most potent of 
these analogues are 2'-deoxyadenosine and 2-chloroadenosine. A relatively 
new compound, 2'-deoxy-2-chloroadeonsine, is effective in stimulating 
bovine sperm motility at low micromolar levels. This compound, 
commercially called Cladribine, is used in the treatment of certain types of 
leukemia. The mechanism by which these nucleoside analogues, including 
2'-deoxyadenosine, stimulate sperm motility is unknown. While these 
compounds appear beneficial to sperm function paradoxically they are 
cytotoxic to somatic cells in culture and in vivo. 

Another approach to stimulate motility is to increase protein 
phosphorylation by compounds that inhibit protein phosphatase activity. 
Indeed the protein phosphatase inhibitors, okadaic acid and calyculin A, 
stimulate sperm motility at nanomolar levels (32). These are the most potent 
stimulators of motility known. However, a clinical use for these phosphatase 
inhibitors is unlikely because they are potent tumor promoters. The 
development of compounds capable of specifically inhibiting sperm protein 
phosphatase could be useful in this regard. It is quite likely that an increased 
understanding of the biochemical mechanisms regulating male gamete 
function should lead to rational approaches to optimize sperm function in 
vitro and in procedures used in managed reproduction. 

CONCLUSIONS 

The structure of the highly differentiated sperm cell is suited for two 
essential properties: motility and the ability to fertilize the ovum. Its 
relatively simple metabolic functions compared to a somatic cell is a 
reflection of the fact that it is the only cell designed to function outside the 
body. Testicular spermatozoa following spermiation are immotile and 
cannot bind to the egg. The capacity for motility and fertilization ability 
develops during their passage through the epididymis. Motility initiation is 
regulated by the intracellular factors: pH, cyclic AMP and calcium. These 
factors induce changes in sperm protein phosphorylation by altering the 
activities of protein kinases and phosphatases. Studies on regulation of 
sperm motility and protein phosphorylation have resulted in the identification 
of a number of procedures to alter sperm motility in vitro. These include the 
use of cAMP, phosphodiesterase and protein phosphatase inhibitors, 
bicarbonate anion, and analogues of the nucleoside adenosine. New studies 
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on the biochemical mechanisms underlying regulation of sperm motility are 
not only of basic importance but also have practical implications in the 
development of rational approaches to manipulate sperm function in vitro 
and in vivo. 
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INTRODUCTION 

Mammalian spermatozoa are highly differentiated haploid cells which 
are unable to synthesize proteins de novo post-testicularly. These unique 
cells undergo morphological and biochemical changes in components as 
diverse as the plasma membrane, cytoplasm (the cytoplasmic droplet) and 
certain internal components such as the nucleus, the acrosome, and the 
cytoskeletal elements (perinuclear theca, outer dense fibers and fibrous 
sheath). Most of these components are primarily organized into developing 
germ cells and nascent spermatozoa during spermatogenesis, and the initial 
maturational modifications occur in the testis, which is typically referred to 
as testicular maturation. Spermatozoa that have left the testis undergo 
further modifications in the epididymis referred to as epididymal 
maturation (I, 2). These changes are commensurate with the physiological 
and functional events continuously induced in developing spermatids and 
maturing spermatozoa. Thus, spermatozoa present in the testis and 
proximal epididymis are immotile and immature (infertile), while 
spermatozoa that reach the distal epididymis are motile and mature (fertile). 
In this context, the maturation of spermatozoa is defined as the process of 
achieving the fertilizing ability. Such maturational events are prerequisite 
for spermatozoa to undergo the final maturational events (capacitation and 
the acrosome reaction) that are inevitable steps prior to penetration into the 
oocyte. 

In the last four decades, various maturational events in the testis and 
epididymis have been analyzed, and have been extensively reviewed (recent 
reviews; 3-16). In this chapter, typical events associated with testicular and 
epididymal maturation of mammalian spermatozoa are described; the 
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maturation of the nucleus, the acrosome, the plasma membrane, as well as 
some flagellar components. 

STRUCTURE AND COMPONENTS OF SPERMATOZOA 

A spermatozoon consists of a head and a flagellum, and is completely 
covered by the plasma membrane, on which distinct surface domains are 
present (Figure 1). The head is divided into two major regions (domains); 
the acrosomal region and the postacrosomal region. In general, the nucleus 
occupies nearly the entire head. The acrosome, a cap-like structure located 
in the anterior-most (rostral) region, contains a variety of hydrolytic 
enzymes such as serine-like protease acrosin and hyaluronidase as well as a 
number of other functional proteins. The acrosome is segregated into two 
major domains, the anterior acrosome (acrosomal cap) and posterior 
acrosome (equatorial segment). Functionally, the anterior acrosome is 
involved in the acrosome reaction, while the equatorial segment is involved 
in the fusion with the oocyte. The perinuclear theca (PT) surrounds nearly 
all of the nucleus, extending from the rostral region (perforatorium) 
throughout to the basal region of the head. The head is demarcated from the 
flagellum by a diffusion barrier, a constricted zonule of the plasma 
membrane called the posterior ring. 

The flagellum is divided into three major regions (domains); the 
middle piece (MP), the principal piece (PP) and the end piece (EP). The MP 
is separated from the PP by the MP-PP juncture, another constricted zonule 
of the plasma membrane called the annulus or Jansen's ring. The neck 
region is sometimes regarded as an independent region called the 
connecting piece. The neck structure is complex, consisting of the following 
structures; the distal-most part of the nucleus with a redundant nuclear 
envelope, the basal plate, the capitulum, the proximal centriole, the 
transitional connecting centriole and the segmented columns. The basal 
plate is situated in the implantation fossa. The capitulum covers the 
proximal centriole, which is docked in the centrosome. Amorphous 
pericentriolar materials such as centrin and pericentrin surround the 
centrosome. The distal centriole is transformed into the transitional 
connecting centriole, which is further transformed into the centrally placed 
axoneme. The axoneme extends distally throughout the flagellum. The 
axoneme represents the machinery associated with motility and consists of 
microtubules (alpha and beta tubulins) and dyneins containing ATPase. The 
segmented columns are transformed into outer dense fibers (ODFs) and are 
surrounded by the proximal part of mitochondrial sheath. The MP region 
consists of the axoneme, the ODFs (nine in number) and the mitochondrial 
sheath. Mitochondria generate adenosine triphosphate (ATP) as an energy 
source for movement of the flagellum. The PP region consists of the 
axoneme, the ODFs (reduced to seven in number) and the fibrous sheath 
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Figure 1. The structure of mammalian spermatozoa. A schematic drawing (top, left) showing 
the various sperm domains. The components located in each domain are shown in electron 
microscopic images. A scanning electron micrograph (EM) shows the cytoplasmic droplet in 
the flagellum (below the scheme). The other components described in this chapter are shown 
as transmission EM images. A freeze fracture image shows the neck region with the 
redundant nuclear envelope (inset, bottom center). The undulating plasma membrane over the 
anterior acrosome region (top, right) is labeled with a polyene antibiotic, filipin, to show the 
cholesterol-rich nature. 
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(FS). The FS is localized beneath the plasma membrane, encircling the 
ODF. The FS consists of two longitudinal columns connected by 
semicircular ribs. The EP region contains only residues of the axoneme. 
These fundamental structures or elements (matrices) consist of specific 
proteins and associating molecules. The PT, ODF and FS are cytoskeletal 
elements which are specifically differentiated in spermatozoa. 

GENERAL ASPECTS OF TESTICULAR MATURATION 

A drastic change in cell shape and structure, i.e., metamorphosis, 
occurs in spermatids (17). Spermatids are derived from diploid 
spermatocytes (primary and secondary), and are produced as haploid cells 
after meiosis. The nuclear chromatins of spermatids are condensed in the 
late elongating spermatid stage, and transcription activity is terminated. 
Notwithstanding the nuclear condensation, sperm constituent proteins are 
initially generated in spermatocytes and/or spermatids and are integrated 
into structures or associated elements in the nascent heads and flagella. 
Therefore, the constituent proteins are programmed so as to be synthesized 
in a timely manner and are then transported and organized into structures 
and elements. Thus, testicular maturation requires strict coordination 
between molecular events and cell organelle behavior. For example, the 
Golgi apparatus is transformed into the acrosome, in which many functional 
proteins are destined to be stored in the early spermatids (see details for 
Section 5). Microtubules act to form the sperm cell shape and to temporarily 
store proteins required for the formation of structures and elements. The 
distal centriole is transformed to the axoneme during overall 
spermiogenesis. The plasma membrane establishes the surface domains, 
where specific proteins (molecules) are distributed. Consequently, at the end 
of differentiation, upon spermiation, spermatozoa emerging from the 
germinal epithelium discard most of the cytoplasm and cell organelles, and 
contain only small amounts of residual cytoplasm called the cytoplasmic 
droplet (CD). The CD contains practically no cellular machinery necessary 
for protein synthesis, and Sertoli cells phagocytose the discarded cytoplasm. 
Thus, spermatozoa become highly differentiated and transcriptionally silent 
cells during testicular maturation (Figure 2). 

GENERAL ASPECTS OF EPIDIDYMAL MATURATION 

Spermatozoa released from the germinal epithelium are transported to 
the rete testis, efferent ductules, and are then collected into an epididymal 
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duct in the epididymis. The epithelia of the rete testis and the efferent 
ductules consist of cuboidal cells and columnar cells (non-ciliated and 
ciliated cells), respectively. The epithelium of the efferent ductules 
reabsorbs approximately 90% of the testicular fluid, an estrogen-dependent 
process. If the function is impaired, then the efferent ductules are dilated, 
and spermatozoa cannot enter the epididymal duct, which eventually causes 
infertility in the mouse (18). 

The length of the epididymal duct varies, depending on the species (5-6 
m in men and 80 m in horses). Such a long duct is convoluted in the 
epididymis. Spermatozoa pass through the epididymal duct in about 1-2 
weeks depending on the species; approximately 3-7 days in most mammals 
including human. The epididymis is generally divided into three 
functionally distinct regions based on the secretory activity of the 
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Figure 2. A schematic drawing of the relationship between maturing spermatozoa and lining 
epithelia in the testis and epididymis. 

duct epithelium; caput, corpus and cauda epididymidis (Figure 3). The 
epididymal epithelium consists of columnar cells bearing microvilli or 
stereocilia (principal cells or secretory cells). The epithelial height varies in 
regions: high in the proximal region, but low in the distal region. 
Epididymal epithelial cells are involved, not only in secretions but also in 
phagocytosis of the cell debris and dead spermatozoa. The basal cells are 
sporadically distributed between the columnar cells. In rodents, clear cells 
are distributed in the epithelium. 

In general, the proximal part of the epididymis is actively involved in 
sperm maturation. For example, both the number of spermatozoa 
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(spennatocrit) and protein concentration in the fluid are quite low in the 
proximal caput (about 15 % and 35 mg/m1, respectively), but rise in the 
distal caput (about 85 % and 60 mg/ml, respectively), and then gradually 
decrease in the cauda (about 30 % and 20-30 mg/ml, respectively) in the 
stallion. Such a remarkable distinction in secretion and activity are under the 
control of androgen and other testicular factors. The inhibition of the 
secretory activity leads to a loss of fertilizing ability of spennatozoa. An 
optimal environment is necessary for spennatozoa to mature and survive in 
the epididymis. 

The epididymal fluid is acidic; approximately pH 6.2 - 6.5 in the 
caput and pH 6.8 - 6.9 in the cauda. The fluid contains a wide variety of 
molecules: 1) transudates from the blood, 2) secretions from the testis 
(Sertoli products) and the duct epithelium, 3) lytic products of molecules in 
the fluid and spennatozoa, and 4) metabolic products of spennatozoa. 
Therefore, the composites are electrolytes (Na+, K+, en, honnones (both 
androgen which is bound to androgen binding protein and estrogen), 
enzymes (transferases, cathepsin, glutathione peroxidase, prostaglandin 
synthase, H+ V-ATPase), and many other proteins (lactoferrin, clusterin, 
cholesterol transfer protein, albumin), carnitine, vitamine D, inositol, 
steroid, glycerol, glycerylphosphory1choline, sialic acid, etc. Many of these 
molecules are related to epididymal maturation or are involved in the 
fertilization process at a later stage (not discussed here). Glutathione 
peroxidase and lactoferrin have potential roles of antioxidants. Such luminal 
microenvironments are effectively isolated from the blood by the epithelial 
tight junctions (blood-testis barrier and blood-epididymis barrier). Thus, 
spennatozoa become fertilization- competent cells and are stored until 
ejaculation, bathed in the epididymal fluid. 

MATURATION OF THE NUCLEUS 

The nuclear shape and nucleoproteins of spermatozoa are stabilized 
during testicular and epididymal maturation, undergoing remodeling in the 
nuclear chromatin. 

Testicular Maturation of the Nucleus 

The spermatid nucleus is condensed, and is completely remodeled in 
shape and size. According to the nuclear shape and chromatin texture, 
growing spennatids can be classified into three groups; early spennatid with 
a round nucleus (round spennatid), intennediate spermatid with an 
elongating nucleus (elongating or condensing spennatid) and mature 
spennatid with a condensed nucleus (mature spennatid). During nuclear 
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condensation, the nucleosomal histones (somatic and testis- specific 
isoforms) of the meiotic germ cell DNA are replaced, first by intermediate 
proteins called transition proteins, and then by small arginine-rich 
protamines. Minas that encode transition proteins and protamines are 
synthesized in round spermatids, stored as cytoplasmic ribnucleoprotein 
particles for up to a week, and finally are translated into elongated 
spermatids during spermiogenesis. Histone acetylation and ubiquitination 
facilitate chromatin transformation from the nucleosome to the 
nucleoprotamine. The binding of protamines to DNA is under the control of 
a phosphorylation-dephosphorylation mechanism. Thus, the spermatid 
chromatin becomes highly condensed in late spermiogenesis. 

During chromatin condensation, the nuclear pore complexes move 
toward the nascent neck region and are removed from the main region of the 
nucleus covering the head. Consequently, the complexes are retained as the 
redundant nuclear membrane in the neck of spermatozoa (Figure 2). The 
transcription activity of germ cells is terminated, generally several days 
before the completion of spermatogenesis. Therefore, protein synthesis is 
stringently regulated at several steps such as transcription, translation and/or 
post-translation in spermatogenic cells (19). 

The change in nuclear shape is coordinated with the formation of the 
acrosome and perinuclear theca. These formations are harmonized with the 
behavior of cytoskeletal filaments such as manchette and actin. The 
manchette is a half-mitotic spindle-like microtubule assembly surrounding 
the caudal region of the nucleus, and transiently appears only in elongating 
spermatids. 

Epididymal Maturation of the Nucleus 

During epididymal transit, the nuclei of spermatozoa become slightly 
reduced in size. Sperm chromatins become more stable, and the sulfhydryl 
cross- link (-SH) between thiol groups in adjacent protamine chains are 
converted into disulfide cross-link (-S-S-). Therefore, the number of -S-S
cross-links reflects the stability of the nucleoprotein in spermatozoa. The 
paternal genome is protected from external environment hazards such as 
acidity and oxidative stress that may cause nuclear damage. An impaired 
genome is implicated in male infertility. However, the details of the 
mechanisms involved in these processes are unclear: the issues of how the 
somatic chromatin is transformed into the testis specific histones, how the 
genome is impaired or protected, and how the impaired genome is detected 
are currently unclear. 
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MATURATION OF THE ACROSOME 

The acrosome contains infrastructures and spatially and biochemically 
distinct subdomains (subcompartments) within itself. The acrosomal 
contents are segregated into these subdomains and closely interact with the 
infrastructures. The acrosome contains not only hydrolytic enzymes to 
dissolve the extracellular matrices of the egg, but specific proteins required 
for the various steps of the sperm-egg interaction as well. Acrosomal 
organization is remodeled during testicular and epididymal maturation, and 
the constituent proteins undergo maturational modifications. 

Structure and Components of the Acrosome 

The mature acrosome is a cap-like structure enclosed with limited 
membranes, the inner acrosomal membrane (lAM) overlying the nucleus 
and the outer acrosomal membrane (OAM) underlying the plasma 
membrane (Figure 1). The anterior acrosome contains several domains 
(subcompartments), wherein the acrosomal proteins are segregated. For 
example, many acrosomal proteins such as aero sin and SP-IO (HS-63 
antigen) are distributed over the entire anterior acrosome, and some other 
proteins are confined to the subdomains: for instance, a zona pellucida 
penetration-facilitating protein MCIOI (acrin 3) is confined in the outer 
region (cortex) beneath the OAM (Figure 3e). The guinea pig acrosome 
contains three subcompartments; the electron-light, -intermediate and -
dense region, called Ml, M2 and M3, respectively. A member of the 
complement 4- binding protein family AM 67 (mouse sp56) localized in the 
Ml region, AM 50 (p50, apexin, Narp, or NPTX2) in the M3 region, 
proacrosin in the M2 and M3 regions, and autoantigen 1 (mouse Tpx-l, 
human TPXl, or CRISP-2) in all these regions. Such compartmentalizations 
are found in many mammals (mouse, hamster, guinea pig, rabbit, bovine 
and hedgehog). 

The hamster acrosome has a structural framework consisting of 
detergent- stable materials (AM29 and AM22), referred to as the acrosomal 
lamina-matrix complex (20). Proacrosinlacrosin and N-acetyl
glucosaminidase specifically bind to the acrosomal matrix. Guinea pig 
acrosomal matrix protein AM50 also has an affinity for proteases. Thus, the 
acrosome consists of soluble proteins and insoluble (particulate) proteins 
called aero somal matrix proteins. The former includes hyaluronidase, 
dipeptidyl peptidase, CRISP-2, and acrosome reaction- relating protein 
MN7 (acrin 1) etc, while the latter includes AM22, AM29, AM50, AM67, 
proacrosin-binding protein sp32, zona-binding protein MC41 (acrin 2) etc. 
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Testicular Maturation of the Acrosome 

Drastic remodeling of the acrosome occurs in the late stages of 
acrosome biogenesis. It is known that some acrosomal proteins are 
redistributed into the anterior acrosome in this stage, and some other 
proteins are specifically localized to the restricted region. For example, 
AM50 is localized to the ventral matrix of the apical segment, and MN9 
(equatorin) is confined to the equatorial segment. Some proteins such as 
AM22, SM29, SP-10 and MN7 (acrin 1) are further modified during 
epididymal maturation. The major matrix proteins, AM22 and AM29, are 
derived from the common precursor protein (40 kDa), processed and 
localized to the acrosome cap region, adhering to the OAM. Human sperm 
SP-10, which is initially distributed over the entire acrosome in the round 
spermatid phase, becomes 

b Caput sperm 

c Corpus sperm 

d Cauda sperm e 

Figure 3. a, Mouse epididymis. b-d, Increment of the antigenicity ofMClOl (acrin 3) during 
epididymal maturation. e, Localization ofMClOl at the cortex region within the acrosome. 

localized to the acrosomal membranes, and then undergoes proteolytic 
processing during its passage into the initial segment or caput epididymis. 
The mouse acrosomal membrane protein, cyritestin (ADAM3, tMDC n, is a 
Cyrn gene product and a member of the metalloproteinase-disintegrin 
family, ADAM (a disintegrin and metalloprotease) or MDC 
(metalloprotease-like, disintegrin-like ~yritestine-rich domain). Cyritestin is 
initially organized as an integral lAM transmembrane during 
spermiogenesis, and is then post-translationally processed, decreasing in 
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molecular size (from 110 kDa to 55 kDa) by removal of the N- terminal half 
during epididymal transport. In contrast, the ID4 protein loses its 
antigenicity. 

Acrosome remodeling appears to be affected by the behavior of 
periacrosomal substances such as the perinuclear theca in developing 
spermatids or the cytoskeletal filaments (microtubules and actin) in 
spermatids and somatic Sertoli cells. 

Epididymal Maturation of the Acrosome 

The change in acrosome size and structure is clear in some mammals 
(guinea pig, rabbit, and some primates). Acrosomal proteins also are 
reduced in molecular weight and their antigenicity modified in many 
mammalian spermatozoa (mouse, rat, rabbit, guinea pigs, boar, and 
humans). For example, in addition to the above proteins, acrosomal 
glycoconjugates become reduced in molecular weight via modification of 
side chains containing D-galactose and N- acetyl-D-galactosamine residues. 
Guinea pig MN7 (acrin 1) becomes reduced in molecular size, and is 
redistributed within the acrosome. In contrast, the antigenicity of mouse 
MCIOI (acrin 3) increases (Figure 3b-d). 

Thus, the maturational modifications of acrosomal proteins can be 
attributed to deglycosylation and/or proteolytic processing. The 
physicochemically distinct affinities to the substructures or the matrix and 
maturational changes are thought to reflect the differential release of the 
acrosome contents during the acrosome reaction. For example, mouse M42, 
which is processed from the precursor form to the mature form and develops 
the capacity for the zona-induced acrosome reaction, is relatively diffusible 
and involved in the acrosome reaction. AM22 and AM29 proteins remain 
associated with the OAM after the acrosome reaction. MN7 (acrin 1), MC41 
(acrin 2) and MCIOI (acrin 3), which are independently transported, 
distributed and modified during the maturation processes, are differentially 
released from the acrosome and involved in different steps of the sperm
zona pellucida interaction, the acrosome reaction, firm binding to the zona 
pellucid a and penetration through the zona, respectively. Thus,the mature 
form of cyritestin remains on the acrosome-reacted spermatozoa and is 
involved in binding to the zona pellucida during fertilization. 

MATURATION OF THE PLASMA MEMBRANE 

The surface domains on the plasma membrane are primarily formed 
during spermiogenesis, and surface distinction becomes clear during 
epididymal maturation. Epididymal fluid contains a wide variety of 
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secretions and transudates from the blood. Some of these molecules 
specifically bind to the sperm surface. For example, sialic acid residues bind 
the traversing spermatozoa, producing negative charge on the surface. 
Membrane cholesterols, which stabilize membrane fluidity, are reduced in 
quantity as they are trapped by albumins. Therefore, the 
cholesterol/phospholipid molar ratio in the plasma membrane is sequentially 
changed. Accordingly, membrane stability and composition of the proteins 
are modified. Thus, sperm plasma membrane molecules are not static within 
the membrane domains. Various events during sperm plasma membrane 
maturations have been analyzed and reviewed (recent reviews; 5, 6, 13, 14, 
21-23). 

Based on recent findings, possible mechanisms involved in sperm 
plasma membrane remodeling are as follows; 1) uptake or binding of new 
proteins (molecules) to the membrane, and 2) modification of pre-existing 
proteins on the membrane. In both cases, it is likely that further mechanisms 
also operate; 1) elimination or removal, 2) masking, 3) limited proteolysis, 
and 4) redistribution or migration within or to on adjacent domain. As a 
result of these modifications, some proteins may lose their antigenicity, 
while the antigenicities of other proteins, including newly bound proteins, 
may be exposed to new domains. Accordingly, the immunostaining pattern 
on the sperm surface could be changed. Based on these possible 
mechanisms, typical maturation cases are described below. 

Uptake or Binding of New Proteins (Molecules) 

Glycoproteins, e.g., sialoglycoproteins, are secreted from the 
epididymal epithelium and bound to the sperm plasma membrane as stated 
above. Prostasome- like particles in the bull epididymal fluid transfer an 
epididymis-secreted protein p25 to the plasma membrane. The rat sperm 
fusion-related protein DE (AEG) is inserted into the dorsal region of the 
periacrosomal plasma membrane, and later, DE migrates to the equatorial 
segment. Other epididymal proteins that could be inserted into the sperm 
plasma membrane include the group of GPI-anchored sperm plasma 
membrane proteins; CD52IHE5 (gp20, CAMPATH-1), and CD55 (DAF) 
and CD59 (protectin). 

Modifications of Pre-existing Proteins 

Membrane glycoproteins are primarily synthesized as large precursor 
proteins in the testis, and then undergo biochemical modifications. This is 
mainly the result of deglycosylation or proteolysis. 
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Glycans on the Plasma Membrane: Some glycan-modifying 
enzymes such as glycosidases (glycohydrolases) and glycosyltransferases 
(fucosyltransferase, galacosyltransferase and sialyltransferase) are present in 
the epididymal fluid or associated with the sperm plasma membrane. The 
concentration level of these glycosyltransferases is high in the caput 
spermatozoa, but low in the cauda spermatozoa. These glycan-modifying 
enzymes modify the surface glycan chains. A deficiency of these enzymes is 
found in male infertility patients. 

Beta 1,4-galactosyltransferase (GalTase) is expressed on the entire 
surface of the spermatocyte, and then coalesces onto the surface of the 
dorsal region of the acrosome during testicular and epididymal maturation. 
GalTase functions, not only as a receptor for extracellular oligosaccharide 
ligands of ZP3 (a glycoprotein that consists of the most external layer of the 
zona pellucida), but also as an inducer of signal transduction. Rat sperm 
plasma membrane alpha-D-mannosidase is converted from an enzymatically 
inactive or less active precursor form (135 kDa and 125 kDa) in the testis 
into an active mature form (115 kDa), localized to the periacrosomal region. 
This occurs during epididymal maturation. 

In the head: Proteins of the ADAM or MDC family undergo the 
maturational modifications. A heterodimeric glycoprotein (alpha and beta), 
fertilin (PH-30, ADAM 1 & 2), undergoes limited proteolysis on the 
extracellular domains by the aid of protease present on the sperm surface or 
in the environment (24). Initially, fertilin is synthesized as a large precursor 
pro-protein in primary spermatocytes, and is localized to the entire head in 
testicular spermatozoa. The fertilin alpha subunit (ADAMI) is processed in 
the testis, while the pre-beta subunit (ADAM2), pre fertilin, undergoes 
proteolytic cleavage in the epididymis to become mature form (25) (Figure 
4). In accordance with proteolysis, the immunostaining pattern is shifted to 
the postacrosomal region. In this case, the external peptide domains are 
continuously cleaved off in a stepwise manner, and the newly exposed 
functional domain interacts with the surrounding molecule(s). Such a 
limited proteolysis continues up to the point of sperm-egg interaction, and 
the mature form of fertilin is thought to play dual functions in sperm-egg 
binding and fusion via integrin/disintegrin-like interactions. Fertilin is also 
present in monkey spermatozoa. 

In another case, guinea pig PH-20 (SPAM1) is anchored to the sperm 
plasma membrane as well as the lAM by a glycerophosphatidyl inositol. 
This molecule has multifunctional activities such as hyaluronidase, zona 
binding and cell signalling. PH-20 is expressed in round spermatids, and is 
localized in the aero somal membrane (PH-20AM) and the entire surface of 
testicular spermatozoa (PH- 20PM). PH-20 becomes reduced in molecular 
size during epididymal maturation, and is simultaneously distributed to the 
posterior head (PH-20PM). This modification is due to the deglycosylation 
ofN-linked oligosaccharides. PH-20PM migrates to the lAM of the anterior 
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acrosome (PH-20IAM) after the acrosome reaction. This event is found in 
spermatozoa of many mammals (mouse, guinea pig, bull, horse, and 
human). 
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Figure 4. A proposed model for sequential proteolytic events involved in the processing of 
fertilin alpha/beta (ADAMIIADAM2, PH-30). Modified from Lum and Blobel (25). 

Zonadhesin, which is homologous to the von Willebrand factor and 
mucins, is expressed on the peri-acrosomal plasma membrane, and the 
precursor protein is proteolytic ally processed to become new, 105 kDa and 
45 kDa proteins in the boar. The complement (C) regulatory protein CD59 
binds to the entire surface during sperm maturation and is thought to be 
required for protection from immune attack during the transit of 
spermatozoa through the male and female reproductive tracts in the human. 

In the flagellum: Flagellar proteins belonging to the immunoglobulin 
superfamily, CE9, MC31 and basign, also undergo limited proteolysis (26-
28). These proteins migrate from the principal piece to the middle piece 
across the annulus subsequent to modification. CE9 is endoproteolytically 
processed near the N terminus at Arg 74 and redistributed from the posterior 
tail to the anterior tail during its passage through the proximal caput. The 
redistribution of CE9 (23-33 K) has been examined by the photobleaching 
technique; the redistribution was found to be time-, temporal- and energy 
dependent. 

In the case of MC31, a homologue of CE9, the precursor protein is 
initially synthesized in spermatocytes and strongly expressed on the Golgi 
apparatus and plasma membrane at around stage XIII-II of rat 
spermatogenesis (Figure 5). The synthesis is maintained at a quite low level 
during the round spermatid phase and is intensively reexpressed in the early 
elongating spermatid to be integrated into the plasma membrane of the 
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nascent principal piece. Me31 is then slightly reduced in molecular size 
from approximately 45-35 kDa to approximately 35-25 kDa during 
epididymal maturation, and concomitantly shifts to the middle piece as in 
the case of CE9. Thus, plasma membrane proteins are not organized into 
the correct or [mal site when spermatozoa are formed in the testis. 
Subsequently, biochemical modifications mainly due to deglycosylation 
and/or limited proteolysis modify the large precursor proteins (immature 
type) to the reduced-size proteins (mature type). During the maturation 
process, the surface proteins move to the correct site to play their destined 
roles. Some of the plasma membrane proteins are further redistributed from 
the flagellar regions to the head regions or vice versa (Table 1). If this is 
lateral diffusion, unknown mechanisms may be operative since the proteins 
need to cross over a strong diffusion barrier, the posterior ring. In any case, 
specific roles ascribed to the proteins (molecules) thus modified include 
protection, motility, passage through the cumulus oophorus, recognition of 
and binding to the zona pellucida, the acrosome reaction, attachment to and 
fusion with the oolemma, and modulation of relevant molecules. 
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Figure 5. Maturational modification of an immunoglobulin superfamily protein MC31 (CE9) 
in the rat(a-d). Initial expression in the testis; a and d, immunohistochemistry images, b and 
c, confocal laser micrscope images. e, Modification of MC31 in the epididymis; the 
immunostaining pattern changes from the middle piece (MP) to the principal piece (PP). f, 
Reduction in molecular weight; MC31 is reduced from (35 kDa) in the caput to 30-25 kDa in 
the cauda epididymidis. The reduction in molecular size also occurs for another 
immunoglobulin superfamily protein, basigin (28). 
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Other Maturation-Associated Flagellar Components 

Other flagellar components also undergo maturational changes. 
Among these,events associated with three components are described; the 
cytoplasmic droplet (CD), outer dense fibers (ODF) and the fibrous sheath 
(FS). 

Cytoplasmic Droplet (CD) 

Only a small amount of the cytoplasm, the cytoplasmic droplet (CD), 
is retained in spermatozoa. The CD is generally located near the neck region 
in the testis and caput spermatozoa, while it moves toward the annulus as 
spermatozoa move toward the cauda epididymidis. Estrogen is produced 
through P450 aromatase in the CD during epididymal passage. Spermatozoa 
are likely to develop the ability of regulatory response in order to adjust to 
the osmotic changes through the CD during epididymal maturation. 
However, if excessive residual cytoplasm remains, then sperm DNA is 
likely to be damaged by oxidative stress, the origin of which is the excess of 
residual cytoplasm (29). 

Outer Dense Fibers (ODF) and Fibrous Sheath (FS) 

The ODF proteins assemble in a proximal-distal direction along the 
length of the axoneme, while FS proteins are assembled in the opposite 
direction. These assemblies then overlap within the periaxonemal 
cytoplasm. The ODF proteins appear to be temporarily stored in granulated 
bodies of the cytoplasmic lobe during the assembly, while the FS proteins 
are randomly distributed throughout the cytoplasm. Later, intermolecular 
disulfide bonds are formed, stabilizing the ODF and FS during epididymal 
maturation. The ODF proteins reach maturity in the epididymis, undergoing 
protein degradation via the ubiquitin system. 

The FS has long been thought to serve as a mechanical component 
responsible for flagellar flexibility (5). Proteolysis occurs in the case of 
some groups of the FS proteins during epididymal maturation. Two families 
of proteins are of interest. One is a family of cAMP-dependent protein 
kinase anchoring proteins (AKAP) and the testis A-kinase anchoring protein 
(TKAP). The other is a family of glycolytic enzymes that include 
glyceraldehyde 3-phosphate dehydrogenase-s (GAPDS) and hexokinase 
type 1-s (HK 1-S). Since the former group functions as the anchoring site for 
cAMP-dependent protein kinase, the AKAP and TKAP family proteins are 
implicated in the signaling pathway in spermatozoa. The latter group, 
GAPDS and HK, is involved in energy production or motility. Therefore, 
the FS develops the ability to serve as a scaffold for functional proteins that 



108 

regulate varIetIes of spenn functions leading to fertilization during the 
maturation process. 

Table 1. Examples ofthe Modification of Plasma Membrane Proteins in Mammalian 
Spermatozoa 

Protein 

PH-20 
SPAM } 
(mouse PH-20) 

PH-30 
(fertilin) 
AH-50 

Surface 
galactosyl 
transferase 
CE9 
MC3} 

Basigin 

PT-I 

2BI (rat PH-
20) 
PH-20 

Basigin 

When modified 

Epididymal passage 

Epididymal passage 

Epididymal passage 

Epididymal passage 

Epididymal passage 

Epididymal passage 
Epididymal passage 

Epididymal passage 

Capacitation 

Capacitation 

Acrosome reaction 

Capacitation! Acro
some reaction 

Redistribution 

Whole cell to posterior head 

Whole cell to anterior and 
posterior head 

Whole head to posterior head 

Whole head to anterior head 
Anterior head oyer acrosome 
to more restricted acrosome 
cap 
Posterior tail to anterior tail 

Posterior tail to anterior tail 

Posterior tail to anterior tail 

Posterior tail to whole tail 

Tail to anterior head 

Posterior head to inner 
acrosomal membrane on 
anterior head 

Tail to head 

Ref. 

I 
2 

3 

3 
4 

5 

6 
7 
8 
9 

7 

Modified from Myles and Primakoff (1997) Bioi Reprod, 56; 320-327. References: 1. Phelps 
and Myles (1987) Dey Bioi, 123; 63-72. 2. Deng et al. (1999) Mol Reprod Dey, 52; 196-206. 
3. Phelps et al. (1990) J Cell BioI, 111; 1839-1847.4. Scullyet al. (1987) Dey BioI, 124; 111-
124.5. Petruszak et al. (1991) J Cell BioI, 114; 917-927. 6. Toshimori et al. (1992) Mol 
Reprod Dey, 32; 399-408. 7. Saxena et al. (2002) Reproduction, 123; 435-444. 8. Myles and 
Primakoff (1984) J Cell Bioi, 99; 1634-1641. 9. Jones et al. (1990) Dey Bioi, 139; 349-362. 

Other Maturation-Associated Factors 

Ubiquitin system and camitine are also involved in spenn maturation. 

Ubiquitin-System 

Ubiquitin is instrumentally involved in controlling a variety of 
biological events such as cell cycle progression and protein 
degradation/recycling, etc. Ubiquitinated polysubstrates are ligated with 
polyubiquitinated chains and targeted to cellular organelles, such as 
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lysosomes and proteosomes for degradation. ill these processes, the 
polyubiquitinated chains are cleaved by specific ubiquitin hydrolases. The 
process of ubiquitin attachment to target proteins is activated through 
enzymatic pathways involving enzymes such as ubiquitin-ligases. A variety 
of elements involved in the ubiquitin system have been detected in the testis 
and epididymis, and the general activity of the ubiquitin system is relatively 
high during spermiogenesis. The ubiquitin system has been implicated in 
various steps of protein degradation/recycling, repairing and elimination 
during spermatogenesis (e.g., nuclear condensation), epididymal maturation 
(e.g., centrosome degradation) and fertilization (e.g., sperm mitochondrial 
degradation) (30). 

Camitine 

Camitine is an essential cofactor in the transport of long chain fatty 
acids inside the mitochondria and their subsequent beta-oxidation 
(producing acetyl- CoA). The concentration of camitine in the epididymal 
duct fluid dramatically increases from 1 mM in the rete testis to 60 mM in 
the cauda; the concentration is 2000 times higher than that in the blood. If 
camitine is deficient, spermatozoa cannot move toward the cauda 
epididymis, and the duct of proximal epididymis is dilated or ruptured, 
leading to the production of anti-sperm autoantibody. 

CONCLUSIONS 

Typical events of the testicular and epididymal maturation of 
mammalian spermatozoa are described in this chapter. Such maturational 
events include a variety of biologically important phenomena, all of which 
are required for successful fertilization in vivo. Future studies will 
undoubtedly lead to an understanding of the mechanisms involved in sperm 
maturation at the molecular level. It is hoped that the updated information 
included in this chapter will help to decipher the complex biology of sperm 
maturation and provide insights into the control of spermatogenesis, 
fertilization and their diagnostic criteria. 
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SPERMATOZOA 
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INTRODUCTION 

Sperm cells, like somatic cells, are surrounded by a plasma membrane 
that participates in early events of fertilization including capacitation, sperm
egg interaction and the acrosome reaction. Thus, an understanding of the 
composition and organization of sperm membrane is important to ascertain 
its role in the fertilization process. The sperm plasma membrane is 
predominantly composed of phospholipids and cholesterol. A change in the 
relative concentrations of these two components determines the 
permeability, fluidity, rigidity and functional state of the gamete. A mosaic 
of other molecules including proteins is scattered and embedded in this 
structure (1). Spermatozoa require a large number of proteins to become 
competent and fertilize the egg. Unfortunately, the cells have no known 
synthetic activity and the number of molecules that can be physically 
accommodated at any given time is severely restricted by their miniscule 
size. One strategy by which spermatozoon overcomes this limitation is to 
choose a type of anchorage/mechanism that economizes on the number of 
surface molecules. 

IMPORTANCE OF THE GPI ANCHOR 

We will begin this chapter by projecting the basic patterns of membrane 
anchorage and importance of the glucosyl phophatidyl inositol (GPI) 
anchored molecules. Of all types of attachments of bio-molecules to the 
membrane surface, the GPI anchor is of great interest since it is present only 
on the outer leaflet of the lipid bi-layer (Figure 1). This ensures that the 
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molecules associated with a GPI anchor are capable of unhindered 
movement on the membrane surface. The question whether the GPI 
anchorage offers stability to the proteins is difficult to address since it 
depends on many factors including the nature of the surrounding lipids, the 
nature and amount of the neighboring membrane proteins and other factors 
such as accessibility to proteolytic enzymes (2). Several proteins attached to 
membranes through GPI anchors are released from the cell surface by the 
action of specific enzymes such as phospholipases C or D (3); however, a 
chemical modification like fatty acid acylation of inositol can make 
glycoinositol phospholipids resistant to the phospholipase cleavage. The 
GPI anchor may also accept proteins from the environment provided they 
contain the desired signal sequence. Lastly, the amphipathic nature of GPI
anchored proteins makes it possible to transfer from one cell to another by 
the assistance of vesicles and phospholipid transfer proteins (4,5). Thus, the 
GPI type of anchorage can offer special structural advantages to sperm 
membrane proteins. 

Cell Exterior 

Cytoplasm 

Figure 1: Diagram illustrating various ways by which proteins are anchored in the lipid 
bilayer of the sperm plasma membrane. 1, Single-pass transmembranal protein; 2, Multi-pass 
transmembranal protein; 3, Protein linked through fatty acid (myristyl and farnesyl anchors); 
4, GPI-anchored protein; 5, Protein inserted through hydrophobic interactions; 6, Peripheral 
protein 

STRUCTURE OF GPI-ANCHORED PROTEINS 

A typical GPI -anchored protein consists of a glycan bridge (Man a.-l,2 
Man a.-l,6 Man a.-l,4 GleN) between phosphatidyl-ethanolamine and 
phospho-inositol; the phospho-ethanolamine is attached to the C-terminus of 
the protein via amide linkage. The fatty acid linked to phosphatidylinositol 
is inserted in one leaflet of the membrane lipid bi-layer while the glycan core 
and the attached protein is exposed (Figure 2). The glycan core of GPls 
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(G1cN-Man-Man-Man) is remarkably conserved throughout evolution; 
although it is modified in many cell types/organisms by the addition of side 
chains (R1-R3) at specific locations (6). 
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Figure 2: The core structure of a typical GPI-anchored protein showing the various sites of 
cleavage by chemical and enzymatic methods. RJ is usually Man, R2 is ethanolamine 
phosphate, R3 can be mono, oligo, polysaccharide or ethanolamine phosphate and ~ is 
palmitate. P, phosphate group; GleN, glucosamine; Man, mannose; EthN, ethanolamine; 
HONO, nitrous acid; PLC, phospholipase C; PLO, phospholipase 0; DAG, diacylglycerol. 

BIOSYNTHESIS OF GPI-ANCHORED PROTEINS 

No significant work has been carried out on the biosynthesis of GPI 
anchors of sperm proteins. Thus, much of the knowledge on the biosynthetic 
pathway of GPI proteins is derived from model studies involving parasites, 
yeast, and mammalian cell lines (7). It should be noted that spermatozoa 
leaving the testis lack endoplasmic reticulum (ER) , the intracellular 
compartment crucial for the biosynthetic machinery. In view of the 
numerous molecules required, the large number of sperm produced and their 
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small size, it is difficult to envision that their entire protein requirement is 
met during development in the testis. An alternative option is that several 
molecules including GPI-anchored proteins are synthesized at several sites 
along the reproductive tract and then acquired by the sperm through 
specialized mechanisms (8). 

The GPI Anchor Precursor 

The biosynthesis of the core anchor is initiated in the cytoplasmic face 
of the ER and completed in its lumen. Basically, sugar residues 
(glucosamine, mannose) and phosphoethanolamine are sequentially added 
on to phospha- tidylinositol forming a GPI anchor precursor (7). The 
formation of the GPI anchor precursor is a multi-step process requiring 
enzymes such as glycosyl synthase, glycosyl transferase, inositol acyl 
transferase, deacytylase, ethanolamine phosphodiesterases and mannosyl 
transferases (Figure 3). 

Transfer of Protein to GPI Anchor 

Proteins destined for GPI anchorage are synthesized following the same 
generalized plan consisting of transcription and translation processes similar 
to other proteins. However, the protein is synthesized as a nascent precursor 
with two specific signal sequences. One is the N-terminal signal peptide 
sequence that is responsible for its translocation into the ER lumen during 
synthesis, and the second is a small hydrophobic C-terminal stretch of 15-20 
amino acids that holds the protein in the ER membrane. As soon as the 
protein synthesis is completed, it undergoes processing in the ER lumen 
(Figure 4). This involves cleavage of the nascent protein in such a way that 
the hydrophobic portion is retained on the membrane while the rest is 
transferred to the GPI anchor. The C-terminal amino acid of the free protein 
to which the GPI anchor gets attached is termed the W -site and always has a 
small side chain. The second and third amino acids are referred to as W+ 1 
and W+2. This is followed by a sequence of amino acids (5-7 hydrophilic 
and 12-20 hydrophobic residues) characteristic of an attachment signal. The 
attachment of the protein to its anchor requires two gene products Gaa 1 p and 
Gpi8p, which together form a complex with transamidase activity. It has 
been suggested that the enzyme trans amidase binds to the attachment signal 
of the nascent peptide, cleaves the carboxyl end of the W -site amino acid 
and'then guides the released peptide to the GPI anchor to complete the 
transamidation reaction (9). 
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Figure 3: Schematic representation of GPI anchor biosynthesis in the ER. The biosynthesis is 
initiated in the cytoplasmic side of the ER membrane (steps 1-3). Both GleN and the acyl 
group are attached at different positions of the inositol residue on PI. This intermediate then 
flips to the luminal side of the ER (step 4). The transfer of three mannosyl residues and three 
ethanolamine residues assembles the rest of the glycan backbone on the PI intermediate (steps 
5-10). The sequence of these transfers may vary in different cells. The enzymes involved are 
shown in italics. PI, phosphatidylinositol; GlcN, glucosamine; GleNAc N-acetylglucosamine; 
MI, M2, M3 rnannose residues; EI E2 E3 phospho ethanolamine residues; 
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Modifications in Golgi and Transfer to Plasma Membrane 

The addition of sugars to the GPI protein (N-IO-glycosylation) that 
takes place in the Golgi apparatus gives rise to the mature GPI-anchored 
protein, which finds its way to the plasma membrane surface. The details of 
sorting and exporting the GPI protein from the ER to the plasma membrane 
have been adequately reviewed (2). Briefly, protein sorting is governed by a 
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Figure 4: Mechanism 2!.Protein transfer to the GPI anchor by transamidation reaction. 
0 , glycan bridge; U , attachment site. (A) Nascent protein precursor and GPI anchor 

attached separately to the luminal side of ER membrane. (B) Freed protein after cleavage is 
transferred to GPI anchor by transamidation. 

combination of different factors, which include GPI addition, transcytosis, 
N- and O-glycosylation and oligomerization. Some GPI- anchored proteins 
are believed to partition into specialized membrane micro domains known as 
DIGs (detergent insoluble glycolipids) or lipid rafts (10). In the sperm of sea 
urchins, GPI-anchored proteins and transducer proteins have been co
localized in the DIGs, implicating an organized receptor activation and 
signal transduction. Whether such a mechanism occurs in mammalian sperm 
is not yet known. 

GPI-ANCHORED PROTEINS IN GERM CELLS AND 
SPERMATOZOA 

The total number of GPI-anchored proteins that have been reported so 
far in various cells is quite large. Several GPI-anchored proteins have been 



119 

detected in the male reproductive tract, some of which have an indirect 
effect on the developing spermatozoa. For example, a GPI-anchored 
Ceruloplasmin found in Sertoli cells transports iron across the blood testis 
barrier and makes it available for sperm during its development. Other GPI 
proteins are synthesized in the epithelial cells of the male sex accessory 
organs and transferred to the sperm surface (11). This chapter summarizes 
only those GPI proteins detected in the testicular germ cells and spermatozoa 
(Table 1). 

MECHANISM(S) OF GPI PROTEIN TRANSFER TO 
SPERM MEMBRANES 

GPI-anchored proteins on the sperm plasma membrane have attracted 
the same attention as other integral components. The distribution! 
translocation of this class of protein on the sperm during development, 
maturation, storage, capacitation, sperm-egg interaction and the acrosome 
reaction is a clear indication of their importance in reproduction (11). 
However, the mechanism(s) through which GPI proteins are acquired by 
spermatozoa is far from clear. The observation that GPI-anchored proteins 
are acquired by sperm post-testicularly implies that there must be other 
mechanisms involved. 

Several regions of the male reproductive tract are known to actively 
support the function of the spermatozoa by secreting biomolecules that are 
incorporated into the cell surface. The epididymis is one such organ that has 
been shown to secrete maturation-associated proteins, which are acquired by 
the cauda spermatozoa. Other antigens common to lymphocytes, like the 
complement restriction factors found in the epithelial cells of the epididymis, 
vas deferens, seminal vesicle and prostate are also transferred to the sperm 
surface. Even GPI-anchored ectoenzyme, 5' nucleotidase, is transferred to 
spermatozoa post-testicularly: Some of these antigens have been detected in 
secretory vesicles found in the luminal/seminal fluid. These vesicles 
(prostasomes) have been shown to fuse with spermatozoa under specified 
conditions. In addition, phospholipid-transfer proteins that can act as specific 
carriers for single phospholipids between membranes are known to exist in 
almost all eucaryotic systems (5). These facts make it possible to 
conceptualize a cell-to-cell transfer of GPI-anchored proteins. It is likely 
that GPI proteins are synthesized by the epithelial cells lining the male 
reproductive tract (epididymis/seminal vesicles/prostate), secreted into 
luminal/seminal fluids, transported by secretory vesicles and ultimately 
incorporated into spermatozoa by a process of fusion (4). 
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Another possibility to be examined is that the GPI anchor on the sperm 
surface remains the same, but the proteins are replaced. This hypothesis 
stems from experiments demonstrating that desired proteins can be 
transferred to the GPI anchor on membranes when linked to specific signal 
sequences. When 29 residues of the C-terminus of a GPI-anchored protein, 
decay-accelerating factor (DAF), were fused to the C-terminus of a secretory 
protein, the fusion protein was directed to the cell surface by means of a GPI 
anchor (9). Thus, if proteins with these specific signal sequences are 
synthesized and secreted by the epithelial cells lining the reproductive tract, 
they could be picked up by sperm membranes with GPI anchor; provided 
that the appropriate enzymatic machinery for this transfer is also available in 
the seminal fluid. 

Table 1: Consolidated list of GPI-anchored proteins found in germ cells and spermatozoa 

GPI protein! Species Location Function 
Homologue 
HemT-3 transcript Mice Early spermatocytes Germ cell differentiation 
(22kD protein) 

Sperm agglutination Human Sperm Immunological reactions 
antigen l(SAGA-l) 

CD52/CAMP ATHI Human, Rat, Sperm, Epididymis Fertilization, sperm 
HE5 I B7 IMB71 Mice, Monkey Seminal vesicle, maturation, 
Gp20- lymphocytes Immunoprotection 
sialoglycoprotein 

CD55/DAF Human, Rat Sperm, Epididymis Protection from complement 
attack, 
Interaction with egg. 

CD591 Protectinl Human, Rat Sperm, Prostate Prevents formation of 
MACIP Mice Epididymis membrane attack complex, 

Complement receptor 

CD731 Human, Ox Sperm, Seminal Adhesion, Receptor 
Ecto S 'nucleotidase vesicle 

PH20/2Bl Human, rat, Sperm Sperm penetration through 
glycoprotein! Guinea pig, cumulus 
Hyaluronidase Monkey Secondary sperm-Zona 

binding 

Alpha mannosidase Boar Sperm Mannose receptor, Catalysis, 
Fertilization 

SmemGIRB7 ICES Rat, Dog Sperm ? 
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Kooyman et al. (12), using several experimental models, have 
demonstrated that the transfers of GPI proteins occur under physiological 
conditions. The investigators have gone a step further by detailing a 
procedure that could effect the transfer of GPI-linked proteins from one cell 
type to another in either an in vivo or in vitro system. Based on these inputs, 
we have formulated a hypothetical model for the replacement of the protein 
component in sperm GPI-anchored molecules (Figure 5). Several lines of 
evidence support this model. First, GPI anchors are recycled in eucaryotic 
cells. Second, GPI proteins participate in potocytosis. Third, spermatozoa 
undertake continuous remodeling of both proteins and lipids on membranes 
(1). Finally, there are reports that spermatozoa acquire new GPI-anchored 
proteins post-testicularly. 

L ME 

Secretory protein with 
signal sequence for 
GPI anchorage 

Endosome 

EPITHELIAL CELLS 

Figure 5: Hypothetical model for the replacement of sperm membrane proteins attached to 
GPI anchors. (A), GPI-anchored protein is synthesized by testicular germ cells and inserted 
en-block into sperm membrane; (B), After the protein's function has been served, it is 
degraded within the sperm; (C), The GPI anchor may be recycled and returned as part of 
sperm membrane remodeling; (D), Epithelial cells of the male reproductive tract synthesize 
and secrete proteins with signal sequence required for GPI anchorage; (E), The GPI anchor 
picks up and accommodates this new protein. 
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FUNCTIONAL RELEVANCE OF GPI-ANCHORED 
MOLECULES 

In this section, we will identify some of the better characterized GPI
anchored sperm proteins in order to highlight their functional significance. 

GPI Molecules that Promote Spenn-Egg Interaction 

One of the first known GPI-anchored proteins detected in the posterior 
head region of guinea pig sperm was the PH-20 implicated in sperm-egg 
adhesion. This protein was shown by the technique of Fluorescence 
Recovery After Photobleaching (FRAP) to display a lateral mobility on the 
sperm surface that was far greater than the other transmembrane proteins. In 
testicular sperm, the protein is spread over the entire surface but soon 
becomes localized to the posterior head of the acrosome-intact epididymal 
spermatozoa. Once the spermatozoa undergo the acrosome reaction, the 
molecules move to the newly exposed inner acrosomal membrane on the 
anterior head region. This kind of lateral mobility during different stages of 
sperm maturation is possible for the GPI anchorage that spans over the outer 
leaflet of the lipid bi-layer. This may allow the protein to interact with other 
molecules on the membrane surface. One possible implication of the re
localization into new domains could be the regulation of its function (13). 

The N-terminal domain of PH-20 has hyaluronidase activity. The 
enzyme catalyses the hydrolysis of hyaluronic acid, a large polymer of 
alternating N-acetylglucosamine and glucuronic acid units found in egg 
vestments (see Chapter 7). Based on DNA homology between bee venom 
hyaluronidase and PH-20, it was predicted that mammalian sperm 
hyaluronidase might be GPI anchored. It is now confirmed that mouse 
sperm hyaluronidase, a 68 kD protein, remains attached to the surface 
through a GPI anchor both in the acrosome-intact and acrosome-reacted 
spermatozoa (14). Since hyaluronic acid is distributed in the matrix of the 
cumulus complex and the space between the zona pellucida and egg plasma 
membrane, it has been proposed that sperm membrane hyaluronidase 
performs the role of both a digestive enzyme and adhesion molecule (13). 
Perhaps the GPI anchorage increases the mobility of the cell surface protein 
so that a maximum rate of successful penetration of the egg vestments and 
fusion of egg-sperm plasma membranes is ensured (14). 

Mouse epididymal spermatozoa have a surface-associated 
decapacitation factor (DF) that can be removed by treatment with 
phosphatidylinositol-specific phopholipase (pI-PLC). However, exogenous 
DF cannot re-associate PI-PLC treated spermatozoa suggesting that the GPI
anchored protein is a receptor for the DF. Further characterization has 
indicated that the DF binds to the GPI receptor through fucose residues. 
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Several other prominent GPI sperm membrane proteins have been detected 
by PI-PLC treatment (14). These molecules are present on the surface of 
acrosome-intact spermatozoa suggesting that they are associated with sperm 
plasma membrane. In addition, several GPI proteins were detected in 
acrosome-reacted sperm perhaps due to the exposure of the inner acrosomal 
membrane. However, the precise role of these molecules in fertilization is 
not yet known. 

GPI Molecules Associated with Sperm Maturation 

It is generally accepted that one of the aspects that contributes to sperm 
maturation is the addition of proteins/glycoproteins to the sperm surface 
from the surrounding epididymal fluid. In the rat, a ~26 kD glycoprotein was 
found to attach to the cauda (but not caput) spermatozoa by treatment of 
radiolabeled cauda spermatozoa with PI-PLC and partitioning the released 
proteins in Triton X-114; the molecule was confirmed to be GPI-anchored 
(15). Another major antigen associated with the sperm maturation (CD52) 
has been reported in humans. The appearance of this protein in the cauda 
spermatozoa leads one to believe that it is acquired from the epididymis, but 
the exact mechanism of uptake and binding is not yet known. It remains to 
be established whether the GPI anchor participates in the transfer of this 
protein to the spermatozoa. Although the precise function of this protein 
remains unknown, its persistence in ejaculated spermatozoa suggests that it 
may be important in fertilization. 

GPI Molecules that Provide Immuno-Protection 

A number of antigens associated with the immune system like CD52 
CD55, CD59 and CD73 have been identified on spermatozoa. These 
proteins are not present in sperm collected from the testis or caput 
epididymidis, but have been detected in the cauda spermatozoa and persist in 
ejaculated cells. A cDNA screening procedure revealed that similar 
transcripts were present in epithelial cells of the distal epididymis and in 
blood lymphocytes. Some of these lymphocyte-associated antigens have also 
been identified in secretory vesicles (prostosomes) of seminal plasma. Thus, 
it is possible that these antigens are not synthesized by spermatozoa but are 
acquired from the male genital tract. 

Sperm agglutination antigen-I (SAGA-I), a polymorphic GPI-anchored 
glycoprotein, has been localized in all domains of the human sperm surface. 
The core peptide of the antigen has recently been shown to be identical to 
the sequence of CD52 found in lymphocytes. However, the sperm form of 
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CD52 exhibits N-linked glycan epitopes which are not expressed on 
lymphocyte CD52. Hence, it is suggested that these two glycoproteins are 
glycoforms with the same core peptide but different carbohydrate structures. 
Perhaps the modification in carbohydrates is effected in the male 
reproductive tract which is rich in both glycosidase and glycosyltransferases. 

It is believed that the cluster of differentiation (CD) proteins, which are 
GPI anchored, protect sperm against immune attack and complement 
mediated cell lysis during storage in the cauda epididymidis and transport 
through the female reproductive tracts en route to fertilizing the egg, much 
the same way parasites are protected to survive in their host (4). 

GPI Molecules that Possess Catalytic Properties 

Several GPI-anchored ecto-enzymes have been reported in different 
membranes. PH20/ Hyaluronidase, discussed earlier, was the first known 
GPI molecule exhibiting catalytic properties on the sperm surface. 
Thereafter, 5' nucleotidase acquired post-testicularly was detected on human 
sperm membranes. More recently, among the glycosidases, it was observed 
that alpha-mannosidase was released from the boar sperm plasma membrane 
by PL-PLC treatment (16), supporting a GPI mode of anchorage. Alpha
mannosidase activity is found on the sperm plasma membrane of several 
species, including man. In the rat, the enzyme is first expressed in testicular 
germ cells and is incorporated into the spermatozoa at the time of its 
development in the testis (17). The sperm surface molecule is important not 
only for its catalytic properties but also as a putative receptor for mannose 
rich residues present on the egg's extracellular coat, the zona pellucida (see 
Chapter 15). The properties of these ecto-enzymes could be further 
regulated by their migration into specific domains of the sperm membrane 
facilitated by the GPI anchor (13). 

The number of GPI proteins associated with the male gamete is 
increasing. It is likely that additional sperm proteins with GPI anchors will 
be identified and their functional significance in the fertilization process 
established. 

CONCLUSIONS 

From the above discussion, it is obvious that the GPI-anchored 
molecules on the sperm membrane have received a great deal of attention. 
The structural architecture of the GPI protein is unique since the lipid anchor 
and the core carbohydrate moieties are to a large extent conserved, while the 
protein component is highly variable. The anchor which generally spans the 
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outer leaflet of membranes facilitates sorting and trafficking of proteins to 
the sperm surface right at the time of their biosynthesis in germ cells during 
spermatogenesis. It has, however, come to light that sperm also acquire 
several GPI proteins post-testicularly. From the special traits acquired by the 
sperm through GPI proteins, it is reasonable to conclude that the anchorage 
offers special advantage and increases the chances of spermatozoa to 
fertilize an egg. 
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Chapter 8 

MALE ACCESSORY GLANDS: MOLECULAR 
MECHANISM OF DEVELOPMENT 

Chhanda Gupta 
University of Pittsburgh, Pittsburgh, PA, USA 

INTRODUCTION 

Over the past decade, knowledge of human sexual differentiation has 
greatly expanded to understand the processes involved in the development of 
male accessory glands. Sexual differentiation occurs in three consecutive 
levels. The chromosomal sex is determined by distribution of sex 
chromosomes during meiosis. This is followed by gonadal sex determination 
by the Sry locus on the Y chromosome, leading to development of the testis. 
The testis induces two hormones, namely, anti-Mullerian hormone (AMH) 
and testosterone, determining the somatic sex. AMH causes regression of 
Mullerian ducts whereas testosterone maintains the W olffian ducts and 
induces male genital tract and male phenotype formation. In the absence of 
the sex-determining region of the Y chromosome (SRy), the ovary develops 
from the indifferent gonad. In the absence of AMH and testosterone, the 
Mullerian ducts constitutively differentiate and the W olffian duct regresses 
resulting in the formation of a female external phenotype. Present 
knowledge on the role of different factors mediating development of male 
accessory glands is based on key experiments performed by several 
investigators (1-5). In 1940, Jost demonstrated a role for AMH using a rabbit 
embryo, castrated in utero (1). In 1942, Raynaud demonstrated a role of 
testosterone during embryonic development (2) and in 1967, Ohno identified 
the Sry locus determining the testis (3). Recently, some new factors were 
discovered in relation to the sex organ development (4,5). Some of these 
factors appear to act with the known signaling cascade and others have yet to 
be determined. In this chapter, I will discuss different steps involved in male 
genital development. In addition, the role of androgen synthesis and 
androgen receptor in mediating the process of masculine development will 
be discussed in detail. 
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GONADAL DIFFERENTIATION 

Gonadal differentiation involves two steps: first, the determination of 
gonadal sex by the genetic sex; second, the differentiation of the genital 
apparatus and hence the phenotypic sex. Both male (46,XY) and female 
(46,XX) embryos possess indifferent, common primordia that have inherent 
tendencies to feminize unless there is active interference by the Y 
chromosome-induced masculinizing factors (1). The indifferent embryonic 
gonad develops into an ovary unless it is diverted by a testicular organizing 
factor regulated by the Y chromosome, resulting in formation of the testis. 
The sequential steps involved in testicular differentiation leading to male 
organogenesis are shown in Figure 1. With the onset of testicular 
differentiation, the sex-determining gene on the Y chromosome acts 
autonomously to induce Sertoli cell differentiation which then 
further mediates testicular differentiation (3,6). An early endocrine function 

Genetic ma~( 46,XY) 
JWT-l, LIM-I, 
L SF-1 

Bipotential gonad 
I ~Ry,DAX-l' 

• OX-9, DMRT-l,2 

Te~tis 

Leydig~ls Sertolitells 
~[LH,HCG] 

Testosterone Anti-Mul erian hormone • • Dihydrotestosterone Regression of Mullerian ducts 

+ Stabilization of W olffian ducts and 
Masculinization of external genitalia ~ Male Phenotype 

Figure 1: Testicular development leading to hormone secretion and formation of male 
phenotype 

of the fetal testis is the secretion of AMH by the Sertoli cells, which by 
paracrine diffusion process induces the dissolution of the paired Mullerian 
ducts (6). The Sertoli cells also secrete inhibin, which causes maturation 
of the germ cells. Leydig cells of the testis are first found around 60 days of 
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human fetal life and rapidly proliferate during the third month after 
differentiation of the primitive testicular cords (7). At this time, the 
interstitial spaces between seminiferous tubules are crowded with Leydig 
cells. The onset of testosterone biosynthesis by the Leydig cells occurs at 
about 9 weeks and the synthesis is regulated by two hormones, namely 
placental human chorionic gonadotropin (RCG) and pituitary luteinizing 
hormone (LH) (7). Testosterone secreted by Leydig cells causes 
differentiation of the Wolffian ducts. The hormone acts to stimulate the 
W olffian duct inducing development of the epididymis, vas deferens and 
seminal vesicle (1). Testosterone is also the precursor of the third hormone, 
dihydrotestosterone, which causes the differentiation of the urogenital sinus, 
inducing formation of the male urethra, prostate and external genitalia (8). 

CHROMOSOMAL DETERMINATION OF GONADAL 
DIFFERENTIATION: 

About 40 years ago, it was first recognized that the Y chromosome is 
essential for male development (3). Chromosomal errors can arise from 
faulty replication of the germ cells during spermatogenesis or oogenesis or 
from faulty mitotic division of cells in the zygote after fertilization. Table 1 
describes some of the anomalies associated with chromosomal 
abnormalities. 

Table 1: Human karyotype pertinent to designating sex chromosome abnonnalities 

Karyotype 

46,XX 
46,XY 
45X 
47XXY 

45,X146,XY 
P 
Q 
46,X,del (X) (pter-q21) 
46,X,I(Xq) 
46,X,r(X) 
46,x,t(y:7) (q11;q36) 

Description 

Normal female 
Normal male 
MonosomyX 
Karyotype with 47 chromosomes with an extra X 
chromosome 
Mosaic, composed of 45,X and 46,XY cell lines 
Short arm 
Long arm 
Deletion of long arm of X distal to band Xq21 
Isochromosome of long arm X 
Ring X chromosome 
Translocation of y chromosome portion to 
chromosome 7 
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However, not all patients with anomalies of sex chromosome have abnormal 
gonads; conversely, congenital defects in gonadal differentiation are not 
always due to chromosomal errors. The association is so frequent, however, 
that these topics are inseparable. Exceptions of this association are of special 
importance in defining the genetic and chromosomal determinations of 
gonadogenesis. 

GENETIC CONTROL OF GONADAL DEVELOPMENT 

The development of gonadal, adrenal and urogenital systems is closely 
linked. Several genes that regulate the process are shown in Figure 1. 
Abnormal expression of the WT -1 gene (Wilms tumor 1) was found to be 
associated with failure of gonadal differentiation, nephropathy, development 
of Wilms' tumor (in Denys-Drash syndrome) and gonadoblastoma (in 
Frasier syndrome) (9). The role of the WT -1 gene in gonadal differentiation 
is not sex specific, as gonadal dysgenesis also occurs in 46,XX individuals 
suggesting that this gene is involved in the formation of bipotential gonad 
rather than in formation of the testis. Another gene that is involved in the 
development of the bipotential gonad is the recently cloned LIM-I gene 
(10). LIM-l gene also modulates the formation of the kidney. Homozygous 
deletion of the LIM -1 gene in mice leads to developmental failure of both 
gonads and kidneys. New implications of the role of steroidogenic factor 1 
(SF-I) in gonadal formation have been recently reported (11). SF-I, a 
product of the FTZI-Fl gene, is classified as an orphan receptor. FTZI-FI 
mRNA is present in the urogenital ridge, which forms both gonads and 
adrenals. The FTZI-FI gene expression is also found in the developing 
brain. Mice lacking SF -1 fail to develop gonads, adrenals and the 
hypothalamus (11). Recently, a phenotypic female with 46,XY karyotype 
was identified with adrenal failure. She had normal Mullerian structure but 
no androgenic response to heG stimulation. Histology of the gonads 
revealed poorly differentiated tubules and connective tissue. Within the 
FTZI-Fl gene, a heterozygous deletion was characterized which resulted in 
the absence of binding of SF-I to its specific binding sites. This finding 
suggests a role for SF-l in adrenal and gonadal formation. 

Progression from the bipotential gonad towards testicular differentiation 
requires some gonosomal and autosomal genes. It has been long believed 
and now proven that a specific testis-determining factor (TDF) was essential 
for testicular development (3). This encoding gene, located on the Y 
chromosome, is termed as the sex-determining region of the Y-chromosome 
(SRY). It is a single-exon gene, which encodes a protein and a DNA-binding 
motif that acts as a transcription factor; in turn, it regulates the expression of 
other genes. It has been suggested that SRY binds to the promoter region of 
the AMH gene and regulates expression of steroidogenic enzymes (6). It 
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may be possible that SR Y probably induces expression of AMH to prevent 
formation of the Mullerian ducts. The evidence that SRY is the TDF was 
obtained from the experiments performed by Koopman, who demonstrated 
normal male phenotype formation with introduction of the SR Y gene into 
female mouse embryo (12). 

Another autosomal gene related to SRY involved in gonadal 
development is SOX (SRY-box-related) 9 (13). This gene is especially 
transcribed following SRY expression in male gonadal structures. The SOX 
9 gene is also involved in formation of the extracellular matrix of cartilage. 
Therefore, defects in SOX 9 lead to sex reversal and skeletal malformations 
in 46, XY individuals known as campomelic dysplasia (13). DAX 1 is 
another gene that is involved in adrenal, ovarian and testicular development 
(13). The gene is located in the X chromosome and is expressed during 
ovarian development, but it is suspended during testicular development. 
mterestingly, DAX 1 is repressed by SRY during testicular development. 
Mutation of the DAX gene leads to lack of adrenal formation and to 
hypogonadism in congenital adrenal hyperplasia (14). Several other factors 
may play an important role in male sex determinaton. Deletions in 9p and 
10q were shown to be associated with sex reversal in the 46, XY individual 
(15). Gonadal dysgenesis appears to be linked to the combined hemizygosity 
of DMRTI and DMRT2 (15). Defects in developmental genes responsible 
for gonadal differentiation lead to a complete or partial gonadal dysgenesis; 
this, in turn, results in complete failure of testicular functions. These 
individuals have abnormalities in both external and internal genital 
structures. Associated malformations of the adrenal, urogenital, skeletal and 
central nervous systems indicate that these genes are involved in multiple 
developing processes. However, in the majority of partial gonadal 
dysgenesis subjects, no genetic defects have been identified. Several other 
genes, as yet unknown, have been implicated. The characterization of these 
genes will be fundamental to the diagnosis, treatment and counsel of the 
patients with sexual disorder. 

DEVELOPMENT OF INTERNAL GENITALIA 

Anatomical Organization 

At 7 weeks of gestation, the human fetus is at the indifferent stage of 
differentiation (7); i.e., it has the anlagens of both female and male 
reproductive tracts (Figure 2a). The fetus has both Mullerian 
(paramesonephric) and Wolffian (mesonephric) ducts. The Mullerian ducts 
and the Wolffian ducts are the anlagen of the female and male reproductive 
tracts, respectively (7). At the lower end, the Wolffian ducts reach the lateral 
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wall of the cloaca and form the primitive urogenital sinus (Figure 2a). The 
frontal part of the urogenital sinus produces the vesco-urethral primordium, 
whereas the caudal part gives rise to the definitive urogenital sinus (Figure 
2b). The frontal part of the Mullerian ducts becomes the fallopian tubes and 
the lower part forms the uterovaginal duct (Figure 2C). The upper portion of 
the Mullerian duct is located externally to the Wolffian ducts, and the lower 
portion of the Mullerian duct crosses over the Wolffian duct to position itself 
internally to the Wolffian ducts (Figure 2C). At the terminal portions, the 
Mullerian ducts fuse and form the uterovaginal duct. The uterovaginal duct 
at the lower end makes contact with the posterior wall of urogenital sinus 
forming the Mullerian tubercle. 

Figure 2: Developmental stages of internal genitalia. a: indifferent stage of development, 
demonstrating presence of both Wolffian (WD) and Mullerian ducts (MD) at the primitive 
stage of development; b: development of a male internal genital tract, demonstrating 
stabilization and differentiation of the Wolffian duct and regression of the Mullerian duct; c: 
development of a female internal genital tract, demonstrating regression of the Wolffian duct 
and stabilization of the Mullerian duct. The figure was reproduced with the author's 
permission from Drews U: Gesxhlechtsspezifische Entwicklung, in wulf KH. Chmidt, H
Mathiesen (Hrsg): Klink der Frauenheikunde and geburtshilfe. Band I, pp 3-33 (urban and 
Schwarzenberg. Munchen, 2000) 

Biochemical Processes Involved in Internal Genital Tract 
Differentiation 

With the onset of testicular hormonal secretion, the undifferentiated 
internal genital tract undergoes differentiation. In the XY fetus, the testis 
differentiates by the end of the 7th week. The Sertoli cells of the testis start to 
secrete AMH reSUlting in regression of the Mullerian ducts (6). AMH binds 
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to the receptors present in the mesenchymal cells of the Mullerian ducts and 
inhibits the formation of the uterine analogues (16). High local concentration 
of AMH appears to be essential for effective inhibition of Mullerian duct 
development. Studies of AMH binding have shown that AMH receptor has 
high binding affinity (16). To ensure a proper pattern of sex determination, 
AMH must be expressed in the testis but not in the ovary during early fetal 
life. Thus, the testis-determining factor SRY is the first essential factor for 
AMH expression (6). It has been suggested that SRY, acting through its 
ability to bind DNA, could allow the interaction of other transcription factors 
that bind at sites adjacent to the AMH promoter. SFI has been considered to 
be one such factor, capable of binding to a 20bp motif highly conserved in 
human AMH genes (17). In males, AMH expression is maintained until 
puberty when it is down-regulated by the negative action of androgens. 

By the 8th week, Leydig cells appear in the differentiating testis and 
secrete androgens causing masculinization of the genitalia. In the first 
trimester of fetal life, heG regulates the release of androgenic steroids by the 
fetal gonads. The hypothalamic-pituitary vascular connection responsible for 
LH stimulation by gonadotropin releasing hormone GnRH is established at 
11.5 weeks of gestation (18). Impaired pituitary gonadotropic function in 
utero does not result in sexual ambiguity suggesting that pituitary 
gonadotropins are not essential early in life when the most important steps of 
sexual differentiation take place. However, most frequently, these patients 
are born with cryptorchidism and micropenis as a consequence of low 
testosterone production, suggesting that testicular production of androgens is 
under the control of pituitary LH production only at the last trimester of fetal 
life (18). Driven by androgen action, each Wolffian duct forms the 
epididymis at its distal ends, near the testes (7). The major part of the 
Wolffian duct is converted into the vas deferens. The vas deferens end with 
the formation of the seminal vesicle at its proximal end near the urethra. 
Finally, the segment of the duct lying between the seminal vesicle and 
urethra forms the ej aculary duct. 

DEVELOPMENT OF EXTERNAL GENITALIA 

During the first 2 months of fetal life no difference is noticed between 
sexes in the development of external genitalia (labioscrotal swelling and 
genital tubercle formation). Masculinization starts approximately at day 65. 
The anogenital distance lenthens and the labioscrotal swellings gradually 
fuse. The rims of the urethral groove fuse to form the penis. The process of 
masculinization is completed in the 14-week old fetuses.The development of 
male external genitalia depends upon dihydrotestosterone (DHT) action, 
requiring normal production of testosterone and DHT (8). The defects in 
androgen production results in impairment of both internal and external 
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genital development whereas reduction in 5-alpha reductase activity causes 
reduction in DHT production and leads to the impairment of external genital 
development; the epididymis and vas deferens develop normally (8). In 
the early part of the differentiation, gonadal primordia are located in an 
abdominal position in both male and female fetuses during the indifferent 
stage of sexual development. The testis is anchored to the inguinal region by 
the caudal ligament or gubernaculum, while the cranial ligament which 
holds the urogenital tract progressively regresses. The gubernaculum 
thickens and shortens, retaining the testis over the inguinal ring. The testes 
reach the internal inguinal ring by week 24 in the human fetus (19). The 
second phase of testicular descent takes place in the last 2 months of the 
intrauterine life. The testes pass through the inguinal canal to reach the 
scrotum. Androgens are absolutely essential during the inguinoscrotal 
migration of the gubernaculum across the pubic region to the scrotum (19). 
Calcitonin-related-peptide, a neurotransmitter, has also been suggested to be 
involved in the stimulation of gubernaculum via cAMP. 

REGULATION OF TESTICULAR ANDROGEN 
SYNTHESIS AND ITS ROLE IN MALE DEVELOPMENT 

Testicular androgen synthesis plays a major role in male development. As 
shown in Figure 3, androgenic hormones are synthesized from cholesterol 
within the mitochondria. The acute stimulation of the synthesis of these 
steroids is mediated by the steroidogenic regulatory protein (StAR), an 
active transporter of cholesterol. Mutations within StAR lead to a severe lack 
of adrenal steroidogenesis, as well as lack of virilization in 46 XY 
individuals in congenital adrenal hyperplasia (20). A p450 enzyme (p450scc) 
in the target organ cleaves the cholestrol transported in the organ and 
produces pregnenolone. Pregnenolone gives rise two products, namely, 
progesterone and 17a-hydroxy (17a-OH)-pregnenolone by the action of 3(3-
hydroxy steroid dehydrogenase (3(3-HSD) and l7a-hydroxylase, 
respectively. Progesterone and 17-0H pregnenolone are subsequently 
converted into 17 -OH progesterone and dehydroepiandrosterone, 
respectively by 17a-hydroxylase and 17/20-lyase activities present in a 
p450c 17 enzyme (21). The third important enzyme, that plays a major role in 
androgen biosynthesis is 3j3-HSD; it catalyzes the formation of 
androstenedione, the major precursor of testosterone (22). Androstenedione 
is also produced from 17-0H progesterone by 17/20 lyase activity. The next 
key enzyme for androgen synthesis is 17(3-hydroxysteroid dehydrogenase 
(1713- HSD), which converts andronstenedione to testosterone within the 
testes (22). Another enzyme that acts on peripheral target cells is 50. 
reductase which converts testosterone to dihydrotestosterone (8). At least 
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five different isoenzymes of 17(3-HSD exist, but only mutations in the type 3 
enzyme have been shown to cause defective sexual differentiation. This 
disorder is characterized by a severe virilization defect in 46 XY individuals 
who conversely show strong virilization during puberty with marked phallic 
enlargement (22). This enzyme, expressed in the testes, is compatible with 
its important role in testicular androgen formation. 

For 5a-reductase, two isoenzymes have been detected in diverse tissues. 
In genital structures, type 2 is more abundant. The type 1 enzyme is 
necessary for the conversion of testosterone to 5a-dihydrotestosterone 
(DHT). In 5a-reductase deficiency, DHT formation is severely diminished. 
However, testosterone levels are normal or even elevated. Affected 
individuals are usually born with ambiguous genitalia, but the differentiation 
of W olffian structures, largely dependent on testosterone, is not obstructed. 
At the time of puberty, virilization may occur due to high endogenous 
testosterone (8). 
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Figure 3: Testicular synthesis of androgens 
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ROLE OF ANDROGEN RECEPTOR IN MALE 
DEVELOPMENT 

Nonnal androgen action is another essential process for male development 
(Figure 4). Androgen action on target tissues is dependent on nonnal 
expression of a functionally intact androgen receptor (AR). The AR is a 
honnone-activated DNA-binding transcription factor. 

Transcriptional regulation of target genes by steroid receptors is a 
complex process involving honnone binding, receptor phosphorylation, 
dissociation of heat-shock proteins, dimerization, intracellular trafficking, 
nuclear translocation, DNA binding, and transcription activation (23). The 
predominant fonn of AR is a 110 kD protein, but in various genital and 
nongenital tissues, an 87 kD isofonn has been detected. The 110 kD and 87 
kD isofonns are tenned as ARa and ARj3, respectively (24). AR is 

Androgen • 
:::::::::::::::::~;::::. :~~~~~~:::::~::: VHSP 

A..t<.-A:.narO!!I~n complex 

U)<,',ll-')V"'''l1l''' protein synthesis 

Development of male phenotype 

Figure. 4: Mechanism of androgen action in male development. HSP, heat shock 
protein; CJ cytoplasm; RlI nucleus. 

divided into three major functional domains: a large N-tenninal domain, a 
DNA-binding domain and a C-terminal honnone-binding region (24). Upon 
entering the target cells, androgens bind specifically to the AR located in the 
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cytoplasm (Figure 4). The cytoplasmic AR is bound to different proteins 
(e.g. heat shock protein) and has no DNA binding activity. Binding of 
androgens to AR causes the release of these proteins, resulting in activation 
and nuclear translocation of the AR (Figure 4) (25). An important step in the 
AR transactivation cascade consists of homodimerization of two AR 
proteins. The AR homodimer consequently binds to hormone responsive 
element (HRE) region of the DNA made up of two half-site sequences 
within the promoter region of androgen regulated target genes. At this stage, 
a complex interaction of the receptor with yet unknown factors results in 
activation of transcription machinery. Specific RNA polymerase is activated 
resulting in specific gene transcription. Consequently, proteins which are 
responsible for specific androgen effects, are synthesized (25). Inhibition of 
androgen action due to the lack of AR is the essential pathological 
mechanism of androgen insensitivity syndrom (AIS), termed as 
pseudohermaphroditism (26). The clinical symptoms of these patients result 
from defective androgen action despite normal or elevated testicular 
androgen secretion, and normal ability of the fetal testes to produce AMH. 
Thus, these patients show defective external genitalia and W olffian duct 
development in conjunction with usually absent Mullerian ducts. 

ROLE OF GROWTH FACTORS IN MALE 
DEVELOPMENT 

Recently, new factors were reported which cause sex reversal or intersex 
development. The relation of these factors to sex organ development is not 
yet clear. Along these lines, a number of growth factors were implicated in 
mediating androgen effects from mesenchyme to epithelium (5). Epidemeral 
growth factor (EGF) and keratin growth factor (KGF) were shown to mimic 
the effects of testosterone on the development of the vesicular gland, 
prostate and Wolffian duct (4,5). It has been reported that EGF enhances AR 
transcriptional activity at the androgen response element site and thereby 
mimics the androgen effects (27). 

CONCLUSIONS 

This chapter focuses on developmental aspects of male accessory glands. 
Since the major part of the structural organization of these glands is 
completed before birth, the report primarily highlights the fetal period of 
differentiation. I have particularly focused on the biochemical and molecular 
events involved in the development of male organs. Additionally, I have 
included relevant information on different diseases that are associated with 
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abnormal genetic information leading to the blockade of normal processes of 
development. 
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INTRODUCTION 

It is generally accepted that the ability to reproduce is one of the 
most essential properties of living organisms. Various forms of life are 
capable of reproducing themselves from one generation to the next under 
appropriate conditions. Some species reproduce only once during their life 
span, whereas others, such as mammals, have reproductive cycles that are 
hormonally regulated; the female ovary is central to the process of 
reproduction and produces germ cells, as well as gonadal hormones. 

The precise origin of primordial germ cells, from which ova are 
derived, remains unclear. However, germ cells that reach the genital ridge in 
the female differentiate into oogonia. Although primordial germ cells in the 
genital ridge can differentiate into either male or female gametes, ovarian 
somatic cells affect the differentiation of primordial germ cells into oogonia 
(1). The oogonia undergo a number of mitotic divisions and become 
arranged in clusters that are surrounded by a layer of flat epithelial cells (the 
primordial follicle) by the end of the third month of gestation in humans. In 
primates, the number of germ cells reaches a maximum (estimated at 
approximately 6 million per ovary) by the fifth month of gestation (2, 3). 
However, 50-70% of the oogonia disappear before birth, mostly due to 
apoptosis. The surviving oogonia proliferate and differentiate into primary 
oocytes. In mammals, basic oogenesis, i.e., mitotic proliferation of oogonia 
and the meiotic prophase of the first meiotic division in primary oocytes, is 
completed before birth. These cells subsequently enter the dictyotene stage, 
a resting stage between prophase and metaphase (see below). It is important 
to note that primary mammalian oocytes do not complete their first meiotic 
division before puberty. With the onset of puberty, primordial follicles start 
to mature under the hormonal control of each ovarian cycle. After puberty, 
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the ovary has a relatively thick cortex that contains the ovarian follicles, 
corpora lutea, and the medulla, which is composed of connective tissues with 
multiple elastic fibers, smooth muscle cells and numerous blood vessels. 

This chapter focuses on the process of mammalian oocyte 
maturation, including folliculogenesis and atresia, and emphasizes the 
morphological characteristics of oogenesis in the ovary. 

OOCYTE MEIOSIS AND MATURATION 

In most mammals such as small rodents, cattle and primates, the 
proliferation of oogonia is completed during a specific stage of embryonal 
development. Since mammalian reproduction is initiated by the fusion of 
spermatozoa and oocytes during fertilization, each gamete is a haploid cell 
and contains half the DNA of the parent before fertilization. In order to 
generate haploid chromosomes, the primitive germ cells undergo two meiotic 
divisions, whereby the number of chromosomes is reduced to half the 
original number. 

The meiotic divisions are classified as meiosis I and II. Meiosis I 
can be subdivided into prophase, metaphase, anaphase, and telophase. The 
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Figure 1. Process of mammalian meiosis during oogenesis The primordial germ cells migrate 
to the genital ridges, which develop into ovaries. After a period of mitotic proliferation, the 
germ cells begin meiosis and differentiate into mature oocytes. Most of the oocytes are in the 
dictyotene stage at birth, and re-start meiosis after puberty, under the control of sex hormones. 
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prophase is further classified into leptotene, zygotene, pachytene, diplotene, 
and diskinesis (Fig. 1). The primary oocytes in the ovary replicate their DNA 
just before the start of the first meiotic division (meiosis I) (4). Therefore, at 
the beginning of the meiotic division, a primary oocyte contains double the 
normal number of chromosomes (4n). The first characteristic of meiosis I is 
the pairing of homologous chromosomes. An interchange of chromatid 
segments then occurs between two pairs of homologous chromosomes. 
During the separation of the homologous chromosomes, the points of 
interchange remain temporarily joined, and the chromosomal structure has a 
cross-like shape (chiasma). The separated chromosomes subsequently enter 
diskinesis, at which point they are coiled and incompletely separated. After 
the first meiotic division, each daughter cell has the double-chromosome 
composition (2n). No DNA synthesis occurs before the second meiotic 
division (meiosis II). The 2n chromosomes separate at the centromere; each 
daughter cell contains half of the normal amount of DNA in a somatic cell 
(n: haploid). The first and second mitotic divisions in the ovary are shown 
schematically in Figure 2. As a result of meiotic division, four haploid cells 
derived from a primary spermatocyte become four mature spermatozoa 
undergoing spermatogenesis (see Chapter 1); however, haploid cells from a 
primary oocyte develop into one large cell and three small cells as a result of 
unequal division of the cytoplasm. The large cell becomes a mature oocyte 
through the process of oogenesis, whereas the small cells become polar 
bodies. 

At birth, the majority of mammalian oocytes are in the resting stage, 
called "dictyotene" (Fig. 1). This stage is believed to occur between the 
prophase and metaphase of meiosis I. The oocytes in dictyotene have 
relatively large nuclei and are called "germinal vesicles". The dictyotene 
stage continues until just before ovulation. After sexual maturation, 
gonadotropin released from the anterior pituitary stimulates resting oocytes 
to reinitiate meiosis I, resulting in the appearance of the first polar body in 
the perivitelline space of the ovarian oocyte. Oocyte meiosis II is finally 
completed in the oviduct in an event that is triggered by fertilization (Fig. 1). 

OVARIAN FOLLICULOGENESIS 

A primordial follicle consists of a layer of flattened epithelial cells 
surrounding the primary oocyte (Fig. 3). Although several hundred thousand 
primary follicles are present in the ovary at birth, their numbers decrease 
steadily throughout life. Most of them degenerate and die in a process known 
as "atresia" (see below). As maturation of the follicle proceeds after the 
onset of puberty, the primary oocyte grows in size, whereas the follicular 
epithelial cells become cuboidal (Fig. 3). At this stage, the follicular cells 
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start to synthesize the zona pellucida (ZP), the extracellular glycocalyx that 
surrounds the mammalian oocyte. The ZP mediates species-specificity of 
sperm binding and penetration, blocks polyspermy, induces the sperm
acrosome reaction, and protects the growing embryo during mammalian 
fertilization and implantation (5). Although the site of ZP biosynthesis within 
the follicle remains controversial in several mammalian species (6-11), at 
least in the mouse, it is believed to originate in the oocyte (12-14). The 
primary follicles develop into secondary follicles under the influence of 
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Figure 2. The process of mature oocyte production. Haploid cells from a primary oocyte, 
unlike spermatids, differentiate into mature oocytes and polar bodies. 

follicle-stimulating hormone (FSH) released from the anterior pituitary. As 
follicular maturation progresses, the follicular cells (granulosa cells) form an 
increasingly thick layer ("membrana granulosa") around the oocyte. The 
follicular cells continue to proliferate via mitosis, fluid accumulates, and the 
follicular antrum develops through coalescence of the intercellular spaces. 
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At maturity, the follicular cells surrounding the oocyte remain intact and 
form the cumulus oophorus. Mature follicles are called 'Graafian follicles' 
(Fig. 3). The Graafian follicle is surrounded by a cellular layer, the theca 
intema, which is rich in blood vessels and is a major source of estrogen (15), 

PRIMORDIAL FOLLICLE 

prillllilJ)' oocytt 

Int.na 

GRAAFIAN FOLLICLE 

Figure 3. Folliculogenesis in the ovary. A primary oocyte surrounded by a single layer of 
flat epithelial cells forms a primordial follicle. These epithelial cells become cuboidal in 
shape when folliculogenesis begins after puberty (primary follicles). In the growing follicles, 
the follicular cells surrounding the oocyte further thicken (follicles with 2-3 layers of 
follicular cells are called "secondary follicles"). As follicular maturation proceeds, the 
follicular cells synthesize the zona pellucida, which is deposited between the membrana 
granulosa and the surface of the oocyte. With further maturation (the tertiary stage), follicular 
cells continue to proliferate, and the follicular antrum, called the "antral follicle", is observed 
in the follicle. A cavity containing follicular liquid appears between the cells and separates 
them into two compartments. The outer layer forms the membrana granulosa, and the inner 
set forms the cumulus oophorus of the matured follicle (the Graafian follicle). The stromal 
cells of the ovarian cortex form a sheath, composed of two layers: the theca intema, which 
surrounds the basement membrane of the follicle and is permeated by a capillary plexus, and 
the theca externa, which is a fibrous outer layer. 

and an outer fibrous layer, the theca extema. At this stage, the oocyte 
reaches its maximal diameter. Mature oocytes in the Graafian follicle are 
exceedingly large (117-142!lm in humans, 70-85!lm in rodents, and 120-
140 !lm in cattle) as compared with other cells of the body. The follicular 
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cells secrete estrogen which is essential for the growth, development and 
function of the female reproductive organs. In humans, although a number 
of follicles begin to develop at each ovarian cycle, normally only one reaches 
full maturity. The remaining follicles degenerate and become atretic, and the 
degenerated oocyte and follicular cells are replaced by connective tissue (see 
below). The majority of follicles degenerate without ever reaching full 
maturity. During the reproductive years of the average woman, only 400-
500 follicles reach maturity and release their oocytes. 

Ovulation 

Just before ovulation, the volume of a Graafian follicle rapidly 
increases, due to the production of follicular fluid (Fig. 3). In the final stages 
of follicular maturation, the ovum and surrounding granulosa cells become 
detached from the cumulus oophorus and float free in the follicular fluid. 
This is termed "preovulatory swelling". The ripening follicle enlarges, 
ruptures and finally projects an ovum surrounded by cumulus cells from the 
ovarian surface. The collective name for the follicular cells that adhere to 

OVULATION CORPUS LUTEUM 
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Figure 4. Ovulation and fonnation of the corpus luteum in the ovary. At the time of 
ovulation, an oocyte (secondary oocyte in meiosis II), surrounded by the cumulus oophorus 
cells, is ovulated from the ovary. The inner-most layer of the cumulus cells form the corona 
radiata. The ovulated oocyte normally passes into the oviduct, the site of fertilization. After 
ovulation, the cells of the membrana granulosa become greatly enlarged and a yellowish 
carotinoid pigment is deposited in the cytoplasm. The so called luteal cells form a major part 
of the corpus luteum. The remaining cavity portion of the follicle (formerly the follicular 
antrum) is filled with fibrin. 
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the liberated oocyte is the "corona radiata" (Fig. 4). At the time of ovualtion, 
The second meiotic division begins in the oocyte (see Fig. 1). In most cases, 
there is some bleeding into the cavity of the follicle after ovulation. 
Generally, the number of ovulated follicles depends on the mammalian 
species, and the processes leading to ovulation are controlled by pituitary 
gonadotropins. FSH is essential for the secondary stage of follicular growth 
and retains activity during the tertiary stage, when the Graafian follicles are 
formed. Luteinizing hormone (LH) levels increase at the mid-point of the 
ovarian cycle, and cause the FSH -primed follicles to rupture and discharge 
their ova. 

The rupture point in the ovarian wall is sealed by aggregates of 
follicular fluid and blood into which stromal and epithelial cells grow. The 
ruptured follicle is transformed into a temporary glandular structure, the 
"corpus luteum", producing progesterone and other steroid hormones (Fig. 
4). After ovulation, the follicular granulosa cells differentiate into relatively 
large, granulosa lutein cells, which form a thick, folded layer around the 
remains of the follicular cavity. Cells of the theca intema, which also 
increase in size prior to ovulation, form theca lutein cells. The two cell types 
become virtually indistinguishable, although the theca lutein cells remain in 
distinct groups in the outer folds of the granulosa wall, and subsequent 
changes in the granulosa lutein cells result in morphological differences. 
The theca extema retains its regular ovoid outline, and its cells do not 
undergo transformation. If the discharged ovum is not fertilized, the corpus 
luteum attains maximal development after ovulation and then begins to 
degenerate. The lutein cells accumulate lipids and ultimately degenerate. 
The connective tissue between lutein cells expands and becomes hyalinized, 
and gradually the corpus luteum transforms into a white scar, the "corpus 
albicans". Hormone-production capability is maximized only during 
pregnancy (the lutein cells of nonpregnant human females show degenerative 
changes approximately 10 days after ovulation). If ovulation is followed by 
fertilization, the corpus luteum increases in size and becomes the "corpus 
luteum of pregnancy" . The cells continue to grow in size and persist until 
the mid-term of gestation, then gradually decline in the advancement to full
term. 

FOLLICULAR ATRESIA 

As stated above, the mammalian female possesses far more gametes 
than will ever be ovulated. At birth, vast numbers of oogonia are observed in 
the ovaries (for example, 20,000-30,000 in mice and rats, 60,000 in pigs, and 
60,000-100,000 in cows). The majority of these oocytes are lost when the 
follicles in which they are enclosed undergo a degenerative process known 
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as follicular atresia. In mammals, it is generally accepted that atresia occurs 
in both prepubertal and adult individuals, and that a follicle can become 
atretic at any stage during its growth and development. Apoptosis is an 
underlying mechanism of ovarian follicular degeneration during atresia (16, 
17), and appears to be mediated via Fas (expressed in oocytes), and FasL 
genes (expressed on granulosa cells) (18-24). 

One of the earliest morphological signs of atresia seen by light 
microscopy is the presence of darkly stained pyknotic nuclei in the granulosa 
cells, although a small percentage of granulosa cells with pyknotic nuclei are 
also present in the putative dominant follicles (25). Apoptotic granulosa 
cells in electron micrographs are characterized by structural features, such as 
condensed chromatin granules in the neoplasm and increased electron 
density in the cytoplasm (Fig. 5). 

Figure 5. Apoptotic granulosa cells in an atretic follicle (B6C3 mice, aged 32-35 days). 
Nonnal granulosa cells (G) and apoptotic granulosa cells (A). Apoptotic cells are 
characterized by condensed chromatin granules in the nucleoplasm and increased 
cytoplasmic density. Bar = I 11m 
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Atresia is also associated with alterations in the gonadotropin 
receptors of granulosa cells. The number of LH-binding sites on sheep 
granulosa cells decreases with the severity of atresia (26). In rats, the 
granulosa cells of atretic follicles do not exhibit any LH-binding sites (27, 
28). There are reportedly less LH- and FSH- binding sites on hamster atretic 
follicles than on healthy antral follicles (29). However, controversy persists 
as to whether gonadotropin receptors decrease as a consequence of atresia, or 
if atresia is the result of never having acquired a sufficient number of 
gonadotropin receptors. 

The composition of atretic follicular fluid is also known to differ 
among healthy follicles. In bovine, healthy follicles have high 
concentrations of estrogen and relatively low levels of progesterone and 
chondroitin sulfate, whereas atretic follicles have low amounts of estrogen 
and elevated levels of progesterone and chondroitin sulfate (30). Current 
evidence suggests that the regulation and development of follicular atresia is 
a complex process that involves interactions between endocrine factors 
(gonadotropins) and intra-ovarian regulators (sex steroids, growth factors 
and cytokines, etc.) leading to the control of follicular proliferation, 
differentiation and programmed cell death (31). Several lines of experimental 
evidence suggest that macrophages eliminate apoptotic granulosa cells by 
phagocytosis of degenerated cells in the atretic follicles of mice (32), rats 
(33,34), humans (35), rabbits (36) and guinea pigs (37). On the other hand, 
experimental evidence based on electron microscopic studies indicates that 
the granulosa cells in pre-ovulatory mature follicles, as well as those in 
atretic follicles, have the ability to phagocytose since phagocytic "granulosa" 
cells possess characteristic gap junctions (38-40). Apoptotic granulosa cells 
or their cytoplasmic remnants are engulfed by granulosa cells of normal 
appearance that have gap junctions and frequently contain internalized 
annular gap junctions in the cytoplasm (Fig. 6). 

CONCLUSIONS 

This chapter has focused on the basic processes and morphological 
characteristics of ovaries during oogenesis. One of the key functions of the 
mammalian ovary is the production of haploid gametes, oocytes, in a 
cyclical, hormone-mediated manner for fertilization and subsequent 
development into embryos. From this point of view, the female ovary is 
equivalent to the male testis as a site of gamete production. Indeed, early 
embryonal development of the reproductive systems is similar in both sexes. 
However, the process of oocyte formation is quite distinct from that of 
spermatogenesis. It should be noted that, unlike the events of 
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spermatogenesis, ovarian meiosis is initiated during fetal development, is 
paused in the middle of the fIrst meiotic division at the time of birth, and 
reinitiates after puberty. ill contrast, male meiosis initiates after puberty and 
continues throughout life due to the persistence of mitotically-active 
spermatogonia. Furthermore, the majority of ovarian follicles undergo 
atresia, except for the few that are destined to reach full maturity. The 
oocyte is the largest cell in the human body and has a large amount of 
cytoplasm. The differences in size, number, and formative processes 
between female and male gametes would suggest that these cells are not 

Figure 6. An apoptotic cell is phagocytosed by a normal-looking granulosa cell (B6C3 mice, 
aged 32-35 days). The granulosa cell (G) has formed gap junctions (arrows) and contains an 
annular gap junction (asterisk). Bar = 1 llm. 
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always equivalent as gametes, even though they are the same "haploid" 
karyotype. The mammalian oocyte has unique gametic characteristics and is 
highly specialized to function effectively in reproduction. 
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Chapter 10 

THE OVARIAN CYCLE 

Firyal S. Khan-Dawood 
Morehouse School of Medicine, Atlanta, GA, USA 

INTRODUCTION 

The ovarian cycle is a recurring expression of the synchronized 
interaction between the hormones of the hypothalamus-pituitary-ovarian 
system. The goals of each cycle are to: 1) Mature a follicle containing an 
ovum, leading to ovulation and fertilization. 2) Cause structural and 
functional changes in target tissues (uterus, oviducts, and vagina) to facilitate 
fertilization and implantation. 3) Support early pregnancy. The cycle of 

. ovarian activity is divided into three main phases: the follicular phase during 
which oocytes are recruited for ovulation; the ovulatory phase in which the 
ovum is expelled from the ovary and the luteal phase during which, the egg 
may be fertilized and pregnancy occurs. Thus the ovary has two functions, 
to produce the female gamete (gametogenesis) and to support the growing 
gamete by steroidogenesis. The predominant honnones involved in the 
primate and human female are gonadotropin releasing hormone (GnRH from 
the hypothalamus), follicle stimulating hormone (FSH), luteinizing hormone 
(LH) from the anterior pituitary, and estradiol (an estrogen), progesterone (a 
progestogen) and inhibin from the ovary. Although the duration of each 
phase, and therefore the length of the cycle, differs in various species (Table 

l), the processes occurring within the ovary are basically similar. In the 
lower animals, the cyclic activity is called the estrus cycle, and in primates 
and the human female it is called the menstrual cycle. These names refer to 
the external behavioral and physiological manifestations of estrogen and 
progesterone. Day one of the estrus cycle is the day on which estrus 
behavior begins and it is a period that is conditioned by the estrogens 
secreted by the ovary prior to ovulation. During this period, the female 
becomes receptive to the male. In primates, the menstrual cycle results from 
the cyclical growth and destruction of the endometrium (the lining of the 
uterine cavity) each month. Day one of the cycle is the first day of shedding 
of the endometrial lining, which occurs in response to low levels of 
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progesterone secreted by the regressing corpus luteum of the ovary. In the 
following section, the ovarian cycle of the human female will be discussed 
as an example of ovarian cyclicity. Ovarian cycles of lower species are 
extensively discussed elsewhere (1,2). 

Table I. Ovarian Cycle Length in Various Species 

Species Length of Cycle Follicular Phase Luteal Phase (days) 
jdaysl (dayst 

Human 24-32 10-14 12-15 
Cow 20-21 2-3 18-19 
Pig 19-21 5-6 15-17 
Sheep 16-17 1-2 14-15 
Horse 20-22 5-6 15-16 
Mouse/rat 4-5 2 2-3 
Rabbit 1-2 1-2 0 

Reproduced and modified with permission Johnson M. H., Everitt B. 1. In "Adult 
Ovarian Function ". In "Essential Reproduction" 5th Edition 2000; p. 79 

PREPUBERTAL OVARY 

Development of the Ovary 

To understand the cyclical events taking place in the pubertal adult 
ovary, it is important to understand the development of the germ cells prior 
to sexual maturity. During fetal life the development of the ovary goes 
through four main stages. The developmental stages are classified by the 
morphological appearance of the germ cells. The four main stages of germ 
cell development are: 1) The indifferent stage of the gonad. 2) The stage of 
differentiation. 3) The period of oogonial multiplication and follicle 
formation. 4) The final stage of follicle formation (3). 

Stage of the Indifferent Gonad 

Genetic sex is determined at conception. Within 4-5 weeks of 
conception the rudiments of the gonad appear as a thickening of the 
coelomic epithelium on the medial aspect of the mesonephros. The gonad 
evolves from four different components: 1). The coelomic epithelium. 2). 
The mesenchyme of the mesonephric ridge. 3). Cells from the mesonephric 
tubules, which eventually become the intraovarian rete (a network of blood 
vessels and nerves). 4). Primordial germ cells (precursors of an egg or 
sperm), which arise from a small number of stem cells (1000-2000) outside 



157 

the genital ridge from the dorsal endoderm of the yolk sac (4). The coelomic 
epithelial cells differentiate into cells of the cortex of the ovary and give rise 
to granulosa cells of the follicle. The mesenchymal cells differentiate into 
the ovarian stroma and the theca-interstial cells surrounding the granulosa 
cells. Germ cells, mainly by amoeboid movement, chemotaxis and adhesive 
peptides such as the cadherins (5) migrate to the genital ridge and occupy the 
cortex of the ovary by four weeks of gestation. The cadherins are a large 
family of homotypic, calcium dependent, and intercellular adhesion 
molecules. These primitive germ cells are the only precursors of adult germ 
cells. They cannot survive outside of the genital ridge and are necessary for 
the development of the gonads. At this stage, the appearance of the gonads 
is similar in both the male and female fetus. Division of germ cells by 
mitosis begins during the migration and by the 6th week of gestation, at the 
end of the indifferent stage of the gonads, the primordial germ cells now 
called the oogonia, total 10,000. The development of the ovary occurs in the 
absence of the Y chromosome. The Sex-Determining gene (SRY), which is 
located on the short arm of the Y chromosome, (sex-determining region-Y 
chromosome) is responsible for the development of the male gonad. A 
number of other genes are also critical in gonadal development, including 
steroidogenic factor 1 (SF-I), Wilms' tumor suppressor 1 (WTl), DAX-l, 
(dosage-sensitive sex reversal, adrenal hypoplasia congenita, X-linked) SOX 
9 (6) and SOX 3. The SRY gene codes for a DNA-binding protein 'testis
determining factor' (TDF). This is a transcription factor that regulates the 
expression of other genes or interacts with other transcription factors. SRY 
regulates the expression of genes coding for P450 aromatase, an enzyme 
required for estrogen synthesis. DAX-l is on the short arm of the X 
chromosome and known as the dosage-sensitive sex (DSS) reversal locus. It 
represses the expression of StAR, a protein that transports cholesterol to the 
inner mitochondrial membrane where the first step in steroid synthesis 
occurs. 

The germ cells in the female contain two X (XX) chromosomes, but 
during the migration one X chromosome is inactivated. The indifferent 
stage of gonadal development lasts about 7-10 days. During this period, the 
indifferent gonad contains rapidly dividing germ cells. 

Stage of the Differentiation of the Gonads 

Gonadal sex differentiation occurs between 6-9 weeks of gestation. By 
the 8th week of gestation, continuous mitotic division of the oogonia results 
in 600,000 oogonia. At this time, some of the oogonia begin to enter meiotic 
division [two successive nuclear divisions in which a single diploid (2N) cell 
forms haploid gametes]. In the human, oogonia enter the leptotene stage at 
the 12th week of gestation (7), zygotene and (N) pachytene at 14-19 weeks of 
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gestation (8), and diplotene between 14-28 weeks of gestation (9). The 
number of oogonia present becomes dependent on three different interacting 
mechanisms: mitotic divisions of the oogonia, meiosis, and oogonial cell 
death by atresia (Figure 1). By 16-20 weeks of gestation, 6-7 million 
oogonia are present in the two human ovaries. Mitosis occurs until mid-
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Figure 1. The number of germ cells correlated with age. Approximately 2000 stem cells 
from the dorsal endoderm migrate to the genital ridge by four weeks of gestation. Peak 
numbers of cells (oocytes, oogonia) are formed at five to six months of gestation (7 million). 
At birth 2 million primary oocytes remain and by puberty 400,000 oocytes are present. This 
occurs because follicles are continously recruited to grow but undergo atresia. Of the 
400,000, 400 will be recruited under the influence of pituitary gonadotropin FSH during 400 
cycles until the ovary is depleted at menopause. (Reproduced with permission "Clinical 
Reproductive Medicine Ed. Cowan B. D. and Seiter D. B. p 146, Lippincott-Raven, 1997) 

gestation when a peak of approximately 7 million oocytes are present. The 
termination of mitosis and entry into meiosis is evoked by a meiosis
initiating factor derived from the cells of the in-growing mesonephric tissue. 
A consequence of the termination of mitosis is that the number of oocytes 
that a female will be endowed with is now complete. 

As some of the oogonia enter meiotic prophase I, they become primary 
oocytes well before actual follicle formation. At the time of peak germ cell 
number, about 60% of the total germ cells are intra-meiotic primary oocytes, 
and the remaining are oogonia (Figure 1). Entry into meiosis initiates the 
formation of the primordial follicle by the condensation of surrounding 
ovarian mesenchymal cells derived from invading mesonephric cords. With 
the formation of the primordial follicles, the oocytes undergo a second major 
change. They abruptly arrest their progress through first meiotic prophase at 
diplotene and the chromosomes become enclosed in a nucleus called the 
germinal vesicle. The primordial follicle may stay arrested for up to 50 
years in women, with the oocyte metabolically active and waiting for the 
signals(s) to resume development. Some oocytes may become atretic while 
others are recruited (leave the follicle pool and begin to develop) into the 
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growth phase. Although a few follicles may sporadically and incompletely 
resume development, during fetal and neonatal life, regular recruitment of 
primordial follicles into a pool of growing follicles occurs only at puberty 
(attainment of reproductive ability). 

The primordial follicle is the basic functional unit of the ovary. Most 
follicles are small (25mm) non-growing that consist of a small oocyte 
arrested in meiosis surrounded by a basal lamina and a single layer of pre
granulosa cells (Figures 2 and 3). When a primordial follicle begins to grow, 
it progresses through several stages in which it is called a primary follicle 
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Figure 2. Schematic representation of folliculogenesis. Development of the follicle from the 
primordial follicle to the pre-antral or secondary follicle is a gonadotropin independent 
continous process occurring in the foetal ovary to the prepubertal ovary with all follicles 
becoming atretic. Gonadotropin dependant growth occurs during puberty of a cohort of 
follicles (10-12) of which one becomes the dominant follicle and ovulates. The oocyte 
remains arrested in the diplotene stage in the foetal ovary but increases in size and becomes 
surrounded by the supporting theca and granulosa cells. 

(preantral follicle), a secondary follicle (small and large antral follicles) and 
finally a tertiary, preovulatory or Graafian follicle. In the final stage of 
folliculogenesis (the process by which follicles containing oocytes are 
recruited for development, maturation and ovulation in each post-pubertal 
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Figure 3. Histology of the primate ovary (a) primordial follicles (P) lying in the cortex of the 
ovary surrounded by the tunica albuginea (T) and a single layer epithelium (E) in an ovary 
from a two year old female baboon.(b) Follicles in an adult pubertal ovary with an ovulated 
follicle showing the antrum (A), the remaining granulosa (G) and theca (TH) cells. Also 
shown are two primary follicles one with a single layer of granulosa cells, the second with 
two-three layers of granulosa cells. The zona pellucida (Z) and the basement membrane 
(8M) are indicated. (c) A preovulatory follicle with an oocyte containing a nucleus, (N) 
surrounded by the zona pellucida (Z) and the cumulus oophorus (C). Also shown is a blood 
vessel (8) in the theca layers. (d) A section of a corpus luteurn showing "small" (SC) and 
"large (LC) cells and a blood vessel (8). Magnification (b), (c) and (d) x40 and (a) xlO. 

cycle) a dominant follicle, one that will ovulate is selected. The secondary 
follicle houses an enlarging oocyte whose diameter has increased from 
25mm to a maximum of 80mm. The granulosa cells proliferate into several 
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layers of cells surrounding the enlarged oocyte. Outside the basal lamina, 
the pre-theca cells are organized concentrically to form the theca layer. This 
layer of cells is networked by lymph and blood vessels that do not transverse 
the basal lamina. Accumulation of cytoplasm and differentiation into steroid 
producing secretory cells separate the theca intema cells from the outer theca 
extema cells. The tertiary follicle arises from increased proliferation of 
granulosa cells in the secondary follicle and is accompanied by localized 
accumulation of fluid among rosettes of granulosa cells called, Call-Exner 
bodies. Coalescence of these bodies produces a central fluid-filled cavity 
called the antrum. Antrum formation forces the oocyte into a more eccentric 
position surrounded by several layers of granulosa cells that constitute the 
cumulus oophorus (Figures 2 and Figure 3). 

The process of oogonia transformation to primary oocyte occurs at 11-
12 weeks of gestation, and may be under the influence of secretions of the 
rete ovarii. At this time, the oocytes are found in clusters or nests in the 
ovarian cortex. The progression of meiosis to the diplotene stage occurs 
throughout birth. The arrest of meiosis at this time is maintained by an 
inhibiting substance called oocyte maturation inhibitor (OMI) produced by 
the granulosa cells (10). A decline in the number of germ cells follows a 
peak at 20 weeks of gestation and is partly due to a progressive decline in 
the rate of oogonial mitosis, which terminates at 28 weeks of gestation. 
Balancing this is the increased rate of oogonial atresia which peaks at 5 
months of gestation caused by programmed cell death, (11, 12). 

Stage of Follicle Formation and Oogonial Multiplication 

The formation of the follicles begins at 18-20 weeks of gestation. This 
process involves the separation of the oocytes from the surrounding stroma, 
the association of granulosa cells around the surface of each oocyte, and the 
formation of a basement membrane around this unit (Figures 2 and 3). The 
follicle formation and growth always begin in the inner most part of the 
ovarian cortex where oocytes come into contact with the rete ovarii. There 
is a paucity of information on factors involved in this process. Experimental 
evidence suggests the existence of an oocyte-granulosa cell regulatory loop, 
which orchestrates normal follicular differentiation, and the maturation of an 
oocyte competent to undergo fertilization. The concept of the oocyte being 
actively involved in its growth and maturation is recent (13). The granulosa 
cells and the oocyte actively communicate by several mechanisms. These 
include passage of low molecular weight «1000 Daltons) substances 
through gap junctions (junctions between adjacent cells that allow the 
passage of low molecular weight materials between two cells), paracrine 
(intercellular communication which involves the action of substances from 
one cell or an adjacent cell), and autocrine (intercellular communication 
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which occurs when the action of a substance produced by a cell acts within 
the same cell) factors. The gap junctions are essential for follicle 
development since targeted mutagenesis of connexin-37, a protein that forms 
these junctions, impairs follicle development. These junctions allow passage 
of sugars, amino acids, lipid precursors and nucleotides between the two cell 
types. Granulosa cells also produce a variety of cytokines and growth 
factors. Stem Cell Factor (SCF), also known as kit-ligand (KL), is secreted 
by the granulosa cells and binds to a tyrosine kinase receptor, c-kit, on the 
oocyte surface (14). Spontaneous mutations of the respective gene (Steel, 
W) cause germ cell deficiency and arrested development of follicular 
oocytes. 

The oocyte also influences follicle development. It secretes 
proliferating factors, such as Growth Differentiation Factor-9 (GDF-9) and 
Bone Morphogenetic Protein (BMP-15), also Known as GDF-9f3. These are 
members of the transforming growth factor f3 (TGFf3) family and are 
expressed in human, ovine, bovine and mouse oocytes (15, 16). These are 
detected in the oocyte from primary, one layer granulosa cell follicle stage, 
until after ovulation. They are not expressed in non-growing follicles (15). 
Targeted deletion to produce GDF-/- mice results in an infertile phenotype in 
which follicle development does not go beyond the one-layer stage and the 
oocytes are enlarged. 

Gonadotropins influence the growth of the oocyte indirectly since the 
cells do not express FSH receptor. The FSH receptor is constitutively 
expressed by granulosa cells at the primordial stage (17). If the FSH 
receptor is deleted, the follicles arrest at the pre-antral stage (18). Further 
formation of the follicle involves penetration of vascular channels from the 
medulla of the ovary. The process of primordial follicle development 
continues until all oocytes in the diplotene stage develop into follicles 
shortly before birth. Some primary follicles can undergo further 
development to the pre-antral follicle stage in the fetal ovary. With the 
proliferation of the granulosa cells to several layers and differentiation of a 
theca layer of cells from the surrounding mesenchyme, the follicle becomes 
a secondary or pre-antral follicle. Once the initiation of follicular growth 
has begun, the entry of the follicle into the growth phase is a continuous 
process throughout fetal, neonatal and adult life. By the fourth to sixth 
month post-natally all stages of follicle development up to the point of 
antrum formation can be found in the ovary. The number of oogonia at birth 
is approximately 2 million (19). The decrease in number is associated with 
apoptotic cell death (programmed cell death) of both the follicular granulosa 
cells and the oocyte. The reason for this occurrence is not clear. Although 
all stages of follicle growth can be observed in the prepubertal ovary, the 
final maturation of the oocyte, culminating in ovulation, does not normally 
occur before sexual maturity. 
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NEONATAL OVARY 

At birth, the number of germ cells dramatically declines to 1-2 million 
as a result of prenatal oocyte depletion over the previous 20 weeks. 

Compartmentalization of the gonad into the cortex and medulla is 
achieved. In the cortex, almost all the oocytes are involved in primordial 
follicle units. Varying degrees of maturation in some units is seen Table 2. 

Table 2. Stages of Human Ovary Development. 

Stage and Time Morphology and Function 
1. Pregonadal 

Day4-5 Primordial germ cells differentiate 
2. Indifferent 

Days 7-10 Gonadal ridge differentiates 
Up to day 20 Primordial germ cells migrate to gonad. 

Indifferent gonad formed 
Weeks 5-6 

3. Primary Sex Differentiation 
From Week 8 Ovarian morphological differentiation 

Primordial germ cells develop into oogonia 
Weeks 9-10 Meiosis begins up to diplotene of prophase 

of 151 meiotic division 
Weeks 11-12 Resting pool/initial recruitment/atresia 

Neonate 
Neonate to puberty 

4. Secondary Sex Differentiation 
Puberty No gonadal factors produced. 

5. Age 12-35 Years Ovarian cyclic activity produces one egg per 
cycle. All stages of folliculogenesis present. 
Cyclic recruitment of follicles. 

6. Age 35-51 years Perimenopause, erratic cycles 

7. Age 51-and older Menopause-few follicles 

Reproduced and Modified with Permission from "Adolescent Endocrinology" Ed. R. 
Stanhope. Bio Scientifica 1998; p 34 

OVARY IN CHILDHOOD 

The ovary is not quiescent in childhood. 
containing many gonadotropin sensitive 

It is a very active gland 
antral follicles with a 
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capacity to synthesize estrogens and androgens. Follicles begin to grow at 
all times and frequently reach the antral stage. Lack of gonadotropin support 
prevents full follicular development and function. Ovarian function is not 
necessary until puberty, but the oocytes continue to be active. 

ADULT OVARY 

Structure 

The ovary is covered by a single cell epithelium and a thin layer of 
connective tissue, the tunica albuginea. These two layers surround the outer 
cortex and inner medulla. The cortex displays various stages of follicle 
development and regressing corpora lutea. The medulla contains connective 
tissue supporting blood vessels, lymph vessels and nerves entering the ovary 
through the hilum (Figure 4). 

The Menstrual Cycle 

At puberty, the hypothalamic-pituitary-ovarian system becomes completely 
operational. This is necessary for the initiation of ovarian cyclic activity. 
The complex interaction of these components allows the release of an ovum 
episodically, following recruitment of a dominant follicle. At the time of 
puberty, there is an average of 400,000 follicles remaining in the two 
ovaries. 

During reproductive life, continuous growth of primordial follicles 
leads to a gradual decrease in the follicle pool. Death of primordial follicles 
by apoptosis also contributes to the decrease in the pool. Ten years before 
menopause, concomitant with subtle increases in serum FSH and decrease in 
circulating inhibins, increasing percentages of follicles are lost from the 
resting pool. As a result of ovarian follicle exhaustion, menopause occurs at 
about 51 years of age. 

During the first few months of the onset of puberty, the hypothalamus
pituitary-ovarian axis is not completely synchronized resulting in 
anovulatory cycles with irregular lengths. Irregular cycles are also the 
hallmark of the perimenopausal transition. The duration of the menstrual 
cycle can vary from 24 to 32 days with an average of 28-29 days in the 
active reproductive years. By convention, the first day of menstrual 
bleeding is the first day of the menstrual cycle. The cycle days are also 
numbered relative to the LH peak. The LH peak is considered as day 0, days 
in the follicular phase as -1 to -14 and luteal phase as + 1 to + 14. Variability 
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in length is due to the time it takes for the maturation of the dominant 
follicle in the follicular phase. Ovulation occurs on day 14 of the cycle. 
This is followed by a luteal phase, which lasts 14 days. In parallel with the 
ovarian cycle and influenced by the hormones secreted by the ovary is the 
endometrial cycle or the menstrual cycle. The first 3-5 days are the 
menstrual flow days. Days 5-14 are the proliferative phase days during 
which the endometrium increases in thickness as a result of the stimulatory 
activity of estrogens produced by the ovarian follicle. Mitotic activity is 
increased in both the lamina propria and the epithelium. Epithelial cells of 
the glandular epithelium become highly active. After day 14, when 
ovulation occurs, the endometrium becomes secretory. This secretory phase 
lasts 14 days. If pregnancy does occur, then day 22 is the day on which 
nidation (implantation of the fertilized ovum) would occur. 

Figure 4. Diagram illustrating morphological features of a cross section through the adult 
pubertal ovary. It is covered by a simple squamous epithelium and an inner connective tissue 
layer called the tunica albuginea. Follicles at various stages of preantral development are 
present in the cortex connective tissue, housing a primary oocyte at the end of meiotic 
prophase. 

Follicular Phase 

Recruitment and Selection of the Dominant Follicle 

Throughout prepuberty, the resting pools of primordial follicles are 
continuously being recruited, a few a day, into the growing follicle pool 
(20). However, in the absence of gonadotropic support, most become 
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atretic. This form of recruitment is termed initial recruitment (21). At 
puberty, in the presence of rising levels of FSH, however, those primordial 
follicles that reach the antral follicle stage are selected into a cohort, which 
will provide a single dominant follicle. To reach the ovulatory stage a 
primordial follicle goes through several stages of development. These 
include primary or pre antral follicles. Secondary or antral follicle, graafian 
or the ovulatory follicle (Figure 2). 

It takes about 150 days for a primordial follicle to develop into a 
primary follicle and another 120 days to become a secondary preantral 
follicle. Thus a primary follicle goes through 9 menstrual cycles before it 
becomes part of the selectable cohort. A further 15 days are required for the 
selected follicle to become a dominant ovulatory follicle. This time 
coincides with the length of the follicular phase. The selection of the follicle 
takes place at about the time of menstruation of the preceding cycle with the 
rise in FSH (22) (Figure 5). 

At the end of a menstrual cycle, the level of FSH secreted by the 
pituitary begins to increase as a result of the decreasing levels of estrogen, 
progesterone and inhibin secreted by the regressing corpus luteum. This 
increase occurs during the premenstrual period several days before 
menstruation. The consequence of the FSH increase is that a critical 
threshold concentration is reached within the microenvironment of the 
fastest growing follicle. A cohort of antral follicles escape the route to 
apoptosis due to the survival action of FSH. Among this group of about lO-
12 antral follicles, one of the follicles grows faster than the rest of the group 
and produces higher levels of estradiol and inhibin. This antral follicle, 
measuring 2-5mm in diameter, develops into the dominant follicle. 
The hormones secreted by the developing dominant follicle, estradiol and 
inhibin-B, suppress pituitary FSH released during the midfollicular phase 
(FigureS). As a result, the remaining growing antral follicles are deprived of 
adequate FSH stimulation required for survival. FSH withdrawal is involved 
in the massive apoptosis of the granulosa cells of the non-dominant follicles. 
The first indication that a dominant follicle has been selected is that the 
granulosa cells in the chosen follicle continue to proliferate at a fast rate, 
while the rate of proliferation slows in non-dominant follicles. The FSH 
receptor signaling plays a fundamental role in the growth and differentiation 
of the dominant follicle because of its ability to promote follicular fluid 
formation, cell proliferation, estradiol production, LH-receptor expression, 
and inhibin production. The temporal pattern and level of expression of 
these FSH-dependent genes are crucial for gene expression and normal 
physiological functions associated with the dominant follicle. The FSH 
stimulation of LH receptors in the granulosa cells is required for LH to 
induce ovulation and luteinization of the remaining follicle cells. The LH 
receptor expression induction occurs in the dominant follicle immediately 
prior to ovulation. The LH -dependent signaling pathways in the theca 
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interstitial cells elicit changes III gene expression that are critical for 
estradiol synthesis. 
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Figure 5. Interrelationships between hypothalamic-pituitary and ovarian hormones during a 
cycle showing the luteal-follicular transition and a complete ovarian-endometrial (menstrual) 
cycle. Days ofthe cycle are shown with the conventional numbering from day 1-28 and when 
the LH peak is considered as day O. GnRH pulses during the follicular phase are one per hour 
and luteal phase one per ninety minutes. The ovarian cycle shows the recruitment of the 
follicles, ovulation and the corpus luteum. Changes in basal body temperature (BBT) induced 
by progesterone are also shown. An increase in body temperature of 0.5° occurs following 
ovulation. 

Activation of the LH receptors in the theca cells leads directly to the 
stimulation of high levels of androstenedione production, which is the 
substrate required for estradiol synthesis by the granulosa cells. 
Preovulatory granulosa cells do not express the enzyme 17a hydroxylase 
needed for androgen production. Because theca interna cells produce the 
androgen precursors for granulosa estrogen production both cell types are 
needed for optimal estrogen synthesis. This is the two gonadotropin-two cell 
concept of dominant follicle estrogen biosynthesis. Thus estradiol is a useful 
marker for monitoring dominant follicle development. 



168 

Ovulation 

Just prior to ovulation, usually day 14 of the menstrual cycle, the 
selected dominant follicle grows rapidly. A positive (stimulatory) feedback 
effect of estradiol on gonadotropin secretion occurs. This results in a LH 
and FSH surge from the pituitary, meiotic maturation of the oocyte and 
ovulation or release of the ova into the abdominal cavity. The remaining 
tissue forms the corpus luteum. The length of time from selection of the 
dominant follicle to ovulation is variable. The estrogen-FSH levels initially 
promote the increase in FSH receptors, followed by a stimulation of LH 
receptors on the granulosa cells. The LH receptors in the granulosa cells 
stimulate pre-ovulatory synthesis of progesterone and 17a 
hydroxyprogesterone. Thus, just before ovulation, a rise in plasma levels of 
these hormones occurs. The pre-ovulatory rise in estradiol and progesterone 
promote the pituitary gonadotropes to increase their responsiveness to GnRH 
(Figure 5). 

A mid cycle gonadotropin surge results from the activation of a positive 
estradiol feedback at the level of the pituitary and hypothalamus. For the 
initiation of the LH and FSH surge, the levels of estradiol produced by the 
growing follicle need to be above a threshold of 300-50Opglml for 
approximately 48 hours. The mid-cycle LH surge with a duration of 48 
hours triggers oocyte extrusion, stimulates resumption of meiosis in the 
oocyte, initiates luteinization of the granulosa cells, as well as synthesis of 
progesterone and prostaglandins. The process of ovulation lasts 36-40 hours 
after the onset of the LH surge. 

During this time the oocyte completes prophase I of the first meiotic 
division as it passes from the diplotene stage into diakinesis. The second 
meiotic division generally begins 30-34 hours after the onset of the LH 
surge. The oocyte reaches the haploid stage (metaphase 2 oocyte) 
approximately 32-36 hours from the onset of the LH surge and 1-2 hours 
before ovulation. The mature oocyte is now capable of being fertilized. 

Meiosis resumption of the oocytes is mediated by LH. The initial 
stimulation in LH receptors together with the onset of the LH surge is 
followed by a refractory stage where the LH receptors are down regulated. 
The LH surge is associated with a decrease in both the number and the 
sensitivity of the LH receptors leading to decreased levels of cAMP and 
oocyte maturation inhibitor (OMI) , decreased estradiol production and 
disruption of the gap junctions which connect the oocyte to its surrounding 
granulosa cells. The LH surge also initiates luteinization (process of 
forming a corpus luteum) of the granulosa cells and shifts steroidogenesis in 
favor of progesterone secretion through the induction of the enzyme 3 f3-
hydroxysteroid dehydrogenase. 

The FSH surge stimulates the production of a plasminogen activator 
that aids in the detachment of the oocyte/cumulus mass from the follicle 
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wall. The hormone also plays a role in the conversion of granulosa cells to 
functional luteal cells by facilitating LH receptor induction. 

The rupture of the follicle occurs 38-42 hours after the onset of the LH 
surge and is evoked by LH mediated stimulation of prostaglandin synthesis 
[mainly Prostaglandin F2o. (pGF2o.) and prostaglandin E2 (PGE2)] and 
production of proteolytic enzymes such as collagenase. The follicle wall 
becomes thin, the LH and prostaglandins decrease follicular blood flow and 
stimulate the release of granulosa cell plasminogen activator. This converts 
plasminogen to plasmin. Collagenase and plasmin (proteolytic enzymes) 
break down the follicle wall. The oocyte-cumulus complex is extruded from 
the follicle at a weakened point of the ovary wall known as the "stigma." 
This mass is picked up by the fimbriated end of the fallopian tube. Ciliated 
cells of the fallopian tube aid in the movement of the oocyte-cumulus 
complex through the ampullary portion of the tube where fertilization 
generally occurs. 

Luteal Phase 

The effect of the LH surge at ovulation is to alter the expression of 
genes of the enzymes necessary for steroidogenesis in the cells remaining in 
the ovulated follicle (23). This is initiated about 24 hours before ovulation. 
The cells of the follicle become luteinized and begin to predominantly 
synthesize progesterone. Progesterone synthesis continues for 11-14 days. 
The granulosa and theca cells enlarge, accumulate a yellow carotenoid 
pigment called lutein. By mid-luteal phase (day 21-22), the corpus luteum is 
2.5gms in weight and secretes up to 40 mg of progesterone. The formation 
of the corpus luteum involves breakdown of the basement membrane of the 
follicle, reorganization of the granulosa and theca cells. The vascular cells 
of the preovulatory follicle are rapidly invaded by blood vessels through 
angiogenesis (growth of capillaries from preexisting blood vessels) (24). 
Blood accumulates in the antral space forming a transient corpus 
hemorrhagicum. The fibrin clot is further penetrated by blood vessels, 
fibroblasts and collagen fibers. Factors that have been implicated in this 
process are vascular endothelial growth factor (VEGF) and basic fibroblast 
growth factor (bFGF). Maximal vascular growth occurs at the time of 
peak circulating levels of plasma progesterone (day 21-22). This facilitates 
the uptake of low-density lipoprotein cholesterol (LDL) from the blood for 
the synthesis of progesterone and also for the delivery of progesterone to the 
endometrium. 

The corpus luteum consists of subpopulation of cells. Cells that 
synthesize and secrete progesterone are derivations of the granulosa and 
theca cells of the follicle. The granulosa cells give rise to the "large cell" 
population. These secrete 10-20 times more progesterone than the "small 



170 

cells" derived from the theca cells. Several interleukins and growth factors 
have been identified. The large cells also produce oxytocin, inhibin and 
relaxin. Gap junction communication between the two cell types may be 
involved in progesterone synthesis, which is facilitated by oxytocin (25, 26). 
Estrogen and progesterone receptors present on these cells suggest that 
hormones produced by these cells may have a local function in the 
regulation of the corpus luteum (27). In addition to the steroidogenic cells 
several other types of cells are present which include macrophages, immune 
cells, fibrocytes and endothelial cells. The interaction between these cell 
types and their possible role in luteal function and regression are under 
investigation. 

The corpus luteum under the influence of LH is functional for 14 days, 
the length of the luteal phase of the menstrual cycle. This tissue begins to 
involute about 12 days after ovulation unless fertilization of the ovum occurs 
and it is rescued from undergoing regression by human chorionic 
gonadotropin (hCG) produced by the developing blastocyst (a 64-cell 
embryo). In the absence of a pregnancy, the corpus luteum degenerates and 
is replaced by connective tissue forming the corpus albicans. Complete 
degeneration takes several months. 

The mechanisms involved in the loss of activity of the corpus luteum 
are unclear. It may involve an active luteolytic mechanism. On or around 
day 24 of the cycle during the last 4-5 days a rapid decrease in plasma levels 
of estradiol, progesterone and inhibin occur (28) (Figure 5). The enzymes of 
steroidogenesis particularly the cholesterol side chain cleavage enzymes 
(P450scc) and 3j3-hydroxysteroid dehydrogenase involved in progesterone 
synthesis begin to decline. The decrease in the circulating levels of these 
hormones removes the suppressive effects of the high mid-luteal phase 
concentration at the level of the pituitary. Levels of FSH increase 
dramatically due to the low levels of inhibin, which selectively suppress 
FSH. The decrease in estradiol enables the pituitary to respond to GnRH 
signals from the hypothalamus. The increased pulse frequency of GnRH 
secretion causes a predominance of FSH secretion. The increasing FSH 
levels stimulate the recruitment of a new cohort of follicles. 

It is also probable that the estradiol may act locally in combination with 
prostaglandins to effect luteal demise. The presence of lymphocytes and 
macrophages towards the end of the luteal phase also suggest that secretions 
from these cells may contribute to luteal demise (29). Regression of the 
corpus luteum happens in two phases. First, functional luteolysis occurs 
which is a loss of progesterone synthesizing capacity. This occurs before 
morphological changes in the luteal cells is apparent and can be reversed by 
hCG. However, once structural changes have occurred, the tissue cannot be 
rescued. Structural changes occur well after the initial decline in steroid 
output. Evidence suggests that apoptosis involving the luteolysin 
prostaglandin F2a (PGF2a) may regulate the reactive oxygen species in the 
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corpus luteum which impairs the ability to synthesize progesterone (30). 
Other possible mechanisms of luteolysis have been suggested involving 
pathways, which change bcl-2 and c-myc expression of apoptosis-related 
proteins (29, 30). 

Corpus Luteum of Pregnancy 

In the event of a pregnancy, heG secreted by the gestational trophoblast 
rescues the corpus luteum and progesterone synthesis is revived. This 
function is maintained until the luteo-placental shift 8-10 weeks after the 
establishment of the pregnancy (33). The corpus luteum increases in size 
due to hypertrophy of the steroid producing cells (the large and small cells) 
proliferation of connective tissue and growth of vascular tissue. However, 
following the luteo-placental shift the tissue regresses and at term the size is 
half that seen during the mid-luteal phase. 

HORMONES OF THE MENSTRUAL CYCLE 

In the complex and intimate interaction of the hypothalamus-pituitary
ovary and the uterus, the ovarian signals (hormones) playa key role of 
synchronizing the system. Estradiol, progesterone and inhibin A and B are 
secreted by the developing dominant follicle and the corpus luteum 
Testosterone and androstenedione synthesized by the theca cells are also 
secreted by the ovary. The hypothalamus secretes GnRH and in response to 
this signal the pituitary secretes FSH and LH (Figure 5). 

Estrogens 

Estradiol synthesis by the theca cells in cooperation with the granulosa 
cells by the dominant follicle is crucial for development of the follicle
oocyte unit prior to ovulation and for the regulation of the secretions of the 
hypothalamus and the pituitary (Figure 6). 

In the endometrium, estradiol induces proliferation of the endometrial 
glands. Estradiol has a dual function in regulating FSH and LH secretion. 
Low circulating levels of estradiol in the first half of the follicular phase act 
to suppress gonadotropin secretion thus having a negative feedback effect. 
At high plasma concentrations (>200 pg/ml) levels in the mid-follicular 
phase which are maintained for 48 hours LH and FSH secretion is increased 
such that a surge of LH and FSH occurs. This is a positive feedback effect 
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of estradiol on the pituitary. The local actions of estradiol include induction 
of FSH and LH receptors, proliferation of the granulosa cells, and 
proliferation and secretion of follicular thecal cells. Prior to ovulation, 
levels of estradiol rise to 300-400 pg/mL (Table 3). 

Progesterone 

Progesterone is secreted by the luteinized follicle cells fonning the 
corpus luteum under the LH receptor mediated effect of LH. The high 
plasma concentration has two effects at the pituitary level. Firstly, the 
negative feedback effects of estradiol is enhanced, thus suppression of FSH 
and LH occurs and the positive feedback effect of estradiol is blocked. At 
the ovarian level, progesterone stimulates the release of proteolytic enzymes 
from the theca cells during ovulation. It stimulates angiogenesis and 
prostaglandin secretion in the follicle. In the endometrium, progesterone 
induces swelling and stimulates the secretory activity of this tissue in 
preparation for implantation. 

Inhibins A and B 

This family of nonsteroidal hormones is defined by the property of 
suppression of gonadotropin secretion (26) although they have local effects 
within the follicle and the corpus luteum. Inhibin B is synthesized by the 
granulosa cells of the dominant follicle under the influence of FSH. It 
regulates the normal development of the follicle and has a negative feedback 
effect on FSH secretion. Inhibin A is mainly secreted by the corpus luteum 
and acts by paracrine/autocrine mechanisms to maintain this tissue. It also 
has a negative feedback action on FSH secretion. 

Activin 

Activin is also synthesized by granulosa cells; it enhances FSH action 
in the induction of LH receptors. It is also active at the hypothalamic
pituitary axis. 

Follicle Stimulating Hormone 

Secreted by the gonadotropes in the anterior pituitary, this peptide hormone 
is essential for follicle recruitment and development. The secretion of this 
hormone is high in the first week of the follicular phase and exerts a negative 
feedback on hypothalamic GnRH secretion. Plasma levels peak at midcycle. 
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FSH stimulates estrogen secretion in the follicle by activating P450scc and 
aromatase enzymes. It also induces the proliferation of granulosa cells and 
expression of LH receptors. 

Luteinizing Hormone 

LH is also secreted by the cells of the anterior pituitary gland It is 
essential for the growth and maturation of the ovum in the preovulatory 
follicle, ovulation and luteinization of follicle cells. It initiates the fIrSt 
meiotic division in the oocyte in preparation for fertilization. In the follicle, 

LH stimulates androgen synthesis by the theca cells, stimulates 
differentiation and proliferation of the theca cells and increases LH receptors 
on the granulosa cells. Following ovulation, LH is essential in the 
maintenance of the corpus luteum. 

Gonadotropin Releasing Hormone 

GnRH, a deca-peptide, is secreted by the cells of the hypothalamus and 
plays a critical role in the ovarian cycle. It is carried via the portal vascular 
system to the pituitary. It has a half-life of 2-4 minutes and is secreted in 
pulsatile bursts throughout the menstrual cycle. The frequency of pulses in 
the early follicular phase is once every 60 minutes with low ampli 
tudes increases at the time of ovulation and decreases in rate with increased 
amplitude during the luteal phase once every 90 minutes. The secretion of 
pituitary FSHand LH follow the pulsatile pattern of GnRH release. GnRH 
regulates the synthesis and storage of the gonadotropins, activation or 
movement of gonadotropins from reserve to a pool ready for secretion and 
immediate release .. 

Interaction of the Hormones of the Menstrual Cycle 

The GnRH pulse generator discharges at the rate of one pulse per hour in the 
late follicular phase. In response to this, the pituitary secretes hourly pulses 
of LH and FSH. The ovarian response is folliculogenesis and estradiol 
synthesis. During the follicular phase, gonadotropin secretion is controlled 
by a negative feedback action of estradiol on the pituitary gonadotropins and 
GnRH. Progesterone does not have a significant role in the follicular phase 
neuroendocrine function. In response to the gonadotropins and as 
folliculogenesis proceeds, inhibin B is produced by the granulosa cells, the 
time course paralleling that of estradiol. The mid cycle gonadotropin surge 
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is initiated by the positive feedback action of estradiol, acting at the level of 
the pituitary gonadotrophs, when plasma estradiol levels exceed a threshold 
of approximately 300-500 pg/mL for 48 hours. Progesterone acting at the 
pituitary level facilitates the release of gonadotropins (Figure 5). 
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Figure 6. Biosynthetic pathways of estradiol and progesterone in the dominant follicle and 
the corpus luteum. All the cells have the enzymes necessary for steroid synthesis (p450scc, 
P450c17, 313HSD, 1713HSOR and P450aronJ however, the expression of each enzyme and the 
availability of precursors determines the main route of synthesis. In the follicle, the two cell
two-gonadotropin interaction is predominant (two right boxes). Thus, precursors from the 
theca cells (androstenedione and testosterone) are used for estradiol and estrone synthesis. 
The main secretion of the corpus luteum is progesterone (left box). 

In the luteal phase, the GnRH pulse frequency decreases (one pulse per 
90 minutes). The action of progesterone on the hypothalamic pulse 
generator is mediated by endogenous opioids as well as neurotransmitters 
such as epinephrine/norepinephrine which increase GnRH release, dopamine 
and serotonin inhibit GnRH release. The lowering levels of luteal estrogen, 
progesterone and inhibin A relax the inhibition (negative effect) on FSH 
secretion and the FSH levels rise initiating a new cycle of folliculogenesis 
(Figures 5 and 7). 
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Table 3. Plasma Hormone Levels in the Human Female 

HORMONE SI UNITS CONVENTIONAL 
Estradiol 

Basal 70-220 pmollL 20-60pg/mL 
Ovulatory Surge >740pmol/L >200pg/mL 
Progesterone 

Luteal Phase 6-64 nmollL 2-20ng/mL 
Follicular Phase >nmollL <2ng/mL 
Gonadotropins Plasma 

Basal FSH 5-20 IU/L 5-20 rnIU/mL 
Basal LH 5-25 IU/L 5-25 rnIU/mL 
Ovulatory FSH 12-30 IU/L 12-30 rnIU/mL 

LH 25-100 IU/L 25-100 rnIU/mL 
Inhibin A 

Follicular Phase <20 pg/ml 
Mid-Luteal Phase 60 pg/ml 

Inhibin B 
85.2 ± 9.6 pg/ml 

Early Follicular Phase 133.6 ± 31.2 pg/ml 
Midcyc1e Luteal Phase <20 pg/ml 

MENOPAUSAL OVARY 

The menopause is a unique phenomenon of the female homosapiens. It 
is the complete cessation of spontaneous menstrual cycles and generally 
occurs between 45 and 55 years (34). The determining factor for the onset 
of menopause is the finite number of ova laid in the ovary in the fetus. Since 
they are not replaced and are continuously recruited throughout life, a 50-
year life span exhausts the supply of follicles (17). In the absence of the 
follicles, very little estradiol (90% decline) or inhibin is produced and 
therefore, a negative feedback control of pituitary secretion of FSH and LH 
does not occur. The ovulating levels of these hormones become chronically 
elevated which is a hallmark of the menopause (35). The chemical 
definition of the menopause is an elevation in the FSH level together with 
low or absent levels of estradiol. Because a significant loss in thecal-stromal 
cells in the ovary during the menopause does not occur a large fall in 
androgen production is not seen. Androgen levels may decrease by 20%. 

The transition from premenopause and menopause is gradual lasting 4-5 
years. This period is called the perimenopause. In the absence of estradiol, 
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vaginal and urethral atrophy, bone loss, decreased skin thickness and 
increased risk of cardiovascular disease occurs. 

STEROIDOGENESIS 

The menstrual cycle is determined by the hormones produced by the 
developing follicle and following the expulsion of the oocyte by the corpus 
luteum. The key hormones produced by the ovary are estradiol and 
progesterone (Figure 6). 

These two hormones are primarily derived from plasma low-density 
lipoprotein (LDL) cholesterol (36). LDL cholesterol enters the cell via a 
receptor mechanism. Pituitary LH stimulates adenyl cyclase causing an 
increase in cAMP production. This acts as a second messenger to increase 
LDL receptor mRNA and the binding and uptake of LDL cholesterol. 
cAMP also activates the steroidogenic acute regulatory (St AR) protein, 
which trans locates cholesterol from the outer to the inner mitochondrial 
membrane, the rate-limiting step in steroid hormone synthesis (37). 

The conversion of cholesterol to estradiol and progesterone requires 
five key enzymes (Table 4): Cytochrome P450 side chain cleavage enzyme 
(P450scc), 3~-hydroxysteroid dehydrogenase (3 ~-HSD) 17a-hydroxylase 
cytochrome P450 (P45017a), aromatase P450 (P450arom) and 17~ hydroxy 
steroid dehydrogenase (1713-HSD), type 1 (38). These enzymes convert 
cholesterol to pregnenolone, pregnenolone to progesterone, progesterone to 
androgens, androgens to estrogens and estrone to estradiol (Figure 6). 

The conversion of pregnenolone to the androgens and estrogens can 
take two pathways in the ovary. Either via ~5-313-hydroxy-steroids (~5 
pathway) which involves conversion of pregnenolone to 
dehydroepiandrosterone (DHEA) or the ~4-3- ketone pathway (~4 pathway) 
which goes through progesterone and 17a-hydroxy progesterone. 
The theca, granulosa cells, and the cells of the corpus luteum express all the 
enzymes needed for steroidogenesis. In the follicle, the predominant 
pathway is the ~5 pathway and the ~4 pathway is more active in the corpus 
luteum. The rate and type of steroid produced by the ovarian cells is 
depe~dent on. the amount, activity and expressi.on of enZJffies involved in 
sterOIdogenesIs and the number of gonadotropm receptors present on the 
cell. Mechanisms controlling these factors are not well understood. 

The synthesis of estradiol in the follicle involves intimate interaction 
between the granulosa and the theca intema cells (Figure 6). This is based on 
the evidence derived by immunocytochemistry and RNA expression studies 
indicating that P450scc mRNA is present in both the granulosa and theca 
cells at the antral stage of follicle development. There is little expression of 
3~ HSD mRNA in the follicle and P450 17a is only present in the theca 
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intema and is completely absent in the granulosa cells. P450arom is only 
present on the granulosa cells of the mature follicle. 17~ HSD type I is 
present only in the granulosa cells (38). In addition, FSH receptors are 
present only on the granulosa cell membranes and are induced by FSH. LH 
receptors are present on the theca cells and initially absent on the granulosa 
cells but with follicular growth, FSH induces the appearance of LH receptors 
on the granulosa cells. FSH also induces P450arom activity in the granulosa 
cells. These observations have given rise to the concept of the two-cell/two 
gonadotropin hypothesis. The LH-dependent androgens (androstenedione 
and testosterone) are derived from cholesterol in the theca cells. These are 
transferred across the basement membrane of the follicle to the granulosa 
cells where they are converted to the estrogens (estrone and estradiol) by the 
FSH-inducible granulosa cells (39). Progesterone synthesis in the follicle 
occurs predominantly in the granulosa cells. 

The pituitary gonadotropins FSH and LH are required for estrogen 
synthesis and mainly LH for progesterone synthesis. As the follicle grows, 
the increased secretion of estradiol stimulates the expression of estradiol 
receptors, which stimulate granulosa cell proliferation as well as endometrial 
cell proliferation. Estradiol also affects the pituitary and hypothalamus. In 
the mature follicle, FSH together with estradiol stimulates an increase in LH 
receptors on granulosa cells. LH stimulates progesterone synthesis and 
secretion by the granulosa cells. This then stimulates FSH release at 
ovulation. 

Table 4. Nomenclature of Enzymes and Genes Involved in Ovarian Steroidogenesis 

Trivial name Enzyme Gene 
Cholesterol side chain 
Cleavage enzyme P450scc CYP llAl 
17a-hydroxylase P45017a CYP17 
313-Hydroxysteroid 3j3-HSD 
Dehydrogenase 

17-20 lyase P45017a CYP17 
Aromatase P450arom CYP19 

The LH surge at ovulation is critical to the synthesis of 
progesterone by the cells of the corpus luteum. The expression of steroid 
synthesizing enzymes changes as the cells luteinize. The enzymes, P450scc 
and 3~-HSD, increase in both granulosa and theca derived cells. P45017a is 
only expressed in the theca-derived cells and P450arom in the granulosa 
derived cells. 
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The synthesis of estradiol by the growing follicle is regulated both by 
endocrine (LH and FSH) and paracrine/autocrine factors. Thecal insulin-like 
growth factor-II (IGF-rn enhances LH stimulation of androgen synthesis in 
the theca cells as well as FSH -mediated aromatization in the granulosa cells. 
Theca transforming growth factor promotes the growth of granulosa cells 
and FSH induction of LH receptors. FSH stimulates the production of 
inhibin and activin in the granulosa cells and activin in tum increases by 
stimulating FSH receptor expression. Inhibin increases LH stimulation of 
androgen synthesis in the theca to serve as substrate for estrogen production 
in the granulosa cells whereas activin suppresses androgen synthesis. This 
paracrine effect of the inhibin and activin occurs mainly by changes in the 
expression of the steroidogenic enzymes. 

Transport of Steroids 

Estradiol and progesterone, secreted by the ovary into the blood, are 
transported mainly bound to proteins. Steroids are sparingly soluble in 
plasma. Sixty-five percent of the estradiol is bound to sex hormone-binding 
globulin (SHBG), 20% is bound to albumin, and the remaining 20% is found 
as free estradiol. Progesterone is bound mainly to trans cortin and albumin. 

Metabolism of Steroids 

Estradiol and progesterone are inactivated in the liver, the metabolites 
are conjugated to sulfate or glucuronide and mainly excreted in the urine. 
The main metabolites of estradiol are estrone, estriol and catecholestrogens. 
The major metabolite of progesterone is pregnanedioL It is conjugated to 
glucuronic acid and excreted in the urine as glucuronide. 

Mechanism of Action of Steroids 

Estradiol and progesterone enter cells by diffusion and bind to nuclear 
receptors. This releases heat shock proteins (HSPs) and causes a 
conformational change in the receptor. This increases its DNA affinity and 
the ligand bound receptor associates with the hormone response element 
(HRE) of the DNA. It acts as a transcription factor to regulate gene 
expression (40). The actions of estradiol and progesterone on various target 
tissues are shown in Table 5. 



179 

Gonadotropins 

Synthesis 

FSH and LH are members of the glycoprotein hormone family that also 
includes thyroid-stimulating hormone (TSH) and chorionic gonadotropin 
(CG). These hormones are heterodimers consisting of a common a subunit 
and bound by noncovalent linkages. The a subunit gene is located on 
chromosome 6. The FSH J3 subunit protein is encoded by a single gene 
located close to several homologous CGJ3 genes and pseudogenes on 
chromosome 19. The specificity of the hormone receptor interaction is due 
to the J3 subunit. 

Mechanism of Action 

FSH and LH interact with target tissues via high affinity 
transmembrane receptors. The genes for these receptors have been mapped 
to chromosome 2p 16-p 21. Both receptors are glycoproteins linked to G 
proteins and adenyl ate cyclase. Both cAMP and calcium channels are 
important in gonadotropin signaling pathways (41). 

THE ENDOMETRIAL CYCLE 

In parallel with the ovarian cycle, the endometrium in the uterus 
undergoes cyclical changes in preparation to receive the fertilized ovum. 
The changes are associated with the action of the hormones secreted during 
the follicular and luteal phase of the cycle by the growing follicles and the 
corpus luteum. Thus the key hormones are estradiol and progesterone (42). 

The uterine endometrial cycle is divided into three phases, the 
menstrual phase, the proliferative and secretory phase (43). During the adult 
reproductive life, a human female will experience this cycle 400 times. The 
endometrium is divided morphologically into the upper functionalis layer, 
which undergoes changes cyclically and is shed during menstruation. The 
lower basales remains constant through the cycle and regenerates the 
functionalis each cycle. The role of the functionalis is to prepare for 
implantation of the blastocyst. 
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Figure 7. The interrelationship between the hypothalamus-pituitary-ovary components in the 
regulation of the feedback mechanisms (+positive feedback or - negative feedback). Note, 
during the early follicular phase, estradiol in low plasma concentrations has a negative 
feedback to the pituitary and hypothalamus, during the late follicular phase high plasma 
concentrations of estradiol have a positive feedback on the pituitary and hypothalamus. 
During the luteal phase high levels of progesterone and estradiol inhibit FSH and LH 
secretion. Low levels of progesterone and estradiol at the end of the cycle triggers secretion 
ofFSH and stimulates the development of a cohort of follicles. 
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Table 5. Hormone dependant changes in the target tissues during the menstrual cycle. 

Target Tissue Estrogen Progesterone 
Fallopian Tube Increase tubal muscle Decrease tubal muscle 

contractility contractility 
Increases height and number of Decrease height and number of 
ciliated cells ciliated cells 
Stimulates tubal fluid secretion Atrophy and cell differentiation of 

epithelium. 

Endometrium Proliferation, increase thickness, Secretory, secretion of glycogen 
size and number of glands into gland lumen 
Increase progesterone receptors Stromal edema 

Myometrium Increase size and number of 
muscle cells. Rhythmic Inhibits contractions 
contractions. 

Vagina Increase epithelial thickness Increase epithelial thickness 

Cervix Opens os, increase mucus Close os 
Positive feming, allows sperm Mucus scant, thick, no feming 
penetration Decreased spinnbarkeit and sperm 
High spinnbarkeit penetration 

The menstrual phase lasts 4-5 days and is the initial phase of the cycle. 
It occurs following the withdrawal of the ovarian honnones, estradiol and 
progesterone, as a consequence of corpus luteum regression. Prior to the 
onset of bleeding, cell death by apoptosis causes endometrial regression and 
vasoconstriction of the blood vessels. The arteries rupture following 
ischemia and blood is released into the uterus. The functionalis layer is 
completely shed. Arterial and venous blood, remains of endometrial stroma 
and glands, leukocytes and red blood cells are present in menstrual blood. 
The opposing actions of the vaso-constricting factor, prostaglandin PGF2a 
from the glandular cells, endothelin-l from the stromal cells, and vasodilator 
action of the PGF2a affects the amount of blood loss. 

The Proliferative Phase 

The proliferative phase (also called the estrogenic phase) is associated 
with ovarian follicle growth and lasts about 9 days. It begins from the end of 
menstruation up to the time of ovulation. Increasing levels of estradiol, 
produced by the maturing follicles, induce growth of the endometrial glands 
and stromal connective tissue. The endometrial glands become straight and 
narrow and the spiral arteries become highly networked. The peak of 
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activity occurs on day 8-10 of the cycle corresponding to the peak estradiol 
levels in the circulation and maximal estrogen receptor concentration in the 
endometrium. (40). Cytokines, a group of proteins that act by autocrine or 
paracrine mechanisms [interleukin-ll3, interleukin-6 and interleukin-8, tumor 
necrosis factor (TNFa)] as well as interferons, the regulatory peptides with 
anti-viral and immunoregulatory activities (lFN-a, IFN-13 and IFN-y), 
peptide growth factors (TGFa and 13), epidermal growth factor, and insulin
like growth factors, androgenic factors, fibroblast growth factors (FGFs), 
and vascular endothelial growth factor (VEGF) play important roles in the 
regeneration of the endometrium during this phase. During this phase, the 
endometrium regenerates from 0.5mm to 3.5-5.0mm in height. 

Secretory Phase 

Following ovulation, the endometrium responds to both estrogen and 
progesterone secreted by the corpus luteum. This phase is also called the 
progestational phase and is of 13-14 days duration. The endometrial glands 
become highly secretory and the epithelium accumulates glycogen. The 
spiral arteries extend into the superficial layer of the endometrium. Peak 
secretory activity, which includes secretion of glycoproteins, peptides, 
plasma transudates and immunoglobulin, occurs at the expected time of 
blastocyst implantation during the mid-luteal phase. If fertilization does not 
occur by day 23 of the menstrual cycle, the corpus luteum begins to regress 
with a concomitant decrease in estradiol and progesterone levels. The 
endometrium involutes and by day 25-26, vasoconstriction of the arteries 
leads to ischemia, apoptosis of the functionalis, and menstruation follows. 

CONCLUSION 

The ovarian cycle is a continuous series of changing events, which is 
orchestrated by the follicle (Figure 8). 

The main phenomenon continuously occurring from fetal life to the 
menopause is follicle atresia. This is controlled by genes regulating 
programmed cell dealth or apoptosis. FSH is the key anti-apoptotic survival 
hormone of the growing follicle. It facilitates, in each cycle, terminal 
growth of a selected follicle during approximately 400 cycles. LH allows 
the initiation and development of the corpus luteum and supports luteal 
function. Both the selected dominant follicle and the corpus luteum have a 
fixed life span, which determines the length of the cycle. It is clear that 
many areas need further investigation. These areas include: 1) What factors 
attract the stem cells to migrate to the gonadal ridge? 2) What regulates the 
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continuous growth of primordial follicles to antral follicles until the 
menopause? 3) What is the mechanism of action of local ovarian 
modulators of the effects of gonadotropins? 

SUMMARY 

I) The germ cells that form the pool of recruitable follicles are laid 
down in the first few weeks of gestation. Cyclic ovarian activity that will 
recruit about 400 dominant follicles begins at puberty (Figure 8). 2) The 
follicles 
within the ovary orchestrate the ovarian cycle. 3) Folliculogenesis is 
independent of FSH action before the pre antral stage. FSH-dependent 
maturation only occurs at sexual maturation. Cyclic ovarian activity begins 
at puberty following the complete maturation of the hypothalamus-pituitary
ovary-axis. 4) As the follicle grows and matures, under the influence of 
GnRH from the hypothalamus that stimulates pituitary FSH, it secretes 
estrogens (estradiol) in increasing amounts. 5) Estradiol synthesis requires 
the close cooperation of the granulosa and theca cells of the follicle (two-cell 
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Figure 8. Summary of the interrelationship between the ovarian and menstrual cycle. The 
ovary functions as the site of gametogenesis and steroidogenesis. The follicle contains the 
developing ova surrounded by the predominant hormone producing cells (granulosa and 
theca). Estradiol, produced by the dominant follicle, prepares the follicle for ovulation and 
target tissue, endometrium, to receive the fertilized ovum at pregnancy. The corpus luteum 
secretes progesterone and prepares the endometrium for nidation. In the absence of 
pregnancy, the cycle continues with the decline in luteal hormones and the inter-cycle FSH 
surge triggering a new cohort of follicles. 
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theory). 6) The rising levels of estradiol exert a negative feedback on the 
pituitary to gradually lower the levels of FSH. 7) Estradiol also has a 
positive feedback on the hypothalamus and GnRH secretion. 8) Prior to 
ovulation, GnRH from the hypothalamus causes the pituitary to secrete a 
burst ofLH. 9) The LH burst causes the maturing follicle to rupture, the 
ovum is released and a corpus luteum is formed in the ovary. 10) LH 
stimulates the corpus luteum to secrete progesterone and estrogen to prepare 
the uterine endometrium for implantation. 11) The increasing levels of 
progesterone/estradiol in the blood exert a negative feedback effect on the 
hypothalamus and pituitary causing LH levels to decrease. 12) The corpus 
luteum disintegrates as LH decreases. 13) If a pregnancy does not occur, the 
corpus luteum no longer produces estradiol/progesterone, the endometrium 
is not maintained and is shed. 14) If a pregnancy occurs, the developing 
embryo produces heG, which rescues the corpus luteum. 15) With the low 
estradiol and progesterone at the end of the cycle, the hypothalamus is 
activated to secrete GnRH and a new cycle begins. 
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EVIDENCE FOR A ROLE IN FERTILIZATION 
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INTRODUCTION 

The oviducts are tubular extensions of the uterus that end in close 
proximity to the ovaries. The lumen of the oviduct is continuous with that of 
the uterus and also opens to the peritoneal cavity near the ovary. This 
structural arrangement makes it possible for ovulated ova to enter the tubular 
organs of the female reproductive tract. Historically, as its name implies, the 
oviduct was recognized as a conduit to carry the egg from the ovary to the 
uterus, although the oviduct is now known to have many functional roles. 
fucluded among these are sperm, ovum and early embryo transport, and to 
provide a physiological environment for events surrounding fertilization and 
early embryo development. Because the oviduct is the site at which 
fertilization occurs, its influence can have a profound affect on the success 
of reproduction. 

Anatomically, the oviduct is subdivided into regions that are 
generally associated with distinct functions. The infundibulum is located 
next to the ovary and is involved in the capture of freshly ovulated ova and 
directing them into the ostium or opening of the ampulla. Once in the 
ampulla, the ovum is transported toward the isthmus region. The isthmus 
region terminates at the uterus where sperm first enter the oviduct and are 
prepared or "capacitated" for fertilization. The timing of events associated 
with sperm and ova entering the oviduct is crucial so that the gametes are at 
their correct stages of preparation to optimize chances for fertilization. 
Evidence suggests that for several species sperm may be stored in the 
isthmus and other locations in the reproductive tract prior to the arrival of 
the egg and fertilization. For several days post fertilization, the isthmus also 
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provides a nurturing environment for the early embryo as it is transported to 
the uterus where it will complete development. 

The oviduct is a fascinating organ to study because it has diverse 
functions involving sperm, ova, fertilization and embryos. Several methods 
have been used to study the oviduct and its secretions in order to better 
understand its various functions. 

Infundibulum ....... ..... 
Uterotubal 

. Ampulla Junction 
................................................. ~~ ......... ::::::::::::::::::...... ~ 

................. . ...................... : ............... : ... :::::::: .. ·····~sthmus ...... ::::: 

Ampullar Fluid 
Isthmic Fluid 

Figure 1. Schematic representation of the placement of catheters in the ampulla 
and isthmus regions of the cow oviduct for continuous recovery of oviductal fluid throughout 
the estrous cycle. Ligatures are used to hold the catheters in place and to seal off the ampulla 
at the ampullary-isthmic junction and the isthmus at the uterotubal junction so that secretions 
flow into the catheters. 

Oviducts collected from animals at slaughter or from women 
undergoing hysterectomy have provided a source of tissue for study. One 
approach has been to "flush" the lumen with saline to recover its contents for 
analysis. Epithelial cell and tissue cultures have also been prepared from the 
excised oviducts and secretions have been harvested from the culture 
medium. Tissues collected during different stages of the reproductive cycle 
have enabled comparisons of the secretions obtained near ovulation with 
those collected during the luteal phase of the reproductive cycle. 

A third approach used extensively by the author of this chapter 
involves surgical placement of indwelling catheters within the oviducts of 
live animals. This approach has been used for sheep, horses, cattle, pigs, 
rabbits and monkeys among other species. Typically the catheter is secured 
in place in the ostium of the ampulla with ligatures, and a ligature is also 
placed below the lower isthmus at the uterotubal junction (Fig. l). This 
procedure creates a closed system so that as secretions accumulate in the 
oviduct lumen they pass through the catheter to the collection vials mounted 
on the outside of the animal. Samples of oviduct fluid collected daily can be 
correlated with serum hormone concentrations of estrogen and progesterone 
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to establish the stage of the reproductive cycle at which the sample was 
collected. This approach was further modified to place catheters in both the 
ampullar and isthmic regions of the same oviduct to enable comparisons of 
regional oviduct fluid. . 

The purpose of this chapter is to describe what is known of the 
functional and biochemical characteristics of oviductal secretions as they 
relate to gamete preparation, fertilization and early embryo development in 
the oviduct. 

OVIDUCT SECRETIONS 

Fluid contained within the oviduct lumen is derived from two 
sources. The oviduct is well supplied with blood vessels and as blood 
perfuses the tissue capillaries water and some components from blood 
serum, ranging in size from ions to large proteins, pass through the tissue 
and enter the oviduct lumen by a process called transudation (1). Indications 
are that this process is selective since all components of serum do not find 
their way into oviduct fluid, or for a given component amounts may differ 
between the two fluids. Moreover, the protein concentration of oviduct fluid 
is only 5- 10% of that of serum. Serum contributions are combined with 
other components that are synthesized and secreted by the oviduct 
epithelium. As one might expect, many lipids and proteins present in oviduct 
fluid are also produced by other tissues of the body. However, there are 
some proteins that are only found in the oviduct. Regardless of the source of 
the various components, the resulting biological fluid is capable of 
facilitating a variety of functions involving gametes and embryos. 

It is also apparent that the volume of oviduct fluid produced changes 
during the reproductive cycle. During estrus and ovulation, fluid production 
is greater than during the luteal phase of the cycle. In cattle for example, the 
volume of oviduct fluid produced within a 24-hour period near ovulation is 
typically 1-1.5 ml per oviduct compared with 0.1-0.2 ml during the luteal 
phase. These changes in fluid production are dependent on changes in 
circulating levels of serum progesterone and estrogen. Higher concentrations 
of estrogen and lower concentrations of progesterone favor greater fluid 
production by the oviduct. 

To gain insights into how the environment created in the oviduct 
lumen is capable of influencing gamete and embryo function the 
composition of oviduct fluid has been investigated. Although much still 
remains to be defined, several excellent reviews are available on this topic 
(2-5). Ions such as calcium, potassium, sodium, magnesium and bicarbonate 
are present along with pyruvate, lactate and glucose. Concentrations of these 
components determined in oviduct fluid have served as a basis for 
formulation of synthetic media used in procedures for in vitro fertilization 
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and embryo culture. Cholesterol and several phospholipids are also present 
in oviduct fluid and evidence suggests that these are both derived from 
serum and synthesized by the epithelium. 

Proteins are the major component of oviduct fluid. Serum-like 
proteins present include albumins, globulins and high-density lipoprotein. 
Other proteins include haptoglobin, osteopontin, precollagen and c1usterin. 
Enzymes detected include phosholipase A2, lysozyme, peptidase, diesterase, 
amylase, ~-N-acetylgalactoseaminidase, ~-N-glucosaminidase, catalase, 
along with protease inhibitors TIMP-l and PAl-I. An array of growth 
factors have also been detected in the oviduct including EGF, IGF-l and -2, 
TGFa and FGF-l and -2 (5). 

Of particular interest is a prominent group of glycoproteins 
produced specifically by the oviduct called "oviductins" or estrogen
associated glycoproteins. Because maximum production of these proteins 
occurs during the peri-ovulatory period (Fig. 2) a functional role of the 
estrogen-associated glycoproteins (EAGs) in events surrounding fertilization 
and early embryo development is suggested. 
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Figure 2. One dimensional protein electrophoresis of cow oviductal fluid collected daily 
during the estrous cycle. The EAG is most prominent on the day of ovulation (day 1) and 2-3 
days thereafter. Adapted from (6). 

Influence of Oviduct Fluid on the Gametes 

With the development of methods to accomplish fertilization and 
early embryo development in vitro for a variety of species it has been 
debated whether the oviduct actually plays an essential role in reproduction 
under natural conditions. Aside from serving as a conduit and a site for the 
gametes to unite and the embryo to pass to the uterus, do oviduct secretions 
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play an active role in modulating events associated with fertilization and 
early embryo development? In order to answer this question, studies have 
been conducted using oviduct fluid, medium conditioned by cultured oviduct 
tissue and components isolated from these sources to test their affects on the 
gametes in vitro. Selected examples of the results ofthese studies follow. 

In early studies with fluid collected from a single catheter in oviduct 
ampulla the affect of pooled fluid collected near ovulation with that of the 
luteal phase on sperm capacitation and motility (7). Capacitation was 
assessed by the ability of sperm to undergo the acrosome reaction in 
response to lysophosphotidylcholine. This is a standard bioassay for 
assessing the readiness of bovine sperm to fertilize an ovum. At 
concentrations greater than 20%, both types of oviduct fluid capacitated 
sperm within 4 hours, but at a concentration of 60% oviduct fluid collected 
near ovulation capacitated sperm in 2 hours, and maintained motility of 
sperm longer than fluid collected during the luteal phase. Sperm capacitated 
by either type of oviduct fluid underwent the acrosome reaction when treated 
with soluble zona pellucida and were capable of penetrating bovine oocytes. 

Fluids collected from indwelling catheters in the isthmic and 
ampullary oviductal regions have enabled studies to explore if functional 
differences, typically attributed to oviduct regions, were possible to 
demonstrate with oviduct fluid. Fluid collected daily was pooled according 
to stage of the cycle (peri-ovulatory or luteal) and region of the oviduct. 
Ejaculated bull sperm were incubated either in peri-ovulatory isthmic or 
ampullary fluid, or luteal isthmic or ampullar fluid for up to 6 hours and 
evaluated for viability, motility, capacitation and fertilizing ability (8). 
Although no differences in viability were observed for sperm incubated in 
the different fluid types, the percentage motile spenn in isthmic fluid 
collected near ovulation was significantly lower than that of the other 
incubations at 4 and 6h (Fig. 3). These observations suggest that 
isthmic oviduct fluid inhibits sperm motility and supports the notion that 
the isthmus functions to store sperm in a quiescent state (8). Incubation in 
isthmic fluid also increased the number of sperm undergoing capacitation 
compared with ampullar fluid obtained near ovulation (9). The picture 
emerging from studies with oviduct fluid is that the isthmic region of the 
oviduct serves as a sperm reservoir at the time of ovulation and supplies a 
population of capacitated sperm ready for fertilization. This conclusion is in 
agreement with previously held beliefs about the function of the oviduct 
isthmus and demonstrates a regulatory role of oviduct secretions in 
modifying sperm function. 
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Figure 3. Motility of spenn in fluid recovered from either the isthmic or ampullary regions of 
the oviduct near ovulation (estrus) or during the luteal phase of the estrous. 

Oviduct fluid (ODF) collected near ovulation also affects the ability 
of spermatozoa to interact with the ovum. The first contact between sperm 
and the ovum involves binding of sperm to the zona pellucida, the 
glycoprotein-rich outer most covering of the ovum. Interestingly, more 
sperm bind to the ovum if they are pre-incubated in isthmic compared to 
ampullary periovulatory oviduct fluid (Fig. 4). However, spermatozoa 
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Figure 4. Number of spenn bound per oocyte following capacitation of spenn in either 
ampullar or isthmic oviductal fluid collected near ovulation or in standard IVF medium. 
Spenn in control medium were not capacitated. Adapted from (9). 

incubated in ampullary fluid have greater fertilization rates than sperm 
prepared in other treatments (Fig.S). Therefore, sperm appear to be prepared 
to penetrate the ovum to the greatest degree if they are exposed to both 
isthmic and ampullary secretions of the oviduct at the time of ovulation. 

While these studies clearly demonstrate how sperm are affected by 
ODF, it is difficult to know whether the outcome would be the same in vivo 
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when interactions with the ovum are involved. Ideally, in vitro studies 
assessing the affects of ODF on the interaction of sperm and ovum at 
fertilization should also be done to evaluate how treatment of the ovum 
influences the results. Indeed, pre-treatment of sperm and ova with 
ampullary or isthmic ODF collected near ovulation affects sperm-ovum 
binding and fertilization differently depending on the fluid used (Fig. 6, 
Table 1). Region of the oviduct from which the fluid is derived influences 
both sperm-ovum binding and fertilization rates (10). If we assume that 
during the normal course of events in vivo, ova are first exposed to 
ampullary secretions and sperm are first exposed to isthmic secretions, then 
the in vitro results in Figure 6 and Table 1 are particularly relevant. 
Concerning sperm-egg binding (Fig. 6), if both gametes are pre-incubated in 
either isthmic or ampullary nonluteal fluids, binding rates are significantly 
greater than if sperm are incubated in isthmic and ova in ampullary fluids. In 
this case, however, more may not be better, since reducing the number of 
sperm bound to the zona may serve to reduce the incidence of polyspermy, a 
lethal condition where more than one sperm penetrates the ovum. 
Physiologically, the consequences of this may be important since it is known 
that decreased time to first cleavage from insemination for in vitro-produced 
bovine embryos has a major positive influence on the probability of the 
embryo developing to blastocyst stage (11). 

In addition to studies showing that oviduct fluid has the ability to 
influence fertilization in vitro, it is also noteworthy that some of the proteins 
in oviduct fluid become associated with sperm and ova. This can be 
demonstrated by labeling proteins in oviduct fluid either by iodination or 
biotinylation so that oviduct proteins that bind to the gametes can be 
distinguished from those that are normally present. 
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Figure 5. Percentage of ova fertilized when spenn are capacitated in either ampullary or 
isthmic oviductal fluid obtained near oviulation or during the luteal phase of the estrous cycle. 
Control represents spenn prepared in standard IVF medium. Adapted from (8). 
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Figure 6. Average number of sperm bound to the zona pellucida when both gametes were 
incubated in ovulatory oviduct fluid collected either from the ampulla, isthmus or the whole 
oviduct; or when ova were incubated in ampullary and sperm were incubated in isthmic 
oviduct fluid. Control incubations were standard IVF condtions. Adapted from (10). 

By isolating the membranes from sperm or the zonae pellucidae 
from ova and visualizing the proteins present using protein electrophoresis 
and Western blotting techniques it is possible to identify which proteins in 
oviduct fluid are taken up by the gametes (Figs. 7, 8). For sperm, eight 
proteins of apparent Mr of 97, 75, 66, 55, 48, 34, 28 and 24 kDa 
were consistently detected (Fig. 7) while for ova 95, 80, 74, 60, 45 
and 30 kDa proteins were detected (Fig. 8). 

Table 1. Percentage fertilized bovine oocytes after incubation of both spermatozoa and 
oocytes in nonluteal oviductal fluid (ODF)* 

Both gametes in: 
Spermatozoa in Spermatozoa in 
ODF: isthmic heparin: oocytes 

oocytes in in medium 
Time Ampullar Isthmic Whole ampullar ODF 

(h) ODF ODF ODF 

14 62 ± lOa 64 ± 7 ab 47 ± 8c 76 ± 8 6 49 ± IOc 
16 66 ± 13" 72±8 ab 57 ± 7 c 75 ± 5 b 51 ± 9 c 

18 62 ± 6" 73 ± 7 ab 82± 9 b 85 ± lOb 78 ± 4 b 

*Results are expressed as means ± SEM of oocytes fertilized by spennatozoa when both gametes were 
preincubated in nonluteal arnpullary (AODF), isthmic (IODF) or whole (WODF) ODF before 
insemination. 96-104 oocytes per treatment. Modified from (10) . 
.. b,e Values with different superscripts within rows are significantly different (P<0.05). 
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Figure 7. Western blot of biotinylated Figure 8. Western blot of biotinylated 
proteins in bovine oviductal fluid proteins in bovine oviductal fluid that 
collected near ovulation that associated associated with the zona pellucida of the 
with the sperm membrane. Modified ovum. Modified from (13). 
from (12). 

Estrogen-Associated Glycoproteins 

Among the most prominent proteins in oviduct fluid at the time of 
ovulation are the estrogen-associated glycoproteins (EAG). These or related 
proteins have been found in all mammalian species studied to date. They are 
of particular interest because they have been shown to bind to the gametes 
and early embryo. Partial or complete cDNA sequences obtained for the 
proteins show that they are well conserved among species and that EAG has 
sequence similarity to chitinase, an enzyme that catalyzes chitin (14, 15). 
Chitin is a glycoprotein found in the exoskeleton of invertebrates. Although 
EAG does not have chitinase activity because it lacks certain key amino 
acids in its sequence, it has been suggested that the chitinase-like active site 
of EAG may retain sugar-binding properties that may be important for 
binding EAG to the gametes or embryo. 

EAG also exhibit several properties similar to the super-family of 
proteins called mucins (16, 17). Mucins are high molecular weight 
glycoproteins containing over 50% O-linked carbohydrate by weight. The 
functional significance of the similarity between EAGs and mucins is 
currently being explored, but possibilities are that they may coat the gametes 
and embryo or the epithelium creating a negatively charged protective 
barrier resistant to digestion by proteases or other adverse factors in the 
environment. 

Carbohydrate analyses of EAG have shown the presence of both N
linked and O-linked glycosylation sites, and for several species the presence 
of several isoforms of EAG with differing degrees of glycosylation. 
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Galactose, mannose, N-acetylglucosamine, N-acetylgalactosamine, N
acetylneuraminic acid and fucose are among other terminal sugars that have 
been detected (18, 19). The functional significance of the terminal sugars 
associated with EAG is yet to be demonstrated, but the importance of 
carbohydrates and glycosylation in creating molecular surfaces that play a 
key role in cell-cell recognition and signaling is well known. For example, it 
is known that mannose receptors on the human sperm surface have been 
linked with induction of the acrosome reaction and that carbohydrate
binding proteins on the sperm surface appear to be involved with binding 
sperm to terminal carbohydrates on the zona pellucida of the ovum (20). It is 
also apparent that glycoconjugates play an important role in binding sperm 
to the oviduct epithelium to form a sperm reservoir (21). 

Functional Studies with EAG 

While there is little doubt that oviductal secretions affect gamete 
function and embryo development, few studies have demonstrated that a 
specific protein in oviduct fluid influences these events. Because it has been 
shown that EAG binds to sperm (22, 23), ova (24, 25) and embryos (25, 26) 
in several species, EAG has received particular attention as a potential 
molecule in oviduct fluid that may influence gamete or embryo function. 
Several studies using preparations enriched in EAG have demonstrated a 
variety of effects on sperm and egg function and embryo development 
(Table 2). 

Bovine oocytes pretreated with EAG have improved fertilization 
rates (27, 28) even though they bind fewer sperm than controls (27). 
Similarly, porcine oocytes treated with EAG bind fewer sperm, but embryo 
production rates are improved (29). Further, evidence from sheep suggests 
that cleavage rates and developmental competence of oocytes (30, 31) are 
improved when fertilization occurs in the presence of EAG. 

Taken together, these results indicate that EAG is taken up by the 
ovum and may mediate a sperm selection process and/or a mechanism to 
reduce the incidence of polyspermy. Direct and indirect affects on the 
embryo are also apparent as rates of blastocyst development are improved in 
the presence ofEAG. 

Bovine EAG has been shown to maintain viability and motility of 
sperm in vitro (23). However, this effect is reduced when EAG is 
enzymatically deglycosylated (32). This suggests that the motility sustaining 
effect of EAG is dependent on the type or degree of glycosylation, and 
perhaps related to the negative charges of the sialic acid moieties (32). This 
finding is not surprising as there is considerable evidence documenting a 
significant role of carbohydrates in gamete function and fertilization (see 
reviews 33-35). 
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Table 2. Observations and functions affected when sperm, ova or embryos are treated with 
estrogen-associated glycoproteins. 

Sperm 

Binds to sperm surface (22, 
23) 

Maintains motility and 
viability (23) 

Stimulates capacitation (36) 

Increases fertilization rates 
(36) 

Improved development (36) 
of embryos derived from 

EAG treated sperm 

45 

40 
§ 

35 Q) 
Co 

'" 30 ." 

/ ~ 
'0 25 
'" a c. 
to 20 u 
C 

Ovum 

Binds to zona pellucida (24, 
25) and vitelline membrane 

Reduces rates of sperm 
binding (27, 29) 

Increases fertilization rates 
(27-29) 

Increases development po
tential (30, 31) 

Increases cleavage (30, 31) 

Increases blastocysts from 
ova treated with EAG (27-29) 

..-8. __ tr"'" 

Embryo 

Associates with zona 
pellucida and blastomeres 
(24- 26) 

Facilitates embryo develop
ment (30, 31) 

/ £).. ~Oviduct Fluid 
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Figure 9. Comparison of rates of bovine sperm capacitation in peri-ovulatory oviductal fluid, 
purified EAG or in medium containing EAG and antibody to EAG. Modified from (36). 
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60 

Figure J O. Comparison of rates of fertilization from bovine sperm incubated in peri
ovulatory oviductal fluid, purified EAG or in medium containing EAG and antibody to EAG. 
Modified from (36). 

Because bovine EAG is the most prevalent protein in oviduct fluid 
at estrus and ovulation, and it becomes associated with sperm it is reasonable 
to ask if EAG influences sperm capacitation and their ability to penetrate 
ova. It has been shown that physiological concentrations of EAG do have 
the ability since treated sperm were functionally capacitated within minutes 
of the initial treatment to a level not seen in oviduct fluid or standard in vitro 
fertilization conditions for sperm until 3-4 hr incubation. It was also shown 
experimentally that using an antibody to EAG to "inactivate" EAG in 
oviduct fluid inhibited the ability of oviduct fluid to stimulate capacitation 
and fertilization. These studies clearly indicate that EAG facilitates sperm 
capacitation and fertilizing ability and that its biological activity is similar to 
that seen for oviduct fluid. 

CONCLUSIONS 

The oviduct is a dynamic organ that is intimately involved with 
successful reproduction. Oviduct secretions modulate sperm and ovum 
functions to influence sperm capacitation, sperm-ovum binding, fertilization 
and early embryo development. EAG are a unique group of glycoproteins 
secreted by the oviduct that are able to influence sperm and ovum function 
and the success of fertilization and early embryo development. 
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INTRODUCTION 

The zona pellucida (ZP) is the unique extracellular matrix surrounding 
the mammalian oocyte. During the fertilization process, sperm must first 
bind to and penetrate the zona before it comes into contact with its plasma 
membrane and fuses with the oocyte. While the association of the sperm 
with the ZP is thought to be a species-specific event in some species, this 
specificity has been shown to be limited in other mammalian species. After 
binding, the sperm must penetrate the ZP matrix through limited proteolytic 
digestion by sperm enzymes. The ZP of some species has also been shown 
to be modified following fertilization resulting in a block to polyspermy, a 
process referred to as the "zona reaction". The zona reaction has been 
attributed to chemical modifications of the ZP presumably due to the release 
of components from cortical granules initiated by fertilization (1). The ZP 
matrix remains intact after fertilization in order to support the cleaving cells 
of the blastocyst. It has also been thought to aid in the movement of embryo 
in the oviduct, and to ensure proper embryonic development as well as to 
prevent embryo fusion in the oviduct. 

FORMATION OF ZP DURING FOLLICULOGENESIS 

The roles of ZP proteins in fertilization and implantation processes are 
well established. There is, however, increasing evidence that these unique 
glycoproteins are involved in ovarian follicular development. In mammals, the 
recruitment of oocytes from meiotic arrest signals the beginning of 
folliculogenesis. During early stage of folliculogenesis, the primordial follicle 
consists of an oocyte surrounded by a single layer of squamous granulosa cells 
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(GCs) which subsequently differentiate into cuboidal epithelial cells to form 
the primary follicle. 

In a highly complex and regulated process the oocyte grows and matures 
while the GC multiples and differentiates to become a mature preovulatory 
follicle or the follicle becomes atretic. At this stage of development, two 
morphologically distinct populations of granulosa cells can be visualized (2). 
There are two proposed origins of granulosa cells, the ovarian surface 
epithelium and the ovarian rete. Although neither cellular source has been 
unequivocally proven to give rise to GC, studies with neonatal rats suggests 
that both of these structures may give rise to the GC in ovarian follicle (2). 

It is during the early stages of follicular development that the ZP proteins 
are synthesized and secreted between the oocyte and GCs as the extracellular 
matrix is elaborated (3-5). The cell plasma membranes fuse with the oocyte 
plasma membrane to form tight junctional complexes and remain in contact as 
the ZP proteins are secreted around the GC cellular processes. It is this process 
that leaves a fenestrated matrix as the GC process retract from the oocyte just 
prior to ovulation (5). 

The oocyte also influences the growth and development of the surrounding 
GC by paracrine factors thus establishing a close association between the 
oocyte and GC during follicular development (4-6). The formation of the ZP 
matrix is developmentally regulated, since the synthesis and secretion of the 
different ZP proteins occurs at specific stages of oogenesis during follicular 
differentiation (3-4, 7-8). Additional studies have also been carried out to 
demonstrate that immunization with specific ZP proteins will alter normal 
ovarian follicular development (9). 

Morphological Properties of ZP 

The single most distinctive morphological feature of the ZP of different 
mammalian species is that of relative size. The thickness of the ZP matrices 
varies in size from 1-2 microns in the opossum, 5 microns in the mouse, 13 
microns in the human to 27 microns in the cow (3, 10). More recently, it has 
been demonstrated that the thickness of ZP of human eggs is a strong predictor 
of pregnancy outcome in IVF treatment (11). Early studies using light and 
electron microscopic methods demonstrated that ZP matrix is a relatively 
amorphous structure. Scanning electron microscopy has been used to show that 
the outer layer of the ZP appears to be fenestrated while the inner surface has a 
smoother and less distinct appearance (7, 10). However, the surface structure 
from different mammals exhibits heterogeneity. Depending on the stage of the 
oocyte, this structure may vary from a porous net-like structure to a smooth 
and compact surface (12). 

Histochemical methods have further been used to study the molecular 
heterogeneity of ZP matrices. Ruthenium red staining reveals two layers in 
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the mouse ZP while in the rat, a slight variation in the outer and inner layer 
is visualized and no staining is observed in the human (3, 13). 
Histochemical analyses using plant lectins and monoclonal antibody that 
discriminate the carbohydrate moieties of the ZP glycoproteins have also 
revealed distinct staining patterns among different species. These studies 
demonstrate that there is a uniform binding of some lectins throughout the 
ZP while other lectins localize within discrete domains of the matrix (3, 13). 
Using a monoclonal antibody (PSI) specific to lactosaminoglycan type 
carbohydrate moiety present on the ZP of most species, Dunbar et al (14) 
have demonstrated that the ZP matrix exhibits distinct concentric rings 
surrounding the oocyte while the untreated ZP appears to be smooth, 
amorphous structures as illustrated in Figure 1. The appearance of these 

A 

Figure 1. Morphological analysis of pig ZP using PSlmAb. A: Typical smooth and 
amorphous appearance of pig ZP as observed by modular contrast microscopy. B: Modular 
contrast microscopic analysis of Pig ZP treated for one hour at 25° C with PSlmAb at 1.0 
mg/mI. The binding of the PSlmAb to the ZP gives concentric "rings" or layers in the ZP. 0 
= Oocyte; Arrow Shows ZP. Figure modified from Dunbar et al (14). 

rings suggests that there is a specific structural organization of the PSI 
determinant within the ZP matrix. The number of rings appears to vary 
among individual ZP and among species. Regardless of the fixative used, 
this antibody did not detect the carbohydrate determinant in the oocyte or in 
the ZP of mice ovaries (Prasad and Dunbar unpublished observations). 
Collectively, these studies demonstrate that the molecules of the ZP are 
highly organized within the matrix. This organization is likely the reason 
for the unique angular trajectory of sperm through the ZP matrix as has been 
reported for different mammalian species (1). 
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Physicochemical Properties of ZP 

The ZP matrix is permeable to a variety of molecules, including IgG, IgM, 
and ferritin although these properties vary among species. It is believed that the 
ability of molecules to pass through the matrix does not depend on the 
molecular weight but rather on the configuration and/or charge properties of 
the molecules. Recently, Turner and Horobin (15) have used molecular probes 
of diverse molecular structure to demonstrate that most biologically active 
molecules and metabolites can pass through the ZP. Studies in mice have 
shown that viruses can penetrate the pores in the ZP and manifest its infection. 
This has serious implications in sexually transmitted diseases (STD) and 
infertility since SID-associated genital infections may cause permanent 
damage to the reproductive tract resulting in infertility. Viral sexually 
transmitted infections are also a major health problem associated with 
considerable morbidity. Genital herpes has been reported to be the second 
leading cause of SIDs in women (16). Recent evidence suggests that sexually 
transmitted diseases enhance the transmission of human immunodeficiency 
virus (HIV) type 1 and therefore prevention of one is dependent on the 
prevention of the other (17). 

A variety of parameters have been shown to influence the solubility of 
intact ZP as evaluated by light microscopic and biochemical analyses. The 
structural dissolution of ZP (microscopic evaluation) also varies among species 
with respect to their susceptibility to treatments such as acid, base, heat, or 
enzymes including proteolytic enzymes. The ZP of mice and rats are not only 
morphologically smaller but are more susceptible to chemical and enzymatic 
dissolution than ZP from other species such as pig, rabbit, human, or cow (7, 
10). 

Proteins of the ZP 

The ZP matrix of all mammalian species studied to date are comprised of 
three major glycoproteins which exhibit considerable heterogeneity both in 
charge and molecular weight primarily due to extensive post-translational 
modifications including glycosylation and sulfation. Because of the extreme 
variation in these modifications, the nomenclature for classifying ZP proteins 
of different mammalian species based on their electrophoretic mobility has 
been confusing and inconsistent (10). While the mouse ZP can easily be 
resolved into three proteins by non-reducing one-dimensional sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), the ZP glycoproteins 
of most other mammalian species cannot be resolved unless high resolution 
two-dimensional SDS-PAGE (2D-PAGE) is used (7) as shown in Figure 2. 
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Deglycosylation of these proteins results in the improved electrophoretic 
resolution of individual proteins into more discrete protein bands (Figure 3; 
(7,10)). 
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Figure 2. High resolution two-dimensional SDS-PAGE immunoblot analysis of pig ZP. 
Heat solubilized pig ZP was separated on 2-D SDS-PAGE (1D- charge and 2D- molecular 
weight) and the proteins were e1ectrophoretically transferred to PVDF membrane. The blot 
was probed with antibodies to pig ZP and the signal was detected with 1251 Protein A. The 
immunoblot shows the charge and molecular weight heterogeneity of the ZP proteins. Arrows 
indicate the migration of the three ZP proteins. Figure modified from Dunbar et al (14). 

Molecular Analysis of ZP Proteins 

With the isolation and sequencing of a number of ZP cDNA clones from 
different species, it has now been possible to classify these proteins into three 
major glycoprotein families, ZP1, ZP2, and ZP3 (mouse ZP nomenclature), 
based on their amino acid sequence similarities. The proteins of each of these 
three families range from 50-98% in similarity at the nucleic acid level (2, 7, 
19). The genes encoding the mouse and human ZP proteins are regulated by 
cis-acting sequences at the 5' end and several putative transcription factors 
(20, 21). Although the relative molecular weights from different species 
exhibit variation, within each family there is considerable conservation in 
the number of amino acid residues, in the number and position of cysteine 
residues, in the number of potential N-linked glycosylation sites and in the 
intronlexon organization (2, 19). 
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Figure 3. One-dimensional SDS-P AGE immunoblot analysis of pig and rabbit ZP proteins 
demonstrating heterogeneity of the ZP proteins. Native and deglycosylated pig and rabbit ZP 
were separated on a 7.5% SDS-P AGE and the proteins were electrophoretically transferred to 
PVDF membrane. The blot was probed with antibodies to pig ZP and signal was detected with 
1251 Protein A. Native pig ZP (PZ) and rabbit ZP (RZ) cannot be resolved into individual 
components unless they are deglycosylated (chemical deglycosylation) as shown in lanes DPZ 
and DRZ. MrWt=Molecular Weight Markers. 

Recently, it has been suggested that the cysteine residues in the ZP of 
unfertilized pig eggs are involved in the fonnation of disulfide linkages 
which together with specific proteolysis result in the hardening of the zona 
after fertilization (22). All three ZP protein families share common 
structural motifs. These include the presence of a ZP module that consists of 
260 amino acid sequence with 8 conserved cysteine residues, a N-tenninal 
hydrophobic signal sequence, a potential tetra basic furin processing site and 
a C-terminal hydrophobic trans-membrane domain 34-47 amino acid down 
stream of the furin cleavage site (19). The functions of the furin clevage site 
and trans-membrane domain have not yet been defined for all three proteins. 
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ZP1 Protein Family 

The cDNA encoding the ZP1 protein has been isolated and sequenced 
from a number of species including human (Table 1). The ZP1 proteins 
contain an additional domain called the trefoil domain that is not present in 
the other ZP protein families. This domain is believed to lend resistance to 
proteolysis, supporting the observation that the pig ZP 1 and ZP3 proteins 
are more resistant to proteolysis than the ZP2 protein (2, 19). Of all the 
species of ZP1 proteins sequenced, the mouse ZP1 appears to deviate from 
the consensus features. Mouse ZP1 is only 39% identical to the human ZP1 
at the amino acid level while the rabbit and pig ZP1 proteins are 70% 
identical to human ZPl. The mouse ZP1 gene is 623 amino acids in length 
(vs 540 in other species) and contains a stretch of sequence in the N
terminus region that is absent in the ZP1 of other species (2, 19). The 
"mature" mouse ZP1 protein in its native form has been reported to exist as 
a dimer of two identical subunits (18). 

Table 1: Characteristics of ZP 1 protein (Mouse nomenclature) of different species' 

zp # Amino acid Relative #N- # 
Species Nomenclature residues Mr(kDa) Glycosyla- Exons 

tion sites 
Mouse ZP1(Orthologue) 623 200 6 12 
Rabbit 5 5kDalZP l/ZPB 540 85-95 6 ND 
Pig ZP3u/ZPB 536 55 5 ND 
Bonnet ZPlIZPB 539 ND 5 ND 
Human ZP 1 (Homologue) 540 60-65 6 12 

IZPB 
Human ZPl (Orthologue) 638 ND 4 12 

a Modified from Prasad et al. (2). 

In addition, the trefoil domain in mouse ZP1 is present in a modified form 
(19). However, using DNA sequence analysis (BLAST search of the 
database of Expressed Tag Sequences), Hughes and Barratt (23) have shown 
that the true human orthologue of the mouse ZP 1 gene is not human ZPB, but 
there is a distinct human ZP 1 gene that is greater than 90% similar to the 
mouse ZPl genomic sequence (67% identical at the amino acid level). This 
suggests that the true homologue of human, rabbit and pig ZP1 (ZPB) gene 
exists in the mouse having similar function as the ZP1 (ZPB) genes in other 
species. In this review the mouse ZPl and human ZPl are referred to as the 
orthologues of the ZP 1 family while the ZPB proteins from other species 
including the human are referred to as hom010gues of the ZP1 protein family 
and all data on ZPl are in reference to the ZPB homologues. 
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ZP2 Protein Family 

Evaluation of the ZP2 proteins from different species (fable 2) shows that 
this protein is structurally conserved with 60 to 70 % identity at the amino acid 
level between the mouse, rabbit, pig and human, and 94% identity between the 
bonnet monkey and human (2, 19). ill the mouse, the consensus furin cleavage 
site (present upstream of the C-terminus transmembrane domain) has been 
implicated in the secretion of ZP2 (24). 

Table 2. Characteristics of ZP2 protein (Mouse Nomenclature) of different species' 

zp #Amino acid Relative #N-
Species Nomenclature residues Mr(kDa) Glycosylation # 

sites Exons 
Mouse ZP2 713 120 7 18 

Rabbit 75kDai ZP2 684 100-130 7 ND 
Pig ZPl IZP21 ZPA 716 70-100 7 18 

Bonnet ZP2 745 ND 7 ND 

Human ZP2/ZPA 745 70-100 6 19 

• Modified from Prasad et al. (2). 

ZP3 Protein Family 

Of the three ZP protein families, the ZP3 protein family shows a greater 
degree of structural conservation (Table 3). The deduced amino acid 
sequences of different mammalian ZP3 proteins are nearly identical in 
length and have a 22 amino acid signal sequence. The ZP3 proteins of the 
mouse, rabbit and pig are 70 % identical to the human while the marmoset 
and bonnet monkey ZP3 are greater than 90% identical to the human (2, 19). 
As with the other two ZP proteins, ZP3 has a consensus furin cleavage site 
near the C-terminus and the secretion of nascent mouse ZP3 has been shown 
to be dependent on the cleavage at the consensus furin cleavage site (24). 

It has been suggested that the human ZP3 gene is located in two 
separate loci and that the second polymorphic locus codes for a truncated 
protein of only 372 amino acids (25). However, Kipersztok et al. (26) have 
shown that the truncated gene product is likely due to a partial duplication of 
the human ZP3 gene (exons 5-8). 

Carbohydrate Composition of ZP Proteins 

The structural complexity of the mammalian ZP results from the 
interaction of protein and carbohydrate moieties in a highly organized matrix. 
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The carbohydrates are thought to greatly influence cell-cell interactions 
between the oocyte and GCs within the developing follicle as well as those 
occurring between the fully developed ZP and the fertilizing spermatozoon. 
Enzymatic and chemical deglycosylation experiments have established that ZP 
glycoproteins contain both N-linked and O-linked sugars (3, 10, 18). Precise 
oligosaccharide structures are not yet known but most of the information on the 
ZP oligo saccharides have come from studies carried out in the mouse and pig 
(27,28). 

Table 3: Characteristics ofZP3 protein (Mouse ZP nomenclature) of different species" 

zp #Amino acid Relative #N- # 
Species Nomenclature residues Mr(kDa) Glycosyla- Exons 

tion sites 
Mouse ZP3 424 83 6 8 
Rabbit 45kDa 419 68-120 5 ND 
Pig ZP3~1 ZPC4 421 78-120 4 ND 

Marmoset ZP3 424/424 ND 5/4 ND 
1 Bonnet 
Human ZP31 ZPC4 424 53-65 4 8 

a Modified from Prasad et al. (2). 

Mouse ZP Glycoproteins 

Carbohydrate analysis of the mouse ZP glycoproteins (in particular ZP2 
and ZP3 proteins) reveal both N-linked and O-linked glycan units. The 
presence of high-mannoselhybrid oligosaccharides on ZP2 and ZP3 but not 
ZPl has been reported (27). The N-linked sugar chain of ZP3 and ZP2 have 
been shown to be similar with more than 95% being acidic of which 80% 
contain sialic acid residues. Tri- and tetra-antennary complex type chains with 
a fucosyl residue are predominant in the core region with sialic acid residues 
linked to the core fragments as well as the non-reducing region that contain 
different numbers ofN-acetyllactosamine residues and other sugar chains (28, 
29). Presence of poly-N-acetyllactosaminyl glycans on N-linked sugar chains 
of mouse ZP2 and ZP3 has also been reported with terminal, nonreducing a
galactosyl residues present only in ZP3 (27, 29, 30). Analysis of O-glycans 
indicate that majority are core 2-type containing 13 1-6-linked branches that 
terminate with the same sequences as N-glycans (29). The presence of an 0-
linked trisaccharide has also been reported on mouse ZP2 and ZP3 (27). 
Further analysis of the sugar residues has involved histochemical analysis 
using carbohydrate binding specificities of various lectins to decipher the 
oligosaccharide structure and terminal sugar residues such as a-galactose, 13-
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galactose, N-acetylglucosamine (28). Lectin bnding studies have also revealed 
differential glycosylation between the inner and outer layers of ZP and in the 
ZP of fertilized mouse eggs (31). Such differences in lectin binding patterns 
have been implicated in ZP defects in human infertility (32). 

Pig ZP Glycoproteins 

More detailed studies on the composition of the carbohydrate molecules in 
the pig have been possible, due to the development of methods for the large 
scale isolation of ZP from porcine ovaries obtained from slaughterhouse 
sources. The porcine ZP consists of 71% protein, 19% neutral hexose, 2.7% 
sialic acid and 1.3% sulfate (10). Structural analysis of porcine ZP indicates 
that the N-linked oligasaccharides contain neutral (28%) and acidic (72%) 
sugar chains. The neutral chains are composed of bi-, tri- and tetra-antennary 
complex type sugar chains with fucosylated trimannosyl core. In addition, they 
include linear repeating units of N-acetyllactosamine with N
acetylglucosamine at the nonreducing termini (28). Removal of 
polylactosaminoglycans by endo-~-galactosidase digestion has been shown to 
separate the ZPl and ZP3 proteins (Yurewicz et aI., 1987). Analysis of acidic 
chains has revealed the presence of mono- to -tetraantennary complex type 
with and without N-acetyllactosamine repeating units and various sulfated and 
non-sulfated forms of fucosylated structures. Partially sulfated and sialylated 
N-acetyllactosamines linked to the nonreducing ends of bi-, tri- and tetra
antennary complex type neutral chains forming heterogeneous acidic chains 
has been reported (28). Tryptic digests of the ZP1 and ZP3 proteins containing 
N-glycosylation sites has revealed the presence of triantennary and 
tetraantennary neutral chains on Asn271 of ZP3 and Asn220 of ZP1 while 
biantennary chains were present on Asn124, Asn146 and Asn271 of ZP3 and 
Asn 203, Asn220 and Asn 333 of ZP1 proteins (28, 33). Studies on the 
structure of neutral oligosaccharides associated with porcine ZP O-linked sugar 
chains have revealed the presence of mostly type-I-core and to a lesser extent 
type-3-core with oligosaccharides containing terminal a-galactose and ~
galactosamine at the nonreducing termini as minor components. The acidic 
component of the O-linked sugar chains includes sialylation and sulfation with 
variable structures (28). Analysis of the endo-~-galactosidase digests ofN- and 
0- glycans reveal that both contain similar poly-N-acetyllactosamine chains. 
However, multiple branching of the core structures is seen in N-linked 
oligosaccharides resulting in even larger heterogeneity than observed for 0-
linked sugar chains. The composition of carbohydrates and the structure of N
linked sugar chains of the bovine ZP are similar to that seen in the pig (28). 
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Developmental Expression and Stage-Specific Synthesis of ZP 
Proteins 

Recent evidence supporting the roles of ZP proteins in early stages of GC 
differentiation have brought about an increased interest in determining the site 
of biosynthesis of ZP proteins. To date, however, there has been considerable 
controversy regarding the site of biosynthesis of ZP proteins (2, 34, 35). In 
mice, ZP proteins have been reported to be coordinately expressed only in the 
oocytes (4,6, 18). However, it has now been shown that all three ZP proteins 
can be localized in selected populations of GCs of mice (2, 35). The 
expression of ZP in the oocyte appears to be in the primordial and early 
primary follicular stage of ovarian development, while in the mature preantral 
or antral follicles, ZP localization is evident only in the GCs (35). There are 
also an increasing number of reports demonstrating both ZP mRNA and ZP 
proteins are expressed in the GCs of developing follicles of other mammalian 
species as summarized in Table 4. The expression of ZP proteins has been 
demonstrated in primary cultures of GCs and has further been shown to be 
dependent on the developmental stage of the follicle. U sing in situ 
hybridization, localization of ZPl and ZP3 mRNA has been demonstrated in 
the oocyte and GC of porcine, bovine and rabbit ovaries in a stage dependent 
manner. These studies demonstrate that the ZP proteins are transiently 
expressed in GC during follicular development. The detection of ZP protein 
appears to be restricted to distinct populations of GC. Previous studies have 
demonstrated the presence of two morphologically distinct populations of GC 
expressing ZP proteins (2, 3, 34). Of significance is that the avian homologue 
of ZP3 has also been found to be synthesized and secreted by the GCs (36). 
These studies, therefore, demonstrate that all three ZP proteins are expressed in 
the oocytes and in GC in a stage-specific manner during follicular 
development. 

Functions of ZP Proteins 

Many of the investigations to evaluate the function of ZP proteins have 
focused on the spermatozoa receptor function of the ZP molecules 
(Summarized in Table 5; (2, 19,37)). Most of the data on the function of the 
individual ZP proteins have come from studies carried out in the mouse. 
However, data from other mammalian species reveal that the mouse model 
may not be valid for many mammalian species, including the human. In 
mouse and hamster, ZP3 has been shown to be the primary spermatozoa 
receptor with acrosome reaction inducing activity (18). In the pig, the ZP1 
protein appears to be involved in the interaction with the sperm. 
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However, it has been reported that a single pig ZP protein may not function 
alone as the sperm receptor. It has been shown that pig ZPl and ZP3 form 
hetero-complexes that bind with high affinity to boar sperm (38). In line 
with these observations, Yamasaki et al (39) have demonstrated that both 
rabbit ZPl and ZP3 proteins bind to recombinant rabbit spermatozoa antigen 
Sp17 in vitro. Furthermore, rabbit ZPl protein expressed using the 
baculovirus expression system binds to rabbit spermatozoa in a dose
dependent manner over the acrosomal region (2,35,37). 

Table 4. Summary of studies demonstrating expression of ZP proteins / mRNA in the granulosa 
celIs (GCs) ofmammaIian ovaries". 

Probe Detection method Localization 
(Fixation) 

Anti-human ZP3 Immunohistochemistry Primordial folIicles and some GCs of 
(Bouin's) growing folIicles of rabbit, marmoset, 

rhesus monkey and human ovaries 

Anti-Pig Immunohistochemistry Oocyte and GCs of growing folIicles 
ZPl(ZPB) and ZP3 (Bouin's) of pig and bovine ovaries 

Anti-Pig ZP Immunohistochemistry GCs of secondary follicles of mouse, 
(Bouin's) rat, rabbit, pig, baboon and human 

ovaries 
Bovine ZP3 cDNA In situ (Frozen; Oocyte and GCs of secondary 

Paraformaldehyde) follicles of pig and bovine ovaries 

Anti-Rabbit Immunohistochemistry GCs of growing follicles of rabbit 
ZPl(ZPB) and ZP3 (Bouin's) ovaries 

Rabbit ZPl(ZPB) In situ 
cDNA (Paraformaldehyde) GCs of primary and early secondary 

follicles but not mature antral 
follicles 

Anti-Rabbit Western Blot Analysis 
ZP and ZPl(ZPB) GCs in culture from primary and 

early secondary follicles of 6 week 
Rabbit ZPl(ZPB) Northern blot old rabbit ovaries. 
cDNA 

Anti-recombinant Immunohistochemistry Developing follicles of mouse, rat 
human ZPl(ZPB), (Bouin's; formalin) and pig with Bouin's fixative but not 
ZP3 in formalin fixed ovaries. 

a See references in (2, 35). 

It is interesting to note that mouse ZPl has been implicated in structural 
maintenance of the ZP matrix (18). While the true human orthologue of mouse 
ZPl has been identified (23) that is 76% similar to the mouse ZPl at the 
nucleic acid level, the true homologue of human ZPlIZPB has not been 
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that the homologue of human ZPlIZPB should be present in the mouse and 
would likely be involved in sperm receptor function similar to that seen in the 
pig and rabbit. 

Studies to determine the functional role of the ZP proteins in the human 
have been hampered by the limited availability of the native ZP. However, 
solubilized human ZP has been shown to bind and induce the acrosome 
reaction (40). Therefore, the focus has been to generate sufficient quantities of 
recombinant ZP proteins that can be used to determine the functional role of 
individual ZP proteins. Both glycosylated and non-glycosylated recombinant 
human ZP3 protein has been shown to induce the acrosome reaction in vitro (2, 
37). The importance of protein backbone in binding to sperm has been 
demonstrated in human using a 10 amino acid ZP3 peptide that is able to 
induce acrosome reaction (41). Tsubamoto et al. (42) have demonstrated the 
binding of recombinant human ZP2 only to acrosome reacted sperm suggesting 
that the ZP2 has secondary sperm binding function in the human similar to that 
seen in the mouse and pig. The primary sperm binding function of human ZPl 
has not yet been conclusively elucidated. However, binding of recombinant 
bonnet monkey ZPl protein to the principal segment of the acrosomal cap of 
capacitated bonnet monkey sperm has been demonstrated (43). Similarly, in an 
earlier study VandeVoort et al. (44) had shown inhibition of Cynomolgus 
monkey sperm from binding to eggs using antibodies generated against 
recombinant rabbit ZPl. Collectively, these studies suggest that like the pig 
and rabbit, human ZPl and ZP3 are involved in sperm-ZP interaction. 

Role of Carbohydrates in Sperm -ZP Interaction 

It is becoming increasingly apparent that the molecular mechanism of 
sperm-ZP interaction varies among mammalian species. The initial 
attachment or adhesion of sperm to ZP is thought to involve carbohydrate 
moieties that may be involved in some aspects of species-specificity in 
sperm-ZP interaction. The subsequent tight binding of sperm to ZP, 
however, appears to be the result of interactions of carbohydrate
carbohydrate, carbohydrate-protein and protein-protein (37, 40, 45). This 
cascade of molecular interactions results in acrosomal exocytosis and the 
acrosome reaction. Therefore, the focus of many of the investigations has 
been to elucidate the glycoprotein molecules involved in sperm-ZP interaction. 

Mice: In mice, the ZP ligand primarily responsible for ZP-sperm 
interaction has been shown to be a class of O-linked oligosaccharides that are 
covalently linked to ZP3 (18). However, there is controversy regarding the 
type of terminal sugar residues involved in the interaction. Terminal 0.

Galactose of Gala. 1-+ 3Gal structure present on mouse ZP3 has been shown 
to be involved in spermatozoa binding (46). However, humans and 
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Table 5. Functional role of ZP proteins". 

ZP Species Function Sperm Receptor 
Family Activity 

Native Recom-
ZP bin ant 

Mouse (orthologue) Cross links ZP2 and ZP3 - -
Rabbit Sperm receptor + + 
Pig Sperm receptor + ND 
Bonnet Sperm binding ND + 

ZPl Human (homologue) ND ND ND 
Human (orthologue) ND ND ND 
Mouse Secondary sperm receptor - -
Rabbit ND ND ND 
Pig Secondary sperm receptor - -

ZP2 Bonnet ND ND ND 
Human Secondary sperm receptor ND + 
Mouse Primary sperm receptor + + 

and AR activitv 
Rabbit Sperm binding + ND 

ZP3 Pig Sperm binding + ND 
Bonnet Sperm binding ND + 
Human Sperm binding and AR ND + 

activity 

"Modified from (2). See refemces in (2, 35); AR= Acrosome reaction. 

monkeys lack this type of oligosaccharide moiety. In addition, mouse, in 
which the gene encoding this oligosaccharide moiety has been disrupted, 
develop normally and are fertile (2, 19) .. In addition, it has been shown that 
the O-linked oligo saccharides of mZP3 do not contain terminal a-galactose 
residues but contain trisaccharide structures with N-acetylglucosaminyl residue 
at the non-reducing terminus (27). More recently, Aviles et al. (31) have 
reported the localization of a-galactose residues to the inner portions of the 
zona matrix suggesting a role for these residues in sperm penetration. N
acetylglucosamine residues in l3-linkage of O-linked oligosaccharides have 
also been implicated in binding to galactosyl-transferase present on mouse 
sperm. However, sperm from mice made null for galactosyl transferase by 
homologous recombination do not bind to solubilized ZP3 but still bind to the 
zona and achieve low rates of fertilization in vitro (47). Using 
neoglycoproteins, Loeser and Tulsiani (48) have demonstrated that 
glucosamine-BSA, mannose-BSA, and galactosamine-BSA induce acrosome 
reaction in mouse sperm while glucose and galactose-BSA had no effect 
suggesting that sugar residues need to be conjugated to the protein backbone 
for functional activity. These studies suggest that multiple sugar residues may 
be involved in sperm recognition. 
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Pig: In pigs, partially deglycosylated ZPl was found to be a more 
effective ligand for spermatozoa than the native protein, suggesting that the 
terminal oligo saccharides may not be essential for spermatozoa binding. In 
addition, it has been demonstrated that in the pig the protein backbone is 
essential for the interaction of the sugar residues with the sperm and that it is 
the N-linked carbohydrates and not the O-linked carbohydrates that are 
involved in sperm-ZP interaction. Furthermore, tri-or tetra-antennary, neutral, 
complex-type N-linked carbohydrate chain(s) localized in the N-terminal 
region (Asn220) of pig ZPI has been shown to be involved in sperm binding 
(33). 

Human: In human, fucoidan, a polysaccharide, has been shown to inhibit 
the initial binding of sperm to ZP and it is thought that a "selectin-like" 
interaction may be involved in mediating gamete interactions (40). Both 
mnnose and glactose are also implicated in the interaction with sperm and has 
been shown to be calcium dependent (27, 37, 45). In addition, it has been 
shown that the removal of sialic acid residues from human ZP protein by mild 
chemical treatment decreases human sperm binding to ZP by 30% while 
exhaustive treatment with neuraminidase increased binding by three fold (40). 
This suggests that not all sialic acid residues may be involved in sperm binding 
and that excessive removal of sialic acid residues exposes other sperm binding 
sites on the ZP. 

Collectively, these studies suggest that multiple ligands on the ZP interact 
with multiple sperm proteins that are necessary for the optimal regulation of 
the sequence of events leading to the successful completion of fertilization. 

Structural Organization of the ZP Matrix 

Despite the relative abundance of recent information concerning the 
primary structure of ZP proteins, the specific functions of individual 
proteins and the way in which they become organized in a three dimensional 
paracrystalline array is still a subject of intense research. At present, the 
most developed structure/function model of the ZP is that of the mouse. 
Mouse ZP has been shown to be composed of ZP2/ZP3 heterodimers 
located every 140 A as seen in electron micrographs and organized in 
filaments that are crosslinked by ZPl (18). Although support for this 
structure has come from studies using ZP gene knockout and antisense 
experiments, this structural model has not yet been proved. Furthermore, 
from the sequence data it has been reported that the mole ratios of ZP2:ZP3 
is close to 1: 1 while ZP 1 is only 9% of the mole amounts of ZP2 and ZP3 
which is far less than the number ofZPl cross-linking sites (49). 

Gene knockout studies have demonstrated that interference with ZP 
proteins will result in abnormal ovarian follicular development. In the 
complete absence of ZP matrix, as seen in ZP3 deficient mice, development 
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of ovarian follicles is retarded and females are infertile. In these mice 
oocytes lacking ZP develop during folliculogenesis but do not form proper 
cumulus-oocyte complex and granulosa cells are randomly located in the 
cumulus (6). These studies suggest that ZP formation is necessary for proper 
follicular development. In contrast, although ZP matrix is formed in ZPl 
deficient mice, structural abnormality of the ZP was evident in growing 
follicles with ectopic clusters of granulosa cells present in the perivitelline 
space between the ZP matrix and oolerpma resulting in abnormal 
folliculogenesis. The ZPl null mice were fertile but with significantly 
reduced number of litters suggesting that ZPl is necessary for the structural 
integrity of the ZP matrix to prevent early embryonic loss (6). In ZP2 null 
mice, an abnormal zona matrix is formed which does not affect the early 
stages of folliculogenesis but has decreased number of antral follicles 
resulting in infertility (50). It has been further demonstrated that 
abnormalities in human ZP3 structure can be detected with an antiserum 
specific to human ZP3 peptide and the results correlate with fertilization 
failure during IVF treatment (40, 41). Therefore, the structure / function 
relationship of ZP proteins in GC differentiation and follicular development 
needs to be further evaluated. 

Immunogenicity and Antigenicity of ZP Proteins 

Many studies have demonstrated that the immunogenicity and 
antigenicity of ZP glycoproteins as well as the physiological effect on 
ovarian development is extremely complex (7, 9). Antibodies can be 
identified which recognize amino acid and carbohydrate epitopes as well as 
conformational or structural epitopes of the ZP. The immune response 
depends not only on the source of ZP immunogen but also on the species 
that is immunized. It appears that the immunogenicity of ZP glycoproteins is 
primarily due to foreign epitopes associated with the ZP of different species, 
since alloimmunization with ZP protein of the same species does not elicit a 
significant immune response as determined by the presence of circulating 
antibodies to 'self ZP (9,51). 

Carbohydrates appear to influence the immunogenicity of ZP protein. 
Deglycosylated native or recombinant ZP proteins have been shown to be 
less immunogenic than glycosylated ZP proteins (2, 7). Bacterially 
expressed recombinant proteins (non-glycosylated) and ZP3 peptide based 
immunogens when conjugated to carrier protein have been shown to elicit 
immune response (44, 52, 53). 



219 

Contraceptive Potential of ZP Immunogens 

Interest in the immunology of the ZP stems from the potential 
contraceptive use of antibodies to zona antigens. Immunization with zona 
pellucida antigens has distinct advantage over other proposed 
immunological contraceptive methods for the following reasons: (1) It is not 
abortive but inhibits fertilization. (2) The ZP is directly exposed to 
antibodies in the follicular fluid of the antral follicle for long periods of 
time, so only low titres of antibodies are needed to block fertilization. (3) 
The zona antigens studied to date are tissue specific. (4) The zona of a 
variety of animal species are immunologically cross-reactive. It has been 
suggested that binding of the ZP antibodies to the newly elaborated ZP 
antigens as they are first being secreted in follicles which emerge from 
meiotic arrest results in the disruption of the junctional complexes between 
the oocyte and the differentiating granulosa cells leading to oocyte 
degeneration. Such progressive depletion of oocytes and interference with 
granulosa cell and theca development result in ovarian damage and 
infertility (7, 9, 51) 

Native ZP as Immunogen 

Many of the studies on immunocontraception have used native solubilized 
pig ZP as immunogen because of the relative ease in obtaining pig ZP and 
because of its high degree of sequence homology with ZP proteins of other 
species. These studies have demonstrated that immunization with pig ZP 
proteins elicits an immune response that is associated with ovarian 
dysgenesis (7, 9). While this response is desirable for the development of 
sterilization vaccines for some animals it is not acceptable for the 
development of a human contraceptive vaccine. It is, therefore, necessary to 
identify those ZP antigen(s) that elicit antibodies and inhibit fertility without 
affecting ovarian follicular development. One strategy has been to define 
such antibodies that bind to the spermatozoa 'receptor' proteins of the ZP of 
different species and inhibit the fertilization process. 

A number of investigations involving native ZP peptides and recombinant 
ZP sperm receptor molecules from various species have been carried out to 
determine if these proteins / peptides would elicit antibodies that inhibit 
fertilization without affecting ovarian follicular development (2,9,51). 

ZP3 as Immunogen 

Although ZP3 has been shown to be involved in sperm binding, 
immunization of monkeys and rabbits with pig ZP3 results in ovarian 
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dysgenesis (7, 51). Similar observation has been made when marmosets were 
immunized with recombinant human ZP3 (homologue of mouse ZP3). 
Significant immune response and infertility was observed that was associated 
with ovarian pathology (51). In contrast, when mice were immunized with ZP3 
expressed using attenuated Salmonella typhimurium or ectromella virus, 
significant antibody titer was obtained and the females were infertile with no 
evidence of ovarian oophoritis (54, 55). Mouse ZP3 peptide has also been 
used as immunogen with varied results. An earlier study using mouse ZP3 
peptide showed significant immune response in mice that resulted in 
infertility without altering ovarian function (4). However, this peptide is not 
detected immunologically in other species and caused autoimmune 
oophoritis in certain inbred strains of mice due to cytotoxic T-cell epitopes 
(52). To circumvent this problem, a chimeric peptide has been designed that 
contains a promiscuous foreign T-cell peptide capable of eliciting aT-cell 
response regardless of the MHC haplotype of the inbred mice, and a 
modified native B-ce1l peptide of ZP3 that induces antibody to native ZP3. 
This results in reduction in fertility that is reversible (56). In primate, 
however, targeting a single or triple ZP3 peptide as an immunogen has not 
been able to induce a contraceptive effect and no adverse effect on ovarian 
function was detected (51). In line with these studies, antibodies to various 
pig ZP3 peptides have been generated that do not individually inhibit boar 
sperm from binding to pig oocyte but combinations of antisera significantly 
inhibit sperm-oocyte interaction. In contrast, antisera against bonnet monkey 
ZP3 peptide inhibited human sperm-oocyte interaction (53). Using 
transgenic mice in which mouse ZP3 is replaced with human ZP3, it has 
been demonstrated that administration of antibodies to human ZP3 to these 
mice results in long-term reversible contraception without affecting ovarian 
histology (6). 

ZP2 as Immunogen 

Immunization of monkeys with recombinant rabbit ZP2 protein resulted in 
ovarian dysgenesis (44) while immunization of mice with a ZP2 peptide 
containing aT-cell epitope resulted in reduced fertility without ovarian 
oophoritis (57). 

ZP1 as Immunogen 

Immunization of Cynomolgus monkey with recombinant rabbit ZP1 
expressed in bacteria and conjugated to Protein A resulted in antibodies that 
inhibited sperm binding to eggs in vitro without affecting ovarian follicular 
development (44). Similar observations have been made when female baboons 
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were immunized with recombinant bonnet monkey ZPl expressed in E.coli 
and conjugated to diphtheria toxoid. The antisera inhibited human sperm
oocyte interaction in vitro and the immunized animals showed no changes in 
cyclicity but failed to conceive (58). In contrast, alloimmunization of rabbits 
with recombinant rabbit ZPl expressed in the vaccinia virus system or by 
recombinant myxoma virus resulted in infertility that was associated with 
follicular degeneration (59). 

These studies clearly show the effectiveness of using ZP antigens as 
immunocontraceptive agents. They also indicate the necessity for elucidating 
the ZP domains/epitopes involved in sperm binding in order to target these 
sites for immunocontraceptive effect. Further immunization studies can then be 
carried out to identify those epitopes / domains that would elicit an immune 
response without affecting normal ovarian follicular development. This will aid 
in the development of a safe and effective contraceptive agent for use in the 
human. 

CONCLUSIONS 

The studies discussed in this overview demonstrate how much 
information has been collected concerning the structure and function of the 
ZP proteins in the fertilization process. Despite this extensive information 
and observations that ZP proteins are expressed in a stage- specific time 
frame during ovarian folliculogenesis, we, however, have little information 
concerning the roles of the ZP proteins with respect to ovarian follicular 
development and granulosa cell differentiation. Early studies by Dunbar 
and colleagues (2, 7, 10) demonstrated that extracellular matrix components, 
including collagen, fibronectin and ZP proteins will dramatically affect the 
expression of proteins by the granulosa cells cultured from primary ovarian 
follicles in vitro. These studies suggest that the ZP may serve as a unique 
extracellular matrix and effect the differentiation of granulosa cells in early 
ovarian follicular development. The interference with normal ovarian 
follicular development by antibodies to ZP proteins supports these 
observations (7, 9). 

Finally, no studies have been carried out to evaluate the molecular 
dynamics of the ZP matrix during growth of the oocyte. While the ZP 
matrix is first elaborated during the early stages of ovarian follicular 
development when the oocyte mass is small, this matrix must either expand 
or be remodeled through enzymatic processing during the "maturation" of 
the ZP matrix. These questions need to be addressed in order for us to fully 
understand the importance of the ZP proteins in normal ovarian function and 
ovarian pathologies as well as to develop improved contraceptive methods 
that target expression of ZP proteins. 
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INTRODUCTION 

Millions of spermatozoa are inseminated into the mammalian female 
genital tract in order to fertilize only one or a few oocytes. The movement 
of spermatozoa through the female genital tract is actually regulated by the 
female so that a few reach the oocyte in the oviduct (fallopian tube) and only 
one of them succeeds in fertilizing it. This is accomplished by placing filters 
and traps in the path of the spermatozoa and by switching the way in which 
the tails of the spermatozoa beat. In. this chapter, the way in which 
movement of spermatozoa into and through each female reproductive organ 
is regulated will be discussed. 

The challenge to learning how spermatozoa reach the egg is that there 
are so many spermatozoa, yet only a few make it to the site of fertilization. 
How, then, can we determine which spermatozoa will be successful? How 
can we catch those few spermatozoa at the oocyte and determine how they 
made it there? 

THE PATHWAY OF TRANSPORT OF SPERMATOZOA 

Site of Insemination 

Spermatozoa are deposited in the vagina at the entrance to the cervix in 
humans and other primates, as well as in cattle and other ruminants. Some 
rapidly enter the cervix. In. humans, only about 1I1000th of the 
approximately 300 million spermatozoa deposited in the vagina manage to 
enter the cervix (1). In. cattle, a few billion spermatozoa are normally 
deposited by the male and only about 3% enter the cervix (2). One reason 
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for rapid entry into the cervix is that the vagina presents a hostile 
environment to spermatozoa, one that is highly acidic and loaded with 
immunological defenses against any microbial invaders. Being foreign to 
the female's immune system, spermatozoa can be treated as infectious 
organisms and attacked. In fact, insemination is known to trigger an 
invasion of leukocytes into the vagina, which then proceed to ingest 
spermatozoa (3). Seminal plasma offers some protection, providing buffers 
to the acid and inhibitors of immunological responses; however, most 
spermatozoa leave the vagina and enter the cervix within minutes of 
deposition (1). 

In mice and hamsters, semen is deposited in the vagina but is 
transported rapidly, along with seminal fluid, into the uterine cavity. In this 
case, the cervix does not present much of a barrier (4). 

In pigs and horses, the semen is deposited directly into the uterus, 
bypassing the cervix altogether. This places a large volume of seminal 
plasma into the uterus, about 70 ml in the horse and 250 ml in the pig (5). In 
contrast, the volume of semen placed in the vagina at the entrance to the 
cervix in women and cows is only about 4 ml (1,5). 

The Cervical Portal 

When semen is deposited in the vagina, the cervix can act as a filter to 
remove some abnormal spermatozoa as well as potentially infectious 
microbes. Human and bovine cervices produce copious amounts of watery 
mucus during the fertile phase of the reproductive cycle (the late follicular 
phase of the human menstrual cycle and the estrous phase of the bovine 
estrous cycle) that is readily penetrated by normally-shaped, vigorously
motile spermatozoa. Estrogens, which are present at high levels during the 
fertile phase, are responsible for inducing the production of thin, watery 
mucus. At other stages of the cycle, when progesterone is the predominant 
influence, the mucus is less watery and is nearly impenetrable to 
spermatozoa (1). Essentially, the mucus produced during the nonreceptive 
phase glues the cervical portal shut, preventing entrance of microbes. 

There are grooves in the walls of the bovine cervix that are thought to 
provide direct passage through to the uterus while sheltering spermatozoa 
from the outward flow of mucus and uterine debris in the center of the 
cervical canal (6). Such passageways have not been identified in the human 
cervix, but it is possible that they exist. In women, there are about 100 crypts 
invaginating into the wall that appear to trap spermatozoa. The crypts could 
serve as storage sites. Living spermatozoa have been recovered from the 
cervix several days after insemination and therefore it has been assumed that 
the cervix serves to store spermatozoa (1). Nevertheless, it has never been 
demonstrated that spermatozoa which linger in the cervix eventually make 
their way up to the site of fertilization. Furthermore, it is not even known if 
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the spermatozoa recovered from the cervix several days after insemination 
had actually remained there the entire time or had re-entered the cervix with 
the outflow from the uterus. 

uterine horn 

sperm in fnld 

Figure 1. Photograph of a bovine female reproductive tract, showing the reservoir of 
spennatozoa in the isthmus of the oviduct. The circular inserts show scanning electron 
micrographs of the wall of the isthmus at the site of the reservoir. Magnification of the small 
insert is 35 times and the large insert is 1000. Spermatozoa are clearly visible in the larger 
insert, along with cilia on the surface of oviductal cells, to which they attach. Utj, uterotubal 
junction 

Transport of Spermatozoa Through the Uterus 

The uteri of most mammals, except primates, bifurcate into two long 
tubes called uterine horns (Figure 1). The horns, like other tubular organs, 
have been observed to undergo coordinated contractions, similar to 
peristalsis in the gut. Peristaltic activity has been observed during estrus in 
cows and ewes (7). Even the short, pear-shaped uteri of humans show 
cranially-directed contractions during the late follicular phase (8). The 
contractions could serve two purposes: to draw spermatozoa out of the 
cervix and to propel them towards the oviducts. 
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Spermatozoa that do not pass on to the oviduct may be flushed out of 
the uterus through the cervix or phagocytized by leukocytes that enter the 
uterine cavity after coitus (9). 

The Uterotubal Portal 

In many mammals, the uterotubal junction between the oviduct and the 
uterus forms a physiological gate to filter out abnormal spermatozoa. The 
gate may shut entirely to all spermatozoa at certain times. In the cow, the 
wall of the uterotubal junction contains a vascular bed that resembles erectile 
tissue and is thought to enable the closing of the junction (10). There is also 
a thick layer of smooth muscle around the junction in most species. The 
female reproductive tract of mice is so small that one can see through the 
wall with a high-powered compound microscope and it can be seen that the 
portion of the junction that passes through the uterine wall is completely 
closed at times (11). 

Even when the uterotubal junction is open, the opening is narrow, only 
about the width of a sperm head in cows. In cows, pigs, rabbits and humans, 
a mucus has been found within the uterotubal junction and initial segment of 
the oviduct (12,13). Thus, the junction can act as a filter that allows only 
gradual passage of vigorous, progressively motile spermatozoa. 

Rapid Transport of Spermatozoa 

In several species, spermatozoa have been recovered from the ampulla 
of the oviduct, near the ovary, only minutes after coitus. When Overstreet 
and Cooper (14) examined this phenomenon of rapid spermatozoal transport 
more closely in the rabbit, they found that most of the spermatozoa in the 
ampulla were immotile and damaged. Furthermore, these early arriving 
spermatozoa were cleared out of the oviduct before the oocytes arrived. 
They proposed that the waves of contraction stimulated by insemination 
could incidentally transport some spermatozoa all of the way to the site of 
fertilization, damaging them by the shearing force of the rapid movement. 
The function of this rapid transport of spermatozoa is not known, but it has 
been speculated that the negative pressure created by the waves of 
contraction aids in pulling spermatozoa into the cervix right after 
ejaculation, overshooting the target for some spermatozoa. Alternatively, the 
spermatozoa introduced rapidly into the upper reaches of the reproductive 
tract, even if they are killed, could serve to somehow signal the tract to 
prepare for fertilization. 
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The Oviductal Reservoir of Spermatozoa 

As spermatozoa enter the oviduct, they encounter a narrow, labyrinthine 
lumen that is only about the width of a sperm head and is filled with mucus 
(13). The inner surface of the wall is arranged in branching folds, creating 
channels that in some instances end blindly (15). The mucus and the narrow 
intricate passageway undoubtedly slow down the progress of spermatozoa 
and increase their contact with the epithelial cells that line the wall. 
Evidently, when spermatozoa contact the epithelium, they often stick to it. 
In vitro, motile spermatozoa have been observed to bind to oviductal 
epithelium in cattle (16), humans (17), mice (11), hamsters (18), pigs (19), 
and horses (20). Spermatozoa bind via the plasma membrane overlying the 
acrosome in the head. Most often the binding is to cilia on the epithelial 
surface (16,19), but spermatozoa may also bind to microvilli of nonciliated 
cells (21,22). As more and more spermatozoa enter the oviduct and become 
stuck, a reservoir is formed (Figure 1). 

Binding of spermatozoa to oviductal epithelium is a specific interaction, 
mediated by carbohydrates. The first evidence for this came from the 
hamster, in which the glycoprotein fetuin was found to inhibit binding when 
it was mixed with spermatozoa infused into oviducts. The component of 
fetuin that accounted for this effect was found to be the sugar sialic acid, 
which appears in terminal (external) positions on the oligo saccharides 
attached to its protein core. Gold-labeled fetuin was observed to bind to 
hamster spermatozoa over the acrosomal region of the head and to certain 
proteins extracted from spermatozoa (23). 

ill the horse, asialofetuin blocked binding of spermatozoa to explant 
cultures of oviductal epithelium more effectively than fetuin. ill this case, 
galactose, which is the principal sugar remaining at the exposed ends of 
oligosaccharide chains when sialic acid is removed from fetuin, was found to 
account for the inhibitory effect (24). 

ill cattle, binding of spermatozoa to epithelium was specifically blocked 
by fucoidan and by its constituent fucose (25). Furthermore, fucose in an 
(0.1-4) linkage to N-acetylglucosamine, as in the blood group trisaccharide 
Lewis a (Lea), was more effective at inhibiting binding than any other 
linkage of fucose (26). It was determined that molecules (glycoproteins or 
glycolipids) containing fucose are on the surface of the oviductal epithelium 
and fucose-binding molecules are on the surface of spermatozoa. 
Specifically, fucose was detected on the surface of bovine oviductal 
epithelium by the fucose-binding lectins from Lotus tetragonolobus (LTL) 
and Ulex europaeus (UEA-I) (25). Pretreatment of epithelium with a-L
fucosidase, an exo-glycohydrolase that cleaves a-linked fucosyl residues 
from glycoproteins and glycolipids, reduced binding of spermatozoa (25). 
The fucose-binding molecule was detected on bull spermatozoa using 
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fluorescently tagged fucose- and Lea-neoglycoproteins, which labeled living 
spennatozoa on the plasma membrane over the acrosomal region (26,27). 

In each of the three species studied, a different carbohydrate was most 
effective at inhibiting binding of spennatozoa to epithelium. These species 
differences may not seem so unusual when one considers that substitution of 
a single amino acid can change the carbohydrate specificity of some 
carbohydrate binding proteins (28). 

Carbohydrate binding is also implicated in anchoring of genn cells to 
Sertoli cells during spennatogenesis (29) and in binding of spennatozoa to 
the zona pellucida during fertilization (30). Different carbohydrate-binding 
proteins and carbohydrate ligands are involved in these interactions. 

While the reservoir of spennatozoa is confined to the region where the 
uterotubal junction meets the oviductal isthmus, bull spennatozoa bind in 
vitro to epithelium taken from both the isthmus and ampulla. Labeling by 
LTL and UEA-I lectins indicate that fucose is present on the surface of 
epithelium throughout the isthmus and ampulla of the cow (25), indicating 
that binding sites are distributed throughout the oviduct. To examine this 
apparent discrepancy between the site of the reservoir in vivo and 
spennatozoal binding behavior in vitro, spennatozoa were surgically infused 
into the isthmuses and ampullas of cows. After 10 minutes, the oviducts 
were removed and opened, unbound spennatozoa were rinsed away, and the 
tissue was prepared for scanning electron microscopy. In the micrographs, 
many spennatozoa could be seen associated with epithelium in segments 
taken from both the isthmus and ampulla. These findings indicate that the 
reservoir is confined to the isthmus in vivo, because it is the first region 
encountered by spennatozoa when they enter the oviduct (16). In horses and 
hamsters, spennatozoa will also stick to ampullar epithelium when given the 
opportunity to do so (20,23). 

The protein on the surface of bull spermatozoa that enables them to bind 
to oviductal epithelium has been isolated and identified as PDC-109 (also 
called BSP-A1/A2). This is a protein known to be secreted by the seminal 
vesicles of the bull and to associate with spennatozoa when they become 
exposed to seminal plasma during ejaculation (31,32). The purified protein 
blocks binding of bull spennatozoa to oviductal epithelium (33). The 
identification of the protein as a constituent of seminal plasma explains the 
observation that seminal plasma blocks the ability of bull spennatozoa to 
bind fucose (27). The presence of excess PDC-109 in seminal plasma may 
ensure that spennatozoa do not bind to any fucose-containing molecules in 
the lower regions of the female reproductive tract. 

Because bull spennatozoa do not acquire PDC-1 09 on their surface until 
ejaculation, epididymal spennatozoa cannot bind to oviductal epithelium. In 
contrast, hamster epididymal spennatozoa can bind to oviductal epithelium 
(23); therefore, the source of the hamster carbohydrate-binding protein may 
not be the seminal vesicles and is probably the epididymis. 
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Release of Spermatozoa from the Reservoir 

Spermatozoa must be released from the epithelium in order to ascend to 
the oviductal ampulla and fertilize oocytes. Hormonal changes associated 
with impending ovulation do not appear to cause significant reduction of 
binding sites for spermatozoa on the epithelium (16,17,20); instead, it is the 
state of the spermatozoa that enables them to release. Smith and 
Yanagimachi (18) reported that hamster spermatozoa which had undergone 
both capacitation and hyperactivation in vitro did not bind to epithelium 
when infused into hamster oviducts. While examining the behavior of 
spermatozoa within oviducts of mated mice, DeMott and Suarez (34) noticed 
that only hyperactivated mouse spermatozoa detached from epithelium. 
Pacey and colleagues (35) observed that human spermatozoa detaching from 
cultured oviductal epithelium were hyperactivated. The flagella of 
hyperactivated spermatozoa beat asymmetrically, producing acute bends in 
one direction; therefore, hyperactivation could assist spermatozoa in 
detaching from epithelium by increasing the force they can exert for pulling 
away from a surface. 

When bull spermatozoa were capacitated, fewer bound to oviductal 
epithelium (36) and to fucosylated BSA (27). Thus, changes in the surface 
of spermatozoa that occur during the process of capacitation may be 
responsible for loss of binding affinity of spermatozoa for its oviductal 
carbohydrate ligand. Loss in binding affinity of bull spermatozoa for 
fucosylated molecules may be attributed to loss of PDC-l 09 from the sperm 
head (33). As binding affinity of bull spermatozoa for fucosylated 
molecules decreases during capacitation, hyperactivation of flagellar motility 
probably helps them to pull away from the wall of the oviduct. This process 
may be gradual, resulting in detachment and reattachment, until spermatozoa 
finally contact the cumulus surrounding the oocyte (34). 

As mentioned above, carbohydrate recognition is also implicated in 
binding of spermatozoa to the zona pellucida. The carbohydrates involved 
in zona binding must differ from those involved in binding to oviductal 
epithelium, because spermatozoa lose binding affinity for the oviductal 
carbohydrate ligand when they are capacitated and thus ready to bind to the 
zona. During capacitation, bull spermatozoa lose the capacity to bind fucose 
and gain the capacity to bind mannose (27), which is present in terminal 
positions on bovine zona glycoproteins (37). 

Although it appears that epithelium does not release spermatozoa by 
reducing expression of carbohydrate ligand, epithelial cells could bring 
about release by secreting initiators of capacitation and hyperactivation. 
Soluble oviductal factors have been shown to enhance capacitation of bull 
spermatozoa (38,39). Hormones whose levels rise before ovulation could 
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stimulate secretion of initiators of capacitation and hyperactivation to release 
spermatozoa at the appropriate time for fertilization. 

Is There a Reservoir of Spermatozoa in Women? 

No evidence has been found for a distinct reservoir of human 
spermatozoa in the isthmus of the oviduct (fallopian tube). Human 
spermatozoa appear to move continuously through the oviduct and on out 
through the fimbriated end into the peritoneal cavity (1). The lumen of the 
human oviduct increases in complexity from the uterotabal junction to the 
ampulla, with increased infolding of the inner surface of the wall. Thus, 
human spermatozoa encounter an increasingly labyrinthine passageway as 
they ascend towards the ovary. Croxatto (1) has proposed that this 
arrangement serves to provide a long lasting, continuous flow of 
spermatozoa through the oviduct that never reaches high enough numbers to 
risk polyspermic fertilization. Human spermatozoa appear to stick lightly to 
oviductal epithelium in vitro; therefore, their movement through the oviduct 
in vivo may be slow and intermittent. 

As mentioned above, the cervix may serve as a reservoir in humans, 
storing spermatozoa temporarily in its crypts. Gradual release from cervical 
crypts could provide the steady stream of low numbers of spermatozoa 
through the oviduct, if the spermatozoa are not phagocytized by leukocytes 
in the uterus. 

CONCLUSIONS 

Although millions of spermatozoa are inseminated into the female in 
most mammalian species, their movement through the female reproductive 
tract is regulated to ensure that a few, but not too many, reach the oocytes in 
the ampulla of the oviduct. In many species, spermatozoa may be stored in 
the oviduct during the time between receptivity of the female and final 
maturation and ovulation of the oocyte. While spermatozoa may be swept 
through the uterine cavity towards the ovary by peristaltic contractions, they 
may be required to swim through the cervix, uterotubal junction and oviduct 
under their own power. Abnormal spermatozoa may be prevented from 
fertilizing by being filtered out at these sites. 
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Chapter 14 

CAPACITATION: SIGNALING PATHWAYS 
INVOLVED IN SPERM ACQUISITION OF 
FERTILIZING CAPACITY 

V. Anne Westbrook, Alan B. Diekman, John C. Herr and Pablo E. Visconti 
Center for Research in Contraceptive and Reproductive Health (CRCRH), Department of 
Cell Biology, University of Virginia, Charlottesville, VA, USA 

INTRODUCTION 

Mammalian testicular spermatozoa are morphologically differentiated 
but are neither progressively motile nor able to fertilize an egg. Although 
the ability to move forward is acquired during maturation in the epididymis, 
sperm require a finite period of residence in the female reproductive tract 
befor~ they become fertilization competent. The molecular, biochemical, 
and physiological changes that occur to sperm while in the female tract are 
collectively referred to as capacitation. Capacitation is associated with the 
attainment of a distinct motility pattern, namely hyperactivation. Another 
endpoint of sperm capacitation is the ability of spermatozoa to undergo the 
acrosome reaction in response to physiological stimuli such as the zona 
pellucida (1) and progesterone (2). During capacitation, changes in 
membrane properties, enzyme activities, and motility render spermatozoa 
responsive to stimuli that induce the acrosome reaction and prepare 
spermatozoa for penetration of the egg investments prior to fertilization. 
These changes are facilitated by the activation of cell signaling cascades in 
the female reproductive tract in vivo or in defined media in vitro. The 
purposes of this chapter are to consider some recent contributions towards 
our understanding of capacitation, to summarize open questions in this field, 
and to discuss future avenues of research. Reviews by Florman and 
Babcock (1), Cohen-Dayag and Eisenbach (3), Yanagimachi (4), Harrison 
(5),Kopf (6), de Lamirande et al. (7), Visconti et al. (8), and Baldi et al. (9) 
provide supplementary reading and complement the material of this chapter. 
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SIGNALING EVENTS FOR THE INITIATION OF 
CAPACITATION 

To facilitate an understanding of capacitation, a discussion of the 
complex cascade of molecular events that occur may be divided into events 
that initiate capacitation and events that are a consequence of this process. 
Molecular events implicated in the initiation of capacitation have been 
partially defined including removal of cholesterol from the sperm plasma 
membrane, modifications in plasma membrane phospholipids, fluxes in Ca2+ 

and other intracellular ion concentrations, alterations in sperm membrane 
potential, and increased tyrosine phosphorylation of proteins involved in the 
induction of hyperactivation and the acrosome reaction. A working model 
for initiation of capacitation based on recent work is presented in Figure 1. 

Changes in Membrane Lipids and Phospholipids During Sperm 
Capacitation 

Capacitation is associated with significant changes in the membrane 
properties of spermatozoa, including an efflux of cholesterol from the sperm 
plasma membrane. Serum albumin, an essential component of in vitro 
capacitation media, is believed to function as a sink for cholesterol by 
removing it from the sperm plasma membrane (10-17). Based on these in 
vitro findings, it is important to consider what component of the female tract 
fluid serves as a cholesterol acceptor in vivo. Since fluids of the female tract 
are partially derived from serum, serum-associated sterol acceptors likely 
serve this function in vivo. A recent study reports that seminal fluid 
phospholipid-binding proteins interacting with follicular fluid high density 
lipoprotein (HDL) also releases cholesterol from the sperm membrane 
during capacitation. 

Although serum albumin may have other roles during capacitation (18), 
its ability to facilitate cholesterol efflux is required for capacitation. For 
example, capacitation is inhibited by the addition of cholesterol and/or 
cholesterol analogues to the capacitation medium (19). Furthermore, serum 
albumin can be substituted in in vitro capacitation media with cholesterol
binding compounds such as HDL (19-21) and J3-cyclodextrins (2, 22-24) to 
induce capacitation. ill addition to its role as a cholesterol sink, albumin 
may also function as an acceptor for membrane phospholipids including 
ether phospholipid 1-0-alkyl-2-acetyl-sn-glyceryl-3 -phosphocholine, also 
known as platelet activating factor (P AF), a potent signaling molecule (25). 
illcubation of sperm with P AF in albumin-free media appears to increase the 
percentage of capacitated sperm based on the chlortetracycline (CTC) 
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Figure 1. Working model of the transmembrane and intracellular signaling pathways involved 
in regulating sperm capacitation. This model is based on the work from a number of different 
laboratories (14, 46,76, 78). Abbreviations used in this figure: BSA, bovine serum albumin; 
Chol, cholesterol; 5'AMP, 5' adenosine monophosphate; PTK, protein tyrosine kinase; PTyr
Ptase, phosphotyrosine phosphatase; PDE, cyclic nucleotide phosphodiesterase. 

fluorescence assay (25). Recently, release of sperm P AF into the 
capacitation medium and binding to its receptor on the sperm membrane was 
shown to induce capacitation in vitro by anautocrine loop mechanism (26). 
The removal of cholesterol, other sterols (e.g. desmosterol) (19), and 
membrane phospholipids from the plasma membrane is upstream of multiple 
intracellular signaling events intrinsic to the capacitation process. 
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In somatic cells, cholesterol removal is thought to disrupt lipid rafts, 
detergent insoluble micromembrane domains characterized by high content 
of cholesterol, sphingolipids, gangliosides, and lipid-modified proteins (27). 
Lipid rafts are important signaling centers in the cell membrane and many 
proteins involved in cell signaling congregate in these areas including 
tyrosine kinases, G proteins, inositol phospholipids, GPI-anchored proteins, 
nitric oxide synthase and/or other molecules (28-30). In the presence of the 
membrane protein caveolin, these glycolipid rafts can form non-clathrin 
coated pits termed caveolae. In sperm, cholesterol may likewise be 
concentrated in specialized plasma membrane micro domains such as lipid 
rafts and caveolae (28) and removal of cholesterol may activate signaling 
events during capacitation through the disruption of membrane assemblies 
(31). This idea is supported by the recent finding that one important 
component of caveolae, cave olin 1, is present in the plasma membrane 
overlying the acrosomal region and the flagellum of mouse and guinea pig 
sperm (32). The hypothesis that lipid rafts and caveolae concentrate 
signaling complexes in the sperm plasma membrane warrants continued 
investigation. 

Changes in the composition and distribution of membrane phospholipids 
are another significant attribute of capacitation. The removal of cholesterol 
from the sperm plasma membrane decreases the cholesterol/phospholipid 
ratio as assessed by different criteria (12, 33, 34). This could account for the 
membrane fluidity changes (35, 36) and the redistribution of membrane 
proteins observed with lectin (37) and immunochemical analysis (38, 39) 
that occur during capacitation. Although there is little change in the total 
amount of phospholipids under capacitating conditions, there is an increase 
in the methylation of phospholipids, in the translocation and concentration of 
phosphatidylcholine to the inner leaflet, and in the production of fusogenic 
lysophospholipids during capacitation (4, 40, 41). Furthermore, 
capacitation-associated alterations in the transbilayer phospholipid behavior 
resulting in membrane lipid disorder were reported to occur through a 
cAMP-dependent pathway after exposure of boar sperm to HC03- (42). 
Therefore, multiple plasma membrane modifications occur during the 
process of capacitation. 

HC03-, Ca2+, and the cAMP Pathway 

During transit through the male and female reproductive tracts, sperm 
are exposed to significant changes in the extracellular millieu, including 
differences in extracellular ion concentrations that play a role in cell 
signaling during capacitation. For example, numerous studies have 
demonstrated that capacitation is a HC03- ion-dependent process (43-47). 
Little is known about the mechanisms of HC03- transport in sperm. 
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However, the ability of 4,4' -diidothiocyanatostilbene-2,2' -disulfonic acid 
(DIDS), a well-known inhibitor of anion transporters, to inhibit the actions 
of HC03- on various sperm functions suggests that sperm contain functional 
anion transporters (48-51). 

The transmembrane movement of HC03- anions into sperm may be 
responsible for the known increase in intracellular pH that is observed 
during capacitation (52, 53) as well as the regulation of sperm cAMP 
metabolism (50, 54, 55). Adenylyl cyclase, the enzyme responsible for 
cAMP synthesis, is markedly stimulated by increased levels of HC03- and 
has been the subject of multiple studies in sperm, but whether this enzymatic 
activity is represented by one or more proteins remain controversial. 

Sperm adenylyl cyclase has several unique biochemical properties (56, 
57). For example, unlike somatic cell cyclases, responses of sperm adenylyl 
cyclase to agents that modulate stimulatory GTP-binding proteins (Gs), such 
as cholera toxin, AIF4- and GTP analogues, are weak or completely absent. 
Since no cholera toxin-ADP ribosylated substrate has been detected in 
mammalian sperm, the low sensitivity to G proteins effectors could be due to 
the lack of stimulatory Gas protein in these cells (58). Alternatively, sperm 
adenylyl cyclase may be unable to interact with Gs proteins due to 
differences in cyclase tertiary structure. 

As mentioned above, an important property of sperm adenylyl cyclase is 
its regulation by HC03- anion (54). Sperm adenylyl cyclase is likely to be a 
posttranslationally modified form of the testicular soluble adenylyl cyclase 
(SAC) (59) encoded by a gene distinct from the transmembrane adenylyl 
cyclase (tmAC) gene family. Two alternatively spliced products of the SAC 
gene have recently been reported: a truncated SAC mRNA encoding only 
the catalytic domain and a full-length SAC mRNA. Both forms of testicular 
SAC protein are regulated by HC03-, as is sperm adenylyl cyclase, and 
enzymatically active in testicular germ cells (60). Furthermore, antibodies 
raised against the catalytic domain of testicular SAC recognized two sperm 
proteins corresponding to the deduced molecular masses of the two forms of 
the testicular enzyme (61). These data suggest that testicular SAC remains 
associated with sperm after sperm release from the testis. Interestingly, the 
sequence from the catalytyic domain of SAC has sequence homology to 
cyanobacterial adenylyl cyclases which are also HC03--dependent (61). 
Although testicular SAC has been found in the soluble fraction, it is 
significant that cyclase activity identified in mammalian sperm remains 
associated with the particulate membrane fraction. Therefore, testicular 
SAC would be predicted to have a mechanism allowing for translocation 
from the cytosol to the membrane at some point during spermatogenesis or 
epididymal maturation. 

Numerous studies have also demonstrated that capacitation is calcium
dependent (46, 62). An increase in the concentration of Ca2+ during 
capacitation has been demonstrated in mammalian spermatozoa by some 
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investigators (63). Mechanisms suggested for regulation of intracellular 
Ca2+ concentration during sperm capacitation include a Ca2+ -ATPase 
extrusion system (64), a Na+ICa2+ antiporter (65), voltage-activated calcium 
channels (66), and intracellular calcium stores (67). Downstream targets of 
calcium during capacitation include the calcium-binding protein calmodulin. 
A recent report indicates that purified calmodulin reverses the blocking 
effect of calmodulin antagonists on capacitation and on the mannose-BSA
induced acrosome reaction (68). 

The initiation and/or regulation of capacitation by Ca2+ occur via 
different targets, some of which are involved with cAMP metabolism. Since 
Ca2+/calmodulin can activate both the synthesis of cAMP by adenylyl 
cyclase (69) in sperm and its degradation by cyclic nucleotide 
phosphodiesterases (70), it is not surprising that Ca2+ has both positive and 
negative actions on capacitation and related signaling events. Ca2+ has a 
positive effect on mouse sperm by inducing capacitation-associated changes 
in protein tyrosine phosphorylation (46). In contrast, Ca2+ has been 
demonstrated to inhibit protein tyrosine phosphorylation in human sperm 
during the first two hours of in vitro capacitation (71, 72). An increase in 
intracellular sperm Ca2+ during capacitation has been described, whereas 
others have shown that no changes occur during this maturational event (4). 
This ambiguity could be due, in part, to the well-demonstrated action of Ca2+ 
on the acrosome reaction and to the inherent difficulties in differentiating 
between capacitation and the acrosome reaction. However, the action of 
Ca2+ at the level of effector enzymes' involved in sperm signal transduction 
suggests that this divalent cation is likely to play an important role in 
capacitation. This idea is further confirmed by the recent finding of a novel 
Ca2+ channel (CatSper) essential for motility in mouse sperm (73). Targeted 
disruption of the gene results in male sterility in otherwise normal mice. 
Sperm motility is decreased markedly in CatSper-l- mice and they are unable 
to fertilize intact eggs. 

Ion Fluxes and the Regulation of Sperm Plasma Membrane 
Potential 

Ion fluxes play a fundamental role in sperm physiology of multiple 
species. Their role in the acrosome reaction has been well established both in 
invertebrate as well as vertebrate sperm. Movement of ions has also been 
associated with other aspects of sperm function such as sperm motility (74, 
75), regulation of intracellular messengers (76, 77), and mammalian sperm 
capacitation (66, 78). In all these cases, the influence of the external ion 
composition and the effect of channel blockers suggest that ion channels 
actively participate in the regulation of sperm function. Since ion channels 
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can catalyze the flow of millions of ions through the ion-impermeable lipid 
bilayer, a few of them can cause changes in sperm within milliseconds (79). 
The ion concentration gradient through the plasma membrane determines the 
plasma membrane potential via ion-selective channels and controls the 
extent of channel activity and ion flow. 

During epididymal transit, and subsequently in the female tract, sperm 
are exposed to significant changes in the extracellular millieu including 
changes in extracellular ion concentrations and osmolality. For example, 
caudal epididymal sperm are stored in an environment that contains high K+, 
low Na+, and very low HC03• concentrations (4, 80, 81). After ejaculation, 
in the seminal fluid and then in the female tract, the ionic environment is 
significantly different; while K+ concentrations are reduced, there is a 
significant increase in Na+ and HC03· concentrations. These dramatic shifts 
in the external ion concentrations that occur after ejaculation trigger 
modulations of the sperm intracellular ionic environment and consequently 
lead to an altered sperm plasma membrane potential. 

In the absence of any stimulus, the plasma membrane potential is known 
as the resting plasma membrane potential. During in vitro capacitation, the 
mammalian sperm resting membrane potential is determined by the relative 
permeability of the sperm plasma membrane for ions that constitute the 
capacitation media. The ion composition of capacitation media mimics that 
of oviductal fluid (4). These media are high in Na+ (about 130 mM) and cr 
(about 100 mM), but low in K+ (about 5.9 mM). Capacitation media also 
contain Ca2+ (about 2..7 mM) and HC03· (10-25 mM). In contrast, 
intracellular fluids of sperm have a low concentration ofNa+ (about 14 mM) 
and high concentration of K+ (about 90 to 120 mM) (78, 82). The free 
intracellular Ca2+ concentration of non-capacitated sperm is approximately 
0.1 J.1M or less, but during the acrosome reaction it may increase to 
approximately 10 /-lM (66, 83). To date, the intracellular concentrations of 
cr and HC03 - in sperm have not been determined. Since pH reflects the H+ 
ion concentrations, it is also important to note that while capacitation media 
have usually a pH between 7.2 and 7.4, the sperm cytosolic pH is much 
lower at approximately 6.5 (53, 82). 

Mammalian sperm capacitation is accompanied by the hyperpolarization 
of the sperm plasma membrane (78). Hyperpolarization is observed as an 
increase in the intracellular negative charges when compared with the 
extracellular environment. Although it is not clear how the sperm plasma 
membrane potential is regulated during capacitation, it appears that 
membrane hyperpolarization may be partially due to an enhanced K+ 
permeability as a result of the decrease in inhibitory modulation of K+ 
channels (78). As shown in Fig. 1, extrusion of K+ ions reduces the 
intracellular positive charge and hyperpolarizes the sperm plasma 
membrane. Biochemical and molecular biology data suggest the presence of 
different K+ channels in both mammalian testis and sperm (84-86). 
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However, electrophysiological investigation of ion channels in the plasma 
membrane of mature sperm has been precluded by the small size of these 
cells (87). Recently, Munoz-Garay et al. (88) demonstrated with patch 
clamp techniques that inward rectifying K+ channels are active in mouse 
spermatogenic cells and proposed that these channels may be responsible for 
the capacitation-associated hyperpolarization. Interestingly, Ba2+ blocks 
these K+ channels with an ICso similar to that shown to inhibit the 
capacitation-associated hyperpolarization and the zona pellucida-induced 
acrosome reaction (88). 

The functional role of sperm plasma membrane hyperpolarization during 
capacitation is at present not well understood. However, one may speculate 
that since capacitation prepares the sperm for the acrosome reaction, 
capacitation-associated hyperpolarization may regulate the ability of sperm 
to generate transient Ca2+ elevations during acrosome reaction by 
physiological agonists (e.g. zona pellucida of the egg or progesterone). This 
hypothesis is consistent with the presence of low voltage-activated (L V A) 
Ca2+ T channels in spermatogenic cells (89, 90) that may also be present in 
mature sperm. A signature property of LV A Ca2+ channels is a low 
threshold for voltage-dependent inactivation, this means that these Ca2+ 

channels are inactive at high membrane potentials, such as the ones observed 
before capacitation. In other words, these Ca2+ channels are inactivated at 
holding potentials that are more positive than -80 mV (89, 90). Thus, if 
L VA Ca2+ T channels are involved in the regulation of the acrosome 
reaction, sperm must maintain a hyperpolarized membrane potential during 
the early stages of interaction with the egg (66,91). 

When mammalian speml are studied in a population analysis, the 
membrane potential overall drops from around -30 to -55 mY. However, 
when sperm are studied as single cells, Amoult et al. (66) demonstrated that 
after 1 h of capacitation, mice sperm were divided into two populations. 
Approximately 50 % of the sperm remain at a membrane potential close to 
the uncapacitated population. In the remaining sperm, the membrane 
potential decreases to approximately -80 m V, a membrane potential 
compatible with the opening of LV A Ca2+ channels. The observation that 
only a fraction of the sperm population undergoes changes in membrane 
potential is compatible with the finding that only a subpopulation of sperm 
are able to acrosome react in the presence of physiological agonists. 
Moreover, Amoult and coworkers (66) demonstrated that the zona pellucida
induced acrosome reaction was observed only in the hyperpolarized sperm 
population. 
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Capacitation-Associated Changes in Protein Tyrosine Phosphorylation 

Capacitation-associated changes in protein tyrosine phosphorylation 
have been demonstrated in multiple species including the mouse (46), 
bovine (92), human (2,93), pig (94), and hamster (51,95). For example, in 
vitro capacitation of mouse cauda epididymal sperm promotes tyrosine 
phosphorylation of a subset of proteins between Mr 40,000 - 120,000 (46). 
The increase in tyrosine phosphorylation is dependent on the presence of 
serum albumin, Ca2+, and HC03 in the medium at concentrations that 
correlate with those required for capacitation (46). Among different species, 
the concentration of these media components necessary to promote protein 
tyrosine phosphorylation varies slightly (51). In addition, it has been 
demonstrated that glucose, but not lactate or pyruvate, is necessary to 
promote protein tyrosine phosphorylation during capacitation (96, 97). The 
absence of anyone of these components in the media prevents both tyrosine 
phosphorylation of sperm proteins and the capacitation of spermatozoa. 

The dependence of in vitro protein tyrosine phosphorylation on serum 
albumin, or other cholesterol acceptors, suggests a correlation between 
cholesterol efflux and tyrosine phosphorylation. Whether cholesterol 
removal is upstream from or coincident with the action of Ca2+ and/or HC03· 

is not presently known. However, it is hypothesized that cholesterol 
removal, with a resultant change in sperm plasma membrane fluidity, 
modulates Ca2+ and/or HC03· ion fluxes leading to adenylyl cyclase 
activation; this hypothesis remains to be tested. 

The increase in protein tyrosine phosphorylation by serum albumin, Ca2+ 

and HC03 • is regulated by a cAMP-dependent pathway that involves protein 
kinase A (PKA), a serine/threonine kinase, in spermatozoa of several species 
including the mouse (76), bull (92), human (2, 93), boar (94) and hamster 
(51). Inhibitors of PKA activity block tyrosine phosphorylation as well as 
capacitation. Interestingly, a testis- and sperm-specific transcript encoding a 
unique catalytic subunit of PKA, designated Cs, has been recently identified 
in several mammalian species and is localized to the tail of mouse testicular 
spermatozoa (98, 99). 

Since PKA is not able to directly phosphorylate proteins on tyrosine 
residues, an intermediate tyrosine kinase must be involved during 
capacitation. Fig. 1 summarizes three possible mechanisms of interaction 
between PKA and protein tyrosine phosphorylation: 1) Direct or indirect 
stimulation of a tyrosine kinase by PKA; 2) direct or indirect inhibition of a 
phosphotyrosine phosphatase; 3) direct or indirect phosphorylation of 
proteins by PKA on serine or threonine residues that prime these proteins for 
subsequent phosphorylation by a tyrosine kinase. These inter-related 
possibilities are currently being explored in several laboratories. The 
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identification of specific enzymes and substrates involved in the 
PKNtyrosine phosphorylation pathway(s) will improve our knowledge of 
the capacitation process. Interestingly, the effect of glucose on protein 
tyrosine phosphorylation appears to be downstream of PKNcAMP signaling 
events and to arise indirectly as a result of metabolism (Travis et aI., 2001). 

Superoxide anion (Oz ") and nitric oxide (NO) also appear to mediate 
capacitation by inducing protein tyrosine phosphorylation (100-102) via the 
cAMPIPKA signaling pathway (103, 104). Reactive oxygen species (ROS), 
primarily superoxide anion and hydrogen peroxide (HzOz), are 
spontaneously generated by mammalian spermatozoa following their release 
from the epididymis (105). In addition, NO increases during sperm 
capacitation (104). The generation of these reactive oxygen species in 
controlled quantities stimulates oxido-reduction events that appear to be 
involved in sperm capacitation and the hyperactivation of motility (106). 

Other Modulators of Signaling During Sperm Capacitation 

Cyclic AMP (cAMP) appears to be a central regulator of several sperm 
processes, such as motility (107), capacitation (76, 108), and the acrosome 
reaction (56, 109, 110). Changes in membrane potential also are involved in 
these sperm functions (66, 74, 78, 79, 111). Presently, it is not known 
whether these two signaling events interact. However, it is likely that these 
two processes are related since capacitation is accompanied by both 
hyperpolarization of the plasma membrane and an increase in cAMP 
synthesis. Supporting this idea, the presence of a membrane potential
regulated adenylyl cyclase has been reported in non-mammalian species 
(112). In addition, although PKA is the main downstream effector for 
cAMP in sperm, the view that PKA mediates all of the effects of cAMP has 
been amended with the discovery of new types of cyclic nucleotide 
receptors. These receptors include cyclic-nucleotide-gated channels, 
exchange factors (113), a cGMP binding cyclic nucleotide 
phosphodiesterase, and extracellular cAMP receptors (114). Cyclic 
nucleotide-gated channels were identified in sea urchin (115) and 
mammalian sperm (116) with specificity for cAMP and cGMP, respectively. 
Altogether, these data support the idea that changes in membrane potential 
and changes in the cAMP signaling pathway might interact during 
capacitation. Alternate possibilities are summarized in Figure 2. 
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Although fertilization is the ultimate evidence of sperm capacitation, the 
ability of sperm to undergo a physiologically-stimulated acrosome reaction 
(e.g. in response to the zona pellucida or progesterone) can be taken as an 
earlier hallmark or measure of capacitation (1, 8). Capacitation is also 
correlated with changes in sperm motility patterns, referred to as 
hyperactivation or hypermotility, in a number of species (4, 117). When one 
considers the process of capacitation at the molecular level, events occurring 
both in the sperm head (i.e acrosome reaction) and in the flagellum (i.e. 
motility changes) must be taken into account. One may postulate that 
components of the sperm exocytotic and motility machinery are modified 
during capacitation. Such alterations may involve changes in protein 
phosphorylation, changes in protein localization, and/or modification of 
protein-protein interactions. Experiments leading to the identification and 
characterization of effector molecules will further mcrease our 
understanding of capacitation. 

To understand the link between capacitation and the acrosome reaction, 
an increased knowledge of the mechanisms that regulate this exocytotic 
event in sperm is necessary. Exocytosis is a tightly regulated, complex 
process that involves fusion of intracellular vesicles with the overlying 
plasma membrane and release of vesicular contents. Membrane fusion is 
apparently governed by a few conserved protein families regardless of 
whether membrane fusion occurs between intracellular organelles or 
between trafficking vesicles and the plasma membrane. One such protein 
family is commonly referred to as SNARE proteins (Soluble N
ethylmaleimide-sensitive attachment protein receptors) (118). Sperm 
homologues of SNARE proteins as well as SNARE-associated proteins, 
such as Rab 3A and NSF, have been detected in sea urchin (119, 120) and 
mammalian sperm (121-123). These observations indicate that the 
sperm acrosome reaction is regulated in similar ways as exocytotic processes 
in somatic cells. Since capacitation is necessary for exocytosis in 
mammalian sperm, elucidation of the mechanisms regulating the acrosome 
reaction will also increase our understanding of capacitation. 

Capacitation is also correlated with moleuclar events that occur in the 
sperm flagellum. For example, two members of the A Kinase Anchoring 
Protein (AKAP) family located in the fibrous sheath, a flagellar cytoskeletal 
structure, become phosphorylated at tyrosine residues during human sperm 
capacitation (71, 124, 125). AKAPs represent a growing family of 
scaffolding proteins that function to tether the regulatory subunits of PKA 
and signalling enzymes, such as calcineurin and protein kinase C, to 
organelles or cytoskeletal elements. Such proteins regulate signal trans-
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Figure 2. Crosstalk between signaling pathways involved in capacitation. (1) 
Hyperpolarization is upstream to the increase in cAMP synthesis. Cholesterol removal 
regulates sperm plasma membrane potential through a K+ channel or through an increase in 
anionic permeability. Hyperpolarization may directly regulate adenylyl cyclase activity as 
described in sea urchin and trout sperm (112) or indirectly via an increase in HC03·• (2) 
Hyperpolarization is downstream of the increase in cAMP synthesis. In this model, 
cholesterol removal regulates HC03• permeability and HC03· stimulates adenylyl cyclase. 
cAMP could then activate a cyclic nucleotide gated channel directly or indirectly through 
phosphorylation by PKA leading to plasma membrane hyperpolarization. (3) 
Hyperpolarization and cAMP synthesis are independent events associated with capacitation. 

transduction in discrete regions of the cell (126). Tyrosine phosphorylation 
of AKAPs may modulate the biochemical and biophysical properties of 
these proteins and the fibrous sheath and thus, contribute to the regulation of 
events associated with flagellar bending, including observed alterations in 
tail wave amplitude during hyperactivation. 
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Although hyperactivation and the ability to undergo the acrosome 
reaction are well correlated with sperm capacitation, other aspects of sperm 
function also appear to be affected by capacitation. For example, the 
increase in intra-acrosomal pH that occurs during capacitation may prepare 
acrosomal contents for release during the acrosome reaction (127). 
Furthermore, the sperm of multiple species respond to chemotactic factors 
secreted by the egg or present in the oviduct; in the human, only capacitated 
sperm are observed to respond to this chemotaxis (128). Continued 
investigation of sperm capacitation will undoubtedly identify additional 
consequences of this maturation process. 

CONCLUSIONS 

Capacitation is a unique feature of mammalian sperm that occurs in the 
female tract and is essential for fertilization. During capacitation, sperm 
acquire hyperactive motility and the ability to undergo a regulated acrosome 
reaction. Capacitation is accompanied by changes in lipid composition of 
the plasma membrane as well as posttranslational modifications of proteins 
regulated by several signaling pathways. Although work emanating from 
multiple laboratories is leading to a better understanding of capacitation, 
most of the proteins involved in this process remain to be characterized. The 
molecular identification of tyrosine kinases, phosphotyrosine phosphatases, 
tyrosine phosphorylation substrates, and Ca2+ channels present in 
mammalian sperm will certainly increase our understanding of the molecular 
basis of capacitation. 
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INTRODUCTION 

It is generally accepted that carbohydrate-binding proteins 
(glycosyltransferases/glycosidases/1ectin-like molecules) on sperm plasma 
membrane (receptors) recognize and bind to their complementary glycan 
molecules (ligands) on the egg's extracellular coat, the zona pellucida (1-3). 
Thus, sperm-ovum interaction is a carbohydrate-mediated receptor ligand
binding event. This type of binding is analogous to cellular adhesion events 
of bacteria, viruses, and many pathogens to their respective host cells. 
Binding of opposite gametes initiates a calcium (Ca2+)-dependent signal 
transduction cascade resulting in the exocytosis of sperm acrosomal contents 
(i.e., induction of the acrosome reaction). This step is thought to be a 
prerequisite event that enables the acrosome-reacted spermatozoa to 
penetrate the zona pellucida and fertilize the egg. 

There has been a longstanding interest in the basic biology of the 
fertilization process. The success of in vitro fertilization in humans and 
domestic animals is a result of the knowledge gained in small animal 
models. These events are best understood in the mouse, although there is 
considerable information in other species. Successful union of the opposite 
gametes in the mouse following mating involves: 1) Sperm capacitation in 
the female genital tract; 2) binding of the capacitated spermatozoa to the 
zona pellucida and induction of the acrosome reaction; 3) secondary binding 
of the acrosome-reacted sperm to the zona pellucida and its penetration; and 
4) fusion of the sperm with the egg plasma membrane (Figure 1). This 
chapter focuses on the recent advances made toward elucidating the 
molecular basis of sperm-egg interaction and initiation of signal transduction 
cascade leading to acrosomal exocytosis. 
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Figure 1. Progressive steps of sperm-egg interaction and induction of the acrosome reaction 
in mouse spermatozoa. 1, the acrosome-intact spermatozoon passes through cumulus cells 
and the innermost layer, the corona radiata; 2, receptor(s) on capacitated (acrosome-intact) 
spermatozoa binds to the complementary glycan chain(s) ofrnZP (rnZP3) and starts a signal 
transduction cascade resulting in release of acrosomal contents at the site of sperm-zona 
binding; 3, the acrosome-reacted spermatozoon penetrates the zona pellucida; 4, the 
spermatozoon passes through the perivitelline space and fuses with the egg plasma 
membrane. 

SPERM-ZONA (EGG) BINDING 

The capacitated spennatozoa bind to the zona pellucida (ZP) in a highly 
precise manner. Extensive studies in the mouse and several other species 
suggest that the binding occurs in two steps: loose and reversible adhesion of 
spermatozoa to the zona-intact egg by means of plasma membrane overlying 
the acrosome, followed by a tight and irreversible binding. Most researchers 
agree that complementary molecules present on the surface of opposite 
gametes are involved in both types of bindings. Although the chemical 
nature of these molecules is far from clear, there is growing evidence that 
several steps in the fertilization process are mediated by carbohydrates in a 
receptor-ligand manner (2-5). 
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Zona Pellucida Glycoconjugates 

The ZP in all species studied is a relatively simple structure composed 
of three glycoproteins designated ZPl, ZP2, and ZP3; and the pig has a 
fourth form as well. It is now clear that the ZP glycoproteins are highly 
conserved among mammalian species suggesting that their organization may 
also be conserved. The three glycoproteins, at least in the mouse, are 
synthesized and secreted by the growing oocytes during oogenesis (6). Two 
of the glycoproteins, mouse ZP2 and ZP3, interact noncovalently to form 
filaments of structural repeats that are interconnected by rnZP 1. Thus, the 
extracellular coat (matrix) surrounding the egg is made up of a three
dimensional network of cross-linked filaments. Such a structure may 
explain the elasticity of ZP and the relative ease of its penetration by the 
hyperactivated acrosome-reacted spermatozoon. 

In recent years, considerable progress has been made in understanding 
structure-function of various zona components. In particular, work on 
mouse zona pellucida (rnZP) has resulted in identification of primary 
(rnZP3) and secondary binding sites (mZP2) for homologous spermatozoa 
(6). This conclusion was based on three lines of evidence. First, only mZP3 
is able to inhibit sperm-egg binding in an in vitro assay in a concentration
dependent manner. The reported inhibition is apparently caused by 
competition of the added mZP3 for the recognition and binding to the 
complementary receptor site(s) on sperm head. Second, inclusion of rnZP3 
glycoprotein, purified from fertilized eggs, failed to inhibit sperm-egg 
binding in an in vitro assay system. This study is consistent with the 
suggestion that the loss of primary binding site(s) from the fertilized eggs is 
due to modification of rnZP3. Finally, when the radio iodinated rnZP2 or 
rnZP3 was incubated with capacitated (acrosome-intact) or acrosome-reacted 
sperm cells, the former glycoprotein showed higher binding to the acrosome
reacted cells, whereas the latter glycoprotein bound to capacitated 
spermatozoa (6). Taken together, these results are consistent with the 
proposed role of rnZP3 and rnZP2 in primary and secondary binding, 
respectively. 

Carbohydrates and Fertilization 

Several lines of evidence given below strongly suggest that the glycan 
moiety (ligand) of mouse ZP is responsible for its binding activity (6). 

1) Treatment of the purified rnZP3 with denaturants, such as sodium 
dodecyl sulfate or high temperatures that alter the protein backbone, does not 
abolish its ability to inhibit sperm-egg binding in competiton assay system. 
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2) Inclusion of various lectins, a class of proteins/glycoproteins that 
bind to carbohydrate moieties with high affinity and specificity, in an in 
vitro assay system inhibit binding of spermatozoa to zona-intact egg. The 
added lectin presumably binds to the terminal sugar residue(s) on the 
bioactive glycan portion of zona-intact egg, and prevent sperm receptor(s) 
from recognizing the complementary ligand(s). 

3) Addition of specific monosaccharides, disaccharides, 
oligosaccharides, or glycoproteins in an in vitro sperm-egg binding mixture 
inhibits binding of the opposite gametes in a concentration-dependent 
manner in several species. The added reagents likely bind to the sperm 
receptor(s) and prevent them from recognizing the ligand on zona-intact egg. 
Alternatively, these sugars may compete with the putative ligands and 
decrease the ability of spermatozoa to bind to the zona pellucida. 

4) Treatment of zona-intact eggs with exoglycosidases inhibits or 
prevents sperm-egg binding. The enzyme treatment presumably cleaves 
putative sugar residue(s) from the surface of the ZP and prevents 
spermatozoa from recognizing and binding to the enzyme-treated egg. 

5) Digestion of mZP3 with pronase causes proteolysis of the protein 
backbone and production of small glycopeptides ranging in size from 1.5 to 
6.0 kDa. These glycopeptides with intact glycan units retain sperm binding 
activity as evident from their ability to inhibit sperm-egg binding in vitro. 

6) Sperm binding activity of mZP3 is sensitive to trifluoromethane 
sulfonic acid treatment, an acid known to break glycosidic bonds between 
monosaccharide residues present in N-linked and O-linked glycan chains 
without altering the polypeptide backbone. 

Taken together, these data provide strong evidence that the glycan 
portion of mZP3 glycoprotein is the ligand for capacitated spermatozoa. 

What are N- and O-linked Glycans? 

We will briefly discuss the chemistry and functional significance of 
glycoproteins to provide a better understanding of the glycan chains on ZP. 
Recognition of the biological importance of glycoproteins and glycolipids 
(complex carbohydrates) has been increasing since 1960 when it was first 
reported that sialic acid was the receptor site for the influenza virus on red 
blood cells (7). Glycan moieties of complex carbohydrates have now been 
documented to participate in many diverse biological functions, including 
antigenic determinants of blood group substances, recognition of receptor 
sites for hormones, targeting of glycohydrolases to lysosomes (8), and cell
cell interactions (9). Glycoproteins are formed in vivo following the 
covalent attachment of glycans to certain amino acid residues within the 
polypeptide chains. Depending on the linkage between the peptide (amino 
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acid) and sugar moiety, the glycoproteins are classified into several groups. 
One group is asparagine (N)-linked, in which the linkage between asparagine 
(Asn) and N-acetylglucosamine is via N-glycosidic bond. The Asn-N
acetylglucosamine is linked to another N-acetylglucosamine through a {31,4 
linkage forming a chitobiose unit (10). The fully processed mature N-linked 
glycan unit may be either high mannose, hybrid-type or complex-type (bi-, 
tri-, tetra-antennary) structure. In addition, N-linked complex-type (tri- and 
tetra-antennary) structures with (poly) lactosaminyl glycans are also present 
on several glycoproteins including rnZP2 and rnZP3. These glycans contain 
repeat units of disaccharide (3 Gal tJl ,4-GlcNAc(31). Experimental evidence 
indicates that N-linked polylactosaminyl glycans may contain several 
structurally variable chains with different sugars including a-galactose-, /3-
galactose-, and a-sialyl residues at the non-reducing terminus (11). 

All N-linked glycan units contain a basic structure composed of a 
branched trimannose unit linked to N,N'-diacetylchitobiose while the 
innermost N-acetylglucosamine is attached to the amide nitrogen of an Asn
residue in the tripeptide sequence Asn-X-Serine/Threonine where X cannot 
be proline. However, it is important to mention that the actual presence of 
the consensus sequence (tripeptide) within a protein does not mean that the 
site will be N-glycosylated, but that it is a potential site for accepting an 
oligosaccharide. Thus, there must be other factors, including the 
conformation of the protein, which determine whether a particular site can 
be glycosylated. 

The biosynthesis of the N-linked class of glycoproteins proceeds via a 
common pathway referred to as the dolichol pathway (or cycle) because 
dolichyl phosphate serves as a carrier of the preassembled glycan chain with 
the structure Glc3Man9GlcNAc2-pyrophosphate (PP)-dolichol (10). The 
preassembled lipid-linked oligosaccharide is transferred en bloc to Asn
residues of the nacent polypeptide chains in the endoplasmic reticulum 
where it undergoes a number of trimming reactions that result in the removal 
of three glucose residues, and some a1,2-linked mannose residues. The 
glycan chains are further modified in the Golgi apparatus that requires the 
removal of several mannose residues and the addition of sugars of complex 
chains (i.e., N-acetylglucosamine, galactose, fucose, and sialic acid). These 
sugar residues are added sequentially from the nucleotide sugar (donor) to 
the acceptor glycan moiety by membrane-bound glycosyltransferases in the 
Golgi apparatus. It is not known why a particular glycan chain retains a high 
mannose structure while others become complex-type or why some 
complex-type chains remain bi-antennary while others become tri- and tetra
antennary. The number of N-linked glycans that have been identified on 
various glycoproteins is large and may run in the hundreds. Although 
individual cells can synthesize many N-linked glycan chains, the process is 
highly specific and is controlled in such a way that the glycan units at a 
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particular glycosylation site have one or a small number of closely related 
structures. 

The second major type of glycosylation is O-linked. In this type of 
linkage, the sugar chains do not contain mannose. The O-glycosidic linkage 
present on (j-hydroxyamino acids, serine or threonine, are found in mucous 
glycoproteins as well as non-mucous glycoproteins such as fetuin, 
thyroglobulin, immunoglobulins, ZP glycoconjugates (mZP2 and mZP3) and 
proteoglycans. The first sugar residue in O-linked glycoproteins is N
acetylgalactosamine which is linked to serine/threonine. As with the N
linked glycosylation, the protein structure may be important in determining 
as to which serine/threonine residues are glycosylated. In some mucous 
glycoproteins as many as 800 glycan units may be attached at intervals along 
the protein chain. 

The biosynthesis of O-linked glycoproteins involves the sequential 
transfer of an individual sugar residue from a donor (nucleotide sugar) to the 
growing sugar chain. Usually, an N-acetylgalactosamine residue is added 
first, followed by a variable number of additional sugar residues, catalyzed 
by a group of glycosyltransferases that are generally integral components of 
cellular membranes. Each glycosyltransferase requires the product of the 
preceding transfer and, in turn, generates the substrate for the next enzyme. 
The net result is the addition of a variable number of sugar residues from a 
few to 10 or more. 

Structural Diversity of Zona Pellucida Glycans 

The fact that a large number of N- and O-linked structures are possible 
on ZP makes it difficult to identify and chemically characterize the bioactive 
(functional) glycan residue(s). The efforts are further hampered by the small 
amounts of mouse zona glycoproteins (approximately one nanogram of ZP2 
or ZP3/egg) that can be purified and subjected to classical structure-function 
studies. Despite these limitations, considerable progress has been made to 
understand the qualitative characteristics of ZP glycoconjugates. Data from 
various laboratories indicate that both ZP2 and ZP3 in the mouse, as well as 
in other species, are highly glycosylated and, like other glycoproteins, show 
extensive microheterogeneity. The presence of sulfate and/or phosphate and 
a variety of terminal sugar residues on nonreducing terminus contributes to 
the extensive microheterogeneity and acidic nature of the glycoprotein (also 
see Chapter 12). 

Structural analysis of N-linked glycan units of mZP2 and mZP3 
glycoproteins has been attempted by several investigators using multiple 
approaches. These include radioiodination, fluorescent labeling, labeling 
with carbohydrate-specific lectins, release of N- and O-linked glycans 
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followed by tritium labeling by reduction with NaB3H4, and high-sensitivity 
mass spectrometric techniques. Data have revealed the presence of a variety 
of high mannose and complex-type N-glycan chains in murine zona 
pellucida. The predominant high mannose-type glycan had the following 
composition MansG1cNAc2; however, larger and smaller mannose-rich 
glycans have also been reported (11,12). In addition, poly-N
acetyllactosaminyl, bi-, tri-, and tetra-antennary complex-type N-glycans 
with terminal N-acetylneuraminic acid, galactose, N-acetylgalactosamine, 
and N-acetylglucosamine residues have also been reported. Combined, data 
from various studies provide evidence indicating the complex nature of 
glycan chains present on rnZP2 and rnZP3 glycoproteins. However, most 
studies have not examined the functional significance of various glycan 
chains. 

Role of ZP3 in the Fertilization Process 

The ability of rnZP3, an 83 kDa glycoprotein, to serve as the primary 
ligand and an acrosome reaction inducer depends on the glycan moiety(ies) 
as well as the polypeptide portion of the molecule. First, the glycan portion 
serves as the ligand for the sperm surface molecules (receptors). Second, the 
polypeptide backbone of ZP3 is essential for inducing the acrosome reaction 
in the bound spermatozoa. Consistent with this possibility is the finding 
that, although monosaccharides, glycans and small peptides retain 
bioactivity as evident by their ability to inhibit sperm-zona binding in an in 
vitro assay system, the small molecules do not induce the acrosome reaction 
unless they are cross-linked on the sperm surface by anti-rnZP3 IgG (13). 
Studies published from other laboratories are in agreement with the proposed 
aggregation of the sperm receptors located on or within the plasma 
membrane overlying the acrosome. First, a heat and acid stable protease 
inhibitor of seminal vesicle origin binds to the acrosomal cap region of the 
capacitated spermatozoa. The in vitro binding of the inhibitor to the sperm 
surface did not induce the acrosome reaction unless the bound protein is 
immunoaggregated with anti-inhibitor Fab-fragment (14). Second, studies 
published by another laboratory also suggest that binding of the sperm 
surface galactosyltransferase to multiple sugar residues on mZP3 causes its 
aggregation that triggers the acrosome reaction (15). Finally, our studies 
demonstrate that specific sugar residues induce the acrosome reaction, but 
only when covalently conjugated to a protein backbone (16). Taken 
together, these studies support the conclusion that the protein backbone of 
the rnZP3 or synthetic glycoproteins (neoglycoproteins) plays a role in 
aggregation of the sperm surface receptors prior to the induction of the 
acrosome reaction. 
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It should be noted that the addition of structurally characterized glycans 
in the in vitro spenn-egg binding assay mixture does not completely prevent 
the binding; 10-20% binding persists even when higher concentrations of the 
oligo saccharides are included in the assay medium. This has led to the 
suggestion that protein-protein interactions may also be important in the 
binding of opposite gametes. However, there is no direct evidence to 
support this possibility. 

In humans and pigs, the protein portion of the ZP3 appears to have a 
role in protein-protein interaction during spenn-zona binding. For instance, 
antibodies raised against the polypeptide sequence of the human or porcine 
ZP glycoprotein significantly inhibit spenn binding to the zona-intact egg in 
an in vitro assay system. In contrast, the antibodies against rnZP3 
polypeptide had no effect on the number of spennatozoa bound to the zona
intact eggs (17). These studies point out the possibility that the polypeptide 
portion of the human and pig ZP3 may possess biological activity; however, 
more direct evidence is needed to support this possibility. 

Glycan Units that Regulate Sperm Binding in the Mouse 

Despite numerous advances, considerable controversy remains 
regarding the precise identity of the glycan unites) responsible for the ligand 
activity of rnZP3. Over 15 years ago, Wassannan and colleagues reported 
that spenn binding activity resides within O-linked glycan unit of an 
apparent molecular mass of 3.9 kDa and more precisely with an a-linked 
galactosyl residue at the non-reducing terminus of the oligosaccharide (2). 
Later the same group reported that when five serine residues located in the 
C-tenninus region of rnZP3 were mutated to either glycine, valine, or 
alanine, a biologically inactive mouse ZP3 was produced and secreted from 
transfected embryonal carcinoma cells (18). This result is consistent with 
the suggestion that serine-associated (O-linked) glycan units located in the 
C-tenninus region of the polypeptide backbone are essential for the sperm 
binding activity. 

Do the results of molecular biological approaches used by Wassarman's 
laboratory (18) clearly point to the identification of the bioactive glycan 
moiety(ies)? Two points have to be addressed. First, has the site-directed 
mutation altered the overall structure of an important domain of the ZP3 
glycoprotein which could be essential for its biological function? Second, 
has the replacement of serine residues with other amino acids in rnZP3 
affected the processing of N-linked glycan chains? The last point is 
especially important since experimental evidence from other laboratories 
suggests that N-linked oligosaccharide chains also have a role in spenn-egg 
interaction: 1) treatment of zona-intact mouse eggs with almond 
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glycopeptidase, an endoenzyme that hydrolyzes /3-aspartyl-glucosamine of 
all classes of N-linked glycans, greatly reduces the number of sperm bound 
per egg (9); and 2) inclusion of N-linked glycans in an in vitro sperm-egg 
binding assay in the mouse (9), rat (9), and pig (19) greatly reduced the 
number of sperm bound per egg. These studies suggest that N-glycans may 
also be a part of the recognition!hinding site( s) in several species (for review 
see 3, 9). 

Wassarman and colleagues have also used glycobiological approaches 
to define the sugar and linkage specificity in murine sperm-egg binding. A 
total of 15 oligosaccharides, differing in chain length and configuration of 
the glycosidic linkage at the anomeric carbon of the terminal sugar residue, 
were synthesized and examined for their inhibitory effects in an in vitro 
sperm-egg binding assay. Bi- and tetra-antennary glycan chains containing 
six or more sugar residues with a- or /3-linked galactose at the non-reducing 
terminus were found to inhibit sperm-zona interaction (20). Based on the 
result of this study, Wassarman's group suggests that glycan units containing 
a- or /3-linked galactose residues participate in murine sperm-egg binding. 
More recently, carbohydrate specificity of the murine gamete interaction was 
also addressed using four synthetic oligo saccharides with the following 
structure: Gal/31 ,4GlcNAc-/31 ,4GlcNAc; Gala1 ,3Gal/31 ,4GlcNAc; 
Gal/31 ,4[Fuca1,3 ]-GaINAc/31 ,4GalNAc; and 
Gala1,3Gal/31,4[Fuca1,3]GalNAc. Higher con-centrations of the first two 
non-fucosylated oligosaccharides (10-70 JLM) were needed to achieve 40-
60% inhibition of the number of murine sperm bound per egg in an in vitro 
assay. However, significantly lower concentrations of the last two 
oligosaccharides (1 JLM) were needed when fucose was present. These 
results are consistent with the suggestion that, although a terminal fucose 
residue is not needed in initial binding of the opposite gametes, its presence 
is obligatory for an oligosaccharide to bind to spermatozoa with high affinity 
(21). 

Experimental evidence from other groups suggests that a galactose al,3 
galactose(s) epitope is not necessary for sperm adhesion to the zona 
pellucida. First, Thall et al. (22) used a gene disruption approach to address 
the role of Galal,Gal containing oligosaccharide. The authors generated 
knock-out mice lacking the gene (al,3Galtase) encoding UDP-galactose: /3-
D-Galactose al,3-galactose-galactosyltransferase, the enzyme responsible 
for the synthesis and expression of Galal,3Gal epitopes. Female mice 
homozygous (al,3GT,-/-) developed normally and produced oocytes devoid 
of Galal,3Gal sequence. However, these mice were fully fertile, a result 
consistent with the investigators' conclusion that Gala1,3Gal sequences on 
O-linked oligosaccharides are not required for initial murine sperm-egg 
binding. Thus, if sperm-zona (egg) interaction is mediated by 
carbohydrates, other sugar epitopes must be recognized by the sperm 
receptors. Second, Shur's group has presented evidence suggesting that N-
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acetylglucosaminyl residues on rnZP3 are recognized by a 
galactosyltransferase (GaITase) present on mouse sperm plasma membrane 
overlying the outer acrosome membrane (4). ill the absence of nucleotide 
sugar donor (UDP-galactose), the sperm enzyme acts as an ecto-enzyme and 
remains bound to the acceptor site (N-acetylglucosamine) until the next 
event in fertilization is triggered. illterestingly, terminal glucosaminyl 
residues have been reported on 0- and N-linked glycans from rnZP3 (11,23). 
rnZP3 polypeptide cleavage experiments indicate that a small region of 16 
amino acids (i.e., 328-343) in the C-terminal domain contains five serine 
residues that are presumably O-glycosylated (24). The peptide domain also 
has been identified in porcine and human homologues of the rnZP3. Our 
own studies suggest that rnZP3 contains 4-5 O-linked trisaccharides with the 
structure GlcNAc-Gal,61,3GaINAc (23). This result suggests that all these 
trisaccharides could be present in the C-terminus region of the rnZP3. 

Shur and associates have used a gene disruption approach to further 
address the in vitro and in vivo role of the sperm surface GalTase. The 
authors generated GalTase null mice through targeted mutation. 
Spermatozoa from these mice failed to undergo the ZP-induced acrosome 
reaction in vitro (25), a result suggesting the importance of the sperm surface 
GalTase in binding to the complementary glucosaminyl residues on the ZP 
before undergoing the acrosome reaction (see below). ill spite of the 
impaired response of the spermatozoa in vitro, the GalTase null mice were 
fully fertile (26). This result, in conjunction with other evidence, strongly 
suggests the occurrence of multiple ligands on mZP3. The sugar residues 
suggested to have a role in initial binding of the opposite gametes include: a
D-galactose, ,6-D-galactose, N-acetylglucosamine, mannose and sialic acid 
(3,9). 

This brief summary strongly suggests that a carbohydrate 
recognition process is involved in sperm-egg interaction. The mechanism 
underlying the binding of the opposite gametes remains one of the principal 
unresolved issues in reproductive biology. The evidence for the presence of 
a large diversity in the structure of glycans on mZP3 suggests that several 
ligands (glycans)-receptor interactions may be involved before successful 
interaction. This suggestion is consistent with the experimental evidence 
from several laboratories supporting the concept that sperm-egg interaction 
leading to the acrosomal exocytosis is a complex event that reflects 
interaction between multiple sperm surface receptors and multiple sugar 
residues on the ZP (27). 

Bioactive Glycans in Other Species 

It is important to keep in mind that the identification of a bioactive 
glycan(s) that regulates sperm-egg adhesion in humans has not been 
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investigated as extensively as in mice or pigs because of the extremely 
limited number of eggs that can be obtained for in vitro studies as well as for 
ethical concerns. The situation is further complicated by the occurrence of 
structural variations in the glycan moieties of various human eggs. This may 
explain why eggs from the same donor demonstrate differential sperm 
binding activity. Although biologically active human ZP3 has been 
produced in Chinese hamster ovary cells through molecular biological 
approaches, the purification of material that gives reproducible results has 
been difficult (17). Thus, the progress in determining the chemical nature of 
the glycan unites) that mediates sperm-egg binding in humans has been 
painfully slow. Despite these drawbacks, some progress has been made 
largely due to the efficiency of binding assay where human eggs are 
microdissected to produce two equal halves (hemisphere); the hemizona 
assay uses one of the two halves as control (without addition) and the other 
half as experimental (with addition) to test the effects of added reagents on 
the number of spermatozoa bound per hemizona. Data from these studies 
suggest that several sugar residues may be involved in human sperm-zona 
interaction. These include fucoidan, a sulfated polymer of fucose, N
glycosylated glycodelin A, a glycoprotein of uterine origin, and sugars such 
as mannose and sialic acid (28). 

On the question concerning the role of N- and/or O-linked glycans in 
other mammalian species, the pig zona pellucida has been chemically 
characterized by several investigators (for review see 3). The biological 
activity of ZP in this species is associated with ZP3a glycoprotein of an 
apparent molecular mass 55,000 (also see Chapter 12). The protein 
backbone is highly glycosylated containing N- and O-linked glycans. The 
sperm binding activity has been reported to be associated with the neutral N
linked carbohydrate chain fraction of bi-, tri- and tetra-antennary complex
type chains (19). Combined, data from various studies seem to suggest that 
multiple sugar residues present on N- and O-linked glycan units are involved 
in sperm-egg adhesion. 

Species-Specificity during Sperm-Egg Interaction 

With the exception of a very few closely related species, there is a high 
degree of species-specificity during fertilization. It has been known for 
several decades that ZP is responsible for this specificity. For instance, 
capacitated spermatozoa can fertilize the egg in vitro from other species only 
when ZP is first removed. This experimental evidence supports the 
conclusion that the egg's extracellular coat determines the species
specificity. Since the glycan portion of the ZP3 determines its primary 
binding site, it is reasonable to assume that bioactive glycan chains present 
on ZP3 from different species are different and contribute to species-
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specificity. This assumption is supported by experimental evidence in which 
the mZP3 gene was replaced with the human ZP3 gene (29). Although eggs 
from these animals interacted with the mouse (rather than human) 
spermatozoa in vitro, the rescued mZP3 had a human ZP3 core peptide; 
however, its glycan units, though not analyzed, are expected to be similar to 
the host animal. These studies further emphasize the importance of 
carbohydrate portion of the ZP3 in determining the species-specific sperm
egg interaction. 

Sperm Molecules with Affinity for the ZP Glycan Unites) 

It is important to emphasize that the sperm plasma membrane overlying 
the acrosome is a complex structure consisting of dozens of 
proteins/glycoproteins and lipids. Because of difficulties in preparing a 
region-specific sperm plasma membrane rich fraction, identification of 
receptors that recognize complementary ligand molecule(s) has been pains
taking process. To identify and chemically characterize putative receptor 
molecules on spermatozoa of mouse and other species with zona binding 
activity, researchers have used multiple approaches including: 1) 
fractionation of detergent-solubilized sperm membranes by column 
chromatography followed by testing the ability of various fractions to inhibit 
sperm-egg binding in vitro; 2) affinity purification of detergent-solubilized 
spermatozoa on a column of immobilized ZP; 3) assay for sperm surface 
enzyme activity in the presence of inhibitors that block sperm-egg binding in 
a concentration-dependent manner; 4) immobilizing electrophoretic ally
separated sperm proteins on a nitrocellulose paper followed by probing these 
molecules with iodinated ZP glycoproteins; 5) raising antibodies against 
sperm surface antigens that bind to the sperm head and prevent sperm-egg 
interaction in an in vitro assay system. These approaches have resulted in 
the identification of several putative receptors (Table 1). Some of the 
proposed receptors and their complementary ligands are discussed below. 

(31,4-Galactosyltransferase (GaITase) 

GalTase was the first enzyme suggested to have a role in sperm-egg 
interaction in the mouse (4). The enzyme is an integral plasma membrane 
component and binds to N-acetylglucosamine (GlcNAc) residue(s) on 0-
linked oligosaccharide units of mZP3 forming sperm (GaITase)-zona 
(GlcNAc) complex which remains stable until the next event of fertilization 
is triggered. Several lines of evidence support the proposed role for the 
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Table 1. Sperm surface proteins (receptors) and their complementary sugar residues 
(ligands) suggested to have a role in sperm-egg interaction (adopted from 9) 

Proposed receptors 

(3-1, 4-galactosyl transferase 
Fucosyltransferase 
56-kDa sperm protein 
95-kDa sperm protein 
Protease-sensitive site 
Sulfoglycolipid immobilizing protein 
ex-D-mannosidase 
Mannose-binding protein 
Fucose-binding protein 
Galactose-binding protein 
Fertilizing antigens (FA-I, NZ-I) 
Sperm agglutination antigen-I 
Posterior Head protein (PH-20) 
piglMacque 
Zonadhesin (150 kDa protein) 
Adhesion protein (APz) 

Spermadhesin 
Selectin-like molecules 
Rabbit sperm autoantigen (RSA) 
Sperm protein-I 7 (SP 17) 

Potential Ligands Species 

N-Acetylglucosaminyl residue Mouse' 
Not known Mouse 
ex-Galactosyl residues Mouseb 

Not known MouseclHumand 

Not known Mouse 
Sulfated glycolipid Mouse 
High mannoselhybrid type glycans MouseRat 
ex-mannosyl residues HumanlRat 
ex-fucosyl residues PorcinelHarnster 
(3-galactosyl residues Mouse 
Not known Human 
Not known Human 
Not known Guinea 

Not known 
Not known 
Not known 
Not known 
Not known 
Not known 

PorcinelMouse 
Porcine 
Porcine 
Human 
Rabbit 
Rabbit 

aGaiactosyitransferase null mice are fully fertile despite the impaired response of their 
spermatozoa to the zona-induced AR in vitro (26). 

~eported to be ortholog of AM67, an acrosomal matrix protein (9). 

CReported to be a unique hexokinase (9). 

dldenticai to proto-oncogene (9). 

enzyme. First, inclusion of purified GalTase, its substrates or donor 
nucleotide sugar (UDP-Gal) in an in vitro sperm-egg-binding assay de
creased the number of sperm bound per egg. Second, compounds such as 
UDP-dialdehyde or a-lactalbumin that inhibit sperm GalTase, also decreased 
the number of sperm bound per egg. Third, the removal of GlcNAc residues 
from the zona-intact eggs by digestion with N-acetylglucosaminidase 
inhibits sperm binding to the egg. Finally, GlcNAc residues covalently 
conjugated to a polypeptide backbone is a substrate for the sperm surface 
GalTase. Indeed, the mZP3 (and mZP2) has been demonstrated to contain a 
terminal-N-acetylglucosamine on an O-linked trisaccharide (23) and N-
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linked glycans (11,12). Combined, these data support a role for the sperm 
surface GalTase in initial sperm-zona binding. Gene disruption approaches 
demonstrate that spermatozoa from knock-out mice lacking GalTase activity 
failed to undergo the ZP-induced acrosome reaction in vitro. This result 
suggests the importance of this sperm enzyme in binding to its 
complementary GlcNAc residues on ZP before undergoing the acrosome 
reaction. Despite the impaired response of the spermatozoa to the ZP
induced acrosome reaction in vitro, the GalTase knock-out mice were fully 
fertile (26), a result supporting the presence of other receptors on 
spermatozoa. 

a-D-Mannosidase 

Sperm plasma membrane from several mammalian species contains an 
a-D-mannosidase activity. Unlike the sperm acrosomal "acid" mannosidase 
that has a pH optimum of 4.4, the sperm surface mannosidase is optimally 
active at pH 6.2 and 6.5 when assayed in the rat sperm plasma membrane 
and intact spermatozoa, respectively. In addition, the two enzymes have 
different substrate specificity; the acrosomal a-D-mannosidase is active 
mainly towards the synthetic substrate, p-nitrophenyl a-D-mannoside, 
whereas the sperm plasma membrane mannosidase is active primarily 
towards mannose-containing oligosaccharides (30). 

The sperm surface mannosidase has all the characteristics required for 
an enzyme to have a role in sperm-egg interactions. First, the enzyme is 
active at or near physiological pH in the intact spermatozoa, a result 
suggesting that its catalytic domain is oriented towards the outer surface and 
that the enzyme would recognize its complementary high mannose/hybrid 
type glycans on ZP in physiological setting. Second, the sperm surface 
mannosidase is an integral component of the plasma membrane and is 
localized on the periacrosomal region of the epididymal cauda spermatozoa. 
This localization is of particular significance since the periacrosomal plasma 
membrane is thought to be involved in sperm-egg binding. Third, the 
mannosidase activity increased in spermatozoa as they transit from the caput 
to the cauda epididymidis, while several other surface enzyme activities 
either remained unchanged or decreased during epididymal transit. The 
increase in enzyme activity was demonstrated to be due to the conversion of 
an enzymatically inactive, less active precursor form of 135 kDa to an 
enzymatically active mature form of 115 kDa during sperm development in 
the testis and maturation in the epididymis. The maturation-associated 
increase in the sperm surface mannosidase activity correlated with an 
increased zona-binding ability of the rat spermatozoa. Finally, evidence 
available suggests the presence of N-linked high mannose glycans on mZP2 
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and mZP3 (11,12). These glycans are presumably the recognitionlbinding 
sites for the sperm surface mannosidase. 

The functional significance of the sperm surface enzyme as a putative 
receptor was suggested by numerous studies in several species, including 
man: 

1) Treatment of mammalian eggs with concanavalin A, a lectin known 
to bind high mannoselhybrid-type glycans, prevented sperm-egg binding 
presumably by blocking the potential ligand sites for the sperm surface 
mannosidase. 

2) Treatment of zona-intact rat egg with jack bean a-mannosidase, an 
enzyme known to cleave a-linked mannose residues from high 
mannoselhybrid-type glycans, caused nearly complete inhibition of sperm
egg binding in vitro. 

3) A significantly fewer number of sperm bound per egg in the presence 
of sugars that inhibited sperm surface mannosidase in mouse and rat than in 
their absence (32). Among the sugars examined, D-mannose and a-methyl 
mannoside were potent inhibitors of the sperm mannosidase activity. 

4) Inclusion of a high mannose oligosaccharide (man5GlcNAc) in an in 
vitro binding assay caused a dramatic reduction in the number of 
spermatozoa bound per egg and a similar inhibition of the sperm surface 
mannosidase activity. The oligosaccharide decreased sperm mannosidase 
activity by competing with the mannose-Iabeled substrate used for the 
enzyme assay, and decreased the ability of spermatozoa to bind to the zona
intact egg by competing with the putative ligand sites on the Z~. 

5) Anti-mannosidase IgG (but not preimmune IgG) caused a 
concentration-dependent inhibition of the mannosidase activity and a similar 
concentration-dependent reduction in the number of sperm bound per egg. 

Combined, these studies suggest that sperm surface mannosidase has a 
role in sperm-egg interaction. 

Mannose-Binding Protein( s) 

In addition to the novel a-D-mannosidase, there is evidence for the 
presence of a mannose-binding receptor(s) on human and rat spermatozoa. 
The receptor first appears uniformly distributed over the entire head region 
of the capacitated (acrosome-intact) spermatozoa. Benoff and associates 
have reported that an increase in the number of human spermatozoa capable 
of binding to mannose-BSA and undergoing the acrosome reaction are 
predictive of their fertilization rate (31). This result supports their argument 
that sperm surface mannose-binding protein(s) contributes to the initial 
sperm-zona (egg) binding in human. The protein(s) requires calcium for 
tight binding to mannose-containing oligo saccharides presumably present on 
human ZP suggesting that the molecule functions as a lectin. Similar 
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mannose-binding protein appears to have a role in sperm-egg interaction in 
the rat where antibodies to the mannose- binding protein (but not preimmune 
IgG) caused a concentration-dependent reduction in the number of 
spermatozoa bound per egg (32). 

(j-Galactose-Binding Protein( s) 

Galactose-binding protein(s), present on the rat testis and 
spermatozoa, has been suggested to be involved in sperm-zona interaction in 
multiple species (9). The molecule was immunolocalized to the dorsal 
surface of the rat sperm head overlying the acrosome that was lost in the 
acrosome-reacted spermatozoa. The role of galactose-binding molecule in 
sperm-egg interaction, at least in the rat, is still unclear since the 
complementary galactose residues have been reported mainly on the inner 
layer (rather than the externally exposed outer layer) of the ZP (33). 

a-Galactose-Binding Protein( s) 

A 56 kDa mouse sperm protein (Sp56) was preferably radiolabeled 
by a cross-linker covalently bound to purified mouse ZP3, a result 
suggesting that the protein may be a receptor for ZP. The expression of this 
protein is restricted to the mouse testicular germ cells (spermatids), and it is 
localized on the surface of acrosome-intact mouse sperm head (34). In 
addition, Sp56 binds tightly to immobilized mZP3 and a-galactose-affinity 
column. The location and its binding affinities are consistent with its 
proposed role in recogmzmg a-galactose residues on O-linked 
oligosaccharide. However, the fact that the mutant mouse eggs devoid of 
Galal,3Gal epitopes are fully fertile suggests that these epitopes are not 
required for fertilization (see above). This study, in conjunction with the 
report that Sp56 is an orthologue of AM67 (35), an acrosomal matrix 
protein, raises serious concerns on the proposed role of Sp56 in sperm-egg 
interaction. 

L-Fucose-Binding Protein( s) 

L-fucose and its sulfated polymer, fucoidin, are strong inhibitors of 
sperm-egg binding in multiple species. Several fucose-binding proteins have 
been proposed including acrosin, a serine-like acrosomal protease (36), a 
fucose-binding protein (37,38) and a selectin-like molecule on human 
spermatozoa (39). Biochemical and immunohistochemical approaches using 
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monoclonal antibody to leukocyte selectin have identified a 90 kDa 
molecule on human sperm head. Spermatozoa treated with the antibody to 
the molecule prior to inclusion in the hemizona assay blocked tight binding 
of the opposite gametes. Taken together, these results are consistent with the 
proposed role for fucose in sperm-egg interaction. However, a direct 
evidence for the involvement of sperm surface selectin-like molecule and/or 
acrosin in binding to the fucose residues on the ZP has not been presented. 
Furthermore, current evidence suggests that there are no exposed fucose 
residues on the surface of mouse ZP (40). 

Fucosyltransferase 

The synthetic enzyme, normally localized in the Golgi complex of 
mammalian cells, catalyzes transfer of fucose from donor sugar nucleotide 
(GDP-fucose) to terminal galactose residues on N- and O-linked glycans of 
complex carbohydrates. The enzyme is also present on the surface of mouse 
and rat spermatozoa. Inclusion of GDP-fucose, a sugar donor or 
asialofetuin, a fucose acceptor substrate for the enzyme in an in vitro sperm
egg-binding assay greatly reduced the number of mouse sperm bound per 
egg (41). These data suggest that, like galactosyltransferase, sperm surface 
fucosyltransferase may also be a zona-binding receptor. 

Sulfoglycolipid-Immobilizing Protein (SLIP 1) 

SLIP 1 is a 68 kDa protein localized on the plasma membrane of the 
mouse sperm head (42). The protein is of testicular origin and binds to the 
major sulfoglycolipid (see below) found in testicular germ cells and 
spermatozoa. Ejaculated mouse sperm have two forms of SLIP 1, one that is 
readily released and the other that is an integral membrane component. 
Several lines of evidence support the conclusion that SLIP 1 has a role in 
sperm-egg binding. First, inclusion of purified SLIP 1 in an in vitro binding 
assay inhibits sperm-egg binding in a dose-dependent manner. Second, pre
treatment of mouse eggs with purified SLIP 1 or pretreatment of mouse 
sperm with anti-SLIP 1 reduces the number of sperm bound per egg. 
Finally, heat treatment inactivates the protein, a result suggesting that the 
native conformation is important for its biological activity. Taken together, 
these results are consistent with the proposed role for the protein. 
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Sulfogalactosylglycerolipid (SGG) 

SGG is demonstrated to be the sulphoglycerolipid which binds to the 68 
kDa SLIP I (see above) in vitro (42,43). Synthesized in the zygotene 
spermatocytes, the SGG remains associated with spermatozoa during its 
development in the testis and maturation in the epididymis. Like other 
sulfoglycerolipids, SGG is thought to be involved in cell-cell adhesion. An 
affinity purified polyc1onal antibody to SGG (anti-SGG) was used to 
demonstrate that the sulphoglycerolipid is localized on the convex and 
concave ridges of the mouse sperm head. Pretreatment of spermatozoa with 
anti-SGG immunoglobulins (IgG) or Fab fraction inhibited sperm-zona 
binding at primary level in a concentration-dependent manner. In addition, 
liposomes formed with the sulfated (but not unsulfated) glycolipid adhere to 
ZP of unfertilized eggs. This last result suggests that sulfated moiety of 
SGG likely interact with the ZP. Although the molecular mechanism of the 
interaction is not known, it has been suggested that the sulfated moiety of 
SGG may interact electrostatically with positively-charged amino acids, 
such as arginine of ZP glycoproteins in a manner similar to that suggested 
for the interaction between SGG and L-selectin (43). Alternatively, the 
investigators suggest that the galactosyl sulfate moiety of SGG may interact 
with ligand of ZP glycoproteins. This type of carbohydrate-carbohydrate 
interaction has been documented for other glycolipids as well as a 
ganglioside-mediated cell-substratum interaction (44). 

It should be noted that both SLIP I and SGG are localized to the post
acrosome and the convex ridge of the mouse sperm head. Since SGG and 
SLIP I show affinity for each other in vitro, these two sperm components 
may act as a complex during the gamete interaction as suggested (43). 

Other Receptors 

In addition to carbohydrate-specific receptors, several other sperm 
surface molecules have been proposed to function as receptors (Table I). 
Among the antigens suggested to be putative receptors are: a trypsin 
(protease)-sensitive site, a 95 kDa plasma membrane protein, a fertilizing 
antigen-l (FA-I), zonadhesin, sperm protein 38, spermadhesin, an adhesion 
protein (APz) , a rabbit sperm autoantigen (RSA) , and a 17 kDa sperm 
surface protein. An integral membrane protein, PH-20, with a molecular 
mass of 64 kDa has been localized on both the plasma membrane and inner 
acrosomal membrane of spermatozoa. The antigen, localized on the 
posterior head region of sperm, has been proposed to be essential in sperm 
adhesion to ZP in multiple species. However, a potential complementary 
ligand for PH-20 and other putative receptors have not yet been identified. It 
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is not yet known whether these putative receptors use carbohydrate 
recognition mechanism during sperm-egg adhesion. 

Why are there so many putative receptors on the sperm plasma 
membrane? It is difficult to give a definitive answer that would 
satisfactorily explain the presence of several molecules. The following 
factors may have contributed to the long list of putative receptors and their 
complementary sugar residues (ligands) presented in Table 1. First, the use 
of multiple experimental approaches in various laboratories to identify 
receptors and ligands and the interpretation of in vitro results by 
investigators may in part be responsible for many putative molecules. 
Second, several receptors and ligands may participate either individually 
(Figure 2A) or as a multimeric complex (Figure 2B). The experimental 
evidence thus far presented is consistent with the possibility that the 
molecular mechanism of sperm-egg binding is a complex event that reflects 
interaction between multiple sperm proteins with multiple sugar residues on 
ZP3 as shown in Figure 2B. Finally, since the binding of opposite gametes 
is a species-specific event, it is reasonable to expect the presence and 
involvement of several receptor and ligand molecules in different 

. mammalian species. The multiple receptors may interact with ligands in a 
highly orchestrated manner; the precise order of these interactions may vary 
among species and may contribute to the species-specificity in gamete 
interaction. It is not presently known whether several receptors act 
individually or form a multimeric complex, as has been suggested (4). 

EXOCYTOSIS OF ACROSOMAL CONTENTS 

The sperm acrosome plays an important role following species-specific 
sperm-zona (egg) binding. Clinical studies have identified a group of men 
whose infertility is associated with an abnormal acrosome reaction (31). 
Although the sequence of events leading to successful fertilization varies 
among species, the pre-fertilization events of sperm-egg adhesion and 
induction of the acrosome reaction share many similarities. In the mouse, 
after irreversibly binding to the ZP, the bound spermatozoon undergoes 
a calcium (Ca2+)-dependent signal transduction pathway resulting in the 
exocytosis of acrosomal contents. Morphologically, the exocytosis of 
acrosomal contents or the acrosome reaction occurs in several steps: 1) 
Fusion of the plasma membrane overlying the acrosome with the outer 
acrosomal membrane; 2) formation of hybrid vesicles and time-dependent 
release of hydrolytic enzymes and other components from the acrosome; and 
3) disappearance of acrosomal contents and vesicles that are held together by 
acrosomal matrix (Figure 3). The hydrolytic action of glycohydrolases 
and proteases released at the site of sperm-zona binding makes it possible for 
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Figure 2. Models illustrating spenn-zona (oocyte) interaction. A, a single receptor on the 
spenn plasma membrane recognizes its complementary glycan (ligand) unit on zona-intact 
oocyte; B, multiple receptors on the spenn plasma membrane recognize multiple glycan 
(ligands) units for tight irreversible spenn-oocyte binding. ZP, zona pellucida; PS, 
perivitelline space. 

the hyperactivated spermatozoon to penetrate the ZP and fertilize the egg 
(45,46). 

As mentioned above, the signal that triggers the acrosome reaction in 
the mouse and other species is thought to be the recognition of multiple 
sugar residues (ligands) on bioactive glycan unites) of ZP3 by multiple 
sperm surface receptors. The net result is the opening of ion channels and 
the influx of Ca2+. The transient rise in Ca2+ and other second messengers, 
such as cyclic AMP (cAMP) and inositol triphosphate (IP3), initiates a 
cascade of signaling events that elevate internal sperm pH and triggers the 
membrane fusion prior to the induction of the acrosome reaction (45,46). 
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Figure 3. Model illustrating a possible sequence of events leading to acrosomal exocytosis 
and release ofacrosomal contents. (a) multiple sugar residues (ligands) on ZP3 recognize and 
bind to complementary receptors on the sperm PM and starts a signal transduction cascade; 
(b) in response to increased Ca2+ and pH, the F-actin which provides a physical barrier 
between the PM and OAM depolymerizes to form soluble monomeric actin (G-actin which 
disperses bringing the PM closer to OAM); (c) the rise in Ca2+ also activates phospholipase 
A2, an enzyme that cleaves fatty acids from phospholipids to form Iysophospholipids 
promoting fusion and vesiculation of the sperm membranes; (d) the formation of PM and 
OAM vesicles (hybrid vesicles) allow acrosornal contents to be released at the site of sperm
oocyte binding. PM, plasma membrane; OAM, outer acrosoma! membrane; IP3, inositol 
triphosphate. 

Inducers of the Acrosome Reaction 
Although terminal sugar residues on the bioactive glycan unites) of ZP 

provide the primary ligand sites for the surface receptors on capacitated 
acrosome-intact spermatozoa, a number of physiological and non
physiological compounds are known to induce the acrosome reaction in 
epididymal and ejaculated spermatozoa. The physiological inducers are the 
substances that spermatozoa will encounter during in vivo fertilization. 
Progesterone, a hormone produced during ovulation, has been reported to 
induce the acrosome reaction in vitro by interaction with the sperm plasma 
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membrane in a receptor-mediated manner. Prostaglandins, sterol sulphate, 
and glycosaminoglycans present in the follicular fluid and cumulus cell 
secretions have also been reported to induce the acrosome reaction. Other 
agonists include epidermal growth factor, atrial natriuretic peptide, platelet 
activating factor and ATP (47). However, the putative receptors on the 
sperm plasma membrane that are recognized by these agonists in vitro or in 
vivo have not been identified. Thus, their functional significance in 
induction of the acrosome reaction is still unclear. 

In addition to the physiological inducers, there is a long list of non
physiological substances that induce the acrosome reaction. These include 
calcium ionophore, synthetic glycoproteins (neoglycoproteins) and lectins. 
The Ca2+ -ionophore appears to induce the acrosome reaction by opening 
Ca2+ channels and allowing a Ca2+ influx. The increase in intracellular Ca2+ 

activates signaling pathways in the sperm by modulating the activities of 
enzymes, ion pumps, and proteins that regulate Ca2+ -dependent exocytosis. 
In addition, several neoglycoproteins have been demonstrated to mimic ZP 
(ZP3) and induce the acrosome reaction in the mouse (16) and human (31) 
spermatozoa. 

In the mouse spermatozoa, mannose (Man)-BSA, N-acetylglucosamine 
(GlcNAc)-BSA and N-acetylgalactosamine (GalNAc)-BSA are capable of 
inducing the acrosome reaction, whereas glucose-BSA and galactose-BSA 
have no effect. The unconjugated monosaccharides (Man, GlcNAc, and 
GaINAc), even in millimolar concentrations, neither induce nor block the 
neoglycoprotein-induced acrosome reaction (16). These data emphasize the 
importance of protein backbone of the neoglycoproteins or mZP3 in 
induction of the acrosome reaction. Inclusion of L-type Ca2+ channel 
blockers verapamil or diltiazen (48) or calmodulin antagonists (49) in the 
assay mixture block the Man-/GlcNAc-/GalNAc-BSA and ZP-induced 
acrosome reaction, supporting the argument that the neoglycoproteins affect 
the same signal transduction pathway as mZP, the natural agonist. Since the 
protein conjugated Man, GlcNAc and GalNAc have similar effects in 
inducing the acrosome reaction as mZP3, these sugar residues are likely the 
functional components. Indeed, structural analysis of mZP3-derived glycans 
indicates the presence of Man, GlcNAc and GalNAc as terminal sugar 
residues (11,12). 

Spontaneous Acrosome Reaction 

Mammalian spermatozoa incubated in an appropriate capacitation 
medium undergo the acrosome reaction in a time-dependent manner. This 
type of acrosome reaction in motile spermatozoa without external stimulus is 
commonly known as the spontaneous acrosome reaction (1). The incidence 
of the non-physiological acrosome reaction depends on several factors 
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including species and composition of the medium. In the mouse and several 
other species, spermatozoa that have undergone the spontaneous acrosome 
reaction are unable to bind to the zona-intact egg and fertilize it; however, 
the spontaneously acrosome-reacted spermatozoa are perfectly capable of 
fertilizing zona-free egg and producing normal offspring (1). The last result 
implies that spermatozoa that have undergone a non-physiological 
spontaneous acrosome reaction remain fertile. 

Molecular Mechanisms of the Acrosome Reaction 

The molecular mechanism by which solubilized ZP or purified ZP3 
triggers the acrosome reaction has been the subject of numerous studies in 
the spermatozoa from mouse and other species. In the mouse, ion transport 
across the sperm membranes, especially Ca2+ influx, is essential prior to the 
acrosome reaction. The movement of Ca2+ ions from extracellular to 
intracellular space is a critical step that modulates the acrosome reaction. In 
several rodent species, spermatozoa incubated in calcium-free medium are 
unable to undergo the exocytotic event unless the medium is supplemented 
with calcium (50). Also, capacitated human spermatozoa fail to respond to 
Ca2+ -transporting agent (i.e., calcium ionophore) unless the agonist is added 
in the presence of external calcium. It is interesting that cAMP can induce 
the calcium ionophore-dependent acrosome reaction even when the Ca2+ is 
virtually absent; however, the cyclic nucleotide is not a substitute for Ca2+ 

during zona-induced acrosome reaction. These data suggest that cAMP can 
bypass Ca2+ -transporting requirement only for chemically induced acrosome 
reaction (50). 

It is generally accepted that the first step following sperm capacitation 
is sperm-egg binding and an influx of exogenous Ca2+ ions into spermatozoa 
via ion channels that are regulated by guanine nucleotide (GTP-) binding 
proteins or G-proteins. Solubilized ZP or purified rnZP3 activates G
proteins (Go and GJ-proteins) localized in the plasma membrane of the apical 
sperm head overlying the acrosome (51). Pertussis toxin, a bacterial toxin 
that inactivates GJ-proteins by ADP-ribosylation of a-subunit, blocks ZP
induced Ca2+ influx. This has led to the suggestion that GJ-like proteins 
influence one or more targets, including ion channels, activation of G
protein-linked receptors or other membrane associated enzymes. The net 
result is an influx of exogenous Ca2+ ions across the sperm membrane raising 
the intracellular concentration of free Ca2+ (52,53). Concurrent with or 
following Ca2+ influx, there is an activation of adenylyl cyclase, hydrolysis 
of adenosine triphosphate (ATP) and production of cAMP, the second 
messenger molecule that activates cAMP-dependent protein kinase and 
causes tyrosine phosphorylation of a subset of sperm protein(s) (50). There 
is also good evidence that activation of another membrane enzyme, such as 
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phospholipase C, is important prior to the acrosome reaction. How the 
multiple molecular events that initiate a signal transduction pathway fit into 
a unified model is not yet known. 

It should be noted that Ca2+ levels in spermatozoa before their binding 
to a ligand(s) are low, whereas it is relatively high in the extracellular fluid. 
The signal that induces the acrosome reaction opens Ca2+ channels and 
allows influx of Ca2+ between the sperm plasma membrane and outer 
acrosomal membrane, and triggers Ca2+ response proteins. Thus, the initial 
factor that triggers the acrosome reaction appears to be a rapid influx of Ca2+ 
followed by the activation of adenylyl cyclase and an increase in cAMP. 
The net result is the activation of protein kinases such as cAMP-dependent 
protein kinase and Ca2+ and phospholipid-dependent kinases (53). 

Evidence accumulated over the years suggests that Ca2+ levels in 
spermatozoa are regulated by several ion channels on the plasma membrane 
and outer acrosome membrane (Table 2). Sperm membranes are known 

Table 2. Channel proteins proposed to be involved in transport of ions 
across sperm membranes (adopted from 45) 

Channel protein 

Transport ATPases 

Na+/Ca2+ exchanger 
Na+/H'" exchanger 
cr IH CO-3exchanger 
K+ channel 
Ca2+ channels 
Voltage-dependent 
T-Type 
L-Type 
F-Type 
IP3-gated channel 

lons(s) transported 

Ca2+ 

Mg2+ 
Na+/K+ 
Na+/Ca2+ 
Na+lH+ 
CrIHCO-3 
K+ 

to contain several ATPases that regulate the flow of ions (Ca2+, Mg2+ and 
Na + /K+) across the sperm membranes. A Ca2+ -dependent ATPase associated 
with outer acrosomal membrane has been suggested to pump Ca2+, thereby 
initiating the acrosome reaction. This NfPase may function as a calcium 
pump that keeps the Ca2+ levels in the acrosome relatively low until the 
activity of the pump is inhibited. Interestingly, inhibitors of sperm Mg2+_ 
ATPase (N,N'-dicyclohexylcarbodiimide) can stimulate the acrosome 
reaction by blocking exit of Ca2+ (Figure 4). There is also evidence that 
spermatozoa from several species contain Na+-, K+-ATPase (50). For 
instance, rat spermatozoa preincubated in medium containing a high K+ INa + 
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ratio enhances their fertilization rate. Also, hamster spermatozoa incubated 
in a solution that favors capacitation demonstrate high levels of Na+-,K+
ATPase. Moreover, an inhibitor of this enzyme (Ouabain) inhibits the 
acrosome reaction. Taken together, these data suggest a role for this ATPase 
in sperm exocytosis. The precise mechanism for the involvement of this 
enzyme in sperm function is still far from clear. It has been suggested that 
influx or efflux of Na + or K+ ions alter the membrane potentials, thereby 
initiating their fusion (SO). 

The evidence thus far available also indicates the involvement of 
several other channels that regulate the entry of Ca2+. These include 
exchanger channels, voltage-dependent and IP3-gated channels (Table 2). 
These channels control the flow of Ca2+ and other ions and form an early 
component of the signal transduction pathway (S4). Regardless of the type 
of channel involved or the mode of its operation, it is important to note that 
ion specificity and the direction of their movement across the membranes are 
important factors that elevate levels of intrasperm Ca2+ ions and pH 
preceding the acrosome reaction. However, there is no unified view that can 
explain possible elevation in the intracellular Ca2+ in the spermatozoa from 
different species. All possible mechanisms are presented in Figure 4. 

It is obvious from the above discussion that Ca2+ plays a central role in 
fusion of the sperm plasma membrane and the outer acrosomal membrane. 
Watson and associates (SS) used pyroantimonate osmium fixation procedure 
to monitor the temporal and spatial localization of intrasperm Ca2+ during 
the acrosome reaction in ram spermatozoa. Calcium was initially associated 
with the outer acrosomal membrane. As the exocytotic event progressed, 
Ca2+ redistributes between the outer acrosomal membrane and the plasma 
membrane anterior to the equatorial segment where the sperm membranes 
fuse (Figure 4). This distribution suggests that Ca2+ may have a direct role 
in the membrane fusion during the acrosome reaction. 

Phospholipases and Acrosome Reaction 

As stated in Chapter 2, mammalian sperm acrosome contains 
phospholipases A2 and C. It has been proposed that increased Ca2+ levels 
activate phospholipase C, which in turn causes hydrolysis of phosphatidyl
inositol biphosphate (PIP2) and an increase in inositol triphosphate (IP3) and 
diacylglycerol (DAG). Increased DAG activates DAG-dependent protein 
kinase C and opens up a voltage-dependent Ca2+ channel L in the 
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ZP (ZP3) 

PM 

r VSC VIC . . . t pHi ••••• (5) (1) fa2• ..........• .-...... . 
•••• • '" (2) Inhibition 

r---r;. 2+ (4?) .' Ca1+ Ca1+·. ~a ........ ~ C 1+ Ca1+ • ••••• of ATPases 
Ca2+ binding Ca2+: a : Ca2+ 

• C l+ Ca1+ • 
protein(s) '" a •• ' 

'. ~;; ·jC;2!···· 
IP3 0 ... : 

I------r-........... l--
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Ca2• t 
ACROSOME 

ATPase 

No loss fCa2+ 

Figure 4. Model illustrating possible mechanisms that may explain an increase in sperm 
cytoplasmic Ca2+ preceding the acrosome reaction. During gamete interaction, ligands (L) on 
ZP3 bind to sperm surface receptors (R) and activate two major pathways (see arrows) under 
the PM. Pathway one (1) imports extracellular Ca2+ by voltage-sensitive channel (VSC) and 
voltage-insensitive channel (VIC). The other pathway (5) results from a transient rise in 
internal pH through a pertussis toxin-sensitive G-proteins (G) that promotes Ca2+ elevation. 
In addition, Ca2+ can be retained by the inhibition of Ca2+ transport A TPases (2), 1P3-induced 
opening of Ca2+ channel(s) (3), and release of Ca2+ bound to a Ca2+-binding protein(s) (4). 
There is no experimental evidence to suggest that Ca2+ is released from the Ca2+ -binding 
protein(s). Thus, the last possibility remains questionable (?). PM, plasma membrane; OAM, 
outer acrosomal membrane; IP3, inositol triphosphate. 

plasma membrane (Table 2) leading to the increase in Ca2+. This pathway 
has been demonstrated using pharmacological approach where the addition 
of synthetic DAG in the assay system activates protein kinase C and induces 
the acrosome reaction (56,57). It is interesting that protein kinase C also 
activates phospholipase A2, an enzyme that acts on membrane phospholipids 
(especially phosphatidyl choline). The action of this enzyme generates 
lysophosphatidyl choline and fatty acid (arachidonic acid) known to be 
fusogenic (1). 
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Calcium-Binding Proteins and Acrosome Reaction 

It is also known that Ca2+ exerts its effect through Ca2+ -binding 
protein(s) that undergo conformational changes upon interaction with free 
Ca2+. Calmodulin, a 17 kDa acidic molecule, is one such Ca2+-binding 
protein known to regulate many signaling pathways and membrane fusion 
events in the cell by modulating the activity of enzymes and ion pumps. 
Sperm cells contain high levels of calmodulin in the sperm head and 
flagellum. The head localization suggests that the protein may have a role in 
the induction of the acrosome reaction. Indeed, our group recently used a 
pharmacological approach to examine the role of this protein in 
ZP/neoglycoprotein(agonist)-induced acrosome reaction in mouse 
spermatozoa (49). Inclusion of calmodulin antagonists (calmodulin binding 
domain, calmidazolium, compound 48/80, ophiobolin A, W5, W7, and W13) 
either in in vitro capacitation medium or after sperm capacitation blocked 
the agonist-induced acrosomal exocytosis. Purified calmodulin reversed the 
acrosome reaction blocking effects of antagonists during capacitation. These 
results demonstrate that calmodulin has a role in induction of the acrosome 
reaction. Although the mechanisms underlying the action of calmodulin is 
not yet known, it has been suggested that the protein regulates sperm 
function by modulating sperm membrane component(s). 

In addition to calmodulin, mammalian spermatozoa contain a calmodulin 
acceptor protein, the synaptical vesicle protein, rab3 Ala, a small GTPase, 
SNARE proteins, and angiotensin II receptor. Current evidence suggests 
that these sperm molecules also have a regulatory role in triggering 
membrane fusion and release of acrosomal contents. Thus, it is reasonable 
to suggest that multiple proteins are involved in modulating the contact and 
fusion of the membranes (Table 3). Whether various sperm components 
regulate the membrane fusion events individually or as a multimeric 
complex is not yet known. 

CONCLUSIONS 

This chapter summarizes the current state of research on sperm-egg 
interaction and induction of the acrosome reaction. This field is among the 
most active areas of research in reproductive biology. The major conclusion 
that emerges from the discussion above is that interaction of opposite 
gametes is a carbohydrate-mediated event. It is apparent that carbohydrate
binding molecules (receptors) on spermatozoa initiate sperm-egg interaction 
by a complex binding event reflecting interaction of multiple receptors with 
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multiple ligands on ZP. The irreversible binding of opposite gametes starts a 
signal transduction pathway resulting in the exocytosis of acrosomal 
contents. In spite of numerous advances made in the identification and roles 
of multiple molecules, many intriguing discoveries remain to be made. One 
particular disadvantage of working with gametes is the availability of ample 
material for classical structure-function studies. Thus, the progress has been 
painfully slow. Future work in this area will undoubtedly be directed 
towards precise identity of sperm surface receptor(s) and its complementary 
ligand molecule(s) on ZP. Once identified, the functional significance of 
these molecules can be studied using molecular biological approaches. Any 
new information, we hope, will lead to a better understanding of the 
fertilization process. 

Table 3. Proposed spenn molecules that are reported to contribute prior or on the on-set of 
acrosomal exocytosis 

Non-Proteinous Components 
Anionic phospholipids, lysophospholipids 
cAMP, cGMP, IP3 and DAG 
Cholesterol 
Fatty acids (including archidonic acid) 
Unidentified small molecules 

Plasma Membrane ProteinslGiycoproteins 
Adenylyl, and guanylyl cyclases 
Angiotensin II receptor 
ATPases responsible for the transport of ions (Ca2+, Mg2+ and Na+/Kl 
Epidennal growth factor receptor 
Ion exchange channels such as Na+IH+-, Na+/K+-, CllHCOr 
IP3-gated Ca2+ channel 
G-proteins 
Phospholipases A2 and C 
Progesterone receptor(s) (GABAA?) 
Protein kinase C 
Rab3a1A (a small GTPase) 
SNARE proteinsa 

Synaptic vesicle protein (synaptotagmin I) or very similar homolog 
Voltage-dependent Ca2+ channels 

Outer Acrosomal Membrane and Intraacrosomal Proteins/Glycoproteins 
Actin 
Acrosin and acrosin inhibitor 
Cathepsin D 
Calmodulin 
Calmodulin acceptor proteins 
Calpain II 
Unknown Ca2+-binding protein(s) 

aSoluble N-ethylmaleimide-sensitive attachment protein receptors 
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Chapter 16 

GAMETE MEMBRANE INTERACTIONS 
The Cell-Cell Interactions between Sperm and Egg during 
Fertilization 

Janice P. Evans 
Johns Hopkins University, Baltimore, MD, US.A. 

INTRODUCTION 

Fertilization takes place in a series of discrete steps (Fig. 1). The spenn 
actually interacts with the egg on three separate levels: first with the 
cumulus cells and the hyaluronic acid extracellular matrix (ECM) in. which 

. they are embedded, secondly with the egg's own ECM, called the zona 
pellucida (ZP) , and finally with the egg plasma membrane (Fig. 1). The 
binding of the spenn to specific ZP glycoproteins (ZP3 in the mouse) 
induces the spenn to undergo the "acrosome reaction" the exocytosis of the 
acrosome vesicle on the head of the spenn (1). The acrosome reaction 
allows the spenn to penetrate the ZP and exposes or modifies portions of the 
spenn membrane, including the inner acrosomal membrane and the 
equatorial segment (shown in Fig 1). These acrosome reaction-induced 
changes in the spenn are critical for fertilization success, as these modified 
regions of the spenn head participate in initial gamete membrane binding or 
subsequent spenn-egg membrane fusion (1-3). Thus, the acrosome reaction 
is a necessary prerequisite step for spenn-egg plasma membrane interactions 
to occur, as only acrosome-reacted spenn can bind and fuse with the egg 
plasma membrane (1). In addition, since capacitation is required for the 
spenn to be able to undergo the acrosome reaction, capacitation is therefore 
also a prerequisite for the spenn to be capable of interacting with the egg 
plasma membrane. 

This chapter will focus on the molecules and processes that serve to 
bring spenn and egg together, as well as the biological and clinical 
applications of gamete membrane interactions. Gamete plasma membrane 
interactions occur in the perivitelline space, between the membrane and the 
ZP (Fig. 1). These interactions occur in a stepwise fashion, first with the 
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sperm adhering to the egg (cell-cell adhesion), and then with the membranes 
of these two cells fusing to make the one-cell embryo (also known as a 
zygote). Following gamete membrane fusion, a change in the egg 

cumulus layer 

Figure 1. Schematic diagram of the steps of sperm-egg interactions during fertilization. The 
three levels with which the sperm interacts with the egg are labeled: the cumulus layer 
(including cumulus cells and the hyaluronic acid extracellular matrix in which they are 
embedded), the zona pellucida eZp), and the egg plasma membrane. The perivitelline space is 
the space between the egg plasma membrane and the ZP. Step I shows the sperm interaction 
with the cumulus layer. In Step 2 the sperm proceeds to the ZP; this interaction induces the 
sperm to undergo acrosomal exocytosis (or acrosome reaction), and Step 3 shows the sperm 
surfaces that are exposed after acrosomal exocytosis: the inner acrosomal membrane (lAM), 
the equatorial segment, and the posterior head. In Step 4, the acrosome-reacted sperm gains 
access to the perivitelline space and interacts with the egg plasma membrane. 

known as egg activation is initiated. Egg activation is a collective term, 
referring to the changes that occur within the egg that release it from its 
relatively quiescent state to initiate embryo development. One important 
change that occurs with egg activation is cell cycle resumption. As was 
discussed in Part II, female gametes are released from the ovarian follicles in 
response to the hormonal signal that triggers ovulation. This also triggers 
progression through meiosis, from prophase of meiosis I to metaphase of 
meiosis II in most mammalian species. At this metaphase II stage, the 
female gamete is often referred to as an egg rather than an oocyte, to indicate 
that it has progressed from prophase I into meiosis; the term "egg" will be 
used in this chapter. An egg will remain arrested at metaphase II unless it is 
fertilized. If the egg is fertilized, then it will continue through the cell cycle, 
completing meiosis and then entering into the first embryonic mitotic cycle. 
Another important change that occurs upon egg activation is the prevention 
of polyspermy (prevention of fertilization by additional sperm). 



CELL BIOLOGY OF GAMETE MEMBRANE 
INTERACTIONS 

Cell Adhesion 

291 

Cell-cell interactions occur throughout the body. Some cell-cell 
interactions hold tissues together (e.g., epithelia), and others occur under 
special conditions [e.g., platelet aggregation in response to wounding]. 
Gamete membrane interactions are frequently cited as being analogous to the 
interactions between leukocytes in the blood stream and endothelial cells 
that make up blood vessels (4,5). First, the interactions of the gamete plasma 
membranes appear to utilize multiple ligands and receptors (detailed below), 
as do leukocyte-endothelial interactions. Second, both sperm and leukocytes 
are under flow conditions - leukocytes from being in the blood stream and 
sperm from the motile force of the sperm tail [sperm tail beats are estimated 
to generate almost 3000 Ildyns of shear force (6)]. Flow conditions put 
special pressures on cellular interactions. Initial molecular interactions must 
be sufficient to slow or "brake" the cell [the leukocyte or sperm] under flow, 
tethering it to the adhering surface [the endothelial cell or egg plasma 
membrane], so that it resist shear forces and ultimately stay attached. This 
initial attachment subsequently leads to moderate and then firm adhesion. 
Thus, the utilization of multiple ligands and receptors in these examples of 
cell-cell interactions might be necessary because different ligand-receptor 
pairs serve certain specific roles. 

In the leukocyte-endothelium model, one example is L-selectin on 
leukocytes; L-selectin binds to specific carbohydrates on endothelial cells, 
allowing the leukocyte roll along the surface of the endothelium lining the 
blood vessel. The L-selectin-carbohydrate interaction slows the leukocyte 
along the endothelium but is not of sufficiently high affinity to allow 
leukocyte to stop and firmly adhere to the endothelium. This task is 
mediated by other ligands and receptors, including specific integrins on 
leukocytes and their ligands on endothelial cells. The molecules that 
mediate the specific steps of leukocyte-endothelial interactions are known 
(Fig. 2). While the specific molecules that mediate the specific steps of 
gamete membrane interactions are not known, molecules on both the sperm 
and egg that participate in these interactions are being identified [see below]. 
As we learn more about these molecules and the properties of their 
interactions, we will begin to be able to assign specific gamete molecules to 
specific roles. 
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Figure 2. Schematic diagrams of leukocyte-endothelium and sperm-egg interactions and a 
hypothetical model for the mechanism of sperm-egg adhesion. A, the interaction of a 
leukocyte in the bloodstream with endothelial cells, forming the vessel wall, is shown. This 
interaction is initiated by L-selectin on the leukocyte binding to a carbohydrate on the 
endothelial cells; this molecular interaction is not tight but is sufficient to slow the leukocyte 
to roll along the endothelial cells. This leads to firm adhesion, mediated by different 
molecules [an integrin on the leukocyte and its ligand on the endothelial cells]. Firm 
adhesion allows the leukocyte to flatten on the endothelial surface. B, by analogy to the 
leukocyte-endothelium interaction, the gametes are shown with multiple ligands on the sperm 
and receptors on the egg. These ligands and receptor are hypothetical. Sperm Ligand I is on 
the anterior head surface exposed after the acrosome reaction [the inner acrosomal membrane, 
lAM shown in Figure I]. Ligand 2 is on the equatorial segment, and Ligand 3 is on the 
posterior head. Based on electron microscopic studies, sperm in several species interact with 
the egg membrane "tip first," via the inner acrosomal membrane, and then rotate down to 
interact with egg membrane via the equatorial segment and the posterior head. These latter 
two regions of the sperm head also mediate sperm-egg fusion. 

Membrane Fusion 

Gamete membrane interactions culminate in membrane fusion 
between the plasma membranes of the sperm and the egg, making one cell 
[the zygote] from two. Some other cells in the body undergo cell-cell 
fusion, including myoblasts during muscle development and trophoblast 
cells to form the syncytiotrophoblast of the placenta in some species. While 
relatively little is lrnown about how membrane fusion between cells occurs, 
other membrane fusion events are better understood. From studies of other 
systems such as the fusion of specific viruses to cells or of intracellular 
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vesicles and intracellular or plasma membranes, we have the following 
model for the step-wise fashion by which membrane fusion occurs, shown in 
Figure 3 (7). First, the two membrane-bound entities that are destined to fuse 
come into close contact, through molecular interactions between ligands and 
receptors that allow tight adhesion and membrane apposition. Next, 
facilitated by interactions between protein and then lipid components of the 
membranes, the facing leaflets of two lipid bilayers intermingle, a state 
called hemifusion. This leads to the formation of an opening, called a 
fusion pore, that connects the two membranes. This fusion pore can then 
expand, ultimately incorporating one membrane into the other. It should be 
noted that the egg incorporates the entire sperm, including the tail. 

There are different models for how these steps are modulated on a 
molecular level. One model comes from studies of the membrane fusion 
events between cells and virus particles, especially influenza. In virus-cell 
interactions, membrane fusion is mediated by a viral fusion protein in the 
membrane of the viral envelope. The virus's fusion protein contains a 
hydrophobic subdomain, called a fusion peptide. Fusion peptides are 
normally conformationally "concealed," folded within the fusion protein so 
that its hydrophobic amino acids are not exposed to the aqueous 
environment. Following the appropriate stimulus, such as a pH change or a 
molecular interaction or other signal, a conformational change in the fusion 
protein occurs, unmasking the fusion peptide. The fusion peptide can then 
insert into the lipid bilayer of the plasma membrane of the cell to which the 
virus particle is attached. The fusion peptide insertion can lead to a 
conformation change in the fusion protein, which bends the target 
membrane, bringing it into close apposition with the viral membrane 
envelope. The insertion of the fusion peptide into the target cell membrane 
may also disrupt the "recipient" lipid bilayer, which then intermingles with 
the phospholipid components of the bilayer with the fusion peptide, leading 
to hemifusion and then the formation of a fusion pore. 

How this fusion peptide model might apply to sperm-egg interactions is 
shown in Figure 4, although it should be emphasized that this is only a 
hypothetical model for how sperm-egg fusion occurs. In the hypothetical 
model pictured, the fusion protein is in the sperm membrane, although other 
possibilities exist, such as the fusion protein being a component of the egg 
membrane that then inserts into the sperm membrane. In reality, relatively 
little is known about membrane fusion events between cells, but some 
insights into this cellular process could come from studies of sperm-egg 
fusion. 

A second model for membrane fusion comes from studies of membrane 
fusion events that occur inside cells, i.e., the fusion of membrane-bound 
intracellular vesicles with other membranes [plasma membrane or other 
intracellular vesicles and organelles]. Membrane fusion events in this case 
are mediated by transmembrane proteins known as Soluble N-
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ethylmaleimide-sensitive factor (NSF) Attachment protein Receptor 
(SNARE), along with cytoplasmic accessory proteins that regulate SNARE 
function. A SNARE protein on a vesicle (a v-SNARE) interacts with a 
SNARE on the target membrane (a t-SNARE). These two SNARE proteins 
are believed to intertwine and form bundles of a-helices, bringing the 
vesicle and target membranes into close apposition, analogous the way a 
viral fusion protein brings membranes close after insertion of the fusion 
peptide. This close proximity of the membrane bilayers leads to hemifusion 
(mixture of the outer leaflets of the lipid bilayers) and then formation of 
the fusion pore. How 
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Figure 3. Membrane fusion. The schematic diagram shows two phospholipid bilayers 
[Membrane #1 and Membrane #2], made up of outer leaflets, facing the extracellular space, 
and inner leaflets, facing the cytoplasm. Membrane fusion begins with hemifusion [Step 2], 
or the merging of the outer leaflets, and then continues with the formation of the fusion pore 
[Step 3], which serves as an opening connecting the two cytoplasms. 

How might this model be applied to sperm-egg fusion? It is possible that 
there are SNARE-like proteins on the extracellular surface of the sperm and 
egg that mediate gamete fusion; the sperm SNARE and egg SNARE could 
intertwine and lead to fusion of the gamete membranes. However, it should 
be emphasized that the SNARE model is based on membrane fusion events 
that occur on the interior of cells, with fusion being initiated by the 
membrane proteins and lipids that face the cytoplasm. Sperm-egg [and other 
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Figure 4. A hypothetical model for the mechanism of sperm-egg fusion. This diagram shows 
a magnified view of the sperm and egg in Figure 2, continuing from the stage where firm 
adhesion has occurred, mediated by Ligands 2 and 3 on the sperm and Receptors 2 and 3 on 
the egg. Following establishment of firm adhesion [Step (1 )], some signal induces the fusion 
protein to undergo a conformational change, so that the fusion peptide is exposed and then 
can insert in the lipid bilayer of the egg membrane [Step (2)]. A conformational change in the 
fusion protein then occurs [Step (3)], bending the lipid bilayers. This ultimately then induces 
mixture of the lipid bilayer components, leading to hemifusion and then formation of the 
fusion pore [Step (4)]. In this hypothetical model, the fusion protein is in the sperm 
membrane, although other possibilities exist [see text]. 

cell-cell] fusion events are different in this regard, occurring on the 
extracellular surfaces of membranes and thus initiated by membrane proteins 
and lipids that face the extracellular space. 



296 

EXPERIMENTAL METHODS USED TO STUDY 
MOLECULES INVOLVED IN FERTILIZATION 

Cell-cell interactions and other cell adhesion processes have been 
traditionally studied using in vitro cell adhesion assays, i.e., allowing cells to 
adhere to a substrate or to other cells, and manipulating the conditions or 
including reagents that are hypothesized to inhibit or enhance cell adhesion. 
In studies of gamete membrane interactions, this has been done using in 
vitro fertilization (IVF) assays, i.e., mixing sperm and eggs in 
experimentally manipulated conditions. One important example of such an 
experimental manipulation is shown in Figure 5, with the use of 
experimental reagents that might be hypothesized to inhibit sperm-egg 
interactions. These reagents include antibodies that cross-react with certain 
sperm or egg molecules, and also peptides or proteins that mimic parts of 
sperm or egg proteins and thus competitively inhibit gamete interactions. 

Figure 5. Experimental assays used to assess function of spenn or egg molecules. Shown at 
the left side of the diagram is a simplified example of one spenn ligand interacting with its 
receptor on the egg surface. Subsequent images show reagents that can be used 
experimentally to examine the roles of molecules in spenn-egg interactions. One 
experimental approach is doing a competitive inhibition assay using purified, isolated spenn 
ligand protein or mimetics of it. Examples of mimetics include synthetic peptides with 
sequences matching key portions of the spenn molecule or recombinant proteins, expressed 
from the cDNA encoding the spenn ligand in an expression system utilizing prokaryotic or 
eukaryotic cells. In a competitive inhibition assay, the egg is incubated with a molar excess 
of spenn ligand; these isolated spenn ligand molecules block many or all of the egg receptor 
sites. Thus, when spenn are added to the eggs, egg receptor sites are occupied and spenn-egg 
interactions mediated by that particular spenn ligand cannot occur. Alternatively, antibodies 
that disrupt the function of either the spenn ligand or the egg receptor could be used to inhibit 
spenn-egg interactions mediated by those molecules. 

But how does a researcher decide what specific antibodies or proteins to 
test in an IVF assay? Key insights into gamete membranes interactions have 
come from studies of cell-cell interactions in other experimental systems or 
cells other than gametes [i.e., cultured cells], which have characterized cell 
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adhesion molecules that function in somatic cells to mediate cell-cell or cell
environment interactions. One example of this is the integrins, a family of 
cell adhesion molecules that are widely expressed by many different cell 
types in the body and are known to mediate interactions of cells with 
extracellular matrix substrates and/or with other cells. Recent studies have 
focussed on integrins as candidates to mediate gamete membrane 
interactions. Results from these studies have demonstrated that integrin 
family members are expressed by eggs and that anti-integrin antibodies can 
perturb gamete membrane interactions [ see below]. 

Another approach that has been used to study gamete surface proteins 
involved in sperm-egg membrane interactions has been to immunize mice 
with intact gametes or with gamete membrane proteins, to generate a battery 
of monoclonal antibodies to the gamete surface antigens. The antibodies are 
then screened for their abilities to bind to surface antigen( s) and to inhibit 
sperm-egg binding or fusion, with IVF assays similar to the type shown in 
Figure 5. One sperm antigen has been well characterized and has emerged 
as one of the major players in sperm-egg membrane interactions. This 
protein is known as fertilin, and will be discussed in more detail below. 

The generation of knockout mice has also shed tremendous light on the 
field of sperm-egg membrane interactions. Some of these knockout mice 
have been generated for the purpose of testing the hypothesis that a 
particular molecule is involved in fertilization [i.e., fertilin 13 or cyritestin; 
discussed below]. Some other knockout mice have been found to have the 
unanticipated phenotype of male or female infertility, and when the gametes 
were analyzed in in vitro fertilization assays, it was found that there were 
defects in some part of the fertilization process. 

The vast majority of what we know about fertilization, including the 
process of gamete membrane interactions, comes from studies of 
experimental animal models, including mouse, rat, bovine, and porcine. 
Although human sperm are often available for study, it is extremely difficult 
to obtain human eggs for research studies, and those that can be obtained are 
often donated after a failed in vitro fertilization attempt and thus may be of 
questionable quality. Moreover, laws in the United States and many other 
countries have set up strict restrictions on the use of human gametes in 
research studies; much of what is done experimentally with animal gametes 
cannot be done with human gametes. However, the cellular and molecular 
processes of fertilization have proved to be highly conserved between 
mammalian species, and thus what has been learned from non-human 
mammalian species translates well to insights into human fertilization. In 
addition, heterologous systems [i.e., sperm from one species and eggs from 
another species] are occasionally used. ZP-free hamster eggs are commonly 
used for these sorts of studies, because hamster eggs are capable of fusing 
with sperm from nearly every mammalian species tested (3). [The ZP needs 
to be removed, as sperm-ZP interactions occur in a species-specific manneL] 
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This is frequently referred to as the "zona-free hamster egg penetration test." 
It is not clear how biologically relevant the zona-free hamster egg 
penetration test is, since fusion with a hamster egg may occur via a 
mechanism that is unique to the hamster egg. Nevertheless, the zona-free 
hamster egg penetration test has proved to be useful, particularly in studies 
of sperm from species (such as human) for which homologous eggs are not 
readily obtainable. 

MOLECULES OF GAMETE MEMBRANE 
INTERACTIONS 

Sperm Molecules 

ADAMS: Fertilin a. (ADAMI), Fertilin ~ (ADAM2), and Cyritestin 
(ADAM3) 

Three of the best characterized sperm proteins with roles in gamete 
membrane interactions are related molecules with significant amino acid 
sequence homology,' and thus are members of the same molecular family. 
This family is known as ADAM proteins, with the name ADAM being an 
acronym representing the domain structure of these proteins [A Disintegrin 
and A Metalloprotease, see Figure 6]. This molecular family has also been 
called "MDCs" [for Metalloprotease / Disintegrin / ~ysteine-rich domains] 
and "cellular disintegrins," and thus these names are seen in the literature. 
The sperm ADAMs that are known to participate in sperm-egg membrane 
interactions are fertilin a. (ADAMI), fertilin ~ (ADAM2), and cyritestin 
(ADAM3). 

To date 28 different vertebrate ADAMs have been identified, and there 
are ADAMs in invertebrates (Drosophila and C. elegans) as well. 
Understanding the significance of ADAM proteins requires a little lesson in 
some other cell biology topics. Some extracellular matrix proteins (e.g., 
fibronectin, vitronectin) utilize small amino acid motifs with the sequence 
Arg-Gly-Asp [RGD in single letter amino acid code] to interact with their 
receptors, which are known as integrins. Integrin-binding proteins have also 
been identified in snake venoms. These snake venom polypeptides also have 
RGD amino acid sequences, and can competitively inhibited integrin
mediated adhesion of cells to RGD sequences in extracellular matrix 
proteins. Because of this integrin-perturbing activity, these snake venom 
proteins are called disintegrins (8). When cDNA sequences for four ADAM 
family members were first isolated in the early 1990s (two on sperm, one in 
the epididymis, and one as the gene product of a putative breast cancer 
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tumor suppressor), one of the most striking features was the significant 
sequence homology between one region of the ADAM proteins and snake 
venom disintegrins - and so this region of ADAM proteins came to be called 
a "disintegrin domain." 

The discovery that fertilin P is involved in sperm-egg membrane 
interactions came long before its cDNA sequence and domain structure were 
known. Fertilin P was identified as the antigen of one antibody 
characterized from a battery of monoclonal antibodies made in the early 
1980s by immunizing mice with guinea pig sperm membrane proteins; these 
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Figure 6. Domain structure of ADAM proteins. This schematic diagram shows the 
generalized domain structure of all ADAM proteins, based on the consensus amino acid 
sequences (primary protein structure). All ADAM proteins have the following functional 
domains: a signal sequence ("signal"); a prodomain; a metalloprotease domain; a disintegrin 
domain; a cysteine-rich domain; an EGF-like repeat; a transmembrane domain (TM), and a 
short cytoplasmic tail. The signal sequence allows the protein to be inserted into the 
endoplasmic reticulum during protein synthesis. The metalloprotease domain is an active 
protease in some ADAM family members that contain the required amino acid sequence that 
mediates the binding of zinc ions, which is required for proteolytic activity. [Not all ADAM 
proteins have this sequence, and thus not all ADAM proteins have protease activity.] The 
disintegrin domain has homology to the integrin-binding polypeptides in snake venoms 
known as disintegrins. The disintegrin loop is a short amino acid sequence within the 
disintegrin domain. In snake venom disintegrins, this disintegrin loop has the sequence RGD 
(or similar sequence KGD), but in ADAM proteins, this sequence is almost never an RGD. In 
the sperm ADAM proteins fertilin a, fertilin P, and cyritestin, the protein is proteolytically 
cleaved between the metalloprotease domain and the disintegrin domain. This releases the 
prodomain and the metalloprotease domain, and leaves only the disintegrin domain, the 
cysteine-rich domain, and the EGF-like repeat exposed on the sperm surface. 

immunized mice made many different antibodies cross-reacting with many 
different molecules on the sperm membrane. One of these antibodies, PH-
30, cross-reacts with the posterior head of the guinea pig sperm, a region of 
the sperm head that interacts with the egg membrane [see Fig. 2]. PH-30 
was also found to inhibit fertilization of guinea pig eggs (9). Since that time, 
the antigen recognized by PH-30, fertilin P and its associated protein fertilin 
a, have been cloned in many mammalian species (mouse, rat, rabbit, bovine, 
human, and some non-human primates). How these molecules function in 
fertilization has been characterized, using the mouse as an experimental 
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model. Biochemical studies show that fertilin a and fertilin ~ pair together, 
existing as a heterodimeric complex in the sperm membrane (9-12). 
Coincident with these research studies of fertilin ~ and fertilin a, another 
member of the family was discovered and characterized; cyritestin is so
named because it was a cysteine-rich protein identified in the testis (13) (see 
Fig.7). 

There are many experimental data that indicate that fertilin a, fertilin ~, 
and cyritestin participate in gamete membrane interactions. Sperm treated 
with antibodies that bind to fertilin ~ (9,14,15) and cyritestin (14) have a 
reduced ability to fertilize eggs in in vitro fertilization assays. In com-
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Figure 7. Major molecular players on the sperm involved in sperm-egg adhesion. Three 
different ADAMs are known to participate in the adhesion of the sperm to the egg membrane: 
cyritestin, fertilin a, and fertilin p. All three molecules are integral membrane proteins. 
Fertilin a and fertilin p are known to form heterodimers, and so are shown together. 
However, these three ADAMs use different domains to achieve this adhesion; asterisks 
indicate the functional domains (the disintegrin loop in cyritestin and fertilin p, and the 
disintegrin and cysteine-rich domains in fertilin a). In addition, the epididymis secretes the 
protein DE/CRISP-I, which then associates with the sperm surface. It is not known how 
DE/CRISP-I binds to the sperm membrane. It is shown associated with the lipid bilayer, 
although it is possible that DE/CRISP-l binds its receptor protein in the sperm membrane as 
well. 

plimentary experiments, eggs are treated with peptides and recombinant 
proteins that mimic parts of the ADAM proteins on sperm; these peptides or 
proteins bind to the receptors on the egg surface, blocking the receptors and 
leading to reduced sperm-egg binding (14,16-21). These studies have been 
done primarily with mouse gametes, although there are similar data from 
rabbit (15), baboon (22), and human (23). Finally, male mice with the fertilin 
~ or cyritestin genes knocked out have been demonstrated to have reduced 
fertility (24-26); this will be discussed in more detail below. 

Fertilin a, fertilin ~, and cyritestin have been additionally characterized 
by the determination of functional domains, or what parts of the molecules 
mediate interactions with the egg membrane. This was addressed by 



301 

analyses of the spenn ADAM proteins by generating recombinant versions 
of the spenn proteins with either specific domains deleted or with specific 
amino acids mutated. These studies revealed that fertilin 13 and cyritestin 
seem to function by similar molecular mechanisms. Both of these proteins 
utilize similar sequence in a specific region of the disintegrin domain, called 
the disintegrin loop. In fertilin 13, this sequence is glutamic acid-cysteine
aspartic acid [ECD] (27,28), and in cyritestin, this sequence is glutamine
cysteine-aspartic acid [QCD] (29). Fertilin a, however, utilizes different 
domain regions from fertilin 13 and cyritestin. The fertilin a disintegrin 
domain and also the cysteine-rich domain (with the EGF-like repeat) can 
mediate interactions with the egg surface (21,30). It has not been definitively 
identified what amino acids of the disintegrin domain are involved, although 
initial studies suggest that the disintegrin loop is not involved (14,30). 

Another interesting finding regarding these proteins pertains to their 
domain structure and proteolytic processing. As shown in Figure 5, some 
ADAM proteins are cleaved by a proteolytic enzyme between the 
metalloprotease and disintegrin domain, removing the signal sequence, the 
prodomain, and the metalloprotease domain from the protein anchored in the 
membrane. This appears to happen to fertilin a while spenn are developing 
in the testis, and to fertilin 13 and cyritestin as the spenn move through the 
epididymis (10,14,31,32). As is discussed in Chapter 6, epididymal transit is 
a critical maturational process for spenn. The proteolytic processing of 
fertilin 13 and cyritestin during epididymal transit may be an important 
molecular change that renders spenn capable of fertilizing an egg. In guinea 
pig spenn, the proteolytic processing of fertilin 13 during epididymal transit 
correlates with the relocalization of fertilin [3 from the entire head to the 
posterior head of the spenn (10). 

DEI CRISP-1 

DE is not an actual spenn protein per se, but is synthesized by and 
secreted from the epididymal epithelium and associates with the surface of 
spenn during epididymal transit (33). DE gets its name from two bands 
[band D and band E] present in a lysate of rat epididymal proteins run on a 
denaturing polyacrylamide gel. Proteins D and E have very similar amino 
acid sequences, might be products of the same gene, and are routinely 
purified together, and thus are referred to collectively as "DE." When the 
cDNA encoding rat DE was cloned, it was found to be highly homologous to 
members of family of cysteine-rich secretory proteins (34), specifically 
CRISP-1 in the mouse and human. DE is also referred to as Acidic 
Epididymal Glycoprotein [AEG or AEG-1] in the literature (35). The 
human homolog has been called ARP, for AEG-related protein; this human 
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DE-like cDNA shares 40% homology with rat DE/CRISP-I. Thus, the 
terms DE, CRISP-I, AEG-l, and ARP all refer to the same protein. 

As noted above, DE is synthesized by the epididymis. This contrasts 
with the sperm proteins previously discussed, fertilin a, fertilin 13, and 
cyritestin, which are integral components of the sperm membrane and are 
synthesized by the developing male germ cells during spermatogenesis. DE, 
a small (37 kD) glycoprotein, is secreted from epididymal cells into the 
epididymal lumen, where it becomes associated with the membrane covering 
the sperm head as they pass through the epididymis from the testis. 
Acquisition of DE on the sperm surface may be an important component of 
the epididymal maturation process. 

What is the evidence that DE is involved in gamete membrane 
interactions? Anti-DE antibodies inhibit fertilization of rat eggs, either when 
mixed with rat sperm before they are used for artificial insemination (36) or 
in in vitro fertilization (37). Additionally, DE protein purified from rat 
epididymal extracts binds to the plasma membrane of rat and mouse eggs. 
Rat and mouse eggs treated with purified rat DE show reduced levels of 
fertilization when mixed with sperm in in vitro fertilization (38,39). DE may 
also participate in human gamete membrane interactions based on some 
recent preliminary data. A recombinant form of human DE binds to the 
plasma membrane of human eggs and human sperm treated with anti-human 
DE antibodies show a reduced ability to fertilize hamster eggs (40). 

Egg Molecules 

Integrins 

Integrins as well as other families of cell adhesion molecules have 
lingered in the background for decades as candidates to mediate cell-cell 
interactions during fertilization. As integrins, cadherins, and 
immunoglobulin superfamily cell adhesion molecules were discovered and 
found to mediate many different cell adhesion processes, gamete biologists 
speculated about the possibility that these molecules might also be 
functioning in sperm-egg interactions. However, integrins became strong 
candidates to mediate gamete membrane interactions with the identification 
of the disintegrin domain in fertilin 13 in 1992 (41) and then subsequently in 
other sperm ligands, cyritestin and fertilin a. The presence of integrin 
ligand-like domain in a sperm protein raised the possibility that this sperm 
protein could bind to an egg receptor. The identity of the integrin that 
mediates sperm-egg adhesion has not been conclusively determined, 
however. Integrins are heterodimeric molecules, made up of an a subunit 
and a 13 subunit (Fig. 8). To date, 18 different a subunits and 8 different 13 
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subunits have been identified in vertebrates, and these make 24 different 
combinations, each of which recognizes different ligands. Of these 24 
different integrins, one candidate, U6f3b has been studied extensively as a 
receptor for fertilin f3, with complicated and conflicting experimental results. 
A function-blocking monoclonal antibody that cross-reacts with the U6 
integrin subunit reduces the binding of sperm and fertilin f3 to eggs in some 
(28,42) but not all experiments (19,43). A synthetic peptide corresponding to 
the fertilin f3 disintegrin loop can be cross-linked to an egg surface protein 
that is immunoprecipitated with an anti-u6 antibody (44), suggesting that 
fertilin f3 and U6 interact. Non-egg cells that express U6f31 can support sperm 
binding (42). However, eggs that lack U6 or its functional ligand binding 
motif can still support the binding of sperm and fertilin f3 (19,45). Taken 
together, these data indicate that U6f31 can participate, directly or perhaps 
indirectly, in fertilin f3-mediated sperm adhesion to the egg, but it is not 
required for these adhesions. More recent studies implicate other integrins 
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Figure 8. Major molecular players on the egg involved in sperm-egg adhesion. Because of 
the involvement of the integrin ligand-like disintegrins domains of cyritestin, fertilin p, and 
fertilin a in fertilization, it has been hypothesized that an integrin on the egg serves as the 
receptor for these sperm ADAMs. The exact identity of the integrin a and P subunits have 
not been definitively identified, although a6, a v, a9, and PI are good candidates. The ligand 
binding domain of integrins is known to be located in the globular head domains of the a and 
P subunits, atop extended stalks. Shown associated with the integrin is the integrin-associated 
protein CD9, which is known to be critical for sperm-egg membrane interactions. CD9 is a 
member of the tetraspanin family, proteins that span the plasma membrane four times. 
Although CD9 is not known to be a receptor for a sperm ligand, it likely serves as an 
accessory protein to the integrins, facilitating their function as receptors. 
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as additional candidates to be involved in gamete membrane interactions 
(46) or specifically in fertilin /3 binding to the egg membrane (43). It should 
also be noted that an egg integrin(s) could be a receptor for other sperm 
ligands, including cyritestin and fertilin u. A function-blocking monoclonal 
antibody that cross-reacts with the U6 integrin subunit reduces the binding of 
cyritestin to eggs (29), although this same antibody has no effect on the 
binding of fertilin a to eggs (30). The egg integrin(s) that binds to sperm 
ADAMs has yet to be definitively determined. 

CD9 

CD9 is a protein that associates with a subset of integrin family 
members within the plane of the plasma membrane (Fig. 8). CD9 is a 
member of another protein family known as tetraspanins, so named because 
they span the membrane four times. The discovery that CD9 is involved in 
gamete membrane interactions came from two different studies. One was the 
generation of CD9 knockout mice, which was done by three different 
research groups. CD9 -/- female mice were found to be infertile, and further 
analysis of this defect revealed that sperm could not interact with the plasma 
membranes of eggs from these CD9 -/- mice (47-49). Additional evidence 
for the role of CD9 on the egg came from studies using anti-CD9 antibodies 
in in vitro fertilization experiments, and observing that these antibodies have 
a significant inhibitory effect on gamete membrane interactions (50). Anti
CD9 antibodies have some inhibitory activity on the binding of fertilin 13 
(43,50), fertilin a (30), and cyritestin (29) to eggs. It is not clear, however, 
exactly what role CD9 plays in fertilization. CD9 and other members of the 
tetraspanin family appear to play important roles in several events mediated 
by the cell surface, including cell adhesion, cell migration, and even some 
membrane fusion events (51,52). Because of this, tetraspanin proteins have 
been dubbed "molecular facilitators," not serving as direct receptors for 
ligands involved in adhesion or migration or fusion, but facilitating the 
function of molecules that do serve as receptors. The field continues to 
advance, however, as other tetraspanin knockout mice have been generated 
and analyses of their phenotypes have shed light on tetraspanin function 
(51,52). The distinctive role ofCD9 in the egg should also provide important 
insights into the molecular functions of tetraspanin family members. 
Although we lack a precise picture of CD9's role in fertilization, all current 
data point to CD9 being a very important regulator of egg membrane 
function. For example, the eggs from knockout mice deficient in the U6 
integrin subunit can be fertilized, but fertilization of these u6-lacking eggs 
can be inhibited by anti-CD9 antibodies (45). This demonstrates that CD9 is 
still expressed on the plasma membrane of u6-lacking eggs and appears to 
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have a critical role in regulating the ability of the egg membrane to be 
penetrated by sperm. 

INTERPRETING ADDITIONAL DATA AND REFINING 
THE MODEL FOR GAMETE MEMBRANE 
INTERACTIONS 

Phenotype Interpretation and Understanding some Causes of 
Infertility 

We have learned a great deal about sperm-egg membrane interactions 
and the participating molecules not just from the cell biological and 
biochemical experiments discussed above, but also from knockout mice, 
engineered to lack a gene of interest. In addition, knockout mice can be 
excellent models of infertility. It is important to note, however, that 
interpretation of knockout mouse phenotypes and diagnosis of a pathological 
condition like infertility can be complicated. To illustrate this, we will focus 
on the fertilin J3 knockout mouse as a case study. 

Fertilin J3 knockout mice were generated by traditional means, using 
homologous recombination to replace a portion of the fertilin J3 gene with a 
different piece of DNA, disrupting the gene so that no functional protein 
could be made. Male and female fertilin J3 -/- mice (with two copies of the 
disrupted gene) are viable and healthy, and females are fertile. However, 
male fertilin J3 -/- mice have very low fertility, based on mating trials 
demonstrating that very few wild type females mated with fertilin J3 -/- males 
got pregnant and produced pups (24). This would be analogous to a couple 
being unable to get pregnant [the clinical definition of infertility is the 
inability to conceive after one year of unprotected intercourse]. More 
detailed analyses are then undertaken looking for reasons for the 
infertility. In the case of the fertilin J3 -/- mice, the investigators knew to 
examine the males specifically. Since the animals looked phenotypically 
male and showed normal mating behavior, it appeared that hormone levels 
would be normal. Therefore, investigators proceeded to analyze sperm 
functions. 

Sperm from fertilin J3 -/- mice are produced in normal numbers, and 
have normal motility and undergo the acrosome reaction. However, sperm 
from fertilin J3 -/- mice bind to the egg plasma membrane very poorly. In the 
experimental in vitro fertilization conditions used in these studies, eggs 
incubated with sperm from wild type males had -9 sperm bound per egg 
whereas eggs incubated with sperm from fertilin J3 -/- males only have -1 
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sperm bound per egg (24). Sperm-egg fusion, however, was not as 
adversely affected as sperm-egg binding was. Eggs incubated with sperm 
from wild type males had -0.7-0.8 sperm fused per egg while eggs incubated 
with sperm from fertilin /3 -/- have -0.3-0.4 sperm fused per egg (24), 
suggesting that the few sperm from fertilin /3 -/- males that are able to bind 
to eggs are indeed capable of fusing with the egg membrane. 

It would appear that these data clearly and simply implicate fertilin /3 in 
sperm-egg adhesion, and not sperm-egg fusion. However, in truth, it turned 
out that there was more to this fertilin /3 knockout mouse. Some critical 
insights come from analysis of not only how the sperm function in 
fertilization, but also the protein expression profile. Obviously, since the 
fertilin /3 gene is disrupted, the sperm from these animals do not express 
fertilin /3 protein. However, knowing that fertilin /3 forms a heterodimer 
with fertilin a., researchers also looked to see if fertilin a. was present in 
sperm from fertilin /3 -/- mice - and it is not (12). In addition, the levels of 
cyritestin are very low on sperm from fertilin ~ -/- mice (26). Therefore, one 
has to be careful about data interpretation or the diagnosis of the cause of 
infertility in these mice. We can say that there is a defect in the ability of 
sperm from fertilin /3 -/- mice to adhere to the egg plasma membrane, but 
these defects could be due to the absence of fertilin /3, the absence of fertilin 
a., and/or the reduced levels of cyritestin. 

Interestingly, cyritestin knockout mice have similar fertilization function 
phenotypes as the fertilin J3 -/- mice. Sperm from cyritestin -/- mice have a 
reduced ability to bind to the egg plasma membrane, although the few of 
these mutant sperm that do bind are able to fuse with and fertilize an egg 
(26). This membrane adhesion defect makes sense because, based on data 
from biochemical and cell biological studies, cyritestin is involved in sperm 
adhesion to the egg membrane. Furthermore, sperm from cyritestin -/- males 
have very little fertilin a. and m0derately reduced levels of fertilin /3 (26); 
these molecular deficiencies also might contribute to reduced membrane 
binding. 

There is an added layer of complexity. It turns out that the sperm from 
fertilin /3 -/- mice have some additional, unanticipated defects. In addition to 
not adhering very well to the egg plasma membrane, they also do not adhere 
well to the zona pellucida (ZP). In the case of the fertilin /3 -/- animals, ZP
intact eggs incubated with sperm from wild type males had an average of 
-15 sperm bound per ZP whereas eggs incubated with sperm from fertilin /3 
-/- males have an average ofless than 1 sperm bound per ZP (24). A similar 
defect was observed in sperm from cyritestin -/- mice (25,26). 

In addition, the oviducts of females mated with fertilin /3 -/- males have 
far fewer sperm in them than do the oviducts of females mated with wild 
type males (24), suggesting a defect in sperm migration to the oviduct or 
interaction with the oviduct walls. Does this mean that fertilin /3 is involved 
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with ZP binding or with migration to or interaction with the oviduct? This is 
one possible interpretation, but not the only one. Particularly with the 
knowledge that the protein expression profile is impaired in sperm from 
fertilin 13 -/- males, one can also speculate that the ZP binding defect andlor 
oviductal transit are disrupted due to protein expression abnormalities. In 
other words, sperm from fertilin 13 -/- males lack fertilin 13, fertilin a, and 
cyritestin, and so theoretically could also lack yet another protein (or many 
proteins) critical for interaction with the ZP or the oviduct. 

Finally, it should be noted that these concepts apply not only to sperm 
but to eggs as well. As noted above, CD9 is an important player in gamete 
interactions. However, CD9 also associated with other membrane proteins, 
and therefore eggs from CD9 -/ - mice might have an abnormal protein 
expression profile. For example, these eggs might be lacking not only CD9 
but also another important molecule (such as an ADAM-binding integrin), 
just as sperm from fertilin 13 -/- mice lack not only fertilin 13 but also fertilin 
a with reduced levels of cyritestin. These and other related questions remain 
to be investigated. 

What are the take-home messages from all this? Careful and thorough 
analysis is necessary to gain full insight into the molecular cause(s) of 
infertility, particularly since multiple molecular pathways can lead to similar 
defects. In the cases illustrated here, the fertilization function defects can be 
traced back to both the sperm themselves [back to when the male germ cells 
were developing in the testis and synthesizing proteins]. Other defects in 
sperm function have been traced to abnormalities in the epididymis and its 
ability to support sperm maturation (53-56). Additionally, in nearly all cases 
of an abnormality, be it something generated in the laboratory or a patient 
presenting a pathological condition, there can be inter-related phenotypes: 
the "functional" phenotype [in this case, how the gametes function in 
fertilization], and the "molecular" phenotype [here, what gene is disrupted, 
and how that affects protein expression that affect function]. How a 
molecular phenotype translates to a cellular andlor physiological function 
phenotype may be elusive or complex, such as in the case illustrated here 
with the fertilin 13 knockout mouse, but is one of the keys to understanding 
causes and effects of disease states and other pathologies. It is important for 
researchers and clinicians to be cognizant of these complexities, as such 
awareness is critical for data analysis and for diagnosis and development of 
treatments for infertility. 

Role Assignment - Which Molecule Plays which Role? 

In the Introduction, the steps by which sperm-egg membrane 
interactions occur were described; these include initial attachment, 
intermediate adhesion, firm adhesion, and membrane fusion. We have also 
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discussed candidate spenn and egg molecules that appear to mediate gamete 
interactions. Although we do not have sufficient experimental data to assign 
definitively specific roles to certain molecules, we can make some 
preliminary assignments. 

Fertilin a., fertilin ~, and cyritestin are likely to be involved in an 
adhesion step, perhaps multiple adhesion steps (initial, intennediate, and/or 
finn). In tum, this implicates integrins on eggs (exact ones as yet 
unidentified) in adhesion of the spenn to the egg, but not in gamete 
membrane fusion. Why can we say fertilin a., fertilin ~, and cyritestin seem 
to be gamete adhesion molecules? These proteins, purified or recombinant 
fonns have adhesive activity, having the ability to bind the egg plasma 
membrane. Furthennore, soluble fonns of these proteins can block spenn
egg binding, but the few spenn that bind can go on and fuse with the egg 
plasma membrane. This is supported by the "spenn function" phenotype of 
spenn from fertilin ~ -/- mice (24). Although fertilin a. was initially 
hypothesized to be involved in gamete membrane fusion (41), the more 
recent finding that spenn from fertilin ~ -/- mice lack fertilin a. and yet are 
still able to fuse with the egg membrane (12) argues against a requirement 
for fertilin a. for membrane fusion. 

DE/CRISP-1 may be involved in finn adhesion that leads to membrane 
fusion or perhaps fusion itself. DE/CRISP-1 protein purified from rat 
epididymal extracts binds to the egg plasma membrane. In IVF assays, 
DE/CRISP-1 inhibits spenn-egg fusion in ZP-free eggs, but apparently has 
no effect on spenn-egg binding (38). This is of interest because DE/CRISP-1 
is one of the few reagents that affects spenn-egg fusion without any apparent 
effect on spenn-egg adhesion. However, there is nothing in the amino acid 
sequence of DE/CRISP-l that has homology to proteins known to be 
involved in membrane fusion events, and so it is possible that DE/CRISP-l 
mediates finn adhesion that leads to membrane fusion, and that the true 
fusion-mediating molecule still has yet to be identified/~Although much has 
been made about a region in fertilin a. that has some, similarity to viral fusion 
peptides, this region is only highly hydrophobic in guinea pig fertilin a. and 
not in other species. Moreover, the finding that spenn from fertilin ~ and 
cyritestin -/- mice have little or no fertilin a. and yet are still able to fuse with 
eggs suggests that fertilin a. is not required for gamete membrane fusion. To 
date, the molecule(s) on spenn and/or egg that mediates membrane fusion is 
still not known. Based on phannacological studies, metalloprotease activity 
has been implicated in spenn-egg fusion (57). 

Similar concepts regarding finn adhesion versus fusion apply to CD9 on 
the egg. CD9 is clearly important based on the knockout phenotype (47-49), 
but it is not completely clear what role in gamete membrane interactions 
CD9 plays. Eggs from CD9 -/- mice support some spenn binding, but 
virtually none of these spenn fuse with the egg, which might be interpreted 
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as suggestive of a specific role of CD9 in membrane fusion and not sperm 
adhesion. However, anti-CD9 antibodies inhibit sperm-egg binding (50), as 
well as the binding of fertilin a, fertilin (3, and cyritestin in certain binding 
assays (29,30,43), suggestive of a role for CD9 in sperm adhesion mediated 
by these three sperm ligands. As noted above, there is no evidence that CD9 
or any tetraspanin have activity as a receptor for extracellular ligands; 
instead, these proteins might help modulate or regulate cell adhesion, cell 
migration, and similar processes. One way by which they might do this is by 
regulating multimolecular complexes in the egg plasma membrane; these 
complexes are sometimes referred to as "tetraspanin webs." Recent evidence 
also suggests that CD9 may play a role in the strengthening of adhesions 
mediated by fertilin a and fertilin (3, rather than initial molecular interactions 
(43). 

Interesting Caveats in the Human: Fertilin a and Cyritestin are 
Non-Functional Genes 

Fertilin a and cyritestin have been cloned in humans (58). Surprisingly, 
no open reading frame could be found in the cDNA sequence; instead, 
potential open reading frames were disrupted with numerous premature stop 
codons and frame shifts, so that any mRNA would not produce any 
functional protein. This makes the human fertilin a and cyritestin genes 
what are known as "pseudogenes." A survey of other primate species 
revealed that the gorilla fertilin a gene is also a pseudo gene, whereas 
chimpanzee, orangutan, baboon, macaque, and tamarin genes have full
length reading frames that could encode functional fertilin a protein (59). 
The lack of functional fertilin a and cyritestin genes in the human thus 
suggests at least two possibilities. Some other protein, perhaps another 
ADAM protein, might play the same role and thus substitutes for fertilin a 
and cyritestin in human sperm. Many additional ADAMs have recently been 
identified to be expressed in the testis (and possibly by sperm), and so it is 
conceivable that some of these could participate in sperm-egg adhesion as 
well. An alternative possibility is that fertilin a and cyritestin are not 
required for human fertilization. With regard to fertilin a, which forms 
heterodimers with fertilin (3 in the guinea pig, bovine and mouse sperm (9-
12), it could be that fertilin (3 functions by itself in human sperm, as a 
monomer (or homomultimer), without fertilin a. 
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Other Molecules 

This chapter has emphasized on the gamete molecules which are the 
best-characterized. The most is known about ADAMs on sperm. Somewhat 
less is known about egg receptors for ADAMs, although evidence is 
accumulating which indicates that some members of the integrin family on 
the egg serve as receptors for sperm ADAMs, and the integrin-associated 
tetraspanin protein, CD9, facilitate these interactions. It is not known what 
the egg receptor for DE/CRISP-II ARP is. Additionally, there are several 
other less well-characterized candidate molecules that have been 
hypothesized to be involved in gamete membrane interactions, although 
relatively little is known about these or the roles they may play in 
fertilization. These include several extracellular matrix proteins [fibronectin, 
laminin, and vitronectin]; sulfated glycolipids [specifically sulfogalactosyl
glycerolipid] and a protein that interacts with them; components of the 
complement pathway, C3b and Clq, and their receptors; and antigens of 
antibodies that have inhibitory activity against gamete membrane 
interactions [reviewed in (60)]. Despite the paucity of information about the 
roles that these and other molecules may play in fertilization, it is worth 
noting that the process of getting sperm and egg together is complex. In 
future years, it may be discovered that gamete membrane interactions 
involve much more than sperm ADAMs and egg integrins and integrin
associated proteins. 

EGG ACTIVATION 

Sperm-egg membrane interactions lead to a series of signal transduction 
events in the egg, known collectively as egg activation (addressed in more 
detail in the next chapter). The events associated with egg activation include 
the initiation of oscillations in intracellular calcium concentration, the exit 
from meiosis, the entry into the first embryonic mitosis, and the formation of 
blocks to polyspermy. There are two main hypotheses for how egg activation 
is initiated. One is based on models of signal transduction in other cells, 
called a receptor-effector mechanism. Many signal transduction events in 
other cell types are initiated by the binding of an extracellular ligand [such 
as growth factors, a cytokines, peptide hormones, etc.] to a membrane 
receptor that transduces the ligand signal to intracellular effector molecules. 
These effector molecules eventually lead to the activation of specific 
changes within the cell [such as increase in intracellular calcium, activation 
of certain enzyme activities, changes in gene expression, etc.]. It has been 
hypothesized that egg activation is initiated by an analogous mechanism, via 
the binding of a ligand on the sperm surface to an egg receptor. In fact, 
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ADAM proteins were attractive candidates for this, since it is know that 
integrins [the putative receptors for ADAMs] are involved in signal 
transduction in other cells. However, although there are data that indicate 
that some egg activation responses can be induced and mimicked by some 
experimental extracellular ligands, there is little evidence that sperm-induced 
egg activation operates by or requires this receptor-effector mechanism. 
Instead, there is the alternative hypothesis [dubbed the "fusion hypothesis" 
or "sperm factor hypothesis"] that egg activation is initiated by the diffusion 
of an as yet unidentified factor from the interior of the sperm into the 
cytoplasm of the egg upon membrane fusion. The hypothesis is rooted in the 
finding that extracts of soluble sperm proteins can be injected into eggs and 
this injection induces oscillatory calcium release very similar to the patterns 
of calcium oscillations induced by sperm itself. However, the identity of the 
egg-activating factor in sperm has remained elusive; several candidates have 
been proposed but none has been confirmed. At present, it is unclear if 
sperm-egg binding, sperm-egg fusion, or a combination of both processes 
initiate egg activation. The reader is referred to the following chapter and 
review articles for additional information (61-63). 

Blocks to Polyspenny 

In response to fertilization by one sperm, eggs establish blocks to 
prevent fertilization by additional sperm, which would result in aneuploidy 
and eventual death of the embryo. Mammalian eggs establish blocks to 
polyspermy at two different levels: on the extracellular egg coat (the zona 
pellucida) and on the plasma membrane. The zona block to polyspermy 
occurs as a result of exocytosis of cortical granules in the cortex of the egg. 
In response to the calcium signals initiated by fertilization, the cortical 
granules fuse with the egg plasma membrane, releasing their contents into 
the perivitelline space and causing the conversion of the ZP to a form that 
cannot support sperm binding (1). 

Mammalian eggs also appear to establish some sort of block to 
polyspermy at the plasma membrane. This is based on a number of 
observations. If the extent of fertilization is observed over time, a plateau in 
the number of sperm fusing with ZP-free eggs is observed with increased 
time (64,65). Fertilized ZP-free mouse eggs are unable to be penetrated by 
additional sperm by 1-2 hr after the first insemination (64,66,67), and there 
is a decrease in sperm-egg binding with increased time post-insemination or 
to previously fertilized eggs (66,68). Sperm can be found in the perivitelline 
space of fertilized ZP-intact eggs; these supplemental sperm do not fuse with 
the egg plasma membrane, suggesting that a membrane block to polyspermy 
prohibits the interaction [adhesion or fusion] of sperm with the egg 



312 

membrane [numerous studies, summarized in (1)]. On a molecular level, 
however, very little is known about the membrane block, although 
differences in membrane protein composition (69,70) and membrane fluidity 
(71,72) between unfertilized and fertilized eggs have been observed. The 
eggs of invertebrates and non-mammalian vertebrates [primarily 
echinoderms and amphibians] utilize a,transient change in the membrane's 
electrical potential as a membrane block to polyspermy [often referred to as 
the "fast block" to polyspermy]. However, no change in membrane potential 
has been detected in mammalian eggs following fertilization (73). It should 
be noted that a membrane block could occur at multiple levels of gamete 
membrane interaction, i.e., reducing sperm-egg adhesion and/or sperm 
fusion with the egg plasma membrane. It should also be emphasized that the 
membrane block in mammalian eggs occurs over a period of ~ 1 hr, 
contrasting the sea urchin egg membrane block (via depolarization) that is 
established within seconds. Therefore, the mammalian egg blocks to 
polyspermy are distinguished spatially [membrane and zona] rather than 
temporally, as the echinoderm and amphibian blocks to polyspermy are. 

CLINICAL IMPLICATIONS AND APPLICATIONS FROM 
UNDERSTANDING SPERM-EGG INTERACTIONS 

It is important to understand the mechanisms underlying in gamete 
membrane interactions because these processes have significant implications 
for infertility treatment and for potential future contraceptive therapeutics. 
Clearly, if we understand the molecular basis for how sperm and egg get 
together [including cumulus interactions, ZP interactions, and membrane 
interactions], then we have the ability to understand a failure in these 
processes that could cause infertility and the potential to develop reagents 
that might inhibit these processes that could be used to contracept an 
individual. 

One possibility for contraceptive development is the design of molecules 
that can block and inhibit sperm-egg interactions, thus preventing 
fertilization. In a similar fashion, anti-HN-I therapeutics have been 
designed based on reagents that block a receptor or fusion intermediates that 
HN-l virus particles use to infect these cells (74). In vitro, protein or 
peptide reagents that mimic sperm ligands bind to eggs and block sperm 
binding (Fig. 5), leading to inhibition of fertilization. The next step for 
gamete interaction-blocking contraceptive development would be to design 
non-peptide analogs that would be stable in the female or male reproductive 
tracts, as well as an appropriate drug delivery system. In addition, molecules 
that are involved in these gamete interactions are potential targets for 
immunocontraception. Immunocontraception in this case would involve 
immunization with a fertilization-involved antigen. The immunized animals 
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mount an immune response to the antigen, making antibodies that will cross
react with it; if these antigens are secreted into the reproductive tract, they 
could prevent fertilization. Fertilin /3 and DE/CRISP-I have both been 
investigated as candidate immunogens to generate infertility (37,75,76). 
Because of issues regarding delivery, efficacy, and reversibility, immuno
contraception may be more appropriate for use in over-populated animal 
species, than for individual human patients who want to be contracepted for 
a period of time but then recover fertility when parenthood is desired. 

CONCLUSIONS 

To summarize the key points of this chapter: 

• Gamete membranes interact in a step-wise fashion, starting with cell 
adhesion and ending with membrane fusion. Cell adhesion probably occurs 
in multiple steps (initial attachment, intermediate adhesion, and firm 
adhesion), based on the model of leukocyte interactions with endothelial 
cells. We do not know exactly how the membranes of gametes fuse, 
although models are based on other membrane fusion systems; these include 
the fusion of virus particles with cell plasma membranes, and the fusion of 
intracellular membrane-bound vesicles. 
• Although we cannot identify exactly what molecules on the sperm and 
egg are involved in each of these discrete steps, a number of molecules have 
been identified to participate, in some way, in gamete membrane 
interactions. Some of the best characterized include three sperm ADAM 
proteins (fertilin a, fertilin /3, and cyritestin), the sperm-associated protein 
DE/CRISPI, and egg integrins and the integrin-associated tetraspanin CD9. 
Data that provide evidence for the roles of these proteins in gamete 
membrane interactions come from molecular, biochemical, and cell 
biological studies, as well as knockout mice. 
• Great insights into fertilization have come from analysis of knockout 
mice, and these mice also serve as excellent models for some causes of 
infertility in humans. In this chapter, we examined the fertilin /3 knockout 
mouse as a case study, highlighting the connections between the "functional" 
phenotype (how the sperm behaved in in vitro fertilization assays and other 
assays of sperm function) and the protein expression phenotype. The fact 
that sperm from fertilin /3 knockout mice lack not only fertilin /3 but also 
fertilin a and cyritestin highlights the importance of protein complexes for 
proper membrane function. 
• Insights into the molecular mechanisms of fertilization, including 
gamete membrane interactions, have implications and applications to the 
diagnosis and treatment of infertility and to the development of new 
contraceptive therapeutics. 
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Chapter 17 

ACTIVATION OF MAMMALIAN OOCYTES: 
PRINCIPLES AND PRACTICE 

L Liu, M Deng, xc Tian, X Yang 
University of Connecticut, Storrs, CT, USA 

INTRODUCTION 

Oocyte activation refers to the release of the meiotically arrested oocytes 
by the entry of sperm during fertilization. One of the initial events of 
activation is the triggering of Ca2+ oscillations in the oocytes. 
Understanding of physiological and biochemical events during fertilization 
allows artificial stimuli to be used to induce oocyte activation without the 
entry of sperm. Recently, artificial activation of oocyte has regained the 
interest of scientists because of its implications in somatic cloning by 
nuclear transfer, intracytoplasmic sperm injection (ICSI) and genomic 
imprinting. Artificial stimulus also permits precise control of the timing of 
activation providing synchronized embryos for studies of early development 
while avoiding polyspermy. It is known that for a portion of the sperm
injected human oocytes as well as all bovine, pig, or even mouse oocytes, 
ICSI alone is insufficient to activate oocytes unless artificial stimulations 
are applied. Since the cloning procedure process does not itself activate 
oocytes and full activation of the recipient cytoplast is required, 
understanding the underlying molecular components as well as the 
morphological changes during the initial stages of oocyte activation is 
critical for the effective use of cytoplasts in cloning by nuclear transfer. 
Herein we review some of the key issues that are associated with effective 
activation of oocytes. 

PRINCIPLES OF FERTILIZATION-INDUCED OOCYTE 
ACTIVATION 

In the arrested metaphase II (MIl) oocytes, cortical granules (CG) are 
localized beneath the plasma membrane; chromosomes are aligned across 
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the metaphase plate of meiotic spindles. Oocytes at MIl are characterized by 
high levels and activity of c-Mos, mitogen-activated protein kinases 
(MAPK) , maturation or metaphase promoting factor (MPF), whose up
regulation coincide with the assembly of the new spindles. Both c-Mos and 
MAPK are supposedly components of the cytostatic factors (CSF) that 
contribute to the arrest of oocytes at meiosis II. MAPKs are serine/threonine 
kinases that require phosphorylation to become fully activated. 
Furthermore, most ofthe MAPK activity in bovine oocytes can be attributed 
to p42ERK2 (1). MAPK activity is required for MIl arrest and meiotic 
spindle organization or stabilization (2-4). The MPF, composed of cyclin B 
and p34cdc2 kinase, displays a cyclic activity that peaks at metaphase (5, 6). 
The activity of histone HI kinase is known to reflect the activity of MPF 
(6). Sperm penetration of mammalian oocytes during fertilization initiates a 
series of signal transduction events that correspond to structural, 
morphological and biochemical changes. 

Ca2+ Oscillations 

In mammalian oocytes, repetitive increases in Ca2+ (Ca2+ oscillations) 
in the cytoplasm were first reported during fertilization of mouse oocytes 
(7) and later it was found to occur in all mammalian species studied so far, 
including hamsters, pigs, bovine, rats, rabbits, and humans. In mice, within 
a few minutes of the sperm-oocyte interaction, Ca2+ oscillations begin with 
the initial transient lasting longer (> 2 min) than the subsequent short 
transients (~l min; Figure I). Inside the oocytes, the initial Ca2+ increase 
spreads as a wave, originating exclusively from the point where a sperm 
fuses with the oocyte and subsequent waves initiate from the vegetal region 
of the oocyte (8). The frequency of the Ca2+ oscillations varies among 
species. Furthermore, a high frequency of Ca2+ oscillations is also 
associated with polyspermy in oocytes without a zona pellucida (9). 

Ca2+ utilized for each transient in mammalian oocytes appears to be 
discharged from an intracellular store (10) and the endoplasmic reticulum 
(ER) is the recognized cellular organelle that stores and releases Ca2+ in 
oocytes (11). Inositol 1,4,S-triphosphate (IP3) receptors are the primary 
Ca2+ -releasing channels in the ER and playa central role in Ca2+ signaling. 
Ryanodine receptors present on the ER membrane may also participate in 
mediating Ca2+ release (25). 

Extensive evidence demonstrates that sperm-induced intracellular Ca2+ 

release and oscillations are essential for complete oocyte activation and 
embryo development in mammals. Induced increases in intracellular Ca2+ 
can artificially activate oocytes and initiate embryo development (12, 13). 
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Extensive evidence demonstrates that sperm-induced intracellular Ca2+ 

release and oscillations are essential for complete oocyte activation and 
embryo development in mammals. Induced increases in intracellular Ca2+ 

can artificially activate oocytes and initiate embryo development (12, 13). 
In contrast, preventing the Ca2+ rises with the Ca2+ chelator BAPT A inhibits 
oocyte activation (10). 

It should be noted that in most non-mammalian oocytes, the fertilizing 
sperm causes a single large transient increase in the cytosolic Ca2+ 

concentration, whereas mammalian oocytes exhibit sustained Ca2+ 

oscillations at fertilization (12). Additionally, the cell cycle progression of 
non-mammalian oocytes is much faster after fertilization than that of 
mammalian oocytes. Therefore, data collected from non-mammalian 
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Figure 1. Activation of mammalian oocytes during fertilization and proposed methods for 
parthenogenetic activation (P A). Sperm penetration triggers a Ca2+ transient, followed by 
Ca2+ oscillations. The first Ca2+ wave is critical for both cortical granule (CG) exocytosis 
and activation of CaM KII, which decomposes cyclin B through "cyclin degradation 
machinery" and resulting in inactivation of MPF. Decline in MPF activity is associated with 
oocyte meiotic release. Low MPF activity can be maintained by the lack of cyclin B or 
phosphorylation of cdc2. The subsequent Ca2+ oscillations are indispensable for continuous 
degradation of cyclin B and maintenance of the low MPF activity, until dephosphorylation 
(p) of ERK and thus inactivation of MAPK, which is associated with pronuclear (PN) 
formation. Parthenogenetic activation can be achieved either by mimicking sperm-induced 
Ca2+ oscillations (PAl) or by inhibition of MPF (P A2) and/or MAPK activities (P A3). 
Cyclin B degradation is responsible for the instant inactivation of MPF activity. Low MPF 
activity can be maintained by either inhibition of continuous synthesis of cyclin B 
(cycloheximide) or by dephosphorylation ofERK2 (6-dimethylaminopurine, 6-DMAP). The 
balance of phosphate seems to play an important role in keeping MPF activity low and 
MAPK inactivated. 
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oocytes on Ca2+ signaling should be carefully interpreted when applying to 
Ca2+ signaling in mammalian oocytes. 

Upstream of Ca2+ Modulators 

Although the sperm-triggered Ca2+ oscillations have been widely 
recognized, it is not yet completely understood how penetration of sperm 
causes Ca2+ transients. It is generally accepted that the release of Ca2+ at 
fertilization from intracellular stores of mammalian oocytes is mediated by 
inositol 1,4,5-trisphosphate (IP3). It has been shown that injection of IP3 
can trigger Ca2+ release and oscillations in mouse and hamster oocytes 
(12), but the pattern of Ca2+ oscillations produced by injection of IP3 

(b) contact 

(a) conduit Ca2+ IP 3 ~ sperm 

\ ~ factor 

Ca2+ stores 

Figure 2. Models for Ca2+ signaling in mammalian oocytes at fertilization. (a) The spenn 
fuses with oocyte membrane and acts as conduit to transport Ca2+ into the oocyte. (b) The 
spenn binds to membrane receptors which stimulate the production of IP3. (c) The spenn 
fuses with the oocyte and introduces spenn factor (s) that initiate Ca2+ release. 

do not match those induced by the sperm under the same conditions. In 
particular the Ca2+ oscillations produced by IP3 injection tend to be smaller 
and of higher frequency than those seen during natural fertilization (12, 
14). These data do not preclude IP3 from playing the key role at 
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fertilization but they suggest that a sustained IP3 increase is not the best 
explanation for sperm-induced Ca2+ oscillations. A recent study, however, 
showed that a continuous small amount of IP3 release over an extended 
period of time, rather than the large amount of IP3 infusion at one time by 
microinjection, mimics the distinctive pattern of Ca2+ release in mammalian 
oocytes at fertilization (15). The mechanism by which the sperm initiates 
IP3 production, however, is still not understood. 

Three models or hypotheses have been proposed to explain the signal 
transduction by which sperm triggers Ca2+ oscillations and oocyte 
activation. The three models are abbreviated as "the 3Cs": conduit, contact 
and contents (Figure 2). 

a). The "conduit" model: This model proposes that the fusion of sperm 
with the oocyte plasma membrane transfers Ca2+ into oocytes and triggers a 
cascade of Ca2+-induced Ca2+ release (CICR, 16). During mouse 
fertilization, it was noted that the initial Ca2+ transient is generally more 
prolonged than the subsequent transients (Figure I). As mentioned above, 
microinjection of IP3 or sperm extracts does not mimic sperm-induced Ca2+ 
oscillations in most studies, particularly in respect of the first Ca2+ transient, 
whose duration is distinct from that of subsequent ones. This unique first 
Ca2+ transient could result from sperm entry which carries Ca2+ into the 
oocyte. Further supporting evidence comes from experiments showing that 
MPF inhibitor, abolishes subsequent Ca2+ oscillations, probably through 
disruption of Ca2+ release and refilling of Ca2+ store, without suppressing 
the first one or two waves after fertilization (17). Another kinase inhibitor, 
6-DMAP, also has similar effects (our unpublished data). 

A prerequisite for the conduit hypothesis is that sperm-oocyte fusion 
should precede Ca2+ release and oocyte activation, which is shown to be the 
case in mice (18). The first Ca2+ influx mediated by sperm entry probably 
functions to sensitize the oocyte to Ca2+-induced Ca2+ release (CICR) (12). 
Sensitization of CICR, on the other hand, is both necessary and sufficient to 
explain oscillations (12). This first extended Ca2+ transient could cause a 
gradual filling of an internal Ca2+ store, sustaining subsequent Ca2+ 
oscillations. However, Ca2+ itself cannot trigger Ca2+ oscillations. This has 
been shown in mice and hamsters that Ca2+ could be introduced into the 
oocyte in a number of different ways, but none of these led to sustained 
Ca2+ oscillations (12). 

b). The "contact" model or the receptor hypothesis: This model states 
that a ligand on the surface of the sperm interacts with an oocyte surface 
receptor and the resultant sperm-oocyte binding activates receptors 
affiliated with GTP-binding proteins (G proteins). The activated G proteins 
in tum stimulate the phosphoinositide cascade and an increase in the 
activities of a phospholipase C (PLC), generating IP3 (13, 19). The contact 
hypothesis is consistent with the finding that sperm-oocyte fusion precedes 
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or GDP,6S, which inhibits G-proteins, blocks Ca2+ release at fertilization in 
hamster oocytes (20). Heterotrimeric G proteins may be involved in mouse 
oocyte activation since inhibition of G protein's beta-gamma subunits 
partially inhibits sperm-induced cell cycle resumption. In addition, specific 
events of activation can be initiated in the absence of sperm by 
acetylcholine stimulation of mouse oocytes overexpressing the human ml 
muscarinic receptor, a G protein-coupled receptor (21). The initiation of 
Ca2+ release at fertilization of mammalian oocytes requires IP3 (19), which 
also induces an intracellular release of calcium in a variety of cell types, 
indicating that an enzyme of the PLC family is probably activated. 
Furthermore, release of Ca2+ at fertilization in echinoderm oocytes is 
initiated by Src-homology 2 (SH2) domain-mediated activation of PLC,}, 
(22). Although activation of a G family protein-mediated signaling 
pathway can result in oocyte activation, the specific G protein subtype 
involved in sperm-induced oocyte activation is still not known. This is 
because at least in the mouse none of the G protein families examined, Gs, 
Gi or Gq, seem to be involved in oocyte activation during fertilization. 
Furthermore, this model does not explain the observation that injection of 
sperm or the soluble sperm extracts triggers oocyte activation, suggesting 
that the binding of sperm to the oocyte membrane is not essential for 
activation. 

c). The "content" model or the sperm factor hypothesis: This model 
states that the fusion of sperm-oocyte membranes introduces a soluble 
cytosolic sperm factor into the oocyte which triggers Ca2+ release (23-26). 
This sperm factor hypothesis is consistent with the observation that 
successful fertilization and pregnancy can result from intra-cytoplasmic 
sperm injection (ICSI) which cause Ca2+ oscillations and oocyte activation 
similar to those seen in natural fertilization (27). Injecting soluble sperm 
extracts also triggers oocyte activation and development of the resulting 
embryo to at least the blastocyst stage. These data suggest that content, not 
the binding, of the sperm is important for activation. The sperm factor that 
causes this response has been shown to be protein based. It is also well 
conserved across species, phyla and perhaps even kingdom. Recently, a 
flowering plant sperm was shown to contain a cytosolic soluble protein 
factor which triggered calcium oscillations in mouse oocytes (28). 

In mammals, sperm factors defined by their ability to induce oocyte 
activation are referred to as the sperm-borne oocyte-activating factors 
(SOAFs) (29). However, a number of artificial stimuli that can 
parthenogenetically stimulate oocytes do not cause Ca2+ oscillations (12). 
Therefore, sperm factor has also been referred to as 'oscillogen' for its 
ability to cause sustained Ca2+ oscillations. The precise nature of the sperm 
factor, however, remains unresolved despite its potential role in fertilization. 
Oscillin, a 33 kDa protein and an isoform of glucosamine-6-phosphate 
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deaminase (25, 30), was believed to be oscillogen. Subsequent work, 
however, demonstrated that the recombinant 33 kDa protein does not trigger 
Ca2+ oscillations when injected into oocytes (31, 32), suggesting that it is 
not a component of the oscillogen or sperm factor. 

Recent data suggest that the sperm factor may have phospholipase C 
(PLC) activity that leads to the generation of IP3 and Ca2+ oscillations 
during fertilization (15, 33). Another SOAF that has been proposed is tr
kit, a truncated c-kit tyrosine kinase, which causes parthenogenetic 
activation when microinjected into mouse oocytes (34). It is specifically 
expressed in the post-meiotic stages of spermatogenesis and is present in 
mature spermatozoa, suggesting that it might play a role in gamete 
fertilization. Furthermore, tr-kit activates PLCy! and the SH3 domain of 
PLCy! is essential for tr-kit-induced oocyte activation. However, tr-kit has 
not been demonstrated to cause Ca2+ oscillations upon injection into 
oocytes, suggesting that tr-kit may not be essential, if indeed involved in 
oocyte activation at natural fertilization. 

Despite evidence from the above experiments supporting the 
possibility that sperm factor has PLC activity or PLC-y is involved in tr-kit
induced oocyte activation, Ca2+ release at fertilization in mouse oocytes 
does not require SH2-domain-mediated activation of PLC-y. The sperm's 
PLC is not responsible for initiating Ca2+ release at fertilization in mouse 
oocytes (35). Whether sperm factor is itself a PLC or whether it acts 
upstream of the oocyte's PLCs remains to be elucidated. 

To further add to the confusion, nuclei from fertilized embryos or 
fertilizing sperm introduces Ca2+ -releasing activity and causes Ca2+ 

transients and oocyte activation (36). This observation challenges the 
cytosolic sperm factor theory for triggering Ca2+ oscillations and suggests 
the presence of an insoluble form of sperm factor. Such a SOAF has been 
found to be associated with the sperm perinuclear material (29). Whether 
or not the perinuclear factor is different from the soluble cytosolic one is 
unclear. 

Collectively, all three of the above models have been challenged by 
experimental observations and no definitive conclusion can yet be made. It 
is possible that sperm utilize multiple pathways to ensure that sufficient 
Ca2+ oscillations will be induced. These multiple pathways may be 
combined in such a synergistic fashion that the sperm can induce the 
specific Ca2+ profiles during natural fertilization. 

The three models presented here have been proposed to explain how 
Ca2+ is released, even though they remain to be validated. By contrast, very 
few experiments have been carried out to address how the released Ca2+ is 
restored to a basal level and how the Ca2+ oscillations are sustained. These 
questions are equally important to understanding Ca2+ release. The 
declining phase of the Ca2+ transients is probably attributable to the release 



326 

of extracellular milieu, re-uptake by ER or sequestering by other cellular 
components. The sustained Ca2+ oscillations have been proposed to be a 
consequence of activation of the capacitative Ca2+ influx pathway (37). In 
this hypothesis, depletion of ER's Ca2+ stores is proposed to activate 
capacitative Ca2+ entry to refill the stores. However, what signals link store 
depletion and capacitative Ca2+ entry in oocytes is not known. 

The persistent influx of Ca2+ is responsible for maintaining the 
repetitive Ca2+ transients in the oocyte (11). Conflicting observations have 
been reported on the sources of Ca2+ for oscillations. Both IP3 and 
strontium have been demonstrated to induce Ca2+ oscillations in the absence 
of extracellular Ca2+ (10, 14,38). ER also has been proposed to sequester 
released Ca2+. These data suggest that Ca2+ can be recycled intracellularly 
without influx from extracellular sources. Sperm-induced Ca2+ transients in 
hamster oocytes, however, disappear following perfusion of Ca2+ free 
medium. The frequency of Ca2+ transients is shortened or prolonged by 
increasing or reducing extracellular Ca2+ concentrations, respectively. 
Further study is necessary to identify the Ca2+ stores in oocytes for 
oscillations. 

Oscillations of Ca2+ in the mammal oocytes usually persist until just 
before pronuclear formation, when MAPK is inactivated. When a 
microtubule inhibitor was used to maintain oocytes arrested at metaphase, 
Ca2+ oscillations persist without cessation. Pronuclear formation, however, 
does not cause and is not required for cessation of Ca2+ oscillations (39). 
Enucleated oocytes exhibit Ca2+ oscillations that cease around the time of 
pronucleus formation. Reduced Ca2+ influx is unlikely to be the sole 
mechanism for cessation of Ca2+ oscillation (39). The cessation of Ca2+ 

oscillations may be associated with inactivation of MAPK, microtubule 
network formation, and/or the down regulation of type I IP3 receptors, or 
possibly transient disruptions of ER (11). 

Function of Ca2+ Oscillations - Downstream Targets 

What is the consequence of Ca2+ oscillations? Why do mammalian 
oocytes acquire Ca2+ oscillations at fertilization? Oscillations of Ca2+ are 
sufficient to trigger activation of oocytes and initiate development of 
mammalian embryos. Regardless of the mechanisms underlying Ca2+ 

release and uptake, it is established that Ca2+ waves and oscillations are 
crucial for inactivating MPF and cytostatic factor (CSF) as well as 
maintaining low MPF activity, followed by inactivation of MAPK. Low 
MPF activity is associated with meiotic release while low MAPK activity is 
important for further cell cycle progression and pronuclear formation, 
transforming meiosis to interphase of mitosis. 
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Calmodulin-dependent protein kinase II (CaM KII) acts as a switch in 
the transduction ofCa2+ signals to mammalian oocyte activation. Activation 
of CaM KII seems to be responsible for the inactivation of MPF (40). The 
rise in intracellular Ca2+ initiates a Ca2+ -calmodulin-CaM KII process that is 
required as an early event following fertilization to destroy cyclin B by 
activating ubiquitin-dependent cyc1in degradation machinery , thus 
inactivating MPF. In contrast, p39mos degradation is not required for this 
process. Similar to MPF inactivation, CaM KII activation is associated with 
meiotic release, but it also may be implicated in second polar body 
extrusion (41). 

A relatively high MPF and CSF activity in mammalian oocytes prior to 
sperm-oocyte fusion is perhaps required to prevent premature activation and 
to develop blockage to polyspermy. A single Ca2+ transient can inactivate 
MPF and release meiotic arrest but MPF activity will recover and the 
meiotic release will be aborted, resulting in arrest of oocytes at MIII or 
MIII-Anaphase III stage (2, 42), where a reduced number of chromosomes 
spread over a slightly elongated spindle after extrusion of a second polar 
body. Additionally, the first Ca2+ transient is likely to be responsible for the 
exocytosis of cortical granules (CG). A prolonged period of Ca2+ signaling 
is perhaps required to maintain the low MPF activity and to ensure a 
transition from metaphase to interphase (Figure 1). However, sustained 
elevation of Ca2+ can damage cells, causing cell death. To avoid this 
possible damage, mammalian oocytes develop a mechanism of Ca2+ 

oscillations for completion of oocyte activation and initiation of 
development, with Ca2+ returning to a basal level between spikes. 

Metaphase II (MIl) arrest of oocytes is probably caused by at least two 
factors: MPF and CSF. Active MPF is composed of a certain amount of 
cyclin B and a dephosphorylation state of p34cdc2 on Tyr-15 and 14 and 
phosphorylation state on Thr161. The phosphorylation ofp34cdc2 on Thr-
14 and Tyr-15 prevents the pre-mature activation of p34cdc2/cyclin B 
complex. During MIl arrest, cyc1in degradation is initiated in oocytes, but 
new synthesis of cyclin replenishes the degraded cyclin and maintains the 
activity of MPF. Inhibition of protein synthesis induces oocyte activation, 
demonstrating the role of new protein synthesis in maintaining MIl arrest. 
Activity of MPF is maintained during MIl arrest by the active CSF, which 
prevents degradation of the cyclin B in MPF (43). Activity of CSF is in 
turn dependent on the activities of the c-Mos protein, its substrate MAPK 
kinase and MAPK. The catalytic component of CSF is known to be c-Mos, 
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the product of a c-mos proto-oncogene (43). MAPK mediates the MIl
arresting CSF activity of Mos and disruption of c-Mos activity abolishes 
MAPK activity (44). A large amount of evidence indicates that a positive 
feedback loop exists between MAPK and Mos accumulation. The 
MoslMAPK pathway plays an important role for meiotic spindle assembly 
and thus maintains oocytes at MIl stage. 

Following fertilization-induced Ca2+ transients, MPF activity is rapidly 
inactivated in MIl arrested mammalian oocytes (45, 46), which is 
associated with meiotic release. MAPK activity remains high until 
chromosomes de-condense and a pronucleus begins to form. These occur 
several hours following the inactivation of MPF. Recently, it has been 
proposed that CaM KIl activation observed immediately following 
parthenogenetic activation serves to potentiate MAPK activity, thus 
preventing pronuclei formation (47). However, MAPK activity remained 
high before and after activation of CaM KIl, perplexing a direct causal link 
between CaM KIl and MAPK. Direct inhibition of MAPK by 6-DMAP, a 
phosphorylation inhibitor, coincides with rapid formation of the interphase 
microtubule network and pronuclei (2), suggesting the significance of 
MAPK inactivation in inducing the transition toward an interphase 
morphological organization and in promoting pronuclear formation. 

It has been reported that protein kinase C (PKC) activity rose at the 
same time (40 min) as the second polar body formation and then subsided 
over the next 5 hours of post-activation (48). Although several different 
isotypes of PKC have been identified in both mouse oocytes and early 
embryos, their role in oocyte activation remains to be defined. On the one 
hand, activation of PKC by diacylglycerol or phorbol diester can result in 
CG exocytosis and zona pellucida (ZP) modifications of mouse oocytes. 
Nonetheless, second polar body extrusion and pronuclear formation are not 
observed upon PKC activation. These results suggest that PKC does not 
seem to regulate meiotic release (13). Consistently, PKC activation does 
not induce the resumption of meiosis and pronuclear formation in porcine 
oocytes but can induce CG exocytosis, which is independent of a Ca2+ rise. 
Moreover, treatment with PKC activators induces CG exocytosis and ZP 
modifications in both GV -intact and MIl arrested oocytes, further 
demonstrating that PKC activation is not specifically associated with Mil 
oocyte activation. It is possible that PKC may not be a key signaling 
component for oocyte activation but rather a by-product generated during 
oocyte activation. 
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MORPHOLOGICAL AND MOLECULAR MARKERS OF 
OOCYTE ACTIVATION 

Ca2+ Increase 

The first observed event at oocyte activation is the Ca2+ transients that 
occur at certain intervals, i.e. Ca2+ oscillations, the frequency of which 
varies from 5 to 30 min among species and individuals. Sperm penetration
triggered Ca2+ oscillations have been found in all mammalian species 
studied so far, including human. 

a) CG exocytosis, second polar body extrusion and pronuclear 
formation: The rise in Ca2+ concentration is followed by critical 
morphological changes in the oocytes. The first Ca2+ transient is the 
primary trigger that induces CG exocytosis. Exocytosis of CG has been 
shown to cause structural changes in the zona pellucida (49). It is Ca2+ 

dependent and MPF and MAPK independent. Typically, membrane 
enclosing CGs fuses with the plasma membrane of the oocytes and releases 
enzymes. The released enzymes modify zona pellucida structures and the 
fusion of membranes changes membrane potential and possibly membrane 
structures. Both of these events prevent subsequent penetration by 
additional sperm (polyspermy). Consequently, the oocytes undergo a series 
of pre-programmed processes: spindle elongation and spindle birefringence 
increase, chromosome separation, progression into anaphase and telophase 
II, and extrusion of a second polar body. If inadequately activated, oocytes 
will arrest at MIll-anaphase III. If oocytes are fully activated, the 
chromosomes de-condense and pronuclei form, followed by DNA synthesis 
and the first mitosis of development. The formation of a pronucleus, or 
pronuclei, but not a second polar body extrusion, is the better end-point for 
early signs of development (12). In mammals, this can take 4-8 hours 
depending upon the species and the conditions of stimulation. Pronuclear 
formation has thus been commonly used to assess the completeness of 
oocyte activation (50-53). 

b) Inactivation of MPF and MAPK: At the molecular level, the rise in 
Ca2+ is believed to be a trigger for MPF inactivation and probably indirect 
inactivation of MAPK as well. Following parthenogenetic activation or 
fertilization in mammalian MIl oocytes, MPF is inactivated through 
degradation of cyclin B and the low level of MPF is sustained by 
continuous degradation of newly synthesized cyclin B, and subsequently by 
phosphorylation ofp34cdc2• These molecular events are followed by MAPK 
inactivation through dephosphorylation of ERK2. Interestingly, evident 
differences in the kinetics ofMPF and MAPK activities have been observed 
in bovine, ovine, and porcine oocytes following parthenogenetic activation 
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(2, 54, 55). Major changes in the kinetics are as follows. Firstly, MPF 
inactivation precedes MAPK inactivation. Secondly, MPF activity drops 
and increases again during the MIIIMill-AIII transition whereas MAPK 
remains active, which may playa role in microtubule assembly into spindles 
as well as chromatin condensation. Therefore, changes in microtubule 
organization correlated with high MAPK activity during MIIIMill-AIII 
transition (2, 45). In oocytes undergoing "full" activation, defined by 
pronuclear formation, MAPK is inactivated. A decrease in MPF activity 
correlated with MIl exit and a decrease in MAPK activity correlated with 
pronuclear formation. These correlations have been shown to be true 
regardless of the speed of nuclear progression (our unpublished 
observation). Inactivation of MAPK was independent of MPF inactivation 
and its low activity persisted throughout the pronuclear formation stage. In 
general, low MPF but high MAPK activity is indicative of partial oocyte 
activation, resulting in arrest at Mill. However, the only reliable 
assessment for genuine full activation of oocytes is probably full term 
development, an impossibility at present upon parthenogenetic activation of 
oocytes. 

In addition, oocytes of different species may exhibit distinctive protein 
changes after sufficient activation. For instance, activated porcine oocytes 
at pronuclear stage exhibit typical changes in the shift of a 25 kDa protein to 
22 kDa (56, 57), possibly attributable to dephosphorylation (see Figure 4). 
In bovine, two protein molecules of 138 and 133 kDa present in oocytes at 
the metaphase stage when a spindle is present (MIl and MIll) disappear 
after activation. They might be microtubule-associated proteins that are 
crucial for spindle organization or stabilization (53). Their disappearance 
might be a prerequisite for the full activation. Further studies are needed to 
fully characterize these specific proteins and their functions during oocyte 
activation. 

PRACTICAL CONSIDERATIONS IN ARTIFICIAL 
ACTIVATION 

Oocytes are naturally activated by sperm. Oocyte activation and 
parthenogenetic development can also be induced by artificial means. Two 
definitive and readily measurable signals associated with fertilization and 
full activation of oocytes, Ca2+ oscillations and inactivation of both MPF 
and MAPK, are frequently used to evaluate practical applications of 
artificial activation. 

Many different agents or methods that elicit a rise in intracellular Ca2+ 

can induce some degree of parthenogenetic activation and development. 
The stimuli used for parthenogenetic activation seem to increase 
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intracellular free Ca2+ levels either by promoting Ca2+ influx, by mobilizing 
intracellular Ca2+ or by a combination of both. Agents or methods that 
induce multiple Ca2+ transients that mostly mimic sperm-induced Ca2+ 

oscillations have been found suitable for sufficient parthenogenetic 
activation of newly matured mammalian oocytes. The major finding in 
recent years is that the process mimicking molecular changes coupled with 
Ca2+ oscillations can also be simulated, for instance, by inhibition of MPF 
orMAPK. 

A Single Agent or Method that Induces a Single Rise in 
Cytosolic Ca2+ 

Ethanol: Ethanol was first used for parthenogenetic activation in 
mouse oocytes (58). Subsequently, treatments with 6-10 % ethanol for 5-
10 minutes have been extensively used for activating oocytes of large 
domestic animals as well. Effective activation by ethanol treatment is 
oocyte age dependent. Newly arrested oocytes do not respond well to 
ethanol. The treatment induces the extrusion of the second polar body, but 
the oocyte does not enter interphase. Instead, it arrests again at metaphase 
(MIII-arrest) and this is termed aborted activation (42). Ethanol disrupts 
the organization of cytoskeletal elements and the resulting aborted 
activation may result in significant increases in the incidence of aneuploidy 
(42, 59). The lack of a good activation response by ethanol treatment 
might be because it causes a single large rise in intracellular Ca2+, which 
appears to derive from both intracellular Ca2+ release and extracellular Ca2+ 

influx (58). 
Ca2+ ionophore: Similarly, Ca2+ ionophore A23187 or ionomycin also 

induces a single Ca2+ rise in mammalian oocytes. The single Ca2+ rise by 
ionophore A23187 is mostly derived from that released by internal stores 
(60). The duration of the rise in Ca2+ by ethanol or Ca2+ ionophore is 
significantly longer than that by sperm at fertilization, although the peaks 
are smaller. 

Electrical stimulation: An appropriate electrical direct current (DC) 
pulse in the presence of Ca2+ -containing medium brings a transient Ca2+ 

increase in the cytosol and initiates oocyte activation in all species 
examined so far. Electrical pulse causes the formation of transient pores in 
the oocyte plasma membrane, and Ca2+ in the external medium enter the 
oocytes through these transient pores. A single electrical pulse causes a 
single large Ca2+ transient (56,61). 

However, a single Ca2+ rise by ethanol, Ca2+ ionophore or electrical 
pulse is inadequate to fully activate oocytes, as evidenced by incomplete 
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CG exocytosis (52), Mill arrest without pronuclear formation of newly 
matured oocytes (2, 42, 53), and poor preimplantation development (50, 
53, 62). The initial response of oocytes to the single Ca2+ rise is the 
inactivation of MPF. However, this inactivation is short-lived and MPF 
activity increases again after the extrusion of the second polar body 
approximately 4 hours post-treatment, and at 15 hours when the new spindle 
forms at Mill-AIII stage or at MIll in mouse oocytes (42, 45). A single 
Ca2+ rise also fails to inactivate MAPK, whose activity stays at a high level 
throughout this progression. 

Aged oocytes are more responsive to electro-stimulation than young 
oocytes that have just completed the maturation process. Both MPF and 
MAPK behave differently in young and aged bovine oocytes following a 
single activation treatment. Inactivation of MPF occurs in both young and 
aged oocytes, whereas MAPK is inactivated only in aged oocytes not young 
oocytes (2, 46). Furthermore, mature oocytes have a limited temporal 
window for normal fertilization, within just a few hours after ovulation or 
maturation. Aging of oocytes can lead to an increase in the incidence of 
chromosomal abnormality. Aged oocytes also have altered structures and 
physiology, which are incompatible with normal fertilization, activation, 
and development. 

Approaches that Mostly Resemble the Physiological Processes 
of Fertilization- Induced Oocyte Activation 

Methods That Induce Ca2+ Oscillations 

Multiple electrical pulses: Multiple electrical stimulation induces 
multiple Ca2+ rises (56, 61, 62). Repetitive electrical stimulations in Ca2+_ 

containing medium triggers Ca2+ oscillations and pronuclear formation in 
nearly 100% of freshly ovulated mouse oocytes. Electrical stimulation itself 
is not sufficient to induce oocyte activation, because electrically stimulated 
oocytes in electroporation medium devoid of Ca2+ do not exhibit Ca2+ rises 
and fail to be activated. Multiple electrical stimulations induce full 
suppression of MPF activity similar to that recorded after normal 
fertilization. Strength, duration, and numbers of electrical pulses as well as 
electroporation medium all influence the effectiveness of oocyte activation. 
Multiple pulses are effective only when the interval between pulses 
simulates the frequency of Ca2+ oscillations triggered by sperm. For 
example, three electric pulse separated by a one second interval are no 
better than a single pulse. Multiple electrical stimulations at -22 minutes 
intervals have been successfully used to activate cytoplasts during nuclear 
transfer in rabbits and sheep oocytes. 
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Strontium: Strontium (Sr2) effectively induces Ca2+ rises at a 
frequency similar to that of sperm-induced Ca2+ oscillations (10, 38, 63, 64) 
(also see Figure 3). Sr+ has been shown to induce Ca2+ release from 
intracellular stores in other cell types as well. Chromosome abnormalities 
do not result from Sr+ activated oocytes (65). Instead, preimplantation 
development of diploid parthenogenetic embryos derived from oocytes 
activated by Sr2+ plus cytochalasin D exhibit a rate similar to that of NF 
embryos (66). Moreover, cloned mice have been produced by using Sr+ 
activated cytoplasts in nuclear transfer, demonstrating its suitability to be 
used in studies when full-term development is required (67). Whether Sr+ 
can effectively activate oocytes of other species remains to be determined. 

Thimerosal: Thimerosal, a sulfhydryl reagent, has been shown to 
increase the sensitivity of CICR by oxidation of critical cysteine residues in 
hamster and mouse oocytes (68), and induce the repetitive transient rises in 
intracellular Ca2+ in mammalian oocytes (69, 70). However, thimerosal 
alone could not stimulate mouse oocyte activation (71). The peak and the 
duration of the rises in Ca2+ induced by thimerosal are smaller and shorter 
than those induced by sperm. Moreover, thimerosal appears to have many 
undesirable side effects, such as spindle disruption (71), making it of little 
practical use in activation (12). Dithiothreitol (DIT) might enhance the 
transduction event that normally occurs at fertilization to initiate both the 
influx of external Ca2+ and the onset of CICR (71). Also, DIT was found 
to reverse the side effects of thimerosal and regenerate typical metaphase 
spindles (71). The combinations of thimerosal with DIT have been found 
effective in the activation of pig oocytes (70, 72). 

Combination Of Chemical Activation - Targeting On MPF And MAPK 

A single Ca2+ increase can induce early activation events, such as 
resumption of meiosis, CG exocytosis and the modifications of zona 
pellucida glycoproteins, but it cannot induce late events of mRNA 
recruitment, pronuclear formation, DNA synthesis and cleavage (13, 51, 
73). Although multiple electrical pulses can improve parthenogenetic 
development, the procedures are complicated and labor consuming. 
Moreover, repeated electrical stimulations induce Ca2+ oscillations which 
differ from those induced by sperm (56), particularly the much prolonged 
decline of Ca2+. Multiple Ca2+ oscillations are believed to maintain low 
activity of MPF by degradation of cyclin B and/or phosphorylation of 
p34cdc2 and inactivation of MAPK by ERK2 dephosphorylation (Figure 1). 
Thus, an alternative approach for activation of oocytes that mostly mimics 
fertilization would be combinations of a Ca2+ rise and an inhibition of either 
protein synthesis with cycloheximide or protein phosphorylation with 6-
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dimethylaminopurine (6-DMAP). The chemical 6-DMAP was shown to 
enhance the activation of young mouse and bovine oocytes (73-75). The 
first Ca2+ increase is indispensable for full activation of oocytes, because 
inhibiting either proteins synthesis with cycloheximide or kinase activation 
with 6-DMAP alone fails to promote subsequent parthenogenetic 
development (53). The key is whether or not MAPK is inactivated. 
Prolonged inactivation by p34cdc2 phosphorylation is probably contributed 
by MAPK dephosphorylation and inactivation ofMAPK. 

Inhibition of protein synthesis is an effective way to enhance oocyte 
activation since it induces temporal changes in both MPF and MAPK 
similar to those that occur following fertilization (76). Cycloheximide 
treatment does not change the intracellular Ca2+ profile (38), but can cause 
instant decline in cyclin B levels which maintain low activity of MPF. 
Moreover, dephosphorylation of MAPK occurs several hours later when 
most oocytes reach pronuclear stage after cycloheximide treatment (46). 
Different from cycloheximide or NF induced activation, 6-DMAP induces 
dephosphorylation of MAPK, and therefore earlier pronuclear development. 
Agents that increase intracellular Ca2+ or prevent protein 
synthesis/phosphorylation alone result in low cleavage and development 
rates. Combined treatments of these agents were more effective in inducing 
activation and development of young bovine oocytes than any single 
treatment alone (50,53), demonstrating that both the first Ca2+ increase and 
the subsequent inhibition of certain kinases or proteins are indispensable for 
normal cell cycle progression. Parthenogenetic activation can lead to either 
haploid or diploid development. Treatment of Ca2+ ionophore A23187 or 
ionomycin sequentially combined with 6-DMAP leads to one pronuclear 
formation in bovine oocytes without a second polar body extrusion (53, 
73), resulting in diploid development. In the mouse, 6-DMAP has been 
shown to impair the contact between spindle-pole and the cortex as well as 
to inhibit contractile activity in the cortex after activation (74). Treatment 
with Ca2+ ionophore A23l87 sequentially combined with cycloheximide, 
however, leads to the formation of one pronucleus and extrusion of a polar 
body, resulting in haploid development. The latter activation regime can be 
used in combination with cytochalasin D, an inhibitor of actin filament, to 
induce formation of two pronuclei by preventing the extrusion of the second 
polar body (53). A high percentage of oocytes activated in this manner 
develop to the blastocyst stage. 

Through the use of combined artificial stimulators (ethanol, ionophore, 
ionomycin, or an electrical pulse) and cycloheximide, puromycin or kinase 
inhibitors, parthenogenetic activation and development have been 
significantly improved to levels comparable to sperm induced activation in 
a variety of species including rabbit, bovine, pig, goat, equine and human. 
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Reagents that specifically target proteins in the activation pathways would 
be beneficial to activate oocytes parthenogenetically (77). 

FACTORS AFFECTING EFFECTIVENESS OF 
ARTIFICIAL ACTIVATION 

Species-Specific Differences 

Even for the same activation regime, modifications in the treatment are 
required when applied to different species. For example, a 5 min exposure 
to 5 ).lM Ca2+ ionophore followed by 10 ).lg/ml cycloheximide treatment for 
6 h is effective for bovine oocyte activation (53), but ineffective for equine 
oocyte activation, for which 50 ).lM Ca2+ ionophore and 24 h exposure to 
cycloheximide is required (78). Interestingly, the requirement of relatively 
intense stimulation and/or longer exposure to cycloheximide for activation 
of equine oocytes may be related to very low rates of spontaneous activation 
in this species (78). It is possible that MPF activity is maintained higher in 
equine oocytes than bovine oocytes. Pig oocytes are also quite resistant to 
activation stimulation, and high concentrations of Ca2+ ionophore are 
required for their meiotic release (79). The inefficient activation of pig 
oocytes contribute to the extremely low efficiency of cloning in this species, 
compared to cloning in bovine and sheep. Therefore, a strategy of double 
nuclear transfer, the second round being the transfer of pronuclei of 
reconstituted activated oocytes into enucleated in vivo-fertilized zygotes, 
was used to compensate for the ineffective artificial activation (80). Many 
different methods, chemical, electrical, and combinations, have been used 
for pig oocyte activation during cloning procedures. So far, successful 
production of cloned piglets, in spite of low efficiency, has been achieved 
by using electrical activation alone or in combination with chemical 
activation (81, 82). In addition, conditions used for maturing porcine 
oocytes in vitro are important to their subsequent response to artificial 
activation. 

Interestingly, a single Ca2+ rise is sufficient to activate oocytes from 
many non-mammalian species such as frog, fish, and sea urchin. In 
addition, the short cell cycle length may also play it role. For instance, the 
frog oocyte forms the female pronucleus within 20 min of fertilization 
which induces a single Ca2+ increase to release meiotic arrest and progress 
into interphase. Mouse oocytes, however, form pronuclei around 4 h after 
sperm penetration, while 7-8 h are required for bovine. Mouse oocytes are 
more readily activated artificially and also frequently undergo spontaneous 
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sperm penetration, while 7-8 h are required for bovine. Mouse oocytes are 
more readily activated artificially and also frequently undergo spontaneous 
activation, while human oocytes are relatively resistant to parthenogenetic 
activation by Ca2+ ionophore treatment (83). 

It seems that the less time required for maturation of oocytes generally 
correlates with the ease of artificial activation. In vitro maturation requires 
12-14 h in the mouse, 22-24 h in bovine and sheep, 40-48 h in pigs and 
horses, and 44-48 h in humans. Correspondingly, mouse oocytes are easily 
activated and frequently undergo spontaneous activation; bovine and sheep 
oocytes are also readily activated, while pig, horse and human oocytes are 
relatively resistant to activation stimulation. Whether the longer period of 
maturation leads to or is required for building up higher levels of MPF 
activity is not known. A direct comparison of kinase activity among species 
would be necessary to correlate kinase activities with effectiveness of 
oocyte activation. 

Oocyte Competence 

The development of normal "activation competence' likely involves 
changes in the oocyte's ability to respond to signals for intracellular Ca2+ 

release as well as the ability to respond to this Ca2+ increase (49). It has 
been shown that between the germinal vesicle (GV) and metaphase II 
stages, there may be a 3- to 4-fold increase in the capability of ionomycin
inducible Ca2+ release (84). Oocytes acquire the ability to undergo full Ca2+ 

release at the end of maturation. Many factors such as maturation medium 
and the sources of the oocytes can affect the "activation and developmental 
competence". For example, equine oocytes matured in TCM-199 are 
activated more easily than oocytes matured in follicular fluid. Consistently, 
the rate of fertilization and early embryo development is lower when their 
oocytes are matured in follicular fluid (78). Cytoplasmic immaturity could 
compromise competence of oocyte activation and development. Oocytes 
from small follicles of young prepubertal mice are deficient for further 
development (85). Similarly, oocytes derived from calves also manifest 
insufficiency in "activation and developmental competence", as evidenced 
by low MPF and MAPK activities, defects in Ca2+ oscillations, and poor 
activation and developmental rates (86, 87). On the other hand, oocytes 
collected from older individuals may also have defects in both nuclear status 
and cytoplasmic components due to aging, leading to abnormalities in 
activation and development. 
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Oocyte Age 

There is an age dependency on the ability of oocytes to be artificially 
activated, particularly by a single Ca2+ rise. Young oocytes, whether freshly 
ovulated or newly matured in vitro, are readily fertilized, but are resistant to 
activation by treatments that produce a single Ca2+ transient. On the 
contrary, aged oocytes are more easily activated by a single Ca2+ transient, 
which may be due to partial decrease in MPF activity in older oocytes (2). 
Low MPF activity in aged oocytes is possibly due to the degradation but 
slow synthesis of cyclin B during oocyte aging in vitro or in vivo. Old 
oocytes, however, are not suitable for use as nuclear recipients in nuclear 
transfer, not only because developmental potential of aged oocytes is 
possibly compromised but also because lower MPF activity is insufficient to 
remodel a donor nucleus. 

A single Ca2+ rise induced by Ca2+ ionophore can induce a decline in 
MPF activity by inactivating the existing MPF component, but is 
insufficient to maintain low activity of MPF in young oocytes. A single 
intracellular Ca2+ rise allows young bovine oocytes to resume meiosis and 
emit the second polar body. However, active protein synthesis and 
phosphorylation events in the young oocytes would quickly restore the MPF 
activity (61) and thus force the nuclear materials to enter a new metaphase 
arrest (MIII) (42, 60, 73). Further treatment of oocytes with protein 
synthesis inhibitors, such as cycloheximide, can prevent MPF reactivation 
after initial calcium transient (50, 76). 

NUCLEAR INDEPENDENCE OF OOCYTE 
ACTIVATION 

Enucleated oocyte cytoplasts have been used in the cloning procedures. 
Many key proteins and kinases are reportedly associated with meiotic 
spindles (47, 88). It has been a concern whether removal of metaphase 
chromosomes andlor spindles affects oocyte activation. Moreover, whether 
or not cytoplasm alone could be induced to sufficiently activate has not 
been tested. We removed chromosomes and spindles by micromanipulation 
and confirmed complete enucleation by either Pol-Scope spindle imaging or 
by the absence of DNA staining by Hoechst 33342 (89). Since 
chromosomes are removed, the nuclear dynamics cannot be followed. 
However, molecular changes in the cytoplasm can be compared between 
intact and enucleated oocytes. Here we present data from several animal 
species with selected markers, showing that Ca2+ profiles and levels of key 
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proteins and kinases in the enucleated cytoplasts are comparable to those of 
intact oocytes and that cytoplasm activation of oocytes is independent of 
nuclear chromosomes. 

Ca2+ Oscillations Do Not Change In Enucleated Oocytes 
(Mouse) 

Ca2+ oscillations are associated with normal activation of oocytes 
triggered by sperm. As stated earlier, Sr2+ also elicits Ca2+ oscillations that 
mimic sperm-induced Ca2+ oscillations, although the first transient and the 
duration of subsequent transients by Sr2+ generally last longer. It is 
interesting to determine whether removal of nuclear chromosomes and 
spindle affects Ca2+ profiles. As shown in Figure 3, Ca2+ oscillations are 
induced in enucleated mouse oocyte cytoplasts. The frequency of Ca2+ 

oscillations is comparable to that of intact oocytes with chromosomes and 
spindles (13.4 ± 3.2 and 13.3 ± 3.0 min/interval, respectively). The first 
Ca2+ transient lasts much longer than subsequent ones and there are no 
obvious differences in peak duration (average of 3.3 min) between 
enucleated and intact mouse oocytes after Sr2+ activation. The frequency of 
Ca2+ oscillations does not differ between these two types of oocytes. 
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Figure 3. Mouse oocyte cytoplasts without chromosomes and spindles exhibit Ca2+ 

oscillations, detected by Fura-2/ AM labeling and ratio-metric imaging, similar to those of 
intact oocytes following S~+ treatment. 
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DEPHOSPHORYLATION OF SPECIFIC PROTEINS IN 
PORCINE OOCYTE ACTIVATION 

As stated earlier, electrical activation gives more consistent activation 
of porcine oocytes. In one study, we used repeated electrical stimulations to 
induce artificial activation of intact and enucleated porcine oocytes, and the 
protein changes were compared to those of oocytes after IVF. 

Both electrical stimulations and sperm induced the shift of a 25 kDa 
protein in intact MIl oocytes to 22 kDa in activated oocytes (Figure 4). In 
addition, spontaneous shifting of the 25 kDa protein to 22 kDa occurs in 
oocytes during aging in vitro. The shift of this protein from 25 kDa to 22 
kDa also is found in enucleated cytoplasts after activation, suggesting that 
the protein is not attached to the spindle and the change in its molecular 
mass is nuclear independent. The nature of this shift remains to be 
determined and my be indicative of dephosphorylation of the 25 kDa to 22 
kDa protein (56,57). 

ENUCLEATED OOCYTES EXHIBIT SIMILAR 
CHANGES IN MPF AND MAPK TO THOSE IN INTACT 
OOCYTES (BOVINE) 

High levels of MPF and MAPK activities exist in enucleated, intact, 
and micromanipulated bovine oocytes before activation, indicating that 
active MPF and MAPK are mostly located in the cytoplasm and that 
removal of chromosomes does not remove key kinases. It is now known 
that independent inactivation of MPF and MAPK occurs in bovine oocytes 
following either artificial or sperm-induced activation, with the inactivation 
of MPF preceding the inactivation of MAPK. Not unexpectedly, MPF and 
MAPK in enucleated cytoplasts exhibit dynamics similar to that in intact 
oocytes following parthenogenetic activation. 

These results demonstrate that the absence of chromosomes andlor 
meiotic spindles do not affect the normal dynamics of both MPF and 
MAPK after oocyte activation. The demonstration of nuclear independency 
of MPF and MAPK activation also helps explain the success of nuclear 
transfer. 

CONCLUSIONS 

During fertilization in mammals, the sperm triggers a series of Ca2+ 

oscillations in the mature oocyte. These Ca2+ oscillations activate the 
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Figure 4. Protein synthesis in activated porcine oocytes. At 44 hours of maturation, denuded 
oocytes or cytoplasts were activated by three electrical pulses of 1.0 kV/cm, 50 Ilsec at 5 min 
intervals in 0.28 M inositol supplemented with 0.1 roM Ca2+ and Mg2+. Twenty hours after 
treatment, oocytes were labeled with 35smethionine for 3 h, then run on 8-15% SDS-P AGE 
gradient gels, and processed for autoradiography. 
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Figure 5. MPF (Histone HI kinase, HI) and MAPK activities in enucleated, manipulated, 
and intact bovine oocytes stimulated with one electrical pulse followed by incubation in 
cycloheximide. Experiments were repeated three times. In manipulated oocytes, a small cell 
cloning by nuclear amount of cytoplasm similar to that of a karyoplast was removed as 
micromanipulation control. 

development of the oocyte into an embryo. The first Ca2+ transient is 
required for CG exocytosis and meiotic release, but multiple Ca2+ transients 
are required for cell cycle progression. Molecular mechanisms under-lying 
sperm-triggered oocyte activation include the inactivation of both 



341 

MPF and MAPK, coupled with Ca2+ oscillations. These are important 
considerations when applying artificial activation. Jndeed, the combination 
approach of inducing Ca2+ transient and inhibiting both MPF and MAPK for 
oocyte activation has been employed widely in somatic transfer and may 
be important in improving the cloning efficiency. Continued search for 
sperm factors and molecular mechanisms underlying oocyte activation 
should provide further insights to enhance our understating of initiation of 
development as well as facilitate the application of oocyte activation in the 
related biotechnology and medicine. 
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INTRODUCTION 

Implantation is a complex spatio-temporal interaction between the 
genotypically different embryo and mother. This is a highly coordinated 
process that is activated when the trophoblast cells of the embryo establish 
contact with the maternal endometrium. The initiation of pregnancy 
requires a precisely timed synchrony between endometrial development and 
the implanting blastocyst. Under the influence of ovarian steroids, the 
uterine endometrium undergoes profound modifications in cellular 
differentiation. In primates, at the appropriate phase of the menstrual cycle, 
the uterus becomes "receptive" and enables the blastocyst to attach. This 
"receptive window" is initially dependent on estrogen and progesterone. 
However, further morphological and biochemical changes are induced 
within the uterus by signals from the developing embryo and following 
trophoblast invasion. 

Understanding the factors involved in embryo-maternal cross talk is 
crucial for reproductive medicine. However, since there are ethical 
limitations to studying this process in women we have developed the baboon 
as a non-human primate model to obtain physiologically relevant data. 

UTERINE RECEPTIVITY 

The window of receptivity is the period within the uterus that facilitates 
interactions with the developing embryo for successful implantation. 
Initially the embryo will appose, attach to, and intrude into the luminal 
epithelium. After the epithelial basement membrane is penetrated by the 
embryo, the invading trophoblasts move down into the stromal 
compartment. On the maternal side, stromal invasion of the embryo is 
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associated with stromal extracellular matrix remodeling, decidualization, 
angiogenesis, and immunomodulation. Effective biochemical 
communication between the embryo and the uterus is essential for this 
highly coordinated, controlled and temporary association (1). 

The concept of endometrial receptivity was first established by 
Psychoyos in the rat and then extended to other species (2-4). Although 
estrogen and progesterone have long been believed to be essential for 
developing an appropriate endometrial environment for blastocyst 
implantation, it is now evident that these effects are further modulated by 
peptide hormones and peptide growth factors secreted by a variety of cell 
types within the uterine endometrium. In the baboon, we have divided 
uterine receptivity into three distinct phases. Phase I is regulated by 
estrogen and progesterone and is evident between days 8 and 10 post
ovulation of the normal menstrual cycle. The morphological, biochemical 
and cell biological changes associated with this phase have been reviewed 
previously (5). 

The second phase (Phase II) of uterine receptivity is induced by 
blastocyst "signals" superimposed on the estrogen/progesterone primed 
receptive endometrium. In the baboon, and perhaps also in the human, the 
primary embryonic factor that induces these responses is chorionic 
gonadotrophin (18). This phase is associated with functional and 
morphological changes in the endometrium that are distinct from those 
observed at a comparable time of a non-pregnant cycle (i.e., Phase I of 
uterine receptivity). 

The final phase (Phase III) of uterine receptivity is initiated following 
attachment and implantation. A universal response is the significant 
increase in the permeability of the subepithelial capillaries surrounding the 
blastocyst (2,4). In primates the morphological changes associated with 
implantation have been extensively studied and elegantly reviewed (6,7). In 
general together with glandular hypertrophy, stromal cell decidualization is 
initiated and is accompanied by increased secretion of extracellular matrix 
proteins. 

EMBRYONIC SIGNALS 

The blastocyst develops from the morula-stage embryo, and the process 
requires active gene transcription and translation from the embryonic 
genome (8). This occurs when the embryo is approximately 4 days of age 
and composed of 16-32 cells. The developing blastocyst is composed of 
three different structures within the surrounding of the zona pellucida: 1) 
the peripherally situated, trophectoderm or trophoblast cells; 2) the 
embryonic cell proper, inner cell mass, and 3) the fluid-filled blastocoele 
cavity (9). On day 6, the blastocyst hatches from the zona pellucida. Polar 
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trophectoderm near the site that apposes and attaches to the uterine luminal 
epithelium differentiates into two different cell types, the cytotrophoblast 
and syncytiotrophoblast, during penetration between luminal epithelial cells 
(10). Cytotrophoblasts surround the blastocystic cavity and lie close to the 
inner cell mass and the syncytiotrophoblast. The syncytiotrophoblast, a 
multinucleated non-dividing cell that develops from the cytotrophoblast, 
synthesizes and secretes chorionic gonadotrophin and other placental 
hormones. 

In a cycle in which conception occurs, adequate progesterone secretion 
from the corpus luteum must be maintained to support the pregnancy (11). 
This critical process of maternal recognition of pregnancy requires the 
signal from the developing conceptus that will act as a luteotropic and/or a 
luteolytic inhibitor prior to the time that normal luteal regression would 
occur. This biochemical communication is essential for the uninterrupted 
synthesis and release of progesterone from the corpus luteum. In primates, 
chorionic gonadotrophin secreted from the trophoblast acts as a LH 
superagonist (12), extending the life span of the corpus luteum and its ability 
to continue to secrete progesterone. In addition to rescuing the corpus 
luteum from regression, the embryonic signals also directly or indirectly 
modulate the receptive endometrium that will facilitate the implantation 
process (13). 

The idea that embryo-derived factors may directly or indirectly 
influence endometrial receptivity and implantation in primates is 
substantiated by several lines of evidence. Studies in the rhesus monkey 
indicate that endometrial physiology during the midluteal phase in the 
presence of the conceptus is discernibly different from that in nonfecund 
midluteal phase (14). Our studies in the baboon demonstrate that chorionic 
gonadotrophin, when infused in a manner that mimics blastocyst transit, has 
physiological effects on the three major cell types in the uterine 
endometrium (i.e., luminal and glandular epithelium and stromal fibroblasts. 

MODULATION OF THE PRIMATE ENDOMETRIUM BY 
CHORIONIC GONADOTROPHIN 

Luminal Epithelium 

An early maternal response to pregnancy in the luminal epithelium of 
primate is the formation of the epithelial plaque (15). This response is 
characterized by hypertrophy of the surface epithelium and cells in the neck 
glands that round up and form acinar clusters (16,17). The induction of the 
plaque response requires a synergism between the ovary and the 
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endometrium in response to chorionic gonadotrophin (18). In the baboon, 
the plaque is restricted to the epithelium immediately adjacent to the 
implantation site (17,19) whereas in the macaque it is much more extensive 
(17,20). The large nuclei found in the plaque have been described (20). 
They were probably polyploid, with very large nuclei as well as examples of 
bi-, tri- and multinucleated cells being observed (21). The nucleolar 
channels have also been described by Enders (17), who compared them to 
those seen in human uterine glandular cells on day 18 of the menstrual 
cycle. Rossman (22), in his detailed histological study of deciduomata, 
illustrated examples of multinucleated giant cells as well as cell 
degeneration. Evidence of phagocytosis, in the form of large vacuoles and 
the engulfment of whole cells suggests that cell fusion may, on occasions, 
become lethal to one participant in the process (21). 

The function of plaque formation is not clear; it is not involved in the 
actual process of implantation, that is, the penetration of the luminal 
epithelium by the blastocyst, but may provide nutrition by means of the 
intracellular glycogen (20,22). The importance of histiotrophic nutrition 
with reference to the human embryo has recently been highlighted (23) and 
it was suggested that glandular secretions may be taken up by the 
syncytiotrophoblast and yolk sac epithelia prior to the establishment of 
haemiotrophic nutrition. It has also been suggested that the plaque response 
might stimulate vascular enlargement over a broad area extending beyond 
the developing placenta (20). This would bring about a precocious 
development of the maternal vasculature and in doing so accelerate the 
development of the placenta as the lacunae communicate with the enlarged 
vascular bed. 

Glandular Epithelium 

Chorionic gonadotrophin induces morphologic changes in. endometrial 
glandular structures that resemble those observed in the pregnant baboon of 
the same gestational age (24). Glands in the functionalis and basalis layers 
are distended and convoluted. The glandular response to chorionic 
gonadotrophin infusion is characterized by a marked increase in 
trascriptional and posttranslational modulation of glycodelin (18). Synthesis 
of glycodelin by the glandular epithelium parallels the rise and decline of 
chorionic gonadotrophin in the peripheral circulation (25). Glycodelin is 
associated with immunosuppression, inhibition of sperm-egg binding, and 
induction of epithelial cell differentiation (26). However, the true function 
of glycodelin in the implantation process remains to be elucidated. 
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Stromal Fibroblasts 

In addition to the characteristic stromal edema due to increased vascular 
permeability (24), the primary effect of chorionic gonadotrophin on stromal 
fibroblasts is the induction of a-smooth muscle actin (18,27). 

In the baboon, the expression of a-smooth muscle actin appears to be 
hormonally regulated; previous studies have shown it to be absent in the 
smooth muscle cells of the myometrium and blood vessels in 
ovariectomized animals, but appears following estrogen treatment (27). 
During the menstrual cycle, it is not found in the stromal fibroblasts but by 
day 14 of pregnancy it is apparent in stromal cells beneath the luminal 
epithelium, and can be demonstrated by immunocytochemistry (21). There 
is, coincident with this, a change in the morphology of the cells which 
develop the features of decidualization. They become larger in size with a 
more rounded profile and at the ultrastructural level, many extensions and 
processes, which contain actin filaments. There is also evidence of 
increased biosynthetic activity, with many strands of endoplasmic reticulum 
and Golgi vacuoles. The decidual cells observed in our studies also 
produced increased amounts of extracellular matrix as seen by the dense 
material surrounding the cells under the luminal epithelium (21). This may 
coincide with an increase in collagenllaminin receptors together with their 
specific extracellular matrix molecules as has been observed in early 
pregnancy in the baboon (28), with an increase in a}, a3, a6, ~l and av~3 as 
in the human (29). At this stage in pregnancy, the stromal cells are packed 
closely together, later, however, they become more spaced out and rounder, 
and a distinct pericellular basement membrane can be seen around each one 
from about day 40 of pregnancy (21). Thus, the increased expression of 
actin occurs in concert with changes in integrin expression and extracellular 
matrix secretion suggesting alterations in signal transduction pathways 
(18,28,30). Similar changes in the actin cytoskeleton have previously been 
described in the differentiation of granulosa cells (31) and has been 
associated with cellular remodeling by actin-rich myofibroblasts in breast 
tumors (32). Such myofibroblasts have been shown to synthesize 
extracellular matrix components including collagen types I, III, V, 
fibronectin, vimentin and oncofetal fibronectin (32). 

Cytoske1etal proteins play a critical role in mitosis, cell growth, cell 
motility and inhibition of apoptosis (33,34). We have hypothesized that the 
induction of a-smooth muscle actin by chorionic gonadotrophin may be 
essential to decrease the progesterone regulated proliferation process in 
these cells and initiate the differentiation process which is a prerequisite for 
decidualization (30). 

In conclusion, our data have demonstrated that chorionic gonadotrophin 
has physiologic effects on the primate endometrium during the window of 
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uterine receptivity. These responses to chorionic gonadotrophin occurs in 
synergism with progesterone. Antagonism of progesterone action by 
progesterone receptor antagonists during the infusion of chorionic 
gonadotrophin, markedly affects epithelial and stromal responses induced by 
chorionic gonadotrophin during the window of uterine receptivity (35). 

ENDOMETRIAL RESPONSES TO IMPLANTATION 

Primate blastocysts implant in a simplex uterus with the inner cell mass 
oriented adjacent to the endometrium. In non-human primate species that 
have been studied to date, syncytial trophoblast forms near the inner cell 
mass and penetrates the uterine epithelium by intruding between uterine 
epithelial cells (36,37). 

Implantation in the baboon (7,21) is similar to that described for the 
rhesus macaque (6,38). Specialized villi; known as anchoring villi, facilitate 
the attachment of the placenta to the uterine wall and provide the source of 
the migratory cell population that invade into the maternal endometrium. 

Coincident with this invasive process, the stromal fibroblasts are 
enlarged compared to the non-pregnant precursors. Decidualization, which 
involves the transformation of stromal fibroblasts to decidual cells, is the 
major change that occurs in the primate endometrium after conception. In 
primates and rodents, the uterine endometrial stromal cells differentiate to 
decidual cells following the establishment of pregnancy. Decidual cells play 
an important role in implantation and provide nutritional support for 
embryo. Decidual cells are also believed to produce factors that control 
trophoblast invasion and protect the embryo from maternal immune 
rejection. During the process of decidualization in the primate, fibroblast
like stromal cells change morphologically into polygonal cells and begin to 
express specific decidual proteins (39,40). This is manifested by the down
regulation of a-smooth muscle actin expression and the induction of insulin
like growth factor binding protein-l (41,42). 

Previous studies in the baboon have clearly demonstrated that insulin
like growth factor binding protein-l gene expression in the endometrium is a 
conceptus mediated response (43). Subsequent studies in vitro established 
that insulin-like growth factor binding protein-l gene expression in 
decidualizing stromal fibroblasts requires the presence of both hormones 
and cAMP (42). This induction is associated with a concomitant decrease of 
a-smooth muscle actin expression in vivo (27) and in vitro (42). Since 
interleukin-l,6 (IL-II3) is expressed both in the progestational endometrium 
and in trophoblast cells (44-46) we evaluated IL-113 as one possible factor 
that could influence differentiation of stromal cells into decidual cells. IL-113 
has been reported to be actively involved in fetal-maternal interactions (47-
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49), but its role in decidualization has not been clarified. In addition, IL-1 
can modulate changes in the cytoskeleton (50,51) and induce 
cyclooxygenase-2 gene expression (52-54). Our data would suggest that IL-
113 activates a signaling pathway that induces cyclooxygenase-2 expression 
followed by an increase in insulin-like growth factor binding protein-1 
expression (55). Coincident with the induction of cyclooxygenase-2, IL-113 
also induces metalloproteinase-3 (MMP-3) expression in stromal fibroblasts 
(56). We hypothesize that the local action of MMP-3 dissociates the 
surrounding extracellular matrix resulting in the loss of focal adhesion 
complexes and the alteration in the actin cytoskeleton. This dissociation is 
the necessary pre-requisite for decidualization and insulin-like growth factor 
binding protein-1 induction. Thus, the complex signaling pathways 
activated during implantation may play a critical role in maintaining the 
appropriate homeostatics required for decidualization and trophoblast 
invasion. 

CONCLUSIONS 

Implantation is a complex process that appears to have unIque 
manifestations in each of the species studied to date. Much of our 
understanding of this intricate process comes from elegant studies in rodent 
models. In the case of primates and humans, limited data are available but 
constraints in non-human primates with regards to cost and low fecundity 
rates does not permit extensive investigations. The obvious moral and 
ethical limitations in humans preclude obtaining any in vivo data. Yet, 
infertility and pregnancy wastage affects one in every nine couples in the 
Western world. Thus, we have chosen to study embryo-maternal cross talk 
in a relevant non-human primate model, the baboon, with the hope that these 
basic studies will provide crucial information that could be useful in 
reproductive medicine to improve pregnancy rates in infertile couples. 

Our data would suggest that uterine receptivity in the primate can be 
divided into three phases. Phase I is modulated by estrogen and 
progesterone secreted by the ovary following ovulation. Further modulation 
of this critical phase is dependent on the presence of an embryo. Thus, in a 
conception cycle, the embryonic signal is superimposed on the estrogen
progesterone-primed endometrium to induce functional changes that 
facilitate the implantation process. Once implantation is initiated, Phase III 
is activated and this is associated with profound modifications of the stromal 
compartment and the decidualization process. 
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INTRODUCTION 

Oocytes of rabbits and mice, successfully cultured in vitro in the first 
half of the twentieth century, laid the foundation for assisted reproductive 
techniques decades later. In vitro fertilization (IVF) studies in rabbits 
resulted in the first birth of a normal offspring in 1959. Since then, advances 
in experimental reproductive technology, leading to new insights into sperm 
capacitation, oocyte maturation and sperm-egg interaction, have 
tremendously increased our knowledge about the fertilization process in 
humans. 

Infertility is a problem affecting about 10% of all couples in the western 
world. In 1978, the British gynecologist Patrick Steptoe and the physiologist 
Robert Edwards reported about the first baby being born from culture of a 
fertilized oocyte that had developed to an 8-cell stage embryo in vitro (1). 
Although embryonic transfer in rabbits was successfully performed as early 
as 1890, the work of Steptoe and Edwards was the beginning of an explosive 
development in the treatment of human infertility. Assisted reproductive 
techniques (ART) have since emerged as successful treatment. Today, IVF is 
a standard procedure in many centers all over the world, with pregnancy 
rates ranging from 10-40% per embryo transfer (ET). A few hundred 
thousand children have been born after treatment with ART. At present, the 
take-home baby rate is 15-30% per treatment cycle (2). 

PARTICIPANTS IN ART 

Concerning the participants in ART, females account for 30%, males 
for 30%, both women and men for 30%, and 10% of the couples suffer from 
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idiopathic infertility (3). The majority of female participants are with tubal 
factor infertility. The fallopian tubes in this condition may be blocked on 
one side or bilaterally, preventing or inhibiting passage of the oocyte. In 
most cases, these disturbances occur secondary to an infection; less than 5 % 
of females have blocked tubes from birth. Infertility in women can also be 
caused by other gynecological diseases, such as polycystic ovary syndrome 
or endometriosis. The latter condition, referred to as retrograde 
menstruation (4), is characterized by the occurrence of ectopic endometrial 
tissue, i.e., invasion of the myometrium by the mucous membrane lining the 
uterus. The ectopic endometrial tissue is subjected to the same 
endocrinological, metabolic, and catabolic processes, as the orthotopic 
uterine cells. As endometriosis may be accompanied by adnexal adhesions, 
fertility is often directly impaired by this disease. Moreover, poor oocyte 
quality and low implantation capacity have been discussed in this group of 
patients (5). Compared with these common causes of infertility, presence of 
sperm antibodies in the female patients is rare. 

Pathological sperm findings play an important role as a cause of 
infertility, accounting for 50% of the total male infertile population. A wide 
range of etiologic factors and pathogenetic mechanisms may cause the mere 
symptom of male infertility. Different anatomical levels as well as specific 
periods of life have to be considered with regard to disturbances of the 
complex development and regulation of male reproductive functions. 
Diagnostic categories of male infertility include disorders of the 
hypothalamic-pituitary-gonadal axis such as hypogonadotropic 
hypogonadism, congenital abnormalities affecting the testes, i.g., testicular 
maldescent or chromosomal abnormalities such as Klinefelter's syndrome 
(47, XXY karyotype), acquired damage of spermatogenesis due to drugs, 
life-style or environmental factors, congenital agenesia of the vasa deferentia 
(and/or seminal vesicles), acquired blockage of sperm transport as a cause 
of obstructive azoospermia, and sexual and/or ejaculatory dysfunction (6, 7). 
Moreover, varicocele and infectious or inflammatory disease of the genital 
tract should not be overlooked as most common and treatable causes of male 
infertility. In some men, impaired spermatogenic function reflects 
carcinoma-in-situ or even testicular cancer. 

In spite of modern diagnostic methods, underlying causes of 
pathological semen profiles (Figure 1 b-d) remain unclear in up to one third 
of men undergoing fertility check-up (6). Infertility has to be referred to as 
idiopathic in approximately 10% of barren couples. As some of these 
patients can be successfully treated with assisted reproductive techniques, 
idiopathic infertility is considered an indication for NF. ART are 
contraindicated in cases of missing maturable oocytes, i.e., in women 
beyond the menopause or those who have undergone ovariectomy. A 
prerequisite is the presence of spermatozoa, at least spermatids, from 
testicular biopsies. Restrictions may be imposed by the legal situation in 
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Figure 1. Morphological semen analysis: a, Spennatozoa with morphologically nonnal 
heads and some with minor deviations; note a single neutrophilic granulocyte; b, spennatozoa 
with high degree of acrosomal deficiencies; note double heads and additional defects of 
midpiece and flagellum; c, hypere10ngated spenn heads, some with concomitant acrosomal 
deficiency; note excessive cytoplasm and bent tails; d, round cells including multinuclear 
immature genn cells (spennatids) as well as neutrophils and a macrophage. 
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many countries, although at present, the IVF procedure is prohibited 
only in Libya. 

TECHNIQUES IN REPRODUCTIVE MEDICINE 

Collection Of Gametes 

ART are generally based on the availability of gametes, both oocytes 
and spermatozoa. Women from barren couples are usually subjected to 
hormonal stimulation, aimed at maturation of one or more oocytes. As 
stimulation therapy is often crucial to later oocyte quality, this step is of 
utmost importance. 

Sperm Preparation 

Male gametes for ART are usually obtained by masturbation. Surgical 
procedures are only necessary for retrieval of testicular or epididymal 
spermatozoa (see below). Some disturbances of semen transport, such as 
retrograde ejaculation, can be overcome by administration of an alpha
sympathomimetic midodrin or imipramin (8, 9). In cases of persistent 
retrograde ejaculation, systemic alkalization of urine or instillation of the 
bladder with appropriate medium is recommended (7). In certain cases of 
anejaculation, i.g., those associated with paraplegia, vibro-massage or 
electro-ejaculation may be successful. 

Table 1. Reference values of semen quality according to WHO (10) 

Parameter 

Volume 
pH 
Sperm concentration 
Total sperm number 
Motility 

Morphology 
Vitality 
White blood cells 
Sperm autoantibodies 

Value 

;;::2ml 
;;::7.2 
;;:: 20 x 106 spermatozoa per ml 
;;:: 40 X 106 spermatozoa per ejaculate 
;;:: 50% motile (grades a + b) or 
;;:: 25% with progressive motility (grade a) 
within 60 minutes of ejaculation 

* 
;;:: 50% live, i.e. excluding dye 
< I x 106 /ml 
< 50% motile spermatozoa with adherent particles 
or beads (MAR test, immunobead test) 

* Data from ART programs using strict criteria of sperm morphology 
assessment suggest a threshold value of 15% normal forms 
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Human semen nonnally contains more than 40 million spennatozoa (for 
standard values see Table 1). However, these cannot be directly used for 
ART, but require further processing. Spenn preparation is firstly aimed at 
elimination of free seminal plasma which contains substances that may 
inhibit fertilization. For example, prostaglandins from the seminal plasma 
may induce contraction when directly applied to the uterus during 
intrauterine insemination (see below). Secondly, spenn preparation helps 
increase the number of motile and morphologically intact spermatozoa and 
reduces immotile or dead gametes as well as leukocytes and cellular debris. 

In principle, three different techniques are available for spenn 
preparation (11). The migration procedure allows immotile spennatozoa to 
actively migrate from the ejaculate to a new medium. Most widely used is 
the swim-up technique (Figure 2.1). First, semen is transferred to a 

1 2 3 4 

Figure 2. Spenn preparation methods. 1, Swim-up method. Spenn cells are sedimented at 
the bottom of the centrifugation tube and overlayered with medium. Motile spenn cells are 
able to swim up into the medium; 2, migration-sedimentation method. The semen is placed in 
a special tube around an inner conus and overlayered with medium. Motile spenn cells 
migrate into the medium and are concentrated by sedimentation in the inner conus; 3, 
glasswool filtration method. The semen is loaded to a column filled with glass wool. Motile 
spenn pass through the glass wool, whereas immotile spennatozoa and detritus are retained 
on the column; 4, density gradient centrifugation method. The semen is layered over a two
step gradient. Motile spenn, which change their orientation, are able to penetrate the gradient 
faster and sediment at the bottom of the centrifugation tube. 

centrifuge tube; solids (mainly spennatozoa) are sedimented and the 
supernatant is discarded. The sedimented spennatozoa are usually washed by 
suspending in an appropriate medium and centrifugation. Finally, they are 
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carefully overlayered with medium and incubated at 37°e. During the 
incubation time, motile sperm swim upwards and can be collected. The 
advantage of this method is maximum quality (90-95% motile spermatozoa), 
but the yield is only about 10% of the starting number of spermatozoa. The 
migration-sedimentation technique is a modification of the swim-up 
procedure, allowing spermatozoa from semen to migrate into the 
surrounding medium without previous centrifugation, the major part of them 
accumulating in a funnel (Figure 2.2). Although the sperm quality and yield 
are not higher than the swim-up protocol, this method avoids several 
centrifugation steps. 

The second method is based on gradient centrifugation (Figure 2.3). 
The liquefied semen is applied to a single- or multi-layered gradient of a 
dense (viscous) fluid and is then centrifuged. Sucrose solutions or 
commercial products, i.e., silan- or polyvinylpyrrolidone-coated beads 
(percoll, Ficoll) are frequently used for the gradient separation. The efficacy 
of the method is based on the fact that spermatozoa, which are located in the 
direction of the centrifugal force, show a lower resistance against the fluid 
and, therefore, sediment and pass through the gradient solution more rapidly. 
Motile and morphologically normal spermatozoa are able to assume this 
condition, at least partly. Therefore, mainly motile spermatozoa are found on 
the bottom of the centrifuge tube. The advantage of this method is a higher 
yield than after swim-up (approximately 20-30%), but the quality is 
somewhat lower. An additional problem is contamination with the viscous 
solution, which has to be removed by washing. 

The third technique is based on a filter mechanism. In this method, the 
original or washed semen is passed through a filter that retains immotile and 
morphologically aberrant spermatozoa, debris and round cells (Figure ld). 
The most widely used filtration medium is a column filled with glass wool. 

A defined amount of glass wool is inserted into a column, i.e., a 
tuberculin syringe (Figure 2.4). The semen when applied to the column 
passes through the glass wool and the filtrate contains a significantly higher 
number of motile and morphologically normal spermatozoa. In addition to 
the high yield (50%), this method is advantageous in that no centrifugation 
step is needed. However, the quality of spermatozoa present in the filtrate is 
significantly lower than that obtained after swim-up procedure. Whether the 
potential damage to the male gamete from reactive oxygen species (ROS) 
can be prevented during this procedure is a matter of debate (12). 
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ASSISTED REPRODUCTION TECHNIQUES 

Intrauterine Insemination (lUI) 

IUI can initially be perfonned in couples who present with sufficient 
semen quality, open fallopian tubes, and successful ovarian stimulation or 
ovulation induction (3). By means of a thin catheter, prepared spermatozoa 
are injected through the cervix into the uterine cavity (Figure 3). Prior to the 
procedure, a sonographic examination is perfonned to exclude the existence 
of too many follicles and thus reduce the risk of multiple pregnancy. 

Figure 3. Intrauterine insemination (lUI). A catheter filled with prepared spenn penetrates 
the cervix, injecting spenn cells into the cavum uteri 

In Vitro Fertilization (IVF) Techniques 

Extrauterine fertilization is indicated in patients with functional or 
anatomical uterine disorders, tubal obstruction or dysfunction and in cases of 
very poor spenn characteristics or repeated failure of inseminations. 
Depending on semen quality, conventional IVF or intracytoplasmic spenn 
injection (ICSI) can be perfonned. The difference between the two methods 
is the procedure of insemination; all other treatment components are similar. 
Several oocytes are required for successful extracorporal fertilization, since 
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not every oocyte is able to be fertilized and pregnancy rates are low in cases 
of only one embryo (see below). Therefore, stimulated ovulation therapy is 
used to produce an average of 10-15 oocytes. 

Initially, oocytes were collected laparoscopically by aspirating fluid of 
the individual follicles. Since the late eighties, a far less traumatic procedure 
of ultrasonographically controlled vaginal follicle puncture has been 
considered the method of choice (13; Figure 4). Under local anesthesia or 
sedation, an ultrasonographic needle is inserted into the vagina, which 
allows visualization of the ovary. The vaginal wall is then penetrated by 
means of a puncture needle, and each available follicle is punctured. 
Negative pressure produced by a pumping system aspirates follicular fluid 
together with the oocytes and granulosa cells, which are then collected in a 
sterile tube. In the laboratory, the oocytes and granulosa cell complexes 

ultrasound -----'\ 

suction 
pump 

follicular 
fluid 

Figure 4. Scheme of an ultrasound-guided transvaginally follicle puncture. The needle 
penetrates the vagina and punctures the follicle in the ovary. The follicular fluid is aspirated 
into a tube and then examined under a microscope. 

are selected under a binocular microscope and transferred to a sterile 
culture medium where they usually remain 2-4 hours until insemination. 

At the time of oocyte retrieval, semen is usually collected by means of 
masturbation. If necessary, cryopreserved samples can be used. In selected 
cases cryopreservation of semen is performed for medical reasons (i.e., prior 
to chemotherapy). On the other hand, cryopreservation of mature metaphase 
II-oocytes is still associated with low success rates and the technique is not 
yet recommended as a routine procedure (14). The same applies to freezing 
or in vitro maturation of ovarian tissue (15). 

After semen analysis and sperm preparation (see above), oocytes are 
inseminated under a binocular microscope. In most cases, 4-well dishes are 
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used. These dishes have four cavities, each with approximately 1 cm in 
diameter. Usually, several oocytes are incubated together in a culture dish; 
negative effects have not been observed. Some authors have even reported a 
synergistic effect which, however, has not been confirmed. Improvement by 
co-culture with other cells could be observed only in some patients; these 
conditions, however, do not increase the outcome ofIVF in general (16). 

In most cases, a carbonate-buffered medium is used which is kept in an 
incubator at 37°C under 5% CO2 in air. The oocytes are then mixed with 1 x 
106 motile and sufficient percentage of morphologically intact spermatozoa, 
together with the surrounding cumulus mass (cumulus cells) which, at this 
stage, serves for selection of morphologically intact spermatozoa, but has 
also secretory properties (17,18). Fertilization usually does not occur in 
cases of low sperm concentration or insufficient number of progressively 
motile and/or morphologically normal spermatozoa. Fertilization may also 
fail because of suboptimal condition of the oocytes that are either immature 
(germinal vesicle stage or metaphase I) or morphologically aberrant. Both 
conditions are correlated with the age of the patient and disorders such as 
polycystic ovary syndrome or endometriosis. Even under ideal conditions, 
fertilization may not necessarily occur; fertilization rates normally range 
between 70 to 80%. 

Fertilization is a complex process which remains to be fully elucidated. 
Ca2+ oscillation in the cytoplasm immediately after fertilization is 
characteristic (19). Cytoplasmic factors from both the oocyte and the 
spermatozoon are probably involved in inducing decondensation of the 
sperm head (20). This leads to the formation of pronuclei (PN) indicating 
fertilization. Pronuclei are the haploid, but already decondensed, nuclei of 
oocyte and spermatozoon before they fuse to form a zygote. Fusion of the 
male and female pronuclei completes the process of fertilization, creating a 
new individual, at least at the genetic level. 

Under a microscope, fertilized oocytes are easy to recognize by the 
presence ot two nuclei (Figure 5). They are checked 18 hours after 
insemination to achieve an identification rate of> 90%. However, it cannot 
be ruled out that a single oocyte may develop pronuclei at a later stage, or 
that PN have previously fused and are no longer identifiable. The laboratory 
personnel should carefully check that anomalies such as polyploidy with >2 
pronuclei (Figure 6) are excluded from the culture. The occurrence of 
triploidy may not necessarily result from the penetration of two spermatozoa 
into the oocyte; an additional pronucleus may also be produced by diploid 
spermatozoa, diploid oocytes or unextruded polar bodies. Oocytes with 1 
pronucleus are considered irregularly fertilized. However, in conventional 
IVF, approximately 50% of IPN stages have a diploid chromosome 
complement resulting from a pathogenetic activation of the oocyte (20). 
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Figure 5. A normally fertilized oocyte with two clearly visible pronuclei. 

Figure 6. An abnonnally fertilized oocyte with three pronuclei. 

Studies in the late nineties reported for the first time how to 
differentiate oocyte quality by means of morphological criteria of the 
substructures of pronuclei, which might influence the pregnancy rate if 
properly selected (21, 22). These findings remain to be validated, and 
standardized criteria for evaluation of oocytes are still lacking. However, it 
appears that apart from the number of nucleoli in the pronuclei it is also their 
orientation and pattern, which is important. These small corpuscles, which 
consist of t-RNA, tend to condense during the pronuclear development and 
to concentrate on the fusion site of the pronuclei (Figure 7). Thus, good
quality oocytes are considered those which are well developed and 
synchronous in both pronuclei. Furthermore, morphological criteria of the 
cell body have to be considered for evaluation of the PN stage. Anomalies 
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such as vacuoles, cell inclusions or darkly granulated cytoplasm are known 
to reduce the implantation capacity (23). 

Correctly fertilized 2PN-oocytes are further cultivated in medium. The 
two pronuclei fuse within approximately 20-24 hours after insemination 
(20). The first cell division occurs within 25-26 hours and a 2-cell or 4-cell 
embryo is usually formed on the second day (Figure 8). Even early embryos 
show quality features that are indicative of the implantation capacity. 
Human embryos tend to tie off small anuclear vesicles, so-called fragments 
(24). This may occur to a small extent, but may also result in disintegration 
of one or more blastomeres. The consequence is a direct loss of cellular mass 
or even a loss of cytoplasmic polarity (25). The degree of fragmentation of 
transferred embryos is known to be significantly correlated with the 
pregnancy rate. In addition, the rapidity of development plays an important 
role. For example, cell division is a significant marker indicating good 
results (26). If selection is possible, embryos with the lowest fragmentation 
rate and highest number of bias tome res should always be used. 

Figure 7. 2PN-stage with an excellent PN-score: the nucleoli in the pronuclei (arrows) are 
polarized on the fusion front. 

In the late nineties, blastocysts were routinely used for embryo transfer 
(27). The pregnancy rate has, therefore, significantly increased in countries 
where embryos can be selected (see below). This technique was possible by 
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the development of new sequential medium that has a more complex 
composition than the traditional salt solution of the standard medium. Under 
these conditions, a normal fertilized egg develops to an 8-cell embryo on day 
3 after insemination, morula (> 32 cells) on day 4 or 5, and, finally, 
blastocyst (> 64 cells) on day 5 or 6. A normal blastocyst has a larger 
diameter than the preceding oocyte and early embryonic stages. The 
trophoblast lying around the inner site of the zona pellucida can be 
differentiated from compact inner cell mass (IeM). The trophoblast cells 
later generate the placenta, whereas the IeM forms the embryo. The cavity 
between IeM and surrounding trophoblast, the so-called blastocoel, is 
responsible for the name blastocyst. It is known that about 40% of human 
embryos achieve blastocyst stage in vitro (28). Before implantation can 
occur, the blastocyst must hatch from the zona pellucida. Since this occurs 
only in a small number of human embryos in vitro, the blastocyst is usually 
transferred prior to hatching. Embryo transfer is normally done by 
aspirating the cells into a small catheter, which is able to penetrate the cervix 
uteri. Together with a small amount of medium, the embryos are deposited 
in the cavum uteri near to the fundus region. 

Figure 8. A 4-cell-embryo without fragments or inequal blastomeres (classification A) 42h 
after insemination. 

Recently, a new technique referred to as assisted hatching has been 
established. In this technique, the zona is opened to facilitate hatching. 
Opening of the zona may be performed mechanically by means of a 
micropipette, chemically with acid Tyrode or, more recently and to an 
increasing extent, by laser (29, 30). The diameter of the opening should be 
1.5 times that of the zona; a smaller diameter would interfere with 
implantation. According to the available data, assisted hatching is performed 
in a small number of older patients (> 40 years), those with cryopreserved 
embryos, patients who repeatedly experience implantation failure despite 
good embryo quality, and embryos with thickened zonae. 
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IeSI 

Severely impaired semen quality minimizes the chance of successful 
fertilization within conventional IVF treatment. Specific cut-off values 
cannot be established, because (a) several parameters are involved in 
fertilization (see above), and (b) assessment of sperm parameters is 
encumbered with a subjective factor, especially in terms of morphology. 
The number of couples with infertility caused by severely impaired semen 
characteristics is very high worldwide, accounting for one third of patients in 
IVF centers (3). Therefore, methods were developed in the late eighties to 
compensate for the male factor. A first step was partial zona dissection 
(PZD): in analogy to assisted hatching, the zona pellucida was opened to 
allow motile spermatozoa to penetrate the oolemma (oocyte) and achieve 
fertilization. In this procedure, the oocyte was first freed from surrounding 
granulosa cells by incubation with the enzyme hyaluronidase. Thereafter, 
the zona was opened mechanically by means of a fine glass cannula, or 
chemically by means of acid Tyrode, as the zona pellucida is susceptible to 
acidic medium. More recently, diode laser has been used. However, the 
fertility rate has remained unacceptably low, while the polyploidy rate has 
dramatically increased (31). 

In the early nineties (32), the technique of subzonal sperm injection 
(SUZI) was first applied to humans. In this approach, a limited number of 
motile spermatozoa were inserted through the zona into the perivitelline 
space with the aid of a glass cannula. However, this method too, resulted in 
low fertilization rates and a high incidence of polyploidy. Despite variations 
in the number of spermatozoa used, the problem of polyploidy remained. It 
is known that in the human system only acrosome-reacted spermatozoa are 
able to fuse with the oolemma. While different methods are available for 
induction of the acrosome reaction in human spermatozoa, a complete 
reaction could not be induced under physiological conditions. Moreover, it 
is not possible to determine whether the injected spermatozoa are acrosome
intact or acrosome-reacted. 

In parallel with SUZI, the first intracytoplasmic sperm injection was 
performed by Prof. A. van Steirteghem at Brussels Free University in 1990 
that revolutionized reproductive medicine in the following years (33). In 
this procedure, a single motile spermatozoon was directly injected into the 
oocyte cytoplasm (Figure 9). With this method, it was possible to 
compensate the andrological factors, provided that a few motile spermatozoa 
were available. Birth resulting from IeSI was first reported in 1992 (33). 
Fertilization rates of 70% per injected oocyte were comparable to those 
achieved in conventional IVF. Triploidy, which also occurred, was 
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Figure 9. Intracytoplasmic sperm injection (ICSI): A holding pipette is fixing the oocyte by 
aspiration (left side). A single sperm is injected with a fine glass cannula (right side) while the 
polar body is in 12 or 6 o'clock position. 

explained by diploid gametes or unextruded polar bodies. However, the 
rate of polyploidy in this method was lower than 5%. Embryonic 
development and pregnancy rates were comparable to or better than those of 
conventional IVF, probably due to the more frequent indication because of 
the male factor. To date, there is no convincing evidence to indicate that 
microinjection results in a higher malformation rate. However, accessible 
data is controversially discussed. 

Microsurgical Procedures 

The IeSI technique is now a standard procedure that exceeds 
conventional IVF protocols. The fact that only a single spermatozoon is 
required, the procedure has allowed even patients with azoospermia to be 
treated, provided that a few spermatozoa were present in the testis or the 
epididymis. 

Today, in many andrological centers specimens of testicular tissue are 
routinely obtained by biopsy for testicular sperm extraction (TESE). 
Testicular tissue specimen or extracted sperm can be cryopreserved for 
future use. Spermatozoa can also be obtained from the epididymis by 
microsurgical aspiration (MESA) (34). In particular, MESA is suitable for 
men with obstructive azoospermia and normal spermatogenesis. In contrast, 
TESE can also be performed in cases of non-obstructive azoospermia, 
provided that spermatogenesis up to mature elongated spermatids is 
maintained at least focally in some seminiferous tubules. In most centers, 
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the fertilization rates after TESE are reported to be slightly reduced 
(approximately 50%), and the pregnancy rates also appear to be lower than 
after use of mature ejaculated spermatozoa. Nevertheless, since the late 
nineties, TESE has become part of the routine program in most IVF centers. 

The success rate of fertilizing an oocyte is very low when immature 
spermatids are used; lCSl protocol, when early elongated spermatids are 
used, has resulted in acceptable fertilization rates but very low pregnancy 
rate. On the other hand, pregnancy was only achieved in exceptional cases 
after injection of round spermatids (35). These published data seem to 
suggest that the degree of sperm maturation plays an important role in 
embryonic development. 

Cryopreservation of Gametes 

Cryopreservation of gametes is a routine procedure in most IVF centers. 
While freezing of spermatozoa or testicular tissue is feasible, 
cryopreservation of mature metaphase II oocytes has produced poor results. 
Only freezing of fertilized PN stage oocytes or embryos has become a 
routine procedure (36). However, the implantation rates were found to be 
significantly lower when cryopreserved, instead of fresh, PN stage 
oocytes/embryos were used. In many centers, pregnancy rates using such 
cells or embryos are only 50% compared with cycles using fresh material. 
Since cryopreservation of spermatozoa has no such detrimental effects, 
cytoplasmic damage is suspected to be the reason. On the other hand, no 
increased malformation rates have been observed with cryopreserved PN 
stage oocytes. However, to avoid repeated ovarian hyperstimulation, this 
technique is now widely used. 

RESULTS OF ASSISTED REPRODUCTIVE METHODS 

The pregnancy rates after both IVF and lCSl are reported to range 
between 20 and 35% per embryo transferred (37), with a take-home baby 
rate of 15-25%. Since the number of embryos was, in most cases, more than 
one, the implantation rate per embryo was estimated to be approximately 
10%. However, the cumulative pregnancy rate resulted in 50-60%. The 
relatively low percentage of successful cycles probably corresponds to the 
rate of natural conception in healthy couples, calculating pregnancies 
occurring per month. The biochemical events during the implantation 
process are complex and remain to be fully elucidated. Failed pregnancy 
may result from suboptimal endometrial environment or impaired 
development of the embryo. In vitro studies with fluorescent in situ 
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hybridization (FISH) have revealed that 20-50% of human embryos had 
chromosomal aberrations (38) and probably would not have developed 
further. The only procedure to circumvent this problem is the selection of 
embryos which, however, is prohibited in some countries, including 
Germany and Switzerland. Based on the embryo quality (see above) the 
developmental potency can be estimated, since embryos with chromosomal 
damage show increased fragmentation. 

For this reason, blastocyst culture was a great success since it allowed 
selection of embryos offering maximum developmental potentials. Under 
these conditions, the pregnancy rates increased to > 60% per embryo transfer 
(ET) , although only 1-2 blastocysts are usually transferred (39). As the 
number of embryos is reduced by use of blastocyst transfer, the rate of 
multiple pregnancies is lower than that after conventional ET. However, it 
should be noted that blastocyst cultures is a reasonable approach only if a 
sufficient number of fertilized oocytes are available. In case of fewer 
oocytes or embryos, it is better to perform ET early on day 2 or 3 to 
overcome the suboptimal culture conditions in vitro. 

The malformation rate after IVF or IeSI is similar to that of the general 
population. However, the usually higher average age of fertilization patients 
is reflected by an increased abortion rate, which is not caused by ART. 
When the age factor is eliminated from these data, there are no differences 
compared with naturally occurring pregnancies (37). 

It should be noted that the use of several embryos results in a 
higher rate of multiple pregnancies. Twin pregnancies occur in more 
than 20% and triple pregnancies in 5% of all cases. To solve this 
problem, it has been suggested that the number of transferred embryos 
generally be limited to two, considering various parameters such as 
female's age, quality of embryos, and number of oocytes. Nearly 
equal pregnancy rates have been achieved in patients where the 
number of embryos had been reduced to two compared with those 
who had three embryos. However, in cases where only two embryos 
were available, the rates were markedly lower, even in non-selective 
systems, as shown by data from Germany. It appears that blastocyst 
culture is an excellent method to reduce the rate of multiple 
pregnancies by restricting the number of embryos to I or 2. 

CONCLUSIONS 

The reasons for reproductive failure are complex. In women with 
diagnoses such as bilateral tubal disease, ART can be a causative 
therapy. In men, the etiology of impaired sperm quality/function often 
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remains unclear . ART, therefore, bypasses the "male factor" . ART are 
often successful but always expensive and not without risk. 
Fortunately, this causes a new awareness of the values and chances of 
andrology, demanding a critical diagnostic work-up leading to 
appropriate indications. The recognition of causative factors for male 
infertility might lead to simpler, cost effective therapies. The array of 
ART represents last resorts when less invasive treatments failed or 
were considered inappropriate. ART has dramatically changed the 
options for infertile couples. 
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Chapter 20 

THE REPRODUCTIVE EFFECTS OF 
HORMONALLY ACTIVE ENVIRONMENTAL 
AGENTS 

Benjamin J. Danzo 
Vanderbilt University School of Medicine, Nashville, Tennessee, USA 

INTRODUCTION 

Efforts during the past 50 or more years to improve agricultural 
productivity and manufacturing processes have led to the introduction of 
numerous man-made chemicals into the environment. In the course of this 
chapter, these chemicals, generally, will be referred to as environmental 
toxicants or xenobiotics. It is now known that many of these chemicals have 
unexpected effects on the animal populations of the planet and one expects 
that such effects have occurred or will occur in the human population. The 
untoward effects that are of particular interest to us in the context of 
reproductive biology are effects that interfere with the normal development 
and function of the male and female reproductive systems and which lead to 
reduced fertility, infertility, or sterility. Although the mechanisms by which 
environmental toxicants cause their disruptive effects on reproduction were 
at first elusive, it is now clear that many act by interfering with the 
physiological regulation of reproductive processes by sex-steroid hormones. 
Other environmental toxicants act through other mechanisms, such as the 
thyroid hormone receptor and through the aryl hydrocarbon receptor (1, 2). 
This chapter will concentrate exclusively on xenobiotics that act through the 
sex-steroid hormone pathway since these hormones are known to be 
intimately involved in regulating reproductive processes. The realization 
that xenobiotics can act as hormone mimics or antagonists has given rise to 
the terms "endocrine disruptors", "hormonally active agents", or 
"environmental hormones" also being used to describe these compounds. 

Although many toxicants in the environment have weak hormonal 
activity, their lipophilic nature and long half-lives allows them to accumulate 
and persist in fatty tissues of the body, thus increasing their concentration 
and bioavailability. Due to its high lipid content, organochlorine xenobiotics 
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accumulate in breast milk (3). Therefore, nursing infants are exposed to 
higher concentrations of xenobiotics than at any other time. Endocrine 
disrupting chemicals are also found in drinking water. Environmental 
toxicants can be disbursed widely by rivers, streams and ground water. The 
persistence and worldwide distribution of organochlorine pollutants by 
global distillation have been demonstrated. Xenobiotics can accumulate in 
fish, fresh water and sea mammals, and in other animal food sources (4, 5). 
Many plants commonly used as food, for example soybeans, contain natural 
hormonally active agents (6, 7). Thus, every human and animal inhabitant 
of the earth is exposed to some level of potentially endocrine-disrupting 
environmental agents. 

In this chapter, a brief background will be given on environmental 
toxicants and on the mechanism of action of sex-steroid hormones. A 
summary of the embryology of the male and female reproductive system will 
be give so that reader may be aware of the target tissues and processes that 
are susceptible to disruption by environmental toxicants. The chapter will 
conclude with specific examples of reproductive deficits that arise from the 
disruptive action of environmental toxicants, with a discussion of the 
potential danger of these compounds for humankind, and with a discussion 
of theoretical considerations that bear on the topic of environmental toxicants 
and reproduction. Although some references are provided in the text, the 
student is encouraged to consult references in the cited reviews (1, 2, 5, 8-10) 
for more detailed information. 

WHAT ARE ENVIRONMENTAL TOXICANTS? 

Evidence from epidemiological and laboratory studies points to a host 
of diverse man-made chemicals in the environment that have been implicated 
in causing abnormalities of the male and female reproductive systems (1, 2, 
5, 11). These chemicals fall into several categories based on their chemical 
str;ucture, Figure 1. The broadest category is that of chlorinated 
hydrocarbons (organochlorine compounds). Many insecticides such as DDT 
[1,1, 1-trichloro-2,2-bis(p-chlorophenyl)ethane] its metabolites and 
congeners, the fungicides Vinclozolin [3-(3,5-dichlorophenyl)-5-vinyl
oxazoladine-2,4-dione] and pentachlorophenol, and the herbicide Linuron [3-
(3,4-dichlorophenyl)-1-methoxy-l-methly-urea] fall into this category. 
Another group of organochlorine compounds is the polychlorinated 
biphenyls (PCBs). They are manufactured through the progressive 
chlorination of biphenyl, theoretically yielding 209 congeners (12). PCBs 
have been used extensively for a variety of industrial purposes including as 
constituents in pesticides as heat transfer fluids, and as dielectrics. Bisphenol 
A [4,4'-(1methylethylidene)bisphenol], like the PCBs, is based on the 
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biphenyl nucleus, but it lacks chlorine substituents. This compound, which 
is used in the manufacture of polycarbonate plastics, resins, and dental 
sealants, has also been shown to have deleterious effects on reproduction. 
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Figure J. Planar structures of some xenobiotics reported to exhibit endocrine-disrupting 
activity. It is, however, the three dimensional configuration of the compounds that governs 
their ability to bind to steroid-hormone receptors. 

Another class of hormonally-active environmental agents is the 
phthalates. Dibutyl benzyl phthalate, used as a plasticizer for cellulose 
resins, polyvinyl acetates, polyurethanes and polysulfides, has been 
characterized as a toxicant affecting reproduction and development in several 
studies (5). 

Alkylphenolic compounds are nonionic surfactants that are widely 
used in detergents, cosmetics, paints, herbicides, pesticides, and other 
products. Two of these compounds that have been implicated as endocrine
disrupting agents are nonylphenol and octylphenol. Nonylphenol is a 
technical grade mixture of monoalkyl phenols, predominantly para 
substituted. Its side chains are isomeric branched alkyl radicals. Octylphenol 
fp-(1, 1 ,3,3-tetramethylbutyl)phenol] is available in a highly purified form. 
Both of these compounds and alkylphenol ethoxlyates and their metabolites 
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may be major contributors to the estrogenic activity that has been detected in 
sewage treatment plant effluents (13, 14). Some of these compounds, e.g., 
nonylphenol, have been shown to bind to the estrogen receptor. 

In addition to man-made chemicals, other natural chemicals in the 
environment are mimics of estrogens. These hormonally active agents are 
the plant-derived, dietary phytoestrogens, a diverse group of nonsteroidal 
compounds that are present in most plants, fruits and vegetables. The blood 
concentration of phytoestrogens can exceed that of endogenously produced 
estrogens in populations where the dietary intake of edibles containing them 
is high. There are three main types of phytoestrogens-the isoflavones, 
coumestans, and lignans. There are more than 1000 types of isofalvones; 
they are the most common phytoestrogens and they are thought to have the 
highest estrogenic activity. Common sources of isoflavones are soybeans, 
chickpeas, lentils, beans, and clover. Lignans are abundant in flaxseed, and 
coumestans are found in sprouting plants. Phytoestrogens bind to the 
estrogen receptor and, like the man-made xenobiotics, their affinity for the 
receptor is far less than that of estradiol (6). Some phytoestrogens have been 
reported to be estrogenic, while others have been reported to be estrogen 
antagonists. While phytoestrogens may have beneficial uses such as in 
hormone replacement therapy for postmenopausal women and possibly 
providing protective effects against breast cancer (6), they have not yet been 
shown to cause reproductive tract lesions. 

Selective estrogen receptor modulators (SERMs) are compounds 
whose interaction with the estrogen receptor results in different effects in 
different cells or tissues (15). The classical example of a SERM is the drug 
tamoxifen. This compound is an antiestrogen in breast tissue (and has been 
used in the treatment of estrogen-responsive breast cancer), but has 
estrogenic effects on the uterus and skeleton. Some environmental toxicants 
and phytoestrogens may be SERMs (16), but this has not been documented 
extensively. Selective modulators of the androgen receptor action are under 
development. 

In addition to the compounds discussed above, many other chemicals 
that are widely distributed in the environment have been reported to have 
effects on reproduction or to have other endocrine-disrupting effects. Any 
list of such compounds must be considered incomplete since there are 
literally thousands of man-made chemicals in the environment and more, 
new, chemicals are being manufactured few of which have been tested for 
their endocrine disrupting potential. Most of the plant-derived compounds 
have yet to be evaluated for their ability to interfere with steroid hormone 
action or to disrupt the development and function of the reproductive tract. 
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Synthesis And Mechanism Of Action Of Steroid Hormones 

Sex steroid hormones are produced from cholesterol by several 
organs of the body. Primarily the ovary produces estradiol, but the testis also 
produces it. The skin and adipose tissue contain the enzyme aromatase, 
which synthesizes estradiol from precursors, primarily testosterone. Leydig 

# ~ Reductase 

Testosterone ~ 

HO o 

171l-Estradiol 
5a-DHT 

Figure 2. Synthesis of 17,8-estradiol and 5a-dihydrotestosterone (5a-DHT) from testosterone. 

cells of the testis are the primary source of testosterone. The enzyme 5a
reductace, which is present in target tissues, converts testosterone to 
dihydrotestosterone. Figure 2 illustrates the synthesis these hormones; many 
environmental toxicants bring about their effects by mimicking or 
antagonizing them. 

Steroid hormones primarily act by binding to ligand-activated 
transcription factors termed steroid hormone receptors (17, 18). These 
receptors belong to the nuclear receptor super family. In common with other 
members of this family, steroid hormone receptors contain a ligand-binding 
domain (LBD) and a highly conserved DNA-binding domain (DBD), Figure 
3. These domains mediate the recognition and binding of the appropriate 
steroid ligand (LBD) and the binding of the receptor protein to specific target 
DNA sequences (DBD), respectively. The DNA sequences to which the 
DBD binds are referred to as the hormone response element (HRE). 

These elements are located in regulatory sequences normally present 
in the 5'-flanking region of the target gene. The HREs are often found 
relatively close to the core promoter, however, in some cases they are located 
in enhancer regions several kilobases upstream from the transcription 
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initiation site. Steroid receptors bind almost exclusively to the HRE as 
homodimers. The C-terminus of the LBD contains an essential ligand
dependent transactivation function, activation function 2 (AF2). The N
terminus of many nuclear receptors contains activation function 1 (AFl). 

Ligand binding 
Dimerization 
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Figure 3. The domain structure of steroid receptors. Taken from Aranda and Pasqual (17) 
and used with permission. 

Members of the nuclear receptor family mediate the physiological 
effects of steroid, thyroid, and retinoid hormones primarily by regulating the 
assembly of transcriptional preinitiation complexes in the promoter region of 
target genes, thus regulating the expression of the genes in response to the 
hormone. Once the hormone-receptor complex is bound to the hormone 
response element in the region of the target gene, it recruits members of the 
SRC family, which is comprised of a group of structurally and functionally 
related transcription co-activators (17, 19). The receptors also interact with 
the transcriptional co-integrators p300 and CBP, which are thought to 
integrate various afferent signals at the promoter. CBP/p300 interacts with a 
large variety of transcription factors including API, Jun, Fos, etc and serves 
a co-activator role for these proteins potentiating their transcriptional 
activity. This finding has led to the speculation that CBP/p300 may serve as 
co-integrators of intracellular and extracellular signaling pathways. SRC 
appears to be recruited directly by the liganded receptor and then serves as a 
platform for the recruitment of CBP. CBP/p300 and members of the SRC 
family have intrinsic histone acetyltransferase (HAT) activity that is thought 
to disrupt the nucleosomal structure of the promoter. Other co-activators 
may be also involved in the remodeling of chromatin in the region of the 
promoter. These proteins and/or others may also serve as adapters between 
the receptor-hormone complex and the components of the basal transcription 
apparatus. Subsequent interaction of the complex with polymerase II affects 
transcription of the regulated gene, Figure 4. In addition to co-activation, 
systems for co-repression have been demonstrated for the retinoic acid and 
the thyroid hormone receptors (17-19). While to date co-repressors have not 
been demonstrated for steroid hormone dependent genes, it is likely that such 
molecules are involved in inhibiting the transcription of these genes. 

Steroid hormone receptors and nuclear receptors in general can also 
modulate gene expression by mechanisms that are not dependent upon their 
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binding to HREs. They, therefore, can positively and negatively regulate the 
expression of genes that do not contain HREs. This regulation, which occurs 
through positive or negative interference with the activity of other 
transcription factors, is referred to as transcriptional "cross-talk" (17). The 
estrogen receptors, for example, use protein-protein interactions to enhance 
the transcription of genes that contain AP-l sites. The co-integrator role of 
CBP/p300, discussed above, constitutes another form of cross-talk. 

5' 

Other co
regulators ? 

3' 

Figure 4. This Figure presents a cartoon of a steroid hormone receptor together with its co
regulators, bound to the HRE on DNA. 

The ligand-binding domain, and specifically the structure of the 
ligand-binding site on steroid hormone receptors, is an important 
consideration for our discussion on the mechanisms by which environmental 
toxicants may mimic or interfere with the action of steroid hormones. The 
crystal structure of the LBD of several nuclear receptors has been elucidated 
(17, 18). The data indicate that the LBDs of the different nuclear receptors 
are similar, indicating that a canonical structure is required to form this 
domain. The LBDs are formed by 12 conserved a-helical regions, which are 
numbered HI-H12. A conserved J3-turn is located between H5 and H6. The 
LBD is folded into a 3-layered, anti-parallel helical sandwich. A central core 
layer of three helices is packed between two additional layers to create a 
cavity, which is the ligand-binding pocket. This pocket is highly 
hydrophobic and is buried within the bottom half of the LBD (17, 18). 
Contacts of the binding pocket with the ligand may be extensive and may 
involve different structural elements within the LBD. 
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During receptor-ligand interaction, the binding site confonns to the 
shape of the ligand, and flexible ligands could have their confonnation 
altered upon binding to the receptor. Steroid receptors undergo a 
confonnational change into a more compact fonn upon binding the ligand. 
Thus, the receptor can control the shape of the ligand and the ligand can 
control the shape of the receptor. The interaction ofaxenobiotic with a 
receptor could control its function by inhibiting or stimulating the coupling 
of the receptor-ligand complex to its effector, that is, to all of the other 
components (e.g., co-regulators) with which the complex interacts at each 
regulated gene. It has been demonstrated (20) that some environmental 
toxicants, even within the same class, can inhibit the binding of radiolabeled 
physiological ligands to both the estrogen and androgen receptors, whereas 
other xenobiotics show a greater degree of receptor specificity. Although the 
environmental toxicants bind to steroid receptors, their affinity for the 
receptors is IOOO-fold or less that of the natural ligands (1). The ability of 
one xenobiotic ligand and its closely related congeners to compete for 
binding to more than one receptor implies that they have a greater degree of 
conformational flexibility and adaptability than do the natural honnones. 
One might anticipate, then, that environmental toxicants that bind to steroid 
honnone receptors do not all result in conferring the same shape on their 
cognate receptor as does the physiological ligand. Those that do are likely to 
mimic the physiological ligand; those that do not are likely to disrupt nonnal 
receptor function. Given the flexibility of most xenobiotics and the ability of 
the receptor binding-site pocket to confonn to the shape of the enclosed 
ligand, it is possible that a toxicant could act as an androgenlantiandrogen 
when it binds to the androgen receptor or act as an estrogenlantiestrogen 
when it binds to the estrogen receptor. Therefore, thinking of the 
xenobiotic-receptor-complex as the effector may be more meaningful than 
thinking of a specific xenobiotic as an estrogenlantiestrogen or 
androgenlantiandrogen. 

SEXUAL DIFFERENTIATION AND DEVELOPMENT 

To understand how honnonally active agents in the environment 
(both man-made and natural) could interfere with the development and 
function of the male and female reproductive systems, it is necessary to 
know at what points regulation of these systems by steroid honnones occurs. 
The chromosomal and genetic sex of an embryo are detennined at the time of 
fertilization and are dependent upon the type of spennatozoon that fertilizes 
the egg. Phenotypic sex, the outward appearance of the individual, is 
dependent on the appropriate action of sex-steroid honnones. Vertebrate 
embryos initially exhibit an ambisexual stage in which an indifferent gonad 
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is present. This gonad can differentiate into a testis or an ovary. Both male 
and female embryos have two pairs of genital ducts, the Mullerian 
(paramesonephric) and Wolffian (mesonephric) ducts (21). The former 
structures are the anlage of the oviducts, uterus, and the upper part of the 
vagina. The Wolffian ducts give rise to the epididymis, vas deferens, and the 
seminal vesicles. In the early embryos, the external genitalia are in a sexless, 
undifferentiated, state and consist of a genital tubercle, labioscrotal 
swellings, and urogenital folds (Figure 5). The genital tubercle gives rise to 
the penis (male) and clitoris (female). The labioscrotal swellings fuse to 
form the scrotum in the male. In the female, the labioscrotal swellings fuse 
anteriorly to form the anterior labial commissure and mons pubis, and 
posteriorly to form the posterior labial commissure. The unfused portions of 
the labialscrotal folds form the labia majora. In the male, the urogenital folds 
fuse on the underside of the penis and form the spongy urethra. The surface 
ectoderm fuses in the mid plane of the penis, enclosing the spongy urethra 
and forming the penile raphe. The urogenital folds in the female do not fuse 
except posteriorly where they form the frenulum of the labia minora; their 
unfused portions form the labia minora. Sex steroid hormones regulate these 
developmental events. 

Under the influence of the SRY gene on the Y chromosome and of 
several down-stream effectors and autosomal genes (e.g., SOX9 and SF-I) 
(22,23), the indifferent gonad develops into a testis. The Sertoli cells of the 
testis secrete Mullerian inhibiting substance (MIS), which causes regression 
of the Mullerian ducts. Testosterone secreted by the Leydig cells of the 
developing testis induces the differentiation of the Wolffian ducts into the 
structures of the male reproductive tract mentioned above. All of these 
structures contain androgen receptors and are, therefore, capable of 
responding to androgenic stimulation. The masculinization of the external 
genitalia is thought to be dependent on the conversion of testosterone to Sa
dihydrotestosterone (Sa-DHT). Recently, however, mice lacking 5a
reductase I and 2, the enzymes catalyzing this process, as a result of gene 
targeting were shown to have fully formed external genitalia and to be fertile 
(24). The authors concluded that testosterone is the only androgen required 
for the differentiation of the male genital tract, including the external 
genitalia, in mice and that 5a-DHT serves primarily as a signal amplification 
mechanism. The female reproductive system develops in the absence of the 
SRY gene and, consequently, in the absence of MIS and androgens. The 
female pathway is, therefore, considered to be independent of hormonal 
regulation and is thought to develop in the absence of estrogenic stimulation. 
However, the fetal rabbit ovary has been shown to produce estradiol at the 
same age as the testis is able to synthesize testosterone. Estrogen receptors 
are present in the mouse embryo at the ambisexual stage of development and 
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Figure 5. Differentiation of the external genetalia. Figure A and B are diagrams illustrating 
the development of the external genitalia during the indifferent or undifferentiated stage (4th to 
7th weeks of gestation). Figures C, E, and G, represent stages in the development of the male 
external genitalia at 9, 11, and 12 weeks, respectively. To the left are schematic transverse 
sections of the developing penis (Cl, EI E2, E3, Gl) illustrating formation of the spongy 
urethra. Figures D, F, and H illustrate stages in the development of the female external 
genitalia at 9, 11, and 12, weeks of gestation, respectively. This Figure is adapted from Moore 
and Persaud (21) and is used with permission. 
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they are present in early embryos of other species. Therefore, it is likely that 
estrogens are involved in the differentiation of the structures derived from 
the Mullerian ducts and they may affect the differentiation of W olffian 
derivatives. Estrogens regulate the feminization of the indifferent external 
genitalia, which also contain estrogen receptors. 

Sexual differentiation in humans occurs during the 7th though 12th 
weeks of gestation (21). During the development and differentiation of the 
male and female reproductive systems, several windows exist during which 
environmental steroid agonists/antagonists could interfere with physiological 
development. One would anticipate that the exposure of a chromosomal 
male to antiandrogenic xenobiotics could interfere with the androgen
dependent differentiation of the structures derived from the Wolffian ducts or 
with the normal development of the male external genitalia. Estrogen 
receptors are also present in male reproductive tract tissues. Therefore, 
exposure of male embryos to estrogenic xenobiotics during critical 
developmental stages could interfere with androgen-dependent regulation of 
the tract by curtailing androgen action and/or by inappropriately stimulating 
estrogen-dependent processes. Since structures in the developing female 
reproductive tract contain androgen receptors, androgenic environmental 
toxicants could masculinize the female fetus. Inappropriate exposure of the 
female fetus to estrogenic toxicants could disrupt normal development the 
internal and external genitalia. 

Anomalies of embryonic reproductive tract development occur 
spontaneously. Hypospadias is a condition that occurs in about one of every 
300 human male infants. In this condition, the external urethral orifice is on 
the ventral surface of the glans penis (glandular hypospadias) or on the 
ventral surface of the shaft of the penis (penile hypospadias). Although more 
severe forms of hypospadias occasionally occur, these two constitute about 
80% of the cases. These defects result from the failure of the glandular plate 
to canalize and/or failure of the urogenital folds to fuse. A rarer type of 
hypospadias, perineal hypospadias, occurs when the labioscrotal folds fail to 
fuse. In this case, the external urethral opening is located between the 
unfused halves of the scrotum. Because the external genitalia in this type of 
severe hypospadias are ambiguous, persons with perineal hypospadias and 
cryptorchidism (undescended testes) are sometimes diagnosed as male 
pseudohermaphrodites or as females. Micropenis is a condition in which the 
penis is so small that it is almost hidden by the suprapubic fat. Hypospadias 
and micropenis are both results of inadequate androgen production and/or 
androgen receptor levels. Failure of the lower parts of the paramesonephric 
ducts to fuse results in a double uterus. This may be associated with a 
double or single vagina. A bicornuate (double homed) uterus arises when 
the lower parts of the paramesonephric ducts fuse, but the upper portions do 
not. Absence of the vagina and uterus occurs about once in 4000 live human 
female births. Many of these developmental anomalies have been described 
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in male and female wildlife species exposed to polluted environments. The 
molecular basis exists for environmental toxicants to cause these 
abnormalities in humans also. 

The genital tracts of males and females are not fully differentiate and 
functional until the rising levels of steroid hormones that occur at puberty 
act on them. It is at puberty that the periodic recruitment and maturation of 
primordial follicles and the shedding of eggs occur in the ovary. The cyclic 
secretion of estradiol and progesterone by the ovary also begins at this time. 
The cyclic, steroid hormone-dependent regulation of the female reproductive 
tract is also initiated at puberty and continues throughout the reproductive 
phase of its lifecycle. Androgen-dependent initiation of spermatogenesis and 
regulation of the male reproductive tract organs also occur at puberty. The 
hormone-dependent functional activation and maintenance of the 
reproductive systems that occurs at puberty provide other windows of 
opportunity for agonist/antagonist environmental xenobiotics to disrupt 
normal development. One would anticipate that the greatest risks to 
reproductive health posed by environmental toxicants would be during the 
embryonic, neonatal and pubertal periods when the reproductive systems are 
undergoing finely tuned modulation by steroid hormones. It cannot be 
discounted, however, that endocrine disruptors could be effective in adults 
because the reproductive systems of this age group are far from static. 
Rather, the hormone-dependent changes that occur in the adult female 
reproductive tract can be thought of as a cyclic recapitulation of the 
differentiation process, therefore, its organs are likely targets for endocrine 
disrupting xenobiotics. Spermatogenesis is a dynamic process that continues 
throughout the lifetime of the male. It is likely that the steroid-dependent 
phases of this process always remain susceptible to disruption by 
environmental xenobiotics. Bear in mind that both female and male 
reproductive system organs contain androgen and estrogen receptors (25), 
therefore, endocrine disruption of either of these systems can occur via 
androgenic/antiandrogenic or estrogenic/antiestrogenic xenobiotics. 

EVIDENCE FOR XENOBIOTIC-INDUCED EFFECTS ON 
REPRODUCTION 

The first indication that environmental pollutants might pose a threat 
to reproduction was derived from field observations by wildlife biologists. 
They noted that the population of fish eating birds in the Great Lakes basin, 
an area highly contaminated with organochlorine compounds such as PCBs 
and DDT, was declining. These workers recorded generalized reproductive 
problems in the bird populations including thinning of egg shells, abnormal 
parental behavior, and poor hatchability. Many other investigators obtained 
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further data by observing reproductive dysfunction in numerous species 
inhabiting areas contaminated with environmental toxicants (4, 5). These 
data indicated that fish, birds, reptiles, mammals, and other species 
inhabiting environments polluted with a number of known and unknown 
synthetic compounds suffered reproductive problems. Male chicks were 
observed that had oviducts and gonads resembling ovaries and female birds 
were found in which the oviducts had developed abnormally. It was noted 
that alligators inhabiting a Florida lake contaminated with the DDT 
metabolite, p,p '-DDE, had reduced penis size and lowered serum levels of 
testosterone. Field observations continue to be of value in detecting 
untoward effects of environmental xenobiotics on reproduction. For 
example, some male fish inhabiting streams that receive sewerage treatment 
plant effluents express the estrogen-dependent vitellogenin gene in their 
liver; this yolk protein gene is normally expressed only in female fish. 
Subsequent laboratory studies have demonstrated that nonylphenol, 
octylphenol, and some alkylphenol polyethoxlyates, known pollutants in the 
streams, can stimulate vitellogenin gene expression in trout hepatocytes (26). 
Thus, making a case for the involvement of these xenobiotics in the effects 
seen in the wild fish. 

Many laboratory studies have determined that exposure of various 
animal species to environmental toxicants under controlled conditions can 
replicate some effects reported in wildlife (1, 2). These studies have enabled 
investigators to attribute effects to specific environmental agents. 
Unfortunately, relatively few whole animal studies have been conducted and 
many of these examined a limited number of reproductive parameters. 
Furthermore, there has been little consistency in the experimental model 
used. That is, various species have been examined and the animals have 
been studied at various stages of the lifecyc1e-in utero, prepubertal, adult. 
These facts complicate the interpretation of the some of the data obtained. In 
addition, these differences in experimental protocol, especially the lack of 
experiments in which in utero exposure was used, provide little data on the 
possible effects of environmental toxicants on the differentiation of the male 
and female reproductive tracts. Below, representative toxicants and their 
effects will be used to illustrate some of the disruptive effects that have been 
described by various investigators, for many of the original references see (1, 
2, 27). The effects observed by the investigators are presented here in a 
descriptive manner. However, the toxicant effects are considered to be the 
result of the disruption of the steroid hormone-mediated physiological 
regulation of development and differentiation by mechanisms described 
above. While the terms "androgenic/antiandrogenic" and 
"estrogenic/antiestrogenic" are used to describe results obtained, they are 
meant to be descriptive rather than mechanistic. 
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Effects of Xenobiotics in the Male 

The treatment of male rats in utero (by administration of the test 
compounds to the dam), prior to puberty, and as adults, with p,p '-DDE, a 
compound that binds to both the androgen and estrogen receptors (20), 
yielded the following results. In utero treatment resulted in male pups with a 
reduced anogenital distance and retained thoracic nipples, both 
characteristics of female pups. Treatment of prepubertal males delayed the 
onset of puberty, and treatment of adults led to a reduction in the weights of 
the seminal vesicle and ventral prostate as compared to controls. Neither 
treatment of prepubertal or adult rats with p,p '-DDE had an effect on the 
serum level of testosterone. While the investigators interpreted their data as 
being the result of anti androgenic effects of the test compound (28), 
estrogenic effects resulting in nipple retention and reduced anogenital 
distance cannot be discounted. 

The fungicide vinclozolin has been shown to interfere with sexual 
differentiation in male rats. Pregnant rats were treated with the compound 
beginning on the gestational day when the embryos would be at the 
ambisexual stage of development. At birth, the males had female-like 
anogenital distances; at 2-wks of age prominent nipple development was 
present. Many of the males had undescended testes, a vaginal pouch, and 
small to absent accessory sex organs. All males had a cleft phallus with 
hypospadias. Some of the findings of this study resemble results obtained 
when male animals are treated with the anitandrogen flutamide. Further 
studies have shown that the compound active in producing the results 
described was not vinc1ozolin per se, but one of its in vivo metabolites 

The concept of in vivo metabolism of toxicants is important to bear in 
mind. A xenobiotic that is active in vitro may not be active in vivo because 
biotransformation may inactivate it. In contrast, a compound that is inactive 
in vitro may be metabolically transformed into an active compound in vivo. 
These considerations make it clear that one cannot rely solely on in vitro 
screening to determine if a compound has endocrine-disrupting potential. 
Compounds that are active in vitro must be tested in vivo to determine if 
deleterious effects are obtained. The absence of activity in vitro does not 
mean that the xenobiotic will lack in vivo activity. 

Treatment of male rats with methoxychlor, a DDT congener, reduced 
the weight of the seminal vesicles, cauda epididymis, and pituitary gland. It 
also decreased the sperm content of the epididymis, and at higher doses, 
delayed the onset of puberty. Despite these changes, the animals were 
fertile. 

Linuron treatment of male rats results in a statistically significant 
reduction in the weight of the epididymis and accessory sex organs in 
sexually immature animals. It causes a reduction in the weight of the 
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accessory sex organs and the prostate in adults. Increased serum levels of 
estradiol and luteinizing hormone were observed in sexually mature rats 
treated with Linuron. The alterations caused by Linuron are similar to those 
produced by flutamide. Linuron has been shown to compete with 
testosterone for binding to the androgen receptor, so its effects may be due to 
inhibiting the action of endogenous androgens. 

Alkylphenols also have detrimental effects on male reproductive 
parameters. Octylphenol administered to adult male rats suppressed 
testicular function as indicated by reduced testicular and prostate size, 
suppressed spermatogenesis and resulted in low circulating levels of 
testosterone. Octylphenol administration also decreased the weight and 
altered the histological features of the epididymis and increased the 
proportion of abnormal spermatozoa. These alterations of male reproductive 
function are presumed to be the result of estrogenic effects of the compound, 
but antiandrogenic effects cannot be excluded. 

PCBs are also known to affect male reproduction. Male rat pups 
receiving PCBs via the milk of their lactating dams have been shown to have 
reduced testosterone levels and a reduced number of Leydig cells per testis. 
Gestational and lactational exposure of male mice to PCBs was shown to 
have no effect on anogenital distance or testis weight, but at 16 wks of age, 
the mice were not able to produce sperm capable of fertilizing eggs in vitro 
(29). 

Effects ofXenobiotics in the Female 

A metabolite of DDT, o,p '-DDT, competitively inhibits the binding of 
estradiol to the estrogen receptor. When administered to immature female 
rats, it stimulates DNA synthesis and cell division in uterine epithelial and 
stromal cells in the same manner as estradiol. O,p'-DDT produces uterine 
hyperplasia, a characteristic estrogenic reaction (1). The DDT metabolite 
p,p '-DDE, which has been thought of as an antiandrogen (28), also has 
estrogenic activity. When administered to castrated adult guinea pigs, p,p '
DDE maintained the weight of the female reproductive tract at control, non
castrate levels, Table 1. As can also be noted in Table 1, nonylphenol and 
diethylstilbestrol (DES) had a similar effect on organ weight. 
Pentachlorophenol was ineffective at maintaining reproductive tract weight 
of castrated animals at intact levels. Administration of p,p '-DDE to intact or 
castrated adult guinea pigs resulted in hypertrophy of the vagina, cervix, and 
uterus. Mucous metaplasia was seen in the uterus, Figure 6, and cyst 
formation occurred in the rete ovarii (30). 

These abnormalities clearly point to disruptive effects of p,p '-DDE on 
the uterus and ovary. The fact that p,p '-DDE was able to maintain, or 
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stimulate, the histological features of the reproductive tract of the castrated 
adult female guinea pig clearly points to estrogenic rather than 
antiandrogenic effects. The results suggest that when p,p' -DDE binds to the 
estrogen receptor it acts as an estrogen. Nonylphenol and DES treatment 
also resulted in alterations of genital tract morphology in the adult female 
guinea pig (30). The administration of methoxychlor to immature female 
rats delayed the age of vaginal opening and the ftrst estrus. Anomalies of the 
reproductive tract were also noted in methoxychlor-treated rats. 

Table 1. The Effects of Various Treatments on the Weight of the Reproductive Organs of the 
Adult Female Guinea Pig 

Treatment 
Intact control (10) 
Castrate control (5) 
Intactp,p'-DDE (4) 
Castrate p,p '-DDE (4) 
Intact nonylphenol (4) 
Castrate nonylphenol (4) 
Intact DES (3) 
Castrate DES (3) 
Intact PEN (6)*** 
Castrate PEN (5) 

Reproductive tract weight 
(g)* 

a1.8 + 0.14** 
bO.9± 0.03 
a2.04 ± 0.09 
a1.89 ± 0.31 
c2.37 ± 0.16 
c2.78 ± 0.26 
c2.90 + 0.07 
d3.63 ± 0.17 
a,c2.36 + 0.38 
bO.99'; 0.03 

Ovary weight 
(mg) 

a60 + 20 

*The reproductive tract consists of the vagina, cervix, and uterus, which were removed from 
the animals as a single unit. The ovarian weight is the weight of both ovaries. 
**The values presented are the mean and SEM of (n) animals. In any column, values with the 
same superscript are statistically identical. 

***PEN, pentachlorophenol. 

In female rats, subcutaneous administration of octylphenol induced 
estrogenic effects on the reproductive system. It altered the estrous cycle and 
increased uterine weight. Oral administration of octylphenol caused a 
significant increase in uterine weight of immature and ovariectomized rats. 
Bisphenol A was shown to compete with [3H]estradiol for binding to the 
estrogen receptor. It has been shown to induce the prolactin gene, but at a 
1000-5000-fold lower potency than estradiol. Bisphenol A, octylphenol, and 
nonlyphenol induce morphological and molecular changes in the rat uterus 
that are similar to those caused by estradiol (31). 

It is likely that all of the reproductive anomalies described above in 
both the male and female are brought about by environmental toxicants 
interfering with the physiological regulation of the reproductive system by 
steroid hormones. Examples of the effects of various environmental 
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Figure 6. The effects of various treatments on the histological appearance of the adult guinea 
pig uterus. A, uterus from an intact animal at the estrus stage of the cycle; arrow indicates 
dilated glands. B, uterus from a 14-day castrated animal; arrow indicates atrophied uterine 
glands. C, uterus from an intact animal treated with p,p' -DDE, note the generalized 
hypertrophy ofthe tissue and the mucous metaplasia, arrow, of the epithelium. D, uterus from 
a 14-day castrated animal treated with p,p '-DDE, note the hypertrophy and the mucous 
metaplasia, arrow. 

toxicants on reproductive parameters in several species are summarized in 
Table 2. 

Effects of Environmental Xenobiotics on Humans 

The evidence that environmental toxicants have affected human 
reproductive health is circumstantial. It was reported that there has been a 
doubling in the frequency of undescended testes in England and Wales 
between 1962 and 1981. A more recent study showed that the incidence of 
undecended testes had increased by 65% over the past 2 decades. 
Hypospadias in boys has more than doubled in the past 40 years. There have 
been reports that sperm quantity and quality in human males has declined 
over the past 50 years (8). This reported deterioration in sperm parameters 
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has been controversial. It may be due to regional (country) differences, 
differences in the way semen parameters have been evaluated, differences in 
the populations being evaluated, or simply to differences in the statistical 
methods used to evaluate the parameters, rather than being an actual 
phenomenon. One of the most adverse trends in male reproductive health 
over the past few decades has been an increase in the incidence of testicular 
cancer in several countries (8, 32). There is evidence that the ratio of male 
to female births is declining in several industrialized countries; the authors 
speculate that environmental factors may be responsible for the decline. 
Various investigators have postulated that many disorders in male 
reproductive function arise from exposure of male embryos to environmental 
estrogens. This postulate is compelling since the disorders that have been 
described in the male resemble those one might expect from estrogenic 
effects on the developing male reproductive system. However, one cannot 
exclude the possibility that some estrogen-like deficits may actually be the 
result of antiandrogenic xenobiotics inhibiting the action of physiological 
androgens on male development (1, 8). Few, if any, abnormalities of the 
human female reproductive tract have yet been attributed to exposure to 
environmental hormones/antihormones. 

Clinical use of the potent synthetic estrogen DES provides human 
data that can be compared to those obtained in experimental systems. 
Clinical studies have demonstrated that DES, which was administered to 
women with a history of spontaneous abortions with the incorrect 
expectation that it would prevent these abortions, resulted in a statistically 
significant number of male and female offspring with reproductive tract 
abnormalities. Eighteen percent of female patients who were exposed in 
utero to DES had irregular menstrual cycles as compared to 10% in controls. 
These women also had a lower incidence of pregnancy than in the non
exposed group. Abnormalities of the vagina and cervix were also noted in 
the exposed women. Reproductive tract abnormalities were also noted in the 
male offspring of DES-treated women as compared to the male offspring of 
women that were not treated. These included epididymal cysts, hypotrophic 
testes, low ejaculate volume and reduced sperm concentration. "Severely 
pathologic" semen was found in 28% of the DES exposed offspring as 
compared to 0% in the control group (33). Many of the pathological 
findings in the reproductive tracts of male and female offspring of DES
treated mothers resemble the defects discussed above in animals that were 
exposed to environmental xenobiotics under natural and experimental 
conditions. Had DES been administered consistently to the women during 
the ambisexual stage of development of their fetuses, greater developmental 
defects of the genital tracts may have been observed. These findings with 
DES indicate that the human embryo is a target for exogenous hormonally 
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active agents and imply that the reproductive tract abnormalities in humans 
can result from exposure to such agents. 

Theoretical Considerations 

As the reader will have noted, most of the reproductive tract 
abnormalities attributed to estrogenic environmental toxicants have been 
reported in male animals and humans. A possible explanation for these 
observations is that the hormone binding sites on the estrogen receptor of the 
female reproductive system are occupied by endogenous estradiol and that 
no, or only a few sites, are available for occupancy by exogenous 
xenobiotics. Occupancy of the available sites might bring about subtle 
changes in the reproductive tract that are not distinguishable from normal 
variation. This could explain why only minor effects of xenobiotic treatment 
were noted in intact female guinea pigs, while dramatic effects were seen in 
castrated animals, which are depleted of endogenous estradiol (30). If this is 
the case, it is possible that during the post menopausal period, when 
endogenous estradiol is low, the human female may become more 
susceptible to the disruptive actions of estrogenic environmental toxicants. 
On the other hand, it is likely that the binding sites of estrogen receptors 
present in male reproductive tract tissues are not fully occupied by 
endogenous estradiol. Therefore, these sites can be filled with exogenous 
estrogenic environmental xenobiotics, resulting in more readily detectable 
disruption ofthe reproductive tract. These considerations imply that receptor 
occupancy may be an important criterion for judging when environmental 
toxicants may be disruptive. No environmental hormonally active agent has 
yet been shown to be androgenic. If such agents exist, one would expect 
them to virilize the female reproductive tract, but to cause only subtle 
changes in the male reproductive tract. The effects that antiandrogenic 
toxicants would have on the female reproductive tract are not clear, because 
androgen-regulated processes in the female are not well described. 

The human and animal populations of the planet are exposed 
simultaneously to all of the toxicants that present in the environment. Many 
environmental toxicants can act through steroid hormone receptor pathways. 
The fact that xenobiotics can impinge on these systems provides molecular 
mechanisms for amplifying their hazardous potential. That is, even if an 
individual toxicant is weak and is present in low concentration, classes of 
compounds, acting through common molecular mechanisms, would pose the 
same risk as exposure to a high concentration of a single toxicant. The 
question of the environmental relevance of a specific amount of a given 
toxicant does not seem to be germane in this context, because, as stated 
above, we are not exposed to one toxicant at a time in the environment. 
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Thus, even if specific toxicants are weak and relatively rare, their sheer 
number, their variety, their ability to bioaccumulate, and their ability to act 
through common molecular mechanisms, reinforces the notion that they may 
pose a risk to human reproductive health. The manufacture and use of many 
environmental toxicants such as DDT and PCBs has been banned in 
industrial countries. The long half-lives of these compounds, however, 
means that they will be around for a long time. Many compounds that are 
currently being manufactured are now known to be reproductive toxicants. 
Furthermore, new compounds are always being produced that may be as 
harmful, or more harmful, than those that have been banned. Thus, it would 
appear that the environmental burden of potential endocrine-disrupting 
chemicals is actually increasing. 

To evaluate the potential effects of environmental toxicants on human 
reproduction, physicians and other health care workers should have a 
heightened awareness of the possibility that clinical signs, such as precocious 
puberty, decreased sperm counts, anatomical anomalies of the reproductive 
tract, decreased fertility, and so on, may be attributable to the endocrine
disrupting effects of environmental chemicals. The establishment of national 
and state registries to which such data could be reported would help to 
determine if the incidence of these disorders is increasing among the human 
population. In-depth surveys of people living in, or who have lived, in areas 
highly contaminated with environmental chemicals should be taken to 
determine if long-term effects of these agents on reproductive function are 
occurring. Since clear-cut effects of environmental toxicants on animals 
living in such environments have been established, it would be unexpected if 
such disorders did not also occur in humans exposed to similar conditions. 

The dietary intake of man-made estrogenic chemicals is low 
compared to the dietary intake of the natural hormonally active agents 
present in plants. This fact coupled with the low estimated hormonal potency 
of man-made chemicals has led to the argument that estrogenic xenobiotics 
pose little potential danger to humans (34). While this argument is worthy 
of consideration, it fails to take into account that some environmental 
endocrine-disrupting agents are antiestrogens or androgens/antiandrogens. 
Nor does it take into account the ability of classes of xenobiotics to acting 
through common molecular mechanisms to effectively increase the body 
burden of toxicants. Furthermore, the possibility that xenobiotics do not 
result in the same kind of transactivation as occurs with natural hormonal 
compounds is not considered. The vertebrate body possesses enzymes that 
can safely detoxify natural compounds, but they may not be able to do so 
with some of the xenobiotics, thereby allowing them to accumulate and/or to 
be converted to harmful metabolic products. The rise in the incidence of 
reproductive anomalies in human populations that has occurred during the 
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last 50 years does not appear to parallel increases in natural honnone mimics 
or changes in eating habits, but it does parallel increases in industrial and 
agricultural xenobiotics. It would be rash to dismiss the possibility that 
environmental xenobiotics have hannful effects on human reproductive 
health unless and until evidence proves otherwise. 

CONCLUSIONS 

Evidence from epidemiological and experimental studies implicates 
honnonally active compounds in the environment, especially man-made 
chemicals, as causative agents in the disruption of the reproductive systems 
of many animal species. There is no direct evidence that human reproductive 
health has been compromised by environmental xenobiotics. However, 
circumstantial evidence that such effects have occurred/are occurring is 
accumulating. Steroid honnones exquisitely regulate the differentiation, 
development, and function of the reproductive systems of mammalian 
species. Many honnonally active environmental agents bring about their 
disruptive effects by acting as steroid honnone mimics or antagonists, 
thereby interfering with the physiological regulation of reproductive 
processes, in all species studied. Steroid honnone receptors have an affinity 
for environmental toxicants that is orders of magnitude less than that for 
physiological ligands. However, the vast array of toxicants in the 
environment and the ability of many of them to act through steroid honnone
dependent pathways effectively increases their concentration and 
consequently their potential danger. It would be unexpected if human 
reproductive systems, which are regulated by the same mechanisms as in 
other species, were not adversely affected by environmental toxicants. 
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