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PREFACE

In the past thirty years, significant advances have been made in the field of
reproductive biology in “unlocking” the molecular and biochemical events that
regulate spermatogenesis in the mammalian testis. It was possible because of the
unprecedented breakthroughs in molecular biology, cell biology, immunology and
biochemistry. I am fortunate to have personally witnessed such rapid changes in the
field since [ was a graduate student and a postdoctoral fellow in the late '70s through
the early '80s. In this book, entitled Molecular Mechanisms in Spermatogenesis, 1
have included a collection of chapters written by colleagues on the latest develop-
ments in the field using genomic and proteomic approaches to study spermatogenesis,
as well as different mechanisms and/or molecules including environmental toxicants
and transcription factors that regulate and/or affect spermatogenesis.

The book begins with a chapter that provides the basic concept of cellular
regulation of spermatogenesis. A few chapters are also dedicated to some of the
latest findings on the Sertoli cell cytoskeleton and other molecules (e.g., proteases,
adhesion proteins) that regulate spermatogenesis. These chapters contain thought-
provoking discussions and concepts which shall be welcomed by investigators in
the field. It is obvious that many of these “concepts” will be updated and some may
be amended in the years to come. However, they will serve as a guide and the basis
for investigation by scientists in the field. Due to the page limit, I could not cover
all areas of interest in this monograph; instead, I tried to present this subject area
with a balanced approach.

I hope this book will be helpful to young investigators who consider entering
reproductive biology to get a balanced view of the latest developments in the field.
For established investigators, these chapters will be helpful for their studies in the
laboratory.

I am indebted to members of my laboratory who have provided insightful and
critical discussion in the course of preparing this book. I am also grateful to all the
staff at Landes Bioscience, in particular Cynthia Conomos, Celeste Carlton, Kristen
Shumaker, and Megan Klein, who have helped me to work on this book from its
inception through publication. Furthermore, I am grateful to my colleagues who have
taken their time and worked with me these past two years on their chapters amidst
the intensive day-to-day routines in their laboratories: teaching, administration, re-
search and writing manuscripts and grant applications. Finally, I also want to thank
my former mentors and friends Drs. Wayne Bardin, Barry Boettcher, Neal Musto,
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Glen Gunsalus and Bruno Silvestrini for their critiques, help, encouragement and
discussion during my graduate student and postdoctoral years in their laboratories
in different parts of the world, who have introduced me to the fascinating areas of
research in reproductive biology and animal/pharmaceutical models, set up a high
standard of quality research, and unknowingly shaped my scientific personality and
my approach to science.

C. Yan Cheng, PhD
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CHAPTER 1

Spermatogenesis and Cycle
of the Seminiferous Epithelium

Rex A. Hess* and Luiz Renato de Franca

Abstract

permatogenesis is a complex biological process of cellular transformation that produces
S male haploid germ cells from diploid spermatogonial stem cells. This process has been

simplified morphologically by recognizing cellular associations or ‘stages’ and ‘phases’ of
spermatogenesis, which progress through precisely timed and highly organized cycles. These
cycles of spermatogenesis are essential for continuous sperm production, which is dependent
upon numerous factors, both intrinsic (Sertoli and germ cells) and extrinsic (androgens, retinoic
acids), as well as being species-specific.

Introduction

Spermatogenesis is the transformation of spermatogonial cells into spermatozoa over an
extended period of time within seminiferous tubule boundaries of the testis. The seminiferous
epithelium (Fig. 1) consists of germ cells that form numerous concentric layers penetrated by a
single type of somatic cell first identified by Enrico Sertoli in 1865." The cytoplasm of Sertoli
cells extends as thin arms around all the germ cells to nurture and maintain their cellular
associations throughout the process of spermatogenesis. Germ cells multiply first by repeated
mitotic divisions and then by meiosis, which involves the duplication of chromosomes, genetic
recombination, and then reduction of chromosomes through two cell divisions to produce
spherical haploid spermatids that differentiate into highly compacted spermatozoa for release
into the tubule lumen. To study this complex and lengthy process, spermatogenesis has been
organized by several different approaches, including the more popular method of ‘Staging’ or
the recognition of germ cell association in time and the ‘phases’ of spermatogenesis (mitosis,
meiosis and spermiogenesis). This review will examine the stages and their cycle in the produc-
tion of sperm in several species, but the mouse will receive special emphasis, as it is currently
the most commonly used species in research.

Cellular Components—Stages of Spermatogenesis

The seminiferous epithelium consists of only one somatic cell type, the Sertoli cell,>? but
many different germinal cell types.* The complexity of this epithelium was simplified when
Leblond and Clermont® were able to divide the epithelium into separate stages, according to
the cellular associations observed in each tubular cross section. Stages of spermatogenesis are
artificial definitions that are based upon rules established by the investigator. The original

*Corresponding Author: Rex A. Hess—Reproductive Biology and Toxicology, Department
of Veterinary Biosciences, University of lllinois, 2001 S. Lincoln Ave., Urbana, IL 61802-6199,
USA. Email: rexhess@uiuc.edu

Molecular Mechanisms in Spermatogenesis, edited by C. Yan Cheng. ©2008 Landes Bioscience
and Springer Science+Business Media.
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Elongate spermatid4—
Round spermatid

Pachytene spermatocyte.
Spermatogonium
Sertoli cell +

Elongate spermatid

Round spermatid
Pachytene spermatocyte.
Preleptotene spermatocyte.
Spermatogonium

Figure 1. Seminiferous tubule cross-sections in different mammalian species. In the human (A)
and marmoset Callithrix penicillata (B), two stages of the cycle or germ cells association (delim-
ited by a black line) are observed, whereas in mouse (C) and rat (D) only one stage is found. Bars
=40 um in A, B, and C; and 60 um in D.

stages were defined according to changes observed in the Golgi region of spermatids, an area
where the forming acrosomic system can be visualized by the periodic acid-Schiff’s reaction
(PAS). In the mouse, XII stages are well defined by this method (Fig. 2). However, spermatoge-
nesis is a continuum, which results in transitional areas being observed between two stages.” In
such cases, a preponderance of cell types can be used for stage identification. PAS staining and
higher microscopic resolution is required to identify specific stages. However, for most research
purposes, grouping stages into three categories is adequate and much easier for evaluation. For
example, it is possible to group Stages I-V as ‘early’; Stages VI-VIII as ‘middle’; and Stages
IX-XII as ‘late’ (Fig. 2).

Phases of Spermatogenesis

Mitosis

Spermatogonia are diploid germ cells (2n) that divide by mitosis and reside on the base-
ment membrane (Figs. 1, 2). Currently, it is not possible to identify spermatogonial stem cells
by routine microscopy, but different types of spermatogonia are recognized as type-A, interme-
diate, and type-B. In well-studied laboratory rodents, such as rats and mice, four classes of
spermatogonia are present: undifferentiated type A spermatogonia [A single (A), A paired
(Apr), A aligned (Ay)]; differentiated type A spermatogonia (A, Ay, As, Ag); intermediate
spermatogonia (In); and type B spermatogonia (B).*” In these species, the different spermatogo-
nial classes can be characterized by light and transmission electron microscopy according to the
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presence and distribution of heterochromatin.®” Tt has also been suggested that undifferenti-
ated spermatogonia, including A, or stem cell, are located in niches of the seminiferous epithe-
lium, which are regulated by the Sertoli cell 318

Meiosis

B-spermatogonia divide by mitosis forming two preleptotene spermatocytes, cells repre-
senting the beginning of meiotic prophase (Fig. 2). These small cells rest on the basement
membrane, but leptotene and zygotene spermatocytes become transit and move through the
blood-testis-barrier (or Sertoli-Sertoli barrier)."”?° Preleptotene, leptotene and zygotene sperma-
tocytes are located in specific stages and are identifiable by routine microscopy, although fixa-
tion artifact results in the leptotene and zygotene cells appearing to be attached to the basement
membrane. Spermatocytes are found in all stages, because meiosis is a prolonged period of
spermatogenesis that extends over approximately 14 days in the mouse. Thus, any attempt to
isolate specific stages of spermatogenesis for molecular analysis, will include cells of this phase.
Spermatocytes are the cells of meiosis and their regulation requires a special focus. Of special
note, meiotic cell division occurs in and defines a single stage (XII). In the mouse, stage XII is
found in approximately 10% of the seminiferous tubular cross sections and meiotic division is
completed in approximately 1 day.21 This cellular division goes through three categories, all
occurring in stage XII: (a) meiosis I, the division of 4n cells; (b) formation of secondary sper-
matocytes (2n), which are larger than step 1 spermatids, but rarely are found as the only sper-
matocyte in a tubular cross section; and (c) meiosis II, the division of 2n secondary spermato-
cytes to form haploid (1n) round spermatids. Studies in rats, buffalos, rams, and pigs revealed
a striking increase in size for primary spermatocytes, from preleptotene to diplotene.**?? This
increase is followed by a dramatic decrease of cell size during spermiogenesis in such a way that,
due to changes in chromatin and nuclear condensation, in rats, for instance, before spermia-
tion spermatid nuclear volume reaches only 1/50th (~500 to 10um?) of its initial volume.

Spermiogenesis

The transformation of spherical, haploid spermatids (1n) into elongate, highly condensed
and mature spermatozoa that are released into the seminiferous tubule lumen is called spermio-
genesis (Fig. 2). The differentiation of spermatids proceeds through at least 4 prolonged steps
(or phases): Golgi, capping, acrosomal, and maturation. These steps are useful for the identifi-
cation of specific stages in the cycle of the seminiferous epithelium.

Golgi

Golgi apparatus is very important during the early steps of spermiogenesis, as the for-
mation of the acrosome is dependent upon this organelle’s ability to produce vesicles and gran-
ules containing the enzymatic components of the acrosomic system that will cover the develop-
ing sperm nucleus. Differentiation of the first three steps of round spermatid formation involves
a prominent Golgi apparatus that is identified by PAS staining. Step 1 spermatids have a small,
perinuclear Golgi region without an acrosomic vesicle or granule. Subsequent steps 2-3 show
proacrosomal vesicles and granules within the Golgi apparatus, with the formation of a single,
large acrosomal granule within a larger vesicle that will indent the nucleus (Fig. 2).

4,6,24

Capping

Capping involves steps 4-5 round spermatids, where the acrosomic granule touches the
nuclear envelope and the vesicle begins to flatten into a small cap over the nuclear surface. In
steps 6-7, the acrosomic vesicle becomes very thin and the granule flattens. Step 8 is the last
round spermatid, and the acrosome flattens over approximately 1/3 of the nuclear surface. In
late stage VIII, step 8 nuclei begin to change shape.
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Figure 2, viewed on previous page. Mouse Stages in the cycle of the seminiferous epithelium
(I-X11). Layers depicting the cellular associations are drawn with Sertoli cells separating each
stage. Along the base are photos of early, middle and late spermatid nuclei, stained with the PAS
reaction and hematoxylin. Spermatogonia (A, In, B); spermatocytes (Pl: preleptotene, L: lepto-
tene, Z: zygotene, P: pachytene, D: diakinesis, Mi: meiotic division); round spermatids (1-8);
elongate spermatids (9-16). Adapted with permission from Dr. Robert E. Braun.

Stage I. Two generations of spermatids are found in Stages I-VIII, round and elongate spermatids.
In this stage, the round spermatid nucleus is smaller than in subsequent stages and contains a
typical large central nucleolus. The Golgi is also small and lacks PAS+ granular material.
Stage I1. Small PAS+ proacrosomal granules are seen in the center of the Golgi apparatus, which
is attached to the nucleus of round spermatids.

Stage I1l. An acrosomic granule is well formed within the larger round Golgi vesicle, which forms
an indentation of the round spermatid nucleus.

Stage IV. The acrosomic granule begins to flatten in this stage.

Stage V. The acrosomic system is clearly defined now and there is a straight line formed by the
acrosomic granule lying on the PAS+ dark line that caps the round spermatid nucleus, sur-
rounded by the vesicle. Along the basement membrane, B-type spermatogonia are prominent.
Stage VI. The acrosomic system begins to spread, but remains thick and the granules are distinct.
In this stage, B-type spermatogonia undergo mitosis to form preleptotene spermatocytes. Elon-
gate spermatids begin to migrate toward the lumen.

Stage VII. The acrosomic system spreads across the nucleus and becomes thinner, allowing the
central acrosomic granule to bulge slightly above the acrosomic vesicle. Elongate spermatids are
located at the luminal edge of the tubule, but the cytoplasm covers the sperm head and about
1/2 of the tail.

Early VII. There is more cytoplasm covering the mid region of elongate spermatids and no
cytoplasmic lobe has formed. Numerous small preleptotene cell nuclei are found on the base-
ment membrane.

Middle VII. The cytoplasmic lobe begins to form and elongate spermatid cytoplasm no longer
covers the midpiece of tail. Large dark granules in cytoplasmic lobes are still absent.

Late VII. The cytoplasmic lobe is well formed and much of it is now between the sperm head
andthe basementmembrane. Dark granules are beginning to appear distinct near the sperm head
and sometimes below it. Preleptotene cell nuclei are enlarging as these cells transform into
leptotene and chromatin begins to disperse into smaller, finer clumps.

Stage VIII. The acrosome is flattened and forms a cap that covers nearly half of the round
spermatid nucleus. Many of the nuclei have migrated to the cytoplasmic plasmalemma and the
acrosomic system may be oriented toward the basement membrane. Elongate spermatids are
being released into the lumen through a process called spermiation, while excess spermatid
cytoplasm forms large cytoplasmic lobes with large dark bodies beneath the head of step 16
spermatids.

Stage IX. Only one generation of spermatids is found in Stages IX-XIl, the transition from round
into elongate. Cross sections of step 9 spermatid nuclei are oblong, as they begin the elongation
process, with the thin PAS+ acrosomic system off center and extending from the apex toward the
caudal region of the nucleus. Cytoplasmic lobes fuse into very large residual bodies that are
phagocytized by the Sertoli cell and disappear by Stages X-XI.

Stage X. The spermatid head forms a distinct protrusion with a sharp angle. Only the protrusion
is covered by the PAS+acrosome on the ventral side, while the dorsal side is covered to the caudal
surface of the nucleus. Pachytene spermatocyte nuclei reach their maximum diameter prior to
diplotene phase.

Stage XI. Step 11 spermatid nuclei become thinner, more elongated and begin to stain more
intensely, indicating chromatin condensation. Diplotene spermatocyte nuclei become exces-
sively large and begin to lose nuclear envelope as the cells enter diakinesis of meiosis I.
Stage XII. In this stage the most important identifying feature is the presence of meiotic and
secondary spermatocytes. Step 12 spermatid nuclei are thinner and nuclear staining is intensely
dark throughout except for the most caudal region. PAS+ acrosomic system forms a ventral and
dorsal fin over the apical protrusion.
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Acrosomal

Acrosomal steps 9-14 involve migration of the acrosomal system over the ventral surface of
the elongating spermatid nucleus (Fig. 2). This migration of the acrosome is completed ap-
proximately by step 14 spermatid and is difficult to identify in typical histological sections, due
to its presence in different planes of sections and angles or orientation. Thus, recognition of
specific stages of spermatogenesis will typically rely on the acrosomal system observed in the
round spermatids, rather than in the elongate cells. These spermatid steps also involve conden-
sation of the chromatin, as the chromosomes are packed more tightly and stain more intensely
with hematoxylin.

Maturation

Maturation steps 15-16 appear across Stages 11I-VIII and show fewer changes in nuclear
shape and acrosomal migration. The nucleus continues to condense and the acrosome matures
into a thin PAS+ structure that protrudes at the apex but covers nearly all the nucleus, except

. 14 . .

for that portion connected to the tail.* Excess cytoplasm is removed in Stages VII-VIII, result-
ing in the formation of prominent cytoplasmic lobes and residual bodies, which contain un-
used mitochondria, ribosomes, lipids, vesicles and other cytoplasmic components.4’25’26

The Cycle and Wave of Spermatogenesis

Germ cells within each layer of the seminiferous epithelium change in synchrony with the
other layers over time, producing the sequence of Stages described above (Fig. 2). The cells do
not migrate laterally along the length of the seminiferous tubule; however, an unusual succes-
sive order of the Stages is observed, whereby sequential Stages occur with repetition along the
length of the tubules, in a ‘wave’ of the seminiferous epithelium.27 That is, at least in the
rodent, Stage I is followed by I, followed by I11, etc. through Stage XIV, which is then repeated
by Stage I. The Stages are found in ascending order from the rete testis to the center of the
seminiferous tubule, where the Stages are reversed.? The wave is produced by synchronous
development of clonal units of germ cells through a mechanism of biochemical signaling that
remains a subject of inquiry.

Sperm Production

The precise mechanisms by which spermatogonial stem cells (A;) and other eatly prolifera-
tive spermatogonia (Ap-Aq) transform into differentiating spermatogonia (type A, In, and
type B) and simultaneously renew their own population is now a major focus of reproductive
biology, 01216182846 1y 5ddition to c-kit and vitamin A, which are important for differentia-
tion of Ay into Ay, other important factors are emerging as being involved in the regulation of
spermatogonial stem cells. These proteins include the following: GFRal, PLZE, OCT4, NGN3,
NOTCH-1, SOX3, -RET, RBM, EP-CAM, STRA8, and EE2.710:17-31:47:48

Spermatogonia give rise to spermatocytes after a fixed number of mitotic divisions that are
characteristic of each species, 9 as two to six differentiated spermatogonial generations have
been observed in mammals (Table 1). Besides being useful for comparative studies among
different species,” the precise knowledge of the number of spermatogonial generations is es-
sential for better understanding of regulatory mechanisms of spermatogenesis.” Compared to
many other well-known self-renewing cell systems in the body, spermatogenesis is thought to
have the greatest number of cell divisions during its expansion. For instance, in mice, rats, and
pigs, about ten generations of spermatogonia are necessary to form preleptotene spermatocytes
from one spermatogonia stem cell (A, = Ay —> Ayis = Ays.i6 —> A1 —> Ay = Ay —> Ay —
In — B); whereas in humans this figure is much lower and estimated to be only 4 mitotic
divisions. As will be shown later, both the kinetics and rate of germ cell loss have an impact on
the number of sperm produced.

Knowledge of the spermatogenic cycle length is fundamental for determining the spermato-
genic efficiency and performing comparative studies among species. The total duration of
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Table 1. Number of differentiated spermatogonial generations and germ cell ratios’

Spermatogonial Meiotic Index Overall Rate of

Species Generations (%)? Spermatogenesis®
Bull 6 (A3, In, B1p)* 3.6 (10 65 (75)
Buffalo 6 (A13, In, B125) 3.4(15) 74 (71)
Ram 6 (A1_3, In, B1_2) 3.1 (23) 37 (85)
Goat 6 (A1_3, In, B1_2) 2.8 (30) 91 (65)
Boar 6 (A14, In, B) 3.2 (20) 68 (73)
Peccary 6 (A1, In, B) 3.2 (20) 74 (71)
Wild boar 6 (A4, In, B) 2.7 (33) 29 (89)
Dog 6 (A1, In, B) 3.4(15) 51 (80)
Rat 6 (A14, In, B) 3.4 (15) 97 (62)
Mouse 6 (A14, In, B) 2.3-3.1(23-43) 44-84 (67-83)
Gerbil 5 (A3, In, B) 2.8 (30) 34 (73)
Capybara 5 (A3, In, B) 2.1 (48) 21 (84)
Agouti paca 5 (A3, In, B) 3.2 (20) 31 (76)
Dasyprocta sp 5 (A1, In, B) 3.0 (25) 28 (78)
Chinchilla 5 (A3, In, B) 3.0 (25) 49 (62)
Jaguar 5 (A3, In, B) 2.8 (30) 45 (65)
Cat 5 (A3, In, B) 2.8 (30) 19 (85)
Rabbit 5 (A1 2, In1_2, B) 3.3 (1 8) 39 (69)
Marmoset 4 (A1, By2) 3.4 (15) 25 (60)
Man 2 (Apale, B) 1.3 (68) 3.2 (80)

T Data from our laboratory and compiled from the literature (see reviews in Franga and Russell, 1998;
Franca et al, 2002; Franca et al, 2005).2 Number of spermatids per each prlmary spermatocyte.
Number of spermatids formed per each differentiated type A1 spermatogonia. 4 Type A spermatogonia
(A); intermediate spermatogonia (In); and type B spermatogonia (B).” Numbers in parentheses show
the percentage of germ cell loss based on the theoretical yield.

spermatogenesis based on 4.5 spermatogenic cycles ranges from approximately 30 to 78 days
in mammals (8.6-8.9 for each cycle and 39-40 days for total duration in mice) (see reviews
by refs. 4,23,50-51), and is under the control of the germ cell genotype, according to a study
using xenogenic (rats to mice) spermatogonial transglantatlon Also, similar results were
found utilizing porcine and ovine testis xenografts.”” Although strain or breed differences
can be found among members of the same species, the length of the spermatogenic cycle has
been generally considered to be constant for a given species and is not phylogenetically de-
termined. However, it is suggested in the literature that the temperature and some drugs may
influence the duration of spermatogenesis,”®> probably altering the cell cycle.””*® In most
mammals, each spermatogenic cycle lasts around 9 to 12 days, whereas the total duration of
spermatogenesis lasts nearly 40 to 54 days. Particularly in humans, the entire spermatogenic
process is very long and lasts more than 70 days. As a general pattern for mammals, and
probably related to the synchronized development of different germ cell types per seminifer-
ous tubule cross-sections (Stages), each phase of spermatogenesis (spermatogonial, sperma-
tocyte, and spermatid) lasts approximately one third of the duration of the entire process.
Germ cell loss (apoptosis) occurs normally during spermatogenesis in all mammals investi-
gated,” playing a critical role in determmmg total sperm output. However, the greatest influ-
ence on germ cell production is the capacity for mitosis, and the number of generations of
spermatogonial divisions, which will dictate, at least in part, the number of cells that enter
meiosis. Taking into account the number of generations of differentiated spermatogonia and
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the two meiotic divisions prior to the formation of haploid spermatids, only 2-3 spermatozoa
out of 10 are produced from each differentiated type A; spermatogonia in most mammalian
species (see overall rate of spermatogenesis in Table 1).23%0 Thus, significant germ cell loss
occurs during the spermatogonial phase, called ‘density-dependent regulation’, primarily dur-
ing mitotic divisions of type A, to A4 spermatogonia, possibly mediated by the p53 tumor
suppressor protein, as well as Bcl-2, Bax and Fas. One possibility, as yet untested, is that the
degeneration is a homeostatic mechanism to limit germ cells to the number that can be sup-
ported by available Sertoli cells. Apoptosis is also frequent during meiosis (Table 1), especially
in humans, and is probably related to chromosomal damage. Also, it should be mentioned that
missing generations of spermatocytes and spermatids in the seminiferous epithelium, plus
apoptosis, contribute to the low efficiency of human spermatogenesis.**¢!

The Sertoli cell has several important roles in spermatogenesis, including the following:
support and nutrition of the developing germ cells; compartmentalization of the seminiferous
tubule by tight junctions, which provides a protected and specialized environment for the
developing germ cells; controlled release of mature spermatids into the tubular lumen (spermia-
tion); secretion of fluid, proteins and several growth factors; and phagocytosis of the degener-
ating germ cells and phagocytosis of the excess cytoplasm (residual body) that remains from
released sperm.” The Serroli cell also mediates the actions of FSH and luteinizing hormone
(LH)-stimulated testosterone production in the testis, apparently in a stage-dependent man-
ner.%? Although it is strongly suggested that FSH plays a major role in the initiation, mainte-
nance and restoration of spermatogenesis in primates, it appears that in most mammalian
species testosterone has this important role in maintaining ‘guantitatively’ normal spermatoge-
nesis, whereas FSH plays a qualitative role and is not strictly necessary for fertility.®> Recent
investigations of the Sertoli cell specific knockout of androgen receptor (SCARKO) mouse
found that spermatogenesis rarely advanced beyond diplotene spermatocytes.®® Thus, at least
in this species, androgens are crucial for late meiosis and spermiogenesis.

The relative mass of seminiferous tissue determines how much space is devoted to sperm
production. In general, species whose testes have a hié%h proportion of seminiferous tubular
tissue produce more sperm per unit mass (Fig. 3).%°*°" Regardless of other factors, the num-
ber of Sertoli cells is now well established as being one of the most important determining
factors that defines maximum sperm production.®*”? In all mammalian species investigated,
no Sertoli cell proliferation has been observed after puberty. Thus, the perinatal and prepuber-
tal period, when the size of the Sertoli cell population is established, ultimately dictates the
magnitude of testis size and sperm production. This occurs because Sertoli cells have differing
capacities to support germ cell development and each Sertoli cell is able to support only a
relatively fixed number of germ cells in a species-specific manner (Fig. 3).%>°%%° Thus, animals
with more Sertoli cells have more germ cells per testis, and the number of Sertoli cells per gram
of tissue combined with the number of spermatids per Sertoli cell is positively correlated with
sperm production per gram of testis.

There also appears to be species-specific regulation of the total Sertoli cell population.
Volume density of Sertoli cells in the seminiferous epithelium changes considerably in mam-
mals (from ~15% in mice to ~40% in humans) and is inversely related to the efficiency of
sperm production. Thus, in contrast to humans, species with a lower proportion of Sertoli cells
in the seminiferous epithelium, such as mice, rabbits, rats, hamsters, and pigs are among those
with the highest Sertoli cell and spermatogenic efficiencies (Fig. 3).%

Daily sperm production per gram of testicular parenchyma is a measure of spermatogenic
efficiency in sexually mature animals and is useful for species comparisons. In mammalian
species, four to sixty million spermatozoa are produced daily per gram of testis tissue (Fig. 3),
and in humans for instance approximately 1,500 spermatozoa are produced with each heart-
beat. Usually, species that have shorter spermatogenic cycle lengths have higher spermatogenic
efficiency (Table 1; Fig. 3). However, the higher efficiency of spermatogenesis observed in
some mammalian species results from the combination of higher Sertoli cell support capacity

66,71,74-84
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for germ cells and greater number of Sertoli cells per gram of testis. Data shown in Figure 3 for
the domestic boar and wild boar illustrate this assumption, because the lower Sertoli efficiency
observed for the wild boar is compensated for by the higher Sertoli cell number per gram of
testis, resulting in similar daily sperm production per gram of testis in both species. Higher
seminiferous tubule volume density (%) in the testis, lower Sertoli cell volume density (%) in
the seminiferous epithelium, greater number of spermatogonia generations, and lower germ
cell loss during spermatogenesis, also correlate significantly with spermatogenic efficiency.

Regulation of the Cycle

Stages in the cycle of the seminiferous epithelium are established early in the postnatal
period. For example, cellular associations suggesting specific stages have been found as early as
day 10,3 which is about the same time that androgen receptors (AR) begin to be expressed in
carly Sertoli cells,® suggesting that Sertoli cells regulate the formation of stages. Transplanta-
tion data also support this conclusion. Using the green fluorescence protein mouse (GFP), the
same stage of spermatogenesis was observed throughout a single colony, although different
colonies were in different stages, 2 months after transplantation. 7 After 3 months, the colonies
were much larger and some had merged into a single colony. Most interestingly, these merged
colonies exhibited synchronization, as the entire colony became one stage. It was suggested that
the transplanted germ cells were probably sensitive to Sertoli cell factors that caused the fused
colonies to become one stage.®

Another animal model to address the establishment of stages and cycles is the vitamin A
deficient rat, which results in an arrest of spermatogenesis, with type Al spermatogonia differ-
entiation inhibited.®*”! Resupplementation with retinol re-establishes spermatogenesis, but
the seminiferous epithelium throughout the entire testis is synchronized within 2-3 stages.
Synchronization was found to be stable for more than 10 cycles of the epithelium®® and
repopulation of the epithelium appeared to be due primarily to the completion of mitotic
activity by type Al spermatogonia, which were arrested in the G2 phase of their cycle.88 Thus,
in this model, it appears that the regulation involves both Sertoli and germ cell responses to
vitamin A. Sertoli cells appear to maintain the correct stages, although synchronized, over
time, while the germ cells respond to retinol to continue the correct cellular cycle by comple-
tion of G2. An investigation of the retinoic acid receptor knockout mouse (RARa-/-) further
revealed that vitamin A may be involved in the initial establishment of stages and their long-term
regulation, which also appears to be stage-specific, as the first wave of spermatogenesis was
arrested at step 8-9 spermatids and preleptotene and leptotene spermatocytes in stage VIII-IX
were delayed in the first three waves.”

Sertoli cells do appear to regulate the cellular associations or ‘stages’ within the epithelium;
therefore, it has been logical to hypothesize that Sertoli cells may also regulate the ‘duration of the
cycle of the seminiferous epithelium’. Morphological intimacy between Sertoli and germ cells was
first observed in the 19th Century' and today we know that up to 50 different germ cells may
contact a single Sertoli cell and that a single germ cell can be associated with several Sertoli cells.”
Based upon this ‘Mother cell’ concept, early studies using transplant technology’® hypothesized
that if rat germ cells were transplanted into the mouse testis, the rat germ cells may acquire the
mouse testis duration of the cell cycle, 8.6 days versus 12.9 days for the rac.”®”” However, a
subsequent experiment demonstrated “the complete domination of rat germ cell genotype in
differentiation timing,”>* Thus, it appears that the germ cell determines duration of the spermato-
genic cycle, while the resident Sertoli cell is responsible for maintenance of cellular associations or
stages through the production and secretion of important factors and providing proper physical
and functional environment for spermatogenesis development.>%%?

It has been known for many years that the first wave of spermatogenesis proceeds faster than
does the adult seminiferous epithelial cycle. Stage frequency in cross sections is the same on
days 13, 23, 30 and in adult mouse testes % and the same was found in the rat;'°! however,
mean duration of the cycle from 10 to 30 days was approximately 1 day shorter than in the
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adult rodents.®>1%%1%3 When germ cells from the GFP mouse were transplanted into the adult
testis, the rate of growth was 2x faster during the first 2 months compared to the third month
post transplant.®” It is often pointed out that this reduction in the rate of the spermatogenetic
cycle during development is correlated with testicular descent; therefore, it is possible that a
higher intra-abdominal temperature may result in acceleration of the cell cycle and mitotic
events, as observed in fish (tilapias) maintained at elevated temperatures.58 Although this ex-
planation may have some credibility, other data suggest that the first wave may be different
simply because the spermatogonia are filling clonal niches and establishing an epithelial wave.
For example, the first wave has a unique regulation that is dependent on a subpopulation of
neurogenin 3 (Ngn3) negative spermatogonia that differentiate into the first wave germ cells,
while Ngn3+ cells are reserved for stem cells and subsequent waves of spermatogenesis.”®

Finally, there are numerous studies showing stage and Sertoli cell specific expressions of
proteins and it appears that different stages have different dependences upon androgens and
FSH, with these factors having a greater influence just before spermiation in stage
VII-VIILO210410 However, understanding the individual contribution of factors to the main-
tenance of the cycle and stages of spermatogenesis will require careful analysis and interpreta-
tion, because disruption of individual factors will often lead to an initial stage-specific and/or
cell-specific effect, but the long term consequence is secondary degeneration of the entire pro-
cess of spermatogenesis.''“!!" This very important aspect of mammalian spermartogenesis is
still poorly understood and should be a focus of intensive research in the coming years, mainly
because appropriate animal models are now available for dissecting molecular regulation of the
cycle of the seminiferous epithelium.
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CHAPTER 2

Testicular Development and Spermatogenesis:
Harvesting the Postgenomics Bounty
Antoine D. Rolland, Bernard Jégou and Charles Pineau*

Introduction

permatogenesis is a sophisticated process facilitating transmission of the genetic patri-

mony and, thus, perpetuation of the species. Mammalian spermatogenesis is classically

divided into three 3 phases. In the first—the proliferative or mitotic phase—primitive
germ cells or spermatogonia undergo a series of mitotic divisions. In the second—the meiotic
phase—the spermatocytes undergo two consecutive divisions to produce the haploid sperma-
tids. In the third—spermiogenesis—spermatids differentiate into spermatozoa. The entire pro-
cess is regulated by paracrine, autocrine and endocrine pathways, an array of structural ele-
ments and chemical factors modulating somatic and germ cell activity (for reviews, see refs.
1-4). The communication network linking the various cellular activities during spermatogen-
esis is highly complex and sophisticated.”

Determination of the function and regulation of genes and their products is one of the key
objectives of human biology. The advances in molecular biology and genomics of the last 20
years have greatly improved our global knowledge of spermatogenesis, by identifying numer-
ous genes essential for the development of functional male gametes (for reviews, see refs. 7,8).
Significant progress has recently been made in the large-scale analysis of testicular function,
deepening our insight into normal and pathological spermatogenesis. Several laboratories have
built on rapid progress in genome sequencing and microarray development, by carrying out
genome-wide expression studies, leading to the identification of hundreds of genes differen-
tially expressed within the testis (for review see ref. 9). The development of tools for
high-throughput protein identification has allowed a few laboratories to undertake differential
protein profiling expression studies and/or the systematic analysis of testicular proteomes from
various species, based either on the entire organlo or on isolated cells.!'"13

This chapter reviews the current state of large-scale gene expression analyses of spermatoge-
nesis, from gonad development during sex determination to hormonal regulation. It also deals
with the advantages and limitations of transcriptomics and proteomics for studies of the ex-
pression program of testicular germ cells. Finally, the concept of systems biology—which in-
volves integrative ‘omics’ (i.e., combining genomics, transcriptomics and proteomics) together
with bioinformatics and modeling—is discussed.

Gene Expression Profiling Technologies: The Underlying Differences
Several different technologies are now available for studying gene expression by assessing mRNA
and protein levels. However, there are fundamental differences between these technologies.
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Transcriptome and Transcriptomics

The complete set of ribonucleic acid (RNA) transcripts produced by the genome in any
given organism is called the transcriptome. Transcriptomics—the global analysis of gene ex-
pression, also called genome-wide expression profiling—is now widely used to investigate the
genes and pathways involved in various biological processes. This approach is based on the
principle that genes with similar patterns of expression may have related functions and may be
regulated by the same genetic control mechanism. Common technologies for the genome-wide
or high-throughput analysis of gene expression include spotted and oligonucleotide microarrays
and tag-based approaches, such as serial analysis of gene expression (SAGE), cap-analysis gene
expression (CAGE) and gene identification signature (GIS) methods. Microarray methods are
dependent on the choice of sequences to be screened at the outset, whereas sequencing-based
approaches require no such prior sequence selection. The various transcriptomic technologies
used in these two approaches allow scientists to study tens of thousands of genes simulta-
neously, rather than considering one gene at a time.

Proteome and Proteomics

The word “proteome”—a contraction of “protein” and “genome”—was first coined by Marc
Wilkins at the 4th 2D Gel Electrophoresis Meeting in Sienna in 1994.'% This term encapsu-
lates the complex and dynamic nature of protein production, at reference points spanning
from individual cells to organisms. Genomes are essentially identical in the different cells of an
organism, whereas proteomes and transcriptomes vary between cells, over time and as a func-
tion of environmental stimuli and stress.

Proteomics research deals with the temporal dynamics of protein production in a given
biological compartment at a given time. Until recently, “proteins” were considered solely as the
direct products of genes for the purposes of this definition. The definition of proteomics has
recently been altered so that this field now covers not only direct gene products, but also
proteins undergoing structural alterations due to cell metabolism and turnover (posttransla-
tional modifications).'> The experimental basis of proteomics, which has become one of the
most important areas of research in the postgenomics era, is not new. Nonetheless, proteomics
has undoubtedly benefited from unprecedented advances in genome sequencing, bioinformatics
and the development of robust, sensitive, reliable and reproducible analytical techniques.

Transcriptomics Versus Proteomics, Finding the Right Balance

The recent completion of the first high-quality drafts of the mouse'® and human'”'® ge-
nomes has provided scientists with access to a wealth of relevant sequence information essential
for the systematic and comprehensive characterization of gene product function. These ge-
nome sequencing projects surprisingly revealed that mammalian genomes contain far fewer
protein-coding genes than previously thought. The mouse and human genomes have each
been found to contain about 22,000 genes (Ensembl" release 43), corresponding to 22,000
functional proteins according to the original one gene-one protein dogma of molecular biol-
ogy. However, alternative splicing can routinely generate 100,000 proteins from 22,000
genes.zo‘21 If we include posttranslational modifications (e.g., phosphorylation, 4glzcosylation
and proteolysis),”>* then the 22,000 genes may give rise to a million proteins,?**> each with
different functions. This complexity of multilayered gene expression mechanisms is partly re-
sponsible for the frequently reported discrepancies between mRNA and protein abundance.?*%®
Thus, although transcriptomics probably still has a greater throughput capacity than proteomics,
it is clear that protein diversity cannot be fully characterized by gene expression analyses alone.
Great attention must be paid to selecting the most appropriate methods for large-scale experi-
ments, according to whether the biological question addressed relates more to the transcrip-
tional and/or splicing mechanisms underlying a particular process or to role in the process
considered of the proteins generated and their subtly different isoforms.
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Gonad Development During Sex Determination

The primary event in mammalian sexual development is the differentiation of the bipotential
gonad into either a testis or an ovary. The transient expression of a single gene, Sry
(sex-determining region, chromosome Y), in the supporting cell lineage of mice, from embry-
onic day (ed) 11.5 onwards, is necessary and sufficient to direct the differentiation of an XY
gonad into a testis. This suggests that ovary development may be the “default” pathway of
gonad differentiation (Fig. 1). Small et al* investigated the molecular mechanisms underlying
gonad differentiation, using high-density oligonucleotide microarrays to compare the gene
expression profiles of male and female mouse gonads from 11.5 to 18.5 days post-coitum
(dpc). They reported the differential expression of thousands of genes during the development
of ovaries or testes and between gonads at various time points. The genes identified as differen-
tially expressed included all those previously identified as involved in this process, such as Sry
itself, Sox9, Dax1, SfI and Wrl. Major differences between the sexes were found for genes
encoding proteins involved in meiosis, steroidogenesis and apoptosis, consistent with the ini-
tiation of meiosis I in the ovary, the differentiation of Leydig and Sertoli cells and the burst of
cell apoptosis observed in the testis. Nef et al®” carried out a similar study on transgenic mice
synthesizing green fluorescent protein (GFP) in the somatic compartment of the genital ridge
of both male and female embryos. They specifically isolated somatic cells, including both sup-
porting cell (future Sertoli and granulosa cells) and steroidogenic cell (future Leydig and theca
cells) precursors, from 10.5 to 13.5 dpc. This made it possible to monitor very early events
directly associated with the Sry-signaling pathway, without germ-cell “contamination”. This is
important because of the potential effects of the expression program of germ cells. At 10.5 dpc,
only nine genes on the sexual chromosomes displayed differential expression between XX and
XY gonads, indicating that sex determination had not yet occurred. Thereafter, the number of
differentially expressed genes increased, eventually reaching more than two thousand by 13.5
dpc. Three genes encoding Cdk inhibitors were found to be more strongly expressed in the
ovary than in the testis. This led the authors to suggest that the higher levels of proliferation of
testicular somatic cells immediately after Sry expression—a crucial event in male sex differen-
tiation—might be a direct or indirect consequence of the inhibitory effect of Sry on Cdk
inhibitor production, rather than a reflection of the activation of gene products involved in
proliferation. Another identical study investigated gene expression in differentiating mouse
gonads at 10.5 and 11.5 dpc.?! The results obtained were consistent with those of Nef et al,*”
but with a larger number of dimorphic genes identified at 11.5 dpc, probably due to differ-
ences in normalization and data processing. Nef’s study was remarkable for the identification
of several differentially expressed genes for which human orthologs mapped to loci associated
with sexual disorders. These three studies demonstrate the existence of strong expression pro-
grams in both the developing testis and the ovary, calling into question the notion that ovary
differentiation is the “default” pathway of gonad differentiation. One 2D §el—based proteomic
study recently investigated gonad development during sex determination.*” The authors com-
pared whole gonads from mice 13.5 dpc and demonstrated differential expression between
male and female gonads for 36 protein spots (6% of the total), three of which they went on to
identify. The smaller proportion of proteins than of genes displaying differential expression®®
(10%) may be due to the larger amounts of protein required for visualization on a 2D gel. This
would favor the detection of ubiquitous proteins, which are likely to be produced in larger
amounts. Although only three proteins displaying differential expression between male and
female gonads were identified, none of the corresponding transcripts was demonstrated as
differentially expressed in any of the transcriptomic experiments described above. One protein
displayed a specific phosphorylation pattern in male extracts. This pattern clearly could not be
picked up through a transcriptome-based approach, and indicated the presence of potentially
more abundant or active kinases in male gonads.
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Figure 1. Testis or ovary? During embryological development, a unique anatomical structure
present in both males and females, the “bipotential” gonad, is formed before the sexually dimor-
phic gonads. The differentiation pathways underlying the morphological and functional differ-
ences between the testis and ovary are driven principally by the expression of a single gene in
the somatic cells of the XY gonad, SRY, at about embryonic day 11.5 in the mouse. SRY:
sex-determining region Y.

Gene Expression Profiling in Spermatogonial Cells

The molecular identity of spermatogonial cells and the signaling events triggering their
renewal or entry into spermatogenesis remained largely unknown until recently. Several studies
aimed to establish reference proteome maps for these cells, with the aim of gaining insight into



20 Molecular Mechanisms in Spermatogenesis

their biology (Fig. 2). These studies included proteomic analyses of cultured primordial germ
cells from chicken® and freshly isolated rat spermatogonia.** Another study provided infor-
mation about discrete low-copy number proteins, through the prefractionation of protein cell
extracts on 2D gels with a narrow pH range.!! This work is currently being pursued, with
reverse-phase HPLC used to separate the extracts into subproteome pools before protein iden-
tification (Couvet et al, unpublished). Global approaches of this type, designed to decipher a
static proteome, should be rewarding in the long term. Indeed, the availability of genome
sequence data has generated an urgent need for systematic protein identification for elucida-
tion of the encoded protein networks governing cellular function. Large-scale protein-protein
interaction maps have generally been based on results obtained with the yeast two-hybrid sys-
tem, which detects only binary interactions (for review, see ref. 35). However, the advent of
highly sensitive protein identification methods based on mass spectrometry has made it fea-
sible to identify protein complexes directly, at the proteome-wide scale (for review, see ref. 18).

The identification of several spermatogonial markers and the recent development of culture
systems in rodents have made it possible to carry out gene expression profiling on spermatogo-
nial cells in various developmental states (Fig. 2). Hamra et al used enriched preparations of rat
spermatogonial stem cells (SSC) (type I collagen-non-binding/laminin-binding germ cells)
cultured on different feeder cell lines to identify genes associated with the maintenance (on
MSC-1 cells) or loss (on STO cells) of stem cell activity.3 ° As many as 248 genes were found to
be downregulated during the loss of stem cell activity, their level of transcription remaining
stable whilst this activity was maintained. These genes are therefore probably involved in

Gene expression
profiling of SSC
undergoing
self-renewal Germ
or differentiation cells
in rodents®®

Downstream
genesof Plzfin ~ Spematogonial
spermatogonia stem cel
from Plzf-null
mice3®

Sertoli cell

Sertolian factors:
- Sertolian and downstream germline genes altered in ERM- mice®
- Effects of GDNF on mouse SSC'’s gene expression®”: 40

Figure 2. Pathways for the self-renewal and differentiation of spermatogonial stem cells (SSC).
The daily production of millions of spermatozoa in mammals is ensured by the presence within
the male germ line of stem cells able to maintain their own stock and to differentiate and
continuously initiate new waves of spermatogenesis. The balance between proliferation, differ-
entiation and the maintenance of spermatogonial stem cells is governed by intrinsic factors, such
as PLZF, and by signals from the testicular stem cell niche, including Sertolian signals, such as
GDNF or ERM. GDNF: glial cell line-derived neurotrophic factor; ERM: Ets-related molecule;
PLZF: promyelocytic leukemia zinc finger.
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self-renewal rather than differentiation. The authors focused on a subset of 115 genes for which
mouse homologs also displayed downregulation during germ cell differentiation in vivo, in-
cluding Bcl6b (see below, ref. 37). Mean expression levels for these genes, referred to as the
“stem cell index” (SCI), were strongly correlated with SSC activity, and with the expression of
individual genes, such as Erg3, expressed only in undifferentiated stem cells. Other studies have
investigated specific pathways related to single factors involved in SSC self-renewal and
spermatogonial differentiation, as demonstrated by targeted disruption in the mouse. Zfp145-null
mice lack a transcriptional repressor specifically expressed in spermatogonia in the testis
(promyelocytic leukemia zing finger, PLZF) and are unable to maintain their spermatogonia.
An analysis of gene expression in isolated spermatogonia (a°~integrin-positive cells) from
one-week-old mutant mice identified more than 230 genes as differentially expressed with
respect to the wild type.?® Analyses of gene expression have also been used to investigate the
signaling pathway triggered by the sertolian factor Ets-related molecule (ERM) in mutant mice
with impaired spermatogenesis during adulthood.* The authors studied total testes from
four-week-old mice—no obvious phenotype being visible at this age—and identified specific
alterations in the pattern of expression of many spermatogonial genes, thereby demonstrating
an effect of ERM on the SSC/spermatogonial expression program. They also showed that a
large number of genes were differentially expressed in isolated Sertoli cells. The genes con-
cerned were found to encode secreted factors previously reported to regulate the hematopoietic
stem cell niche, and which also seemed to regulate SSC behavior. The SSC self-renewal and
differentiation pathways mediated by one such factor, the glial cell line-derived neurotrophic
factor (GDNF), have also been analyzed by gene expression profiling experiments.*”** Hofmann
et al sorted GRFa-1 (the GDNF coreceptor)-positive germ cells from six-day-old mice after
isolation by sedimentation under gravity and differential plating. They monitored the gene
expression profiles of these cells cultured in the presence or absence of GDNF for 10 hours.*°
They identified more than a thousand genes differentially expressed in the presence and ab-
sence of GDNF and focused on one upregulated gene, that encoding fibroblast growth
factor-receptor 2 (FGFR2). They found that bFGF amplified the proliferative effects of GDNF
on SSC in culture and concluded that GNDF rendered germ-line stem cells more responsive to
bFGE. Oatley et al cultured Thy1-positive cells from adult mice on STO feeders (which do not
maintain SSC activity), with or without GDNF/GFRa-1.%” They identified 199 genes that
were downregulated 18 hours after the elimination of GNDF/GFRo-1 from the medium
(“self-renewal”-associated genes) and 79 genes that were upregulated in these conditions
(“differentiation”-associated genes). They found 193 and 63 genes to be upregulated and
downregulated, respectively, following the reintroduction of GDNF/GFRa-1 (2, 4 and 8 hours
later). They then focused on the transcriptional repressor gene Be/b6, one of the six genes both
downregulated following the elimination of GDNF/GFRo-1 and upregulated following its
reintroduction, regardless of the reintroduction time (these genes also included Egr3, see above
ref. 36). The pattern of changes in Bc/b6 expression demonstrated that the protein encoded by
this gene played a significant role in SSC maintenance. In vitro, cultured SSC treated with
Bclb6-siRNA were smaller, fewer in number and had a lower colonization capacity than un-
treated cells, whereas, in vivo, Bclb6-null mice were found to have a higher proportion of
tubules displaying impaired spermatogenesis than wild-type mice. These studies have identi-
fied many factors as involved in SSC signaling pathways, but they also highlight the impor-
tance of these factors for other stem cell lineages. These findings suggest that the expression of
a specific combination of factors, with its own specific regulatory system, rather than the ex-
pression of germ line-specific factors may account for the unique ability of SSC to promote
spermatogenesis (see below).

Postnatal Testis Development and Spermatogenesis
The development of germ cells through spermatogenesis is probably the aspect of male
reproduction most frequently investigated in large-scale experiments. Spermatogenesis—an
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amazing cellular differentiation process leading to the daily production of millions of sperma-
tozoa—involves the coordinated expression of specific genes and the generation of specific
gene products at each step of the process, together with continuous communication between
developing germ cells and testicular somatic cells.!

Basic strategies have been used to address this issue through the global characterization of
genes and proteins expressed in the testis or germ cell-enriched samples of animals, from inver-
tebrates through to humans (Fig. 3). These strategies include the systematic identification of
chromatin-associated proteins in C. elegans germ cells,*! insoluble chromatin-associated pro-
teins in mouse elongated spermatids,* testicular proteins in pig'® and mouse*® and analysis of
germline gene expression in C. elegan:,44 mouse?>%° and human?” testis. Some of these studies
used filtering strategies to identify germ line-specific, male germ line-specific or testis-specific
genes and proteins, but none was able to provide meaningful results deepening our under-
standing of spermatogenesis, given the amount of data generated and the various cell types
from which they originated.

Several groups have also undertaken more sophisticated analyses, based on different
strategies, to identify genes or proteins preferentially or specifically expressed at each stage
of spermatogenesis. One of these strategies involved comparisons of different categories of
purified germ cells, combined with a SAGE experiment in mice,*® GeneChip microarray
experiments in mice?>! and rats,’>*! or differential proteomic analysis in the rat'® (Fig.
3). Another involved comparisons of total testis samples from animals of various ages
during the first wave of spermatogenesis, in mice, and involved differential display analy-
sis,”® spotted PCR microarray experiments®*>> and GeneChip microarray experiments*>°
(Fig. 3). Both strategies have advantages and disadvantages. The use of isolated cells makes
it possible to detect the differential expression of transcripts produced in only small amounts
that could not be detected in total testis samples, but the time-consuming isolation proce-
dures required may also alter the expression pattern. Conversely, the use of total testes
overcomes the problem of artifacts related to sample preparation and can allow more pre-
cise profiling by increasing the number of time points analyzed. However, the observed
changes in expression cannot be unambiguously attributed to any particular cell type.
Indeed, during the postnatal testis development, the changes in expression observed in
such experiments result not only from the different types of germ cell, but also from the
various somatic cells, which may display changes in expression pattern during this pe-
riod.””*® This matter was partially resolved by Shima et al, who used both approaches in
parallel.*’ They first identified transcripts particularly abundant in each cell type (isolated
type A and B spermatogonia, pachytene spermatocytes, round spermatids, Leydig cells,
Sertoli cells and peritubular cells) and then monitored levels of these transcripts during
the ontological development of the testis. They found that the pattern of gene expression
during postnatal development was consistent with the cell type of origin for most tran-
scripts. For example, somatic and premeiotic genes displayed a rapid decrease in expres-
sion due to their “dilution” by the genes expressed in maturing germ cells, whereas meiotic
and postmeiotic genes displayed a dramatic increase in expression from puberty onwards.
This suggests that neither changes in expression during isolation nor the diversity of cell
types in total testis samples pose a real problem for the monitoring of spermatogenesis.
Correlations have also been reported between expression profiling experiments, not only
between purified germ cells and total testis samples, but between species.” Indeed, the
high reproducibility of commercial GeneChips makes cross-species comparisons and the
inclusion of external data possible (see below ref. 51). Furthermore, PCR microarrays can
be used to identify new genes or transcripts not yet picked up. This advantage is clearly
illustrated by two studies using spotted PCR microarrays consisting of testis-subtracted
and germ cell-enriched libraries to investigate the testicular transcriptome of mice carry-
ing Y-chromosome deletions.””®® These studies identified several new X- and Y-linked
spermatid transcripts as up- or downregulated. These transcripts and the corresponding
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Figure 3. Deciphering spermatogenesis through expression analyses. Spermatogenesis is a com-
plex, coordinated and continuous process by which spermatogonia give rise to mature sperma-
tozoa. In rodents, the first wave of this process starts a few days after birth, when gonocytes
(prespermatogonia) resume proliferation and become undifferentiated spermatogonia or
spermatogonial stem cells. Once SSC are engaged in differentiation process (i.e., they become
differentiated spermatogonia) they undergo six successive mitotic divisions, giving rise to meiotic
spermatocytes, which go through two consecutive divisions, with a single round of DNA repli-
cation, to give rise to haploid spermatids. The final step in spermatogenesis consists of the
transformation of spermatids into spermatozoa and is called spermiogenesis.

genes were difficult to identify as up- or downregulated, because of the many multicopy
gene families found on gonosomes.

The use of these different approaches has led to the identification of thousands of genes
differentially expressed during germ cell development. This massive body of data is of great
interest for an overall understanding of spermatogenesis, but its mining for the identification
of key factors remains a huge challenge, as high-throughput in vivo gene inactivation is not yet
feasible in rodents. Many other strategies are possible, including identification of the genes
operating downstream from relevant transcription factors®"®* and focusing on testis-specific
genes or genes conserved throughout evolution. We recently compared mouse, rat and human
spermatogenesis transcriptomes.’’ Several thousands of genes were found to be differentially
expressed in the three species, and about one thousand orthologs were identified. It was not
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possible to prepare some samples for humans, so we instead based our comparison of expres-
sion patterns on the high degree of correlation between rodent profiles. This filtering strategy
identified 888 orthologs with patterns of expression conserved, not only in rodents, but also in
humans, suggesting that strong selection constraints operate, allowing these orthologs to achieve
their functions at a given step. We also compared our data with those available for 17 somatic
tissues from mice and found that most of the testis-specific genes were actually meiotic and
postmeiotic genes. These findings indicated that the functional identity of both Sertoli cells
and spermatogonia was probably more closely related to the expression of a specific combina-
tion of genes rather than to the expression of very specific genes.

In addition to these analyses of testis and germ cell expression patterns at the transcriptome
or proteome levels, several studies have also investigated correlations between such data or have
tried to take the regulation of translation into account in their experiments. Multidimensional
protein identification technology (MudPIT) identified more than 1600 proteins in a human
tissue-profiling experiment, and it was possible to compare the expression profiles of 683 of
these proteins unambiguously with those obtained in microarray experiments.®* Surprisingly,
the gene expression profiles of all organs tissues clustered together, as did the protein expression
profiles of these organs indicated that transcriptome or proteome patterns from different or-
gans were more similar than were transcriptome and proteome patterns for the same organ.
Differences in sensitivity between methods may bias data comparisons, accounting for these
results. However, the authors also found that the testis displayed the weakest correlation be-
tween transcriptome and proteome data of any of the eight organs studied, with a correlation
coefficient of 0.138, whereas the liver displayed the strongest correlation, with a correlation
coefficient of 0.432. This weak correlation may be the consequence of particular aspects of
gene/transcript regulation during spermatogenesis, such as mRNA storage in free RNP par-
ticles with repressed translation or delays between transcription and translation. This issue was
specifically addressed in a microarray experiment monitoring the movement of mRNAs be-
tween RNPs and polysomes during meiotic and postmeiotic mouse testis development.®> More
than 700 translationally regulated transcripts (with redistribution of at least 20% of mRNAs
between the free RNPs and the polysomal fractions) were identified. Most of the transcripts
identified displayed an upregulation of translation during late spermiogenesis, a common regu-
latory mechanism compensating for the cessation of transcription from mid-spermiogenesis
onwards. A small cluster of meiotic mRNAs translated only in postmeiotic cells was also iden-
tified. The translational regulation of the genes identified in this study may not necessarily lead
to a significant difference in RNA and protein expression profiles. For example, an mRNA may
be produced in large amounts but inefficiently translated at one stage, whereas it may be pro-
duced in small amounts but efficiently translated at another. It is entirely possible for there to
be larger amounts of protein present in the first of these cases than in the second, despite the
much lower translation efficiency. Several genes identified by Iguchi as displaying translational
regulation were found to have similar mRNA and protein expression patterns in our
transcriptome’’ and proteome'® data for male germ cells in the rat (Table 1). Conversely,
certain genes with divergent RNA and protein patterns were not found to be translationally
regulated.®> These apparent discrepancies may be accounted for by differences in the species
studied. However, some of our rat data profiles were confirmed by in situ analyses in mice. The
observed discrepancies may also result from additional mechanisms affecting the ratio of tran-
script to protein, such as protein stability and turnover.

Focus on Spermatozoa

Transcriptomics usually generates larger datasets than proteomics, but spermatozoa are a
special case, for which proteome-based studies have probably generated more relevant data.
Most of the studies described in this review were carried out on rodents or non mammalian
models. Human samples have been widely studied only in investigations concerning sperm
constituents and fecundation. Such studies are therefore the only studies in which human
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physiopathology has been addressed directly. Spermatozoa are transcriptionally inactive and
contain only very small amounts of RNA. Nevertheless, several groups have investigated the
human sperm transcriptome, through both microarray-based experiments®*®”%® and SAGE
library construction® (Fig. 4). These studies highlighted an unexpected diversity of mRNA
species and led to two major conclusions: (1) The RNA content of spermatozoa is representa-
tive of spermatogenesis and can therefore be used to assess sperm quality and/or to explore
certain cases of male sterility and (2) the spermatozoon may deliver more than just its DNA to
the oocyte. It may also concern coding and noncoding transcripts playing an important role in
early zygote development. However, it remains difficult to discriminate between the thousands
of sperm transcripts that will be translated into “true spermatozoon proteins” and residual
transcripts used at earlier steps of spermatogenesis.

The possibility of recovering large numbers of spermatozoa in highly pure preparations has
led to many groups trying to decipher the proteome of mature male gametes. Various strategies
have been used (Fig. 4). Martinez-Heredia et al aimed to map the human sperm proteome,
using 2DE combined with MALDI-TOF MS, leading to the resolution of over 1000 protein
spots and the unambiguous identification of 98 proteins.”” More detail of the human sperm
proteome emerged from the differential extraction of proteins followed by nano-LC-MS/MS
analysis.”! This approach led to the identification of 1760 proteins (of the 2300 predicted by
the authors to be present in human sperm), constituting the largest catalog of proteins poten-
tially involved in or important for fertilization and a myriad of potential contraceptive targets.
In an experiment similar to that carried out by Martinez-Heredia, but with greater success, 382
of 600 2DE protein-spots, corresponding to 342 unique proteins, were identified in the Droso-
phila melanogaster sperm proteome. These proteins include several conserved throughout evo-
lution, from invertebrates to mammals, and crucial for sperm function.”?

In addition to these attempts to characterize the complete sperm proteome, several studies
have involved the use of sample prefractionation, making it possible to investigate the protein
content of diverse subcellular compartments of spermatozoa, leading to localization of the
proteins identified. This, in turn, makes it possible to formulate hypotheses concerning the
processes in which these proteins are involved. Protein localization and the formulation of
hypotheses relating to protein function are two prerequisites for proteome analysis, as defined
by Anderson.” Such analyses have focused on the flagellum and/or fibrous sheath, acrosomal
content and sperm head membrane (Fig. 4). Sixty proteins from the accessory structures of
mouse sperm flagellum—the outer dense fibers, fibrous sheath and mitochondrial sheath, re-
covered by sucrose density gradient centrifugation of SDS-resistant tail structures—were iden-
tified by 2DE combined with MALDI-TOF/TOF-MS/MS.”* Four of eight proteins identified
were also found in the human sperm fibrous sheath.”” Both the acrosomal content (soluble
proteins released after the acrosomal reaction) and membrane constituents (surface-biotinylated
proteins of intact sperm and proteins from acrosomal vesicles released after acrosomal reaction)
were investigated in mouse by 1DE combined with HPLC-MS/MS identification, so as to
focus on proteins likely to be involved in fecundation.”® Several hundred proteins were identi-
fied, 114 of which were predicted to be transmembrane or signal peptide-containing proteins.
One third of male mice with the corresponding gene deletions were found to be sterile or
subfertile, onfirming the pertinence of this strategy.

Proteomics has also been used for the investigation of posttranslational modifications during
sperm maturation and capacitation and for the identification of proteins responsible for some of
these modifications (Fig. 4). Thus, 2D-DIGE has been applied to rat spermatozoa from the
cauda and caput epididymis, to highlight changes in protein profile during the transit of the
sperm through the epididymis.”” Significant differences were observed for 60 protein spots, and
eight proteins were identified by MALDI-TOF MS, including one protein undergoing serine
phosphorylation as demonstrated by 2D western blotting. Non capacitated and in vitro capaci-
tated mouse spermatozoa were also compared, to investigate membrane protein redistribution
during capacitation.”® In total, 27 proteins were shown to be dissociated from lipid rafts and,
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therefore, potentially involved in the signaling pathways associated with the initiation of capaci-
tation. These signaling pathways included tyrosine phosphorylation, a major process that has also
been specifically addressed in proteomic studies. Combining anti-phospho-tyrosine 2D western
blots, IMAC, post-IMAC dephosphorylation and LC-MS/MS analysis, Ficarro et al reported the
identification of more than 60 phosphorylation sites in 15 proteins from human capacitated
sperm and 16 additional proteins undergoing tyrosine phoshorylation during capacitation.”” Pro-
teins potentially responslble for these tyrosine phosphorlatlon events were 1nvest1gated in capaci-
tated bull sperm.®” A cytosolic fraction enriched in tyrosine kinase activity was generated by
poly-Glu-Tyr affinity chromatography, with MALDI-TOF MS, QTOF MS and LC-MS/MS
analyses subsequently used to identify 126 proteins.

Finally, several groups have used antisperm antibodies (ASA) from seminal plasma to identify
proteins potentially involved in immunological diseases causing infertility. Six and four proteins,
from membrane extracts of normal human and mouse sperm, respectively, were identified on 2D
western blots with human ASA.#'%3 A similar approach was also used to identify seven. testicular
proteins recognized by sera from rats subjected to experimental autoimmune orchitis.®

Hormonal Regulation of Spermatogenesis

Spermatogenesis is regulated by two gonadotropins released from the anterior pituitary in
response to GnRH stimulation: luteinizing hormone (LH) and follicle-stimulating hormone
(FSH). LH induces the synthesis of testosterone by Leydig cells, influencing the subsequent
development of peritubular and Sertoli cells, and then germ cells, whereas FSH directly in-
duces Sertoli cell division and differentiation, thereby increasing the spermatogenetic capacity
of the testis (Fig. 5).

FSH

In vitro cultures of rat Sertoli cells and transcriptomic experlments have led to the identifi-
cation of several hundreds of genes regulated by FSH treatment.®” Major effects, essentially
involving upregulation, were observed within the first eight hours, with fewer genes shown to
be altered 24 hours after treatment. Expression profiles for several genes previously shown to be
regulated by FSH were confirmed in the microarray experiment. However, as cultures at time
0 were used as a control (rather than untreated cells at each time point), it remains possible that
the changes in expression profile observed for several genes reflects natural changes in gene
expression by Sertoli cells during culture. Sadate-Ngatchou et al evaluated the testicular effects
of FSH in VlVO using hypogonadal (/Jpg) mice, a model in which circulating LH and FSH are
undetectable.® As in the in vitro experiment, most of the effects were observed shortly after the
FSH treatment (within 4 hours) and corresponded to an overall increase in gene expression.
Hundreds of transcripts displayed differential expression profiles, including some encoding
proteins with relevant molecular functions, such as DNA and RNA metabolism, particularly
after four hours. By contrast, transcripts encoding proteins involved in cell adhesion, cell growth,
cell communication and signal transduction displayed differential expression profiles through-
out the analysis. Testicular regulation by FSH was also investigated by immune suppression,
with 60 genes 1dent1ﬁed as differentially expressed in 18 dpp rats after four days of anti-FSH
antiserum injections.” These genes included some already known to be regulated by FSH and/
or identified in the other transcriptomic studies, and additional genes involved in the cell cycle.
There is a marked correlation between in vitro and in vivo effects, as FSH receptor expression
is strongly restricted to Sertoli cells. However, it is impossible, in studies carried out in vivo, to
distinguish between genes directly altered in Sertoli cells and genes indirectly altered in other
cell types (particularly germ cells) in response to Sertoli cell stimulation. This is particularly
true of immunosuppression experiments, in which expression profiling is carried out several
days after the reduction/suppression of circulating FSH is observed.
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Figure 5. Hormonal regulation of spermatogenesis. Testis development and its capacity to sup-
port spermatogenesis depends heavily on endocrine regulation. In the testis, follicle-stimulating
hormone exerts its specific effects on Sertoli cells by binding to the FSH receptor. Luteinizing
hormone binds to the LH receptor on Leydig cells, thereby promoting testosterone synthesis and
secretion. In turn, testosterone acts on Leydig cells themselves and on peritubular and Sertoli
cells, via the androgen receptor. Therefore, both follicle-stimulating hormone and testosterone
act on Sertoli cell physiology and the ability to drive germ-cell development. FSH:
follicle-stimulating hormone; #: FSH receptor; LH: luteinizing hormone; 9: LH receptor; T:
testosterone; *: androgen receptor.

Androgens

The égg mouse model has been used to investigate the regulation of spermatogenesis by an-
drogens.*® As hpg mice lack LH, they have little or no detectable testosterone (T). Two experi-
ments were carried out to evaluate the effects of T on immature testes of /pg mice not previously
exposed to androgens (24-hour time course experiment after a single injection of T) and more
mature testes progressing through spermatogenesis (a single experiment 4 hours after an injection
of T in /pg mice previously treated with T for a period of five days, followed by a 14-day washout
period). Unlike the effects of FSH, the early effects of T' (within the first 12 hours) on testicular
expression profiles were weak, consisting of an overall decrease in expression, whereas later effects
(after 24 hours) were more marked and resulted in an increase in gene expression. Interestingly,
most of the genes affected by T also showed a decrease in expression, but very few genes were
retrieved in both experiments, suggesting that the primary effects of androgens in the testis at the
onset of spermatogenesis are different from those in more mature testes in which spermatogenesis
is already occurring. Early transcriptome alterations (4-16 hours) following testosterone injec-
tions were followed in neonatal mouse (8dpp) testes in another study by the same group.®” Sev-
eral hundreds of genes differentially expressed in treated and untreated animals were identified,
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but only a few correlations with the results of the previous experiment were observed, probably
due to the lack of FSH in /pg mice and/or of the non physiological amounts of T administered to
neonatal mice.

In a different approach, ABP-transgenic mice, a model of chronic androgen depletion, have
been used for the identification of genes regulated by testosterone.”® This study highlighted sev-
eral hundreds of genes as differentially expressed in 30 dpp WT and ABP-transgenic mice, most
of these genes being upregulated in the transgenic mice. Statistical analyses identified several
pathways/functions displaying significant alterations, including genes encoding proteins involved
in cell adhesion, proteolysis and peptidolysis, the GPCR signaling pathway, cytokine and growth
factor activity. Finally, the authors investigated possible interactions between the genes high-
lighted in a functional network analysis, and identified several proteins (including interleukins 2,
4, 6 and 10, MYC, AGT and MAPKS) likely to be key factors in the effects mediated by andro-
gens, based on the large number of interactions in which they were engaged.

As the androgen receptor (Ar) is expressed in peritubular cells, Leydig cells and Sertoli cells,
the changes in gene expression reported in the three studies above cannot be assigned to any
particular cell type. Several groups have therefore addressed the issue of spermatogenesis regu-
lation by androgens in mutant mice displaying Sertoli cell-selective knockout of the androgen
receptor Ar (Arinvflox(ex1-neo)/Y;Tg (Ambh-Cre) mice,”?2 SCARKO mice®®). In one study, the
testicular transcriptomes of two-month-old wild-type (WT) and mutant mice were compared
and about 60 genes with altered expression patterns (up- or downregulated by a factor of at
least two) were highlighted.”" A downregulated gene, claudin 3 (Cln3), was then studied, as
this gene had a putative androgen response element in its promoter and was therefore thought
likely to be a direct target of androgens. The Cln3 protein is specifically expressed and located
in newly formed tight junctions (T]Js) and mutant mice seemed to display greater permeability
to small molecules despite the persistence of other TJs components. It was therefore suggested
that androgens may regulate the permeability of the blood-testis barrier.

In another study, Denolet et al compared the testicular transcriptome of 10 days post partum
(dpp) SCARKO mice and their control littermates.”® They identified several hundreds of genes
differentially expressed in these two groups of mice at this age, about 40 of which displayed a
change in expression by a factor of at least two, most of which were underexpressed in SCARKO
mice. A significant proportion of the downregulated genes were related to MAPK activity and
serine-type endopeptidase activity, whereas a significant proportion of upregulated genes were
associated with cell cycle regulation, cell growth, cell adhesion and signal transduction. The
expression profiles of genes identified as differentially expressed at 10 dpp during prepubertal
development (from 8 to 20 dpp) in WT and SCARKO mice were also monitored. All genes
displaying transient upregulation in the WT during this period were found to be downregulated,
as early as 8 dpp, in SCARKO mice. This suggests that androgens play an important role in
initiating meiosis.

Although these last three studies all addressed the specific question of the role of androgens
in Sertoli cells,”'** they all highlighted several genes potentially only indirectly regulated by
androgens, as the animals used for these experiments were several days to several weeks older
than the age at which Ar is first detected in the Sertoli cells (3 to 5 dpp). Screening for potential
androgen response elements (AREs) within the genomic sequences of genes found to be differ-
entially expressed in wild-type, Arinvflox(exI-neo)/Y and Arinvflox(ex1-neo)/Y;Tg (Amh-Cre)
mice was carried out to address this problem.’” This study identified more than 3000 putative
AREs within 59 genes, 108 of which were also conserved in 32 human orthologs. Other ex-
periments with neonatal and /pg mice focused on very early events more likely to be directly
mediated by androgens, but the cell types (i.e., Leydig cells, peritubular cells or Sertoli cells)
responsible for these events could not be distinguished.®®*? Very little overlap was observed
between these studies for these issues. Many studies have shown that the effects of androgens
during spermatogenesis are probably mediated by gene repression, consecutively modifying
junction dynamics and tubular remodeling.
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Evolution and Reproduction

The genome sequences available for several species have proved a highly useful resource for
phylogenic studies and taxonomic classification, and have made it possible to investigate
genome-wide changes in gene expression. Khaitovich et al used probes targeting identical se-
quences in the human and chimpanzee genomes (94% of probes) to investigate gene expres-
sion patterns in five organs within and between these two species.”® They found that a neutral
model with negative selection and divergence time as the major factors was a useful null hy-
pothesis for studies of both genome and transcriptome evolution. The testes—which displayed
the most rapid divergence of both transcriptome and expressed gene sequences between the
two species, suggesting positive selection in terms of both expression and sequences—and the
brain—which displayed the lowest level of divergence—were exceptional in terms of their gene
expression patterns. It was also shown that brain genes displayed the lowest diversity of expres-
sion within species (i.e., divergence between individuals) of the organs tested, closely followed
by testicular genes. It was also found that expression in the testis was associated with the largest
number of significant reductions in diversity in organs other than the testis, suggesting that
strong selective constraints on genes, rather than a weak influence of the environment, ac-
counted for the low level of diversity of gene expression in the testis. A surprising result was
obtained in a similar experiment carried out with different mouse strains.” In mice, the testis
was again found to be the organ with the highest divergence in gene expression between species
and with the lowest diversity within both species and subspecies. However, in this study, the
testis also displayed the lowest level of divergence between subspecies. The authors therefore
suggested that the early phase of speciation may not be driven by regulatory changes in genes
that are potential targets of sexual selection, and that the divergence in these genes is estab-
lished only during a later phase of the speciation process. In addition to such studies investigat-
ing quantitative changes in gene expression, the issue of qualitative changes in gene expression
has been addressed by comparing splicing events in mouse and human tissues.”® By combining
the comparison of genomic sequences, the mapping of transcripts to genomic sequences and
microarray expression data, the authors identified conserved and divergent alternative splicing
events in more than ten thousand mouse and human orthologs. They found a strong correla-
tion between the levels of conserved splice forms in mouse and human genes, suggesting that
the functionally important splice forms were established largely before the divergence of hu-
mans and rodents and have since been maintained. These results confirm previous results in
humans, showing levels of alternative splicing to be highest in the testis and brain,”””® but the
testis was found to display the largest number of divergent splices, whereas the brain had the
highest number of conserved splices. These results suggest that strong evolutionary forces act-
ing on the brain and testis have led to opposite evolutionary profiles but have tended to have
similar effects on genomic sequence, gene expression and alternative splicing levels.

The available annotated genome sequences make it possible to map genes expressed in several
processes to chromosomal locations. This approach has again generated particularly relevant ob-
servations in the field of male reproduction. In their investigations of the correlation between
sequence and divergence in the pattern of gene expression in apes, Khaitovich et al observed that
only testis-divergent genes were significantly clustered together on a particular chromosome, the
X chromosome. They also found that genes expressed in the testis and located on the X chromo-
some displayed significantly higher levels of sequence divergence than other genes.”* No such
significant enrichment of the X chromosome in testis-divergent genes could be found between
mouse species or subspecies, probably due to the small sample size considered.”” The use of
statistical tests is essential in chromosome assignment studies, as gene density varies within and
between chromosomes. For example, genes identified during a SAGE analysis of human sperm
were considered to be non randomly distributed on chromosomes, with the X chromosome
being the third poorest in terms of testicular genes based on the density of expressed genes as a
function of the number of expressed genes per million base pairs, but this analysis did not take
into account the overall density of genes on each chromosome.®” By contrast, several studies have
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analyzed the chromosomal location of testicular genes, using various statistical tests: a proteomic
analysis of sperm chromatin in D. melanogaster,* a microarray experiment of the germ line in C.
elegans, 4an analysis of large-scale microarray-based gene expression data and of the distribution
of ESTs in various mouse libraries”® and a SAGE analysis of mouse total testis,® all of which also
concluded that X-linked genes were underrepresented in the testis or male germ line. However,
these results must be interpreted with caution, given the conflicting results published concerning
the expression of X-related genes at the different stages of spermatogenesis considered indepen-
dently. We observed a complete exclusion of X-related gene products from the meiotic clusters of
rodents and humans, whereas these genes were preferentially expressed in somatic Sertoli cells,
spermatogonia and spermatids, at least in rodents.’' These results confirm and extend previous
gene expression profiling findings for rat testicular cells, developing mouse testis and Spo11 mu-
tant mouse testis.”’ Another experiment, using the same microarrays as Chalmel et al, addressed
the specific issue of the expression of genes on the sex chromosomes in mouse germ cells. How-
ever, as the authors compared the mean expression of X-related genes between samples rather
than comparing the number of genes expressed with that expected by chance, they concluded
that the X chromosome underwent persistent inactivation after meiosis.”® These studies seems to
indicate that two main counteracting evolutionary forces affect the distribution of male-biased
genes, one force removing these genes from the X chromosome and the other force adding them.
Finally, several studies have investigated the location of testicular genes on chromosomes. They
have reported, as in many other organs, the existence of a large number of clusters of genes or
enriched loci, 3 44:45:50:51.72100.101 T ege lysters may be of physiological relevance and are sug-
gestive of potential enhancers or common regulatory elements. However, careful consideration of
the results is again required, taking into account whether statistical tests were used, and further
promoter analyses and validations are required.

The Complexity of Data Analysis: Towards Holistic Biology

of Spermatogenesis

Recent advances in genomics and the results obtained with new technologies for large-scale
gene expression analyses have greatly improved our knowledge of male reproduction, by mak-
ing it possible to investigate the molecular mechanisms underlying this process throughout the
genome. The studies reviewed here have led to the identification of factors likely to be of
importance for particular steps in testicular development or required for male fertility. How-
ever, most of these studies have failed to exploit the large amounts of data generated by such
high-throughput approaches to provide useful and meaningful results to enhance our overall
understanding of the cellular events involved. Several strategies have been used, focusing on a
restricted group of relevant genes or proteins likely to be selected for further investigations.
Such strategies include tissue-profiling experiments and cross-species comparisons for the de-
tection of testis-specific genes or genes conserved through evolution, the specific and conserved
expression profiles of which may be correlated with essential functions (Fig. 6). These filtering
processes have been demonstrated to be efficient for identifying the key factors from very long
lists of candidates, but they cannot bridge the gap between the identification of thousands of
coexpressed genes or proteins and an understanding of the connections between them, provid-
ing the ultimate explanation of the correct progression of a complete biological process.

Elucidation of the complete set of transcriptional regulation mechanisms leading to the
coordinated expression of a full set of functional products and identification of the protein
network interactions occurring during normal testis and germ cell development are crucial to
an understanding of pathological disorders of the human testis and their origins. In the last
few years, considerable effort has been made to integrate data from large-scale experiments
and to develop tools enabling researchers not only to describe a group of genes or proteins
with similar expression profiles, but also to develop new hypotheses from their analyses. One
way of analyzing such experiments is to use the gene descrié)tions (annotations) of the Gene
Ontology (GO) Consortium for functional data mining.1 2 The GO Consortium provides
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the scientific community with predictions concerning gene function, the process in which
the gene product is involved and subcellular components with which the gene product is
associated, using a controlled and structured vocabulary (ontologies). This makes it possible
to evaluate whether a particular set of genes or proteins has annotations enriched in GO
terms, and thus to demonstrate objectively that specific functions are significantly associated
with a given process. This approach is still quite descriptive, but it may facilitate the identifi-
cation of unexpectedly important pathways and the prediction of functions for uncharacterized
genes. Furthermore, it can provide additional insight into observed transcriptional profiles
and/or may facilitate the identification of genes or proteins belonging to the same complex
from sets of coexpressed genes or proteins. Such multifaceted analysis was recently proposed
as a way of deepening analyses of data from a gene expression profiling study of the male
germ line.'® These authors used in silico promoter analysis to evaluate the occurrence of
known transcription factor binding sites (TFBSs) within the regulatory sequences of genes
coexpressed during mouse spermatogenesis. Combining TFBS predictions, DNA conserva-
tion and high-quality expression data, they found that the cAMP response element of the
spermiogenesis-related factor Crem was indeed significantly more abundant in the genomic
regions of loci specifically expressed in the mouse testis- specific post meotic cluster than
would be expected by chance (Fig. 6B). The systematic extension of such analyses should
make it easier to identify and to discover relevant regulatory elements involved in the estab-
lishment of the germline expression program. The authors also investigated the use of data
for a large protein network now available for validating the biological significance of clusters
of coexpressed genes in terms of protein complexes. They focused on a small group of genes
selected by filtering on the basis of testis-specific expression and conserved expression in
mammals and for which at least one interacting factor had been identified. This analysis
yielded 87 interacting factors for the initial set of 15 genes, corresponding to genes expressed
in the testis and other genes not detected on microarrays (Fig. 6C). The large number of
interactions detected for genes shown to be important for male reproduction also clearly
demonstrates the relevance of this approach for the confirmation and extension of expression
dara. Finally, transcript and protein expression profiles were compared during male germ cell
development, leading to the detection of several genes displaying apparently delayed tran-
scription and translation during spermiogenesis. An analysis similar to that for genomic se-
quences could be carried out to identify known or new motifs within untranslated regions in
such transcripts, making it possible to predict the involvement of specific RNA-binding pro-
teins in these translation regulation mechanisms during spermatogenesis. We are currently
initiating such a project in our laboratory. As an example, the discrepancy between mRNA
and protein expression levels during germ cell differentiation was confirmed for
minichromosome maintenance protein 7 (MCM?7) and explained in part by the identifica-
tion of two additional transcripts in meiotic and post-meiotic germ cells which roles remain
to be elucidated (Fig. 7). In this context, a recent study by Liu et al'® reporting the identifi-
cation of a number of genes encoding mRNAs specifically subject to alternative 3'-processing
during meiosis and postmeiotic development, is of particular interest.

The study by Chalmel et al thus paves the way toward a systems-based analysis of male
sexual reproduction, by highlighting the possibility of bridging the gap between DNA se-
quence, transcriptional activity, and translation regulation, right up to the reconstitution of
functional protein complexes, at each step of spermatogenesis. Modeling of the entire process
of spermatogenesis will, however, remain a major challenge, as it must include regulation by
various hormones and continuous, complex communication between all the cell types present
in the testis. The magnitude of this challenge has recently increased, with the arrival of data
from the ENCODE project concerning exhaustive analyses of the transcription features of
about 1% of the human genome.!%1% This study has revealed the pattern of gene expression
to be much more complex than initially expected, with dispersed regulation and pervasive
transcription, together with an abundance of non coding RNAs, dramatically modifying cur-
rent notions concerning the nature of genes and their expression.
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Figure 6. Data mining: Going beyond expression profiles. (Figure adapted fromrref. 103). A) Filtering
strategy. Cross-species comparison and tissue profiling identified 80 testis-specific orthologs with
conserved expression patterns in mouse, rat and human spermatogenesis. Genes differentially
expressed during spermatogenesis were identified for each species. Differentially expressed genes
corresponding to orthologs represented on microarrays for all 3 species were identified, using the
HomoloGene database. Finally, expression data for 17 mouse somatic tissues downloaded from the
GEO web server were used to select testis-specific genes. SE, SPG, SC, ST, TU and TT correspond
to Sertoli cell, spermatogonia, pachytene spermatocyte, early spermatid, seminiferous tubule and
total testis samples, respectively. SO, MI, MEI and PM correspond to the somatic, mitotic, meiotic
and postmeiotic expression clusters, respectively. B) Promoter analysis. Automated multi-step
promoter analysis showed mouse testis-specific postmeiotic gene promoter regions to be specifi-
cally enriched in the CRE motif. We show here the results for Capza3, a gene also identified as
present within the interaction node of conserved and testis-specific genes (panel C). C) Interaction
network analysis. Data from IntAct, MINT and BioGRID were used to monitor interactions between
conserved and testis-specific gene products. Some proteins important for male reproduction were
found within these networks and were found to associate with a large number of interacting factors.
As notall the interacting factors were detected on microarray analyses, interaction network analysis
might help to extend expression data.
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Conclusions and Future Directions

The large series of “Omics” datasets for the testis collected to date constitute a valuable asset
for scientists and doctors working in the field of male reproduction. They may provide us with
insight into the molecular events controlling spermatogenesis and a more detailed understand-
ing of human reproductive disorders, making it possible to develop new therapeutic strategies.
The contribution made by many groups, through projects carried out on a small scale, as
reported here, is vital. The rational compilation of this enormous set of data in a repository
system, such as the GermOnline database'”” would itself be a very useful step before the
hypothesis-driven mining of the collected data with dedicated bioinformatics tools.

However, as Richard Ivell warned more than a decade ago, “A// that glisters is not gold”, and
it should be borne in mind that common testis gene transcripts are not always what they
seem.'” Furthermore, simply determining gene expression or protein levels may not be mean-
ingful. The way in which genes or proteins interact with other genes/proteins in response to
internal or external signals remains a key issue. Microarray profiling experiments bridge the
gap between DNA sequence annotation data and information on protein structure, function
and network interaction.'”” They do so by providing data on mRNA levels and exon composi-
tion in different cell types, at different developmental stages. In the near future, it should be
possible, using novel all-exon and tiling arrays covering all known exons and the complete
genomes of rodents and H. sapiens, to determine properties of the testicular somatic and germ
cell transcriptomes, including transcript length, concentration and alternative splicing pat-
terns.''” These experiments should also make it possible to identify novel non coding RNAs
not detected by current approaches.

Proteomics has already provided important new information concerning basic somatic and
germ cell function and organization within the testis and has expanded our understanding of
spermatogenesis. Technological innovations, improving the sensitivity of instruments and pro-
tein quantification, and concerning posttranslational modifications, are rapidly occurring. This
will no doubt attract new biologists and clinicians to this field. However, starry-eyed newcomers
to proteomics technologies should proceed with caution in this field, which remains highly tech-
nical. They would be prudent to rely on expert platforms to provide them with top-quality bio-
logical material, allowing them to concentrate on the biological questions they wish to address.
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CHAPTER 3

Estrogens and Spermatogenesis
Chandrima Shaha*

Introduction
or many years androgens were thought to be the primary hormones required for proper
functioning of the male reproductive system, and testes were shown to be the major
producers of the hormone. In the 1970s it was recognized that in addition to androgens
testes were also a source of estrogens, and the intratesticular concentranon of estrogens was
higher than levels present in the serum of females of reproductive age.'” Since then there has
been an interest in the study of the role of estrogens in the male. However, in recent years a
great interest has been regenerated to decipher the role of estrogens in the control of male
fertility because of various developments. For example, discovery of the estrogen receptor B
(ERB) in the male® was an important development ,and the evidence emerglng from mice with
targeted disruption of estrogen receptors showing defects in male fertility* was another pro-
vocative evidence of the importance of estrogens in male reproduction. In addition, the de-
scription of reduction in sperm counts and increase in the incidence of testicular tumors in
men to which environmental estrogens were causally linked® were also important observations
on pathology-inducing effects of estrogens. It is now established that estrogens are involved in
numerous physiological processes in the male, for example, bone turnover, behavior and the
cardiovascular system, but controversy exists as to whether male fertility over the past five
decades has truly shown a dechne due to the relatively low levels of estrogens in the environ-
ment that humans are exposed to.” As a result of this renewed interest, the role of estrogens in
male reproductive physiology is rapidly being redefined. It is therefore pertinent that a compre-
hensive evaluation of the data on the role of estrogens in the male is made. However, because of
the ambiguity in the definition of precise function of the estrogens in the male, extenswe
research into the effects of the hormone on the male reproductive system is warranted.®
The most direct studies on effects of estrogens have been through administration of estro-
gens to animals and investigating their reproductive potential. For these studies, variations in
doses have been shown to demonstrate diverse effects. Administration of estrogens and
xenoestrogens during fetal and neonatal development has been reported to be associated with a
series of male reproductive disturbances, such as impairment of sperm production, cryptorchid-
ism, epididymal defects, weakened fertility, and an increased incidence of testicular cancer.”'?
When the gene knockout technology was developed, it was shown that mice lacking a func-
tional estrogen receptor o (ERa) receptor gene were infertile and this was the first definitive
demonstration of the importance of estrogen in male fertility.'*'® The cause of 1nfert1ht in
these mice were primarily due to a defect in efferent ductule development and function.'” In
addition, mice lacking a functional aromatase gene (aromatase knockout, ArKO), aromatase
being the enzyme necessary for the conversion of testosterone to estrogens were, reported to be
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infertile.'® Thus, lessons provided by knock-out (KO) mice for ERo and/or estrogen receptor
B (ERP) as well as aromatase, provided compelling evidence for a role of estrogens in spermato-
genesis and male fertility. In this chapter, a review of current knowledge on estrogen produc-
tion in the testis, estrogen receptors and the effects of estrogens in the testis is discussed.

Estrogens and Antiestrogens

Estrogenic activity is a property shared by a number of polycyclic compounds containing,
in most cases, a phenolic ring and another oxygenated cycle located at the opposite end of the
molecule (Fig. 1A). There is a large internal hydrocarbon moiety that contributes to an optimal
orientation of these two polar functions for selective H-bonding with specific amino acid residues
of the ligand-binding pocket of estrogen receptor (ER). Other than steroid hormones, fla-
vones, isoflavones and coumestanes also are potent estrogens.' All these chemicals are linear,
planar molecules. The planar feature of the estrogens gives a closed conformation to the recep-
tor upon binding.*® This structural property distinguishes these strong ER agonists from a
variety of angular ligands, gem-diphenylethylenes, triphenylethylenes, diarylimidazolines and
diarylpiperazines,*""** which maintain the ligand-binding pocket in an open conformation.*
Linear, planar molecules are currently referred to as type I estrogens, while angular molecules
are categorized as type II estrogens (Fig. 1A,B). Grafting of a reactive group, i.e., amido (ICI
164,384) or sulfoxide (ICI 182,780; RU 58,668) via a long alkyl side chain onto estradiol at
positions of 7a and 1la totally abrogates its estrogenicity and converts it into a “pure”
antiestrogen (Fig. 1C). Selective estrogen receptor modulators or SERMs are synthetic com-
pounds mainly derived from type II estrogens. The large majority of SERMs contains a
dialkylaminoethyl side chain (Fig. 1D) which is responsible for their antagonistic activity.**?’
Like the long alkyl side chain characterizing pure antiestrogens described above,
dialkylaminoethyl side chains of SERMs protrude from the binding pocket,? allowing for
interactions with critical amino acid residues in the receptor.

Overview of Spermatogenesis

Spermatogenesis is a complex process of male germ cell proliferation and maturation from
diploid spermatogonia through meiosis to mature haploid spermatozoa.”’ Spermatogonia arise
from the primordial germ cells, which migrate into the genital ridge during fetal life.”® Under
the influence of the Y-chromosome-bearing stromal cells of the developing gonad, they
differentiate into gonocytes, the male germ cell precursors and undergo mitotic arrest.”? After
birth, they are reactivated and differentiate into spermatogonia that go through a cycle of
division and differentiation with cellular apoptosis keeping the number of cells in check.?”?%?!
Spermatogenesis in the adult takes place within the seminiferous tubules of the testis which
consist of the seminiferous epithelium, comprising of germ cells and supportive somatic Sertoli
cells that stand on the basement membrane which is surrounded by the peritubular myoid
cells. The interstitial tissue between the seminiferous tubules contain androgen-producing Leydig
cells and interstitial macrophages. Developing germ cells in different stages of differentiation
form intimate associations with the Sertoli cells. The germ cells are arranged in defined cellular
associations that constitute the cycle of the seminiferous epithelium, and each particular asso-
ciation of germ cells is referred to as a stage.>* The cycle of the seminiferous epithelium is the
time interval between the appearance of the same stage at a certain point of the tubule.*
Spermatogonia, the stem germ cells in the testis include type A spermatogonia, and type B
spermatogonia. Spermatogonia undergo continuous mitoses to produce a large number of germ
cells available for entry into meiosis. After the last mitosis of type B spermatogonia, preleptotene
primary spermatocytes are formed and these cells initiate meiotic division. After completion of
the meiotic division, the differentiation of round spermatids into the mature elongated spermatid
take place through the process of spermiogenesis. This process involves formation and develop-
ment of the acrosome and flagellum, condensation of the chromatin, change in shape of the
nucleus, and removal of the cytoplasm before release of the spermatid during spermiation.**
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Figure 1. Structures of estrogens and antiestrogens. A) Structures of type | estrogens which are
linear, planar molecules that include estradiol, coumestrol and diethylstilbestrol. B) Structures
of type Il estrogens which are angular molecules that includes bisphenol A, Cyclophenyl and
2,3-diarylpiperazine. C) Structures of pure antiestrogens, RU58668 and ICl 182,780. Grafting of
a reactive group, i.e., sulfoxide (ICl 182,780; RU 58,668) via a long alkyl side chain (“spacer”)
onto estradiol at 7a or 11p totally abrogates its estrogenicity and converts it into a “pure”
antiestrogen. D) Structure of Selective Estrogen Receptor Modulators, namely raloxifene and
4-hydroxytamoxifen. These are synthetic compounds mainly derived from type Il estrogens. The
large majority of Selective Estrogen Receptor Modulators contains a dialkylaminoethy! side
chain which is responsible for their antagonistic activity.
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The Gonadotropins and the Hypothalamic-Pituitary Gonadal Axis

Gonadotropins are the major endocrine regulators of spermatogenesis.***® Luteinizing
hormone (LH) acts on the Leydig cell to stimulate the secretion of androgens, namely test-
osterone, which in turn acts on androgen receptors in the seminiferous epithelium to control
spermatogenesis. Follicle stimulating hormone (FSH) receptors on the Sertoli cells react to
FSH and regulate spermatogenesis by stimulating the production of numerous Sertoli cell
factors. The role of androgens is very well demonstrated in the hypogonadal (/pg) mouse where
the androgens have been shown to fuel all phases of germ cell development.®” Transgenic mice
with targeted disruptions of the ESH receptor gene™ or the FSH B-subunit gene! are fertile
and display all stages of germ cell development, suggesting that FSH is not an absolute require-
ment for fertility. However, in these mice testes are smaller and less sperm are produced with
many defective spermatozoa.*? Therefore, full fertility relies on the delicate balance of the
hypothalamic-pituitary-testis axis. It is important to understand the functioning of the
hypothalamic-pituitary gonadal axis in the context of estrogens because estrogens provide the
feedback stimulus along with androgens (Fig. 2). The reproductive hormonal axis consists of
three main components: (A) the hypothalamus, (B) the pituitary gland, (C) the testis. This axis
functions in a strongly regulated manner to produce optimal concentrations of circulating
steroids required for normal male sexual development, sexual function and fertility.

Hypothalamus

| yoom

Inhibition of

gonadotropins f Plll.lltu'y )

Inhibition of gonadotropins

Development of accessory
reproductive organs
S dary sex

Figure 2. The hypothalamic-pituitary axis. A diagram illustrating the orientation of the
hypothalamic-pituitary axis and the feedback loops with inhibin and the steroid hormones
secreted by the testis. The paracrine routes in the testis are also indicated. The cell types express-
ing ERa and ERB are indicated as well.
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Hypothalamus

The integrating center of the reproductive hormonal axis is the hypothalamus (Fig. 2) that
is the site of production of the peptide hormone gonadotropin-releasing hormone (GnRH)
which is delivered to the adenohypophysis of the pituitary gland by a short portal venous
system where it stimulates the synthesis and release of gonadotropic hormones LH and FSH.”
The release of GnRH is seasonal (peaks in the spring), circadian (highest testosterone levels are
in the a.m.) and pulsatile (peaks occur every 90-120 minutes). The GnRH production from
hypothalamus is under feedback control from gonadal hormones.

Pituitary

LH and FSH are glycopeptides consisting of two peptide chains (o and p) synthesized by
the pituitary cells and are secreted into the general circulation thereby transporting to the
testis.®> LH and FSH share a common o peptide chain (o chain) with thyroid-stimulating
hormone and human chorionic gonadotropin and differ from each other by the presence of a
specific p chain, the latter providing specificity of biologic action.** The pituitary also secretes
prolactin which affects testicular function indirectly by inhibiting GnRH release from the hy-
pothalamus and therefore LH and FSH secretion from the pituitary. Prolactin also directly
inhibits pituitary gonadotrophic cells and the Leydig cells of the testes.

Testis

Testicular control is achieved by LH, FSH and androgens and many other peptides and
growth factors (e.g., inhibin, activin, insulin-like growth factor 1, transforming growth factors)
that are secreted locally in the seminiferous tubular microenvironment.*

Feedback Control of Gonadotropins

Negative-feedback of GnRH release is exerted by testosterone and estrogens through ste-
roid receptors present in the hypothalamic neurons and in the pituitary.® Although the con-
centration of estradiol in the blood of men is relatively low compared with testosterone, it is a
much more potent inhibitor of LH and FSH secretion (approximately 1000-fold). Testoster-
one acts primarily to feedback at the level of the hypothalamus whereas estrogens provide
feedback to the pituitary to modulate the gonadotropin secretion response to each GnRH
surge. Several disease states can occur with excess estrogens. Pituitary gonadotropin secretion is
suppressed by peripheral estrogens.?” Inhibin and activin are factors produced in the testis
which have several functions. In the adult testis, paracrine signals from germ cells are impor-
tant for Sertoli cell inhibin production. While inhibin seems to have a dual, endocrine (regula-
tion of FSH secretion in pituitary) and para/autocrine role in testicular function, the activin
actions seem to be of the local type in the testis and numerous extragonadal sites. 54’

Biosynthesis of Estrogens and Sites of Estrogen Biosynthesis
in the Testis

Estrogen biosynthesis is catalyzed by a microsomal member of the cytochrome P450 super-
family, namely aromatase cytochrome P450 (P450arom, the product of the CYPI9 gene) (Fig.
3). Aromatase is a terminal enzyme which transforms irreversibly androgens into estrogens and
it is present in the endoplasmic reticulum of numerous tissues. The P450 aromatase is a mi-
crosomal enzymatic complex composed of two proteins: a ubiquitous NADPH-cytochrome
P450 reductase and a cytochrome P450 aromatase, which contains the heme and the steroid
binding pocket. Six isoforms of cytochrome-dependent mono-oxygenases (CYP) are involved
in the biosynthesis of various steroid hormones, starting from cholesterol—CYP11A, CYP17,
CYP19, CYP11B1, CYP21B, and CYP11B2.” The rate-limiting step in all steroid hormone
biosynthesis is the cleavage of the side chain of cholesterol by CYP11A to form the C21 ste-
roids, pregnenolone and progesterone (Fig. 3). Hydroxylation and subsequent cleavage of the
two-carbon side chain of the C21 steroids by the CYP17 (17-o hydroxylase activity/C17-20
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Figure 3. Synthesis of estradiol. Figure shows the primary routes of estrogen biosynthesis in the
testis. The first and rate-limiting step in the synthesis of all steroid hormones is conversion of
cholesterol to pregnenolone that involves the cleavage of a 6-carbon group from cholesterol.
CYP 11A, the cholesterol side chain cleavage cytochrome P450 is used for the purpose. Preg-
nenolone is converted to progesterone through the use of 3 p-hydroxysteroid dehydrogenase.
Hydroxylation and subsequent cleavage of the two-carbon side chain of the C21 steroids by the
CYP17 (17-0 hydroxylase activity/C17-20 lyase activity) yields the C19 steroids, androstenedi-
one and dehydroepiandrosterone. Testosterone is formed from the precursor, androstenedione
and estrogens are ultimately formed by aromatization of androstenedione and testosterone,
catalyzed by the CYP19 (aromatase).

lyase activity) yields the C19 steroids, androstenedione and dehydroepiandrosterone. While
testosterone is formed from the precursor, androstenedione,’! estrogens are ultimately formed
by aromatization of androstenedione and testosterone, catalyzed by the CYP19 (aromatase).””
In addition to the cytochrome P450, a series of hydroxysteroid dehydrogenases (33-HSD and
17p -HSD) participate in the biosynthesis of the steroid hormones. The 33 -HSD converts
pregnenolone to progesterone, whereas the 17p-HSD converts androstenedione to testoster-
one. 178- HSD type 1 and CYP19 catalyze the end steps in 17B-estradiol biosynthesis through
androstenedione (Fig. 3). Estrogens are extensively metabolized by a number of oxidative and
conjugative reactions that can lead to their deactivation and subsequent elimination. Alterna-
tively, oxidation and conjugation reactions of estrogens may generate metabolites that have
distinct biological activities, including altered hormonal properties; genotoxicity, through the
formation of reactive species that modify cellular DNA and protein or chemotherapeutic prop-
erties as anti-estrogens. They are also potentially anti-angiogenic.

The identification of sites for estrogen biosynthesis is done by identifying aromatase activ-
ity and this activity is even visible in embryonic testes. For example, aromatase activity is present
in the fetal rat testis around day 19 of gestation.” At this stage of development, basal aromatase
activity is found in both the immature Leydig cells and Sertoli cells.***> In fact in the neonates,
the Sertoli cells are more active in producing estrogens than Leydig cells suggesting that these
cells are an important source of estrogen in the postnatal testis.”® It is during this time that FSH
receptors first appear on the Sertoli cells but germ cells do not contain detectable aromatase
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activity at the early neonatal stage.”” By adulthood, rodent Leydig cells express a high level of
aromatase which is stimulated by LH and steroids.”® However, it has been recognized that
apart from the hormone producing Leydig cells and Sertoli cells, germ cells are also a source of
estrogen in the adult. Mature rat germ cells express a functional aromatase with production of
estrogens equivalent to that of Leydig cells but there is a variation in aromatase expression in
the different germ cell types. For example, the amount of P450arom transcripts is higher in
pachytene spermatocytes as compared to round spermatids.” In humans, in addition to Leydig
cells, aromatase is present in ejaculated spermatozoa and in immature germ cells.”® Therefore,
in addition to the somatic cells of the testis, the spermatogenic cells also appear to be the
sources of estrogens. Thus, the evidence for the presence of multiple sites of estrogen biosyn-
thesis in the testis reflects the importance of estrogen in testicular functioning.

Distribution of Estrogen Receptors in the Testis

Estrogen receptors are ligand activated molecules that serve as transcription factors and
mediate pleiotropic effect of estrogens on various tissues. For a summary of various aspects of
estrogen receptor functioning, several other reviews (see refs. 60-62) are recommended. These
receptors orchestrate both transcriptional and nongenomic actions in response to estrogens,
xenoestrogens and signals coming from growth factor signaling pathways (Fig. 4). When estro-
gen binds to its receptors they dimerize and interact with DNA sequences to regulate gene
transcription.®*®! Estrogens can also stimulate or repress transcription by binding to
DNA-associated transcription factors.> Recently, estrogen has been reported to induce mul-
tiple cytosolic signaling processes, such as activation of Src, Ras, Raf, protein kinase C (PKC),
protein kinase A (PKA), potassium channels, intracellular calcium levels and nitric oxide (for
reviews, see refs. 66-69). Since activation of these signaling molecules depends on cell types
studied and the conditions used, the precise nongenomic signaling pathways of estrogen and
their functional significance are still controversial.””

Two types of distinct receptors are expressed, namely, ERo and ERB.”4 ERs are members of
the steroid hormone superfamily of nuclear receptors, which share a common structural archi-
tecture and consist of three independent functional domains: the N-terminal or A/B domains,
the C or DNA-binding domain, and the D/E/F or ligand-binding domain. Binding of a ligand
to the ER causes a series of downstream events, including receptor dimerization, receptor-DNA
interactions mediated by EREs present in the promoter region of target genes, recruitment of
and interaction with transcription factors, and the formation of a preinitiation complex.
Ligand-receptor interactions ultimately cause changes in target gene expression. The N-terminal
domain of nuclear receptors encodes an activation function called AF-1, which mediates
protein-protein interactions to induce transcriptional activity. The C-terminal or ligand-binding
domain contains the AF-2 interacting surface that mediates ligand binding and receptor dimer-
ization to stimulate transcriptional activity.”> Thus, AF-1 and AF-2 are both involved in medi-
ating the transcriptional activation function of ERs. The most conserved region of the a. and
forms of ER is the DNA-binding domain; the positions of the cysteine residues that coordinate
the two zinc fingers of the C domain are conserved in both (ERo and ERB). There is general
agreement that ERs function as dimers, and coexpression of ERa and ERB in the same cell
causes the formation of homodimers (ERa/ERa and ERB/ERB) or heterodimers (ERa/ERB),
which affect ligand-specificity. The relative amounts of ERo and ERB in a given tissue are key
determinants of cellular responses to estrogen and other ER agonists and antagonists.”® The
interactions between ERs and EREs are mediated by other factors, including the ability of ERB
to modulate ERa transcriptional activity and recruitment of several protein coactivators and
repressors by both ER subtypes. The effects could also occur through nontranscriptional mecha-
nisms mediated by protein-protein interactions occurring between ERs and growth factors
e.g., IGF-1 and EGE’7”® As mentioned earlier, there is evidence for the presence of a small
pool of ERs localized to the plasma membrane. For example, BSA-conjugated estradiol, which
is unable to gain entry into the cytosol and acts at the plasma membrane, decreases testicular
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Figure 4. Estrogen induced signaling pathways in the testis. This figure is a schematic represen-
tation of signaling pathways operative in estrogen responsive cells. ERs respond to a wide variety
of extracellular signals including steroid hormones, growth factors and xenoestrogens. ER me-
diated transcription in the nucleus is coordinated through complex reversible phosphorylation
events while rapid nongenomic signaling is mediated through Ca?* mobilization.

androgen production in vitro.”” Membrane ER is thought to signal mainly by coupling to
GTP-activating proteins and through pathways involving second messengers (e.g., calcium)
and kinase cascades.®’ The integration of several pathways implies that estrogen action in any
particular tissue and organ is the result of activities mediated by both the genomic and
nongenomic pathways.

An overview of the distribution of estrogen receptors in the testis provides information on
the cells that are potentially capable of responding to estrogen. Both types of estrogen receptors
ERo and ERB are present in the testis. While ERo dominates in some specific tissues and is
mainly involved in reproductive events, ERp is the more generally expressed estrogen recep-
tor.®! In the testis, ERP is the more abundant receptor and is typically found in nearly every cell
type of the interstitium and the seminiferous tubule, except for the elongated spermatids. ERB
is expressed in the Sertoli cells, Leydig cells, and germ cells, as well as in the epididymis, pros-
tate, and seminal vesicles. ERa is present predominantly in the Leydig cells, rete testis, efferent
ducts and epididymis of rats and monkeys.** ERa is primarily present in the efferent ducts that
transport spermatozoa suspended in the fluid secreted by the Sertoli cells from the testis to the
epididymis. Although there are reported differences in ERa localization in the epididymis of
various species, its presence in efferent ductule epithelium has remained constant across spe-
cies. ERa protein is abundant in epithelial cells of the efferent ductule with intense immuno-
histochemical staining of the nonciliated cell nucleus and the ciliated cells showing consider-
able variability in staining. ERa protein is also present in the fetal testis. Inmunohistochemical
studies show the presence of ERa in the mouse undifferentiated gonad between days 10-12
after birth, suggesting that estrogen may have a role very early in the differentiation process.*®
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Leydig cells within the rodent fetal testis contain ERa until birth.** ERs are expressed in the
Leydig cells at a stage in development when the androgen receptor is not yet expressed high-
lighting a role for estrogen at this stage.®” There is evidence for both ERp mRNA and protein
as early as day 16 of gestation in the gonocytes, Sertoli cells and Leydig cells. However, it is the
gonocytes that express ERB in higher abundance than the other testicular cells.®® At birth, the
testis expresses both ERa and ERB that is localized to the seminiferous epithelium, Sertoli cells
and developing germ cells.®® As we have seen in the earlier section that a variety of cells in the
testis synthesize estrogen, studies represented in this section show that multiple cell types ex-
press estrogen receptors as well which indicates that estrogens influence a number of cell types
including the germ cells themselves.

Estrogen Receptor and Aromatase Knockout Mice
and Their Phenotypes

Mice with targeted disruption of estrogen receptors provide us interesting view of the role
of estrogens in the males and there is a great difference between disruption of ERa, ERf and a
combination of both. For example, ERa disruption (ERKO mice) cause increased plasma tes-
tosterone levels and are infertile. Upon histological examination they show seminiferous tubu-
lar swelling and loss of spermatogenesis.®” The sperm made in the testes of these animals are
nonfunctional. The testicular LH and FSH receptors are up-regulated, but gonadotropin levels
are normal. ERB persists in the ERKO mice, showing that there is no interrelationship between
expressions of the two ER types. Infertility in these mice is primarily due to distension of the
rete testis and excurrent ducts resulting in progressive loss of testicular weight with prominent
exfoliation of germ cells.®” Therefore, estrogens have a role in fluid reabsorption in the efferent
ducts and the initial segment of the epididymis.’” As regards sexual behavior, the ERKO mice
have normal amount of mountings with lesser levels of aggression and lower number of in-
tromissions and ejaculations.®

ERB knockout (BERKO) mice were first generated by inserting a neomycin resistance gene
into exon 3 of the coding gene, using homologous recombination in embryonic stem cells.®
BERKO mice exhibit phenotypes distinctly different than those of «ERKO mice.*” They de-
velop normally and as young adults, they are indistinguishable grossly and histologically from
their lictermates. Unlike males lacking ERo,, male BERKO mice are fully fertile and reproduce
normally. The mice exhibit no major alterations in the function of the male reproductive sys-
tem. Therefore, it appears that ERB is not essential for normal testicular functioning.®’

The reproductive phenotype of a-ERKO mice is very close to that of a-ERKO mice and
it is characterized by infertility and enlarged seminiferous tubules.*”® ArKO mouse lacks
aromatase products (namely, estradiol and estrone). At around 18 week of age these mice show
a specific postmeiotic defect coinciding with an elevation in apoptosis and a reduction in fertil-
ity."® The ArKO mice also present with a significant reduction in copulatory behavior in adult-
hood, reiterating the importance of estrogen in male reproduction.'®

The mechanisms involved in the development of infertility is different in a-ERKO male
mice if compared with ArKO, because reduced fluid reabsorbion occurs in a-ERKO male mice
and in ArKO mice early arrest of spermatogenesis suggests a failure in germ cell differentiation
probably due to the lack of estrogens in the testicular environment. It appears that estrogen
activity in the male reproductive tract differs with regard to both the types of ERs involved in
the pathway of estrogenic action, and the site of action through the male reproductive tract
because f-ERKO male mice are fully fertile® as compared to the other two. Accordingly, in
ArKO male mice, the failure of germ cell differentiation that is probably related to the lack of
estrogen action on seminiferous epithelium while ERa disruption and related arrest of fluid
reabsorption take place in the efferent ductules of a-ERKO mice.””! Spermatogenesis is con-
served in very young ArKO mice because a small quantity of estrogens, from external sources,
probably is sufficient to promote germ cell maturation for a brief period, and therefore, the
degree of infertility is less severe in ArKO mice than in a-ERKO. Later, the continuous lack of
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estrogens causes sperm abnormalities with advancing age in ArKO mice, since estradiol is
probably necessary to maintain spermatogenesis and promote normal sperm maturation, both
in the seminiferous epithelium and through the reproductive tract.”® Therefore, ERa appears
to be the most important component for estrogens action in male reproduction because ¢-ERKO
mice are infertile while the B-ERKO mice are fertile.

Effects of Estrogen Administration on Testicular Function

Estrogen administration in animals has provided a substantial amount of literature on how
estrogens affect the different cellular components of the testis and what are the functional
consequences. The confusion about the involvement of estrogen in spermatogenesis is due to
the fact that estrogen action is important at numerous levels in male reproductive physiology
including effects on the hypothalamic-pituitary-testis axis, Leydig cells, Sertoli cells, germ cells,
and epididymal function. Thus the extensive range of effects that estrogens have in the male
reproductive tract, cause difficulties in the interpretation of experimental findings. The following
section discusses the effects of estrogen administration and deprivation on processes that are
required for normal spermatogenesis and fertility.

Estrogen Exposure and Spermatogenesis

A major component of the negative feedback action of androgens on gonadotropin secre-
tion is mediated by estrogen. Studies in humans show that administration of estradiol enhance
gonadotropin suppression induced by a testosterone-based contraceptive,’ indicating estrogen’s
role as a negative feedback regulator of gonadotropin secretion that disrupts spermatogenesis.
Neonatal exposure to either estrogens or estrogen-like compounds promotes changes in gona-
dotropin secretion in rodents.”*”* Neonatal estrogen exposure can have important long-term
effects on the hypothalamic-pituitary-testis axis and thus spermatogenesis. A single high dose
of estradiol benzoate to 1-day-old male rats causes a reduction in both GnRH secretion and
pituitary responsiveness to GnRH.” In male hamsters, neonatal exposure to diethylstilbestrol
(DES), a synthetic estrogen during neonatal period impairs the action of androgens on target
organs.”” In rats neonatal administration of DES delays the establishment of the blood-testis
barrier affecting spermatogenesis.”” It has also been shown that neonatal exposure of rats to low
levels of estrogens can advance the first wave of spermatogenesis at puberty and also affect the
development of excurrent ducts of the rat testis.”®?” Other than germ cells, neonatal estrogen
treatment results in dose-dependent alterations in Sertoli cell numbers, efficiency of spermato-
genesis, and germ cell apoptosis in adulthood.”” Therefore, the above studies show that neona-
tal exposure to estrogen affects spermatogenesis but depending on the time and dose of expo-
sure this effect can be reversible.

Given that the appropriate concentrations of LH and FSH as well as a tightly regulated
onset of secretion during the neonatal and pubertal periods, is fundamental to whether normal
spermatogenesis proceeds,'®’ neonatal estrogen exposure can have important long-term effects
on the hypothalamic-pituitary-testis axis and thus spermatogenesis. Interestingly, whether or
not estrogen administration to juvenile mice will interfere with the hypothalamo-pituitary-gonadal
axis appears to be strain-dependent,'”" which could lead to confusion when interpreting the
literature on the interaction between estrogen, the regulation of pituitary hormone produc-
tion, and fertility.

Adult monkeys treated with an aromatase inhibitor show a decrease in the conversion of
round to elongated spermatids and a decrease in sperm output from the testis, also suggesting
that estrogen is important for spermatid differentiation in the primates.'®® A different scenario
appears to be relevant in boars. It has been shown that boars treated with aromatase inhibitors
show a delayed lumen formation, lower testicular weight, fewer detergent resistant spermatids,
and fewer Sertoli cells, but by 7 to 8 months, these boars recover and show larger testes with
more Sertoli cells. Total Leydig cell volume increases in proportion to testis size. Therefore,
reducing endogenous estrogen is consistent with a delay in testicular maturation/puberty that
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allows for a longer window for the proliferation of Sertoli cells and maturation of Leydig cells,
resulting in larger testes and higher spermatid production.'®

Effects of Estrogens on Sertoli Cells

Through the development of the testis, estrogen has varied effects on the Sertoli cells. The
proliferation of Sertoli cells occur from day 16 of fetal life in the rat and at birth, there are 1
million cells and around 15 days there are about 40 million cells. After postnatal day 15,
proliferation ceases, %% differentiation commences and the number of the Sertoli cells in the
testis remains stable throughout adulthood.'® During this period, Sertoli cells produce con-
siderable amounts of estrogen, leading to the suggestion that estrogen is involved in the divi-
sion of the Sertoli cells. Aromatase activity is highest in Sertoli cells from prepubertal rats,
declines as Sertoli cells mature, and is hormonally regulated, principally by FSH. The data
show that estrogen has a stimulatory effect on Sertoli cell division yet a negative effect on
Sertoli cell differentiation and development, because, estrogen production is high in proliferat-
ing Sertoli cells but lower in differentiated cells'® and FSH-induced aromatase activity starts
to decline towards the end of division. The ability of Leydig cells to produce testosterone
increases from about day 14 after birth,'®” which inhibits Sertoli cell aromatase activity,'*®
suggesting that androgens from the maturing Leydig cells may participate in the down-regulation
of aromatase during the switch from Sertoli cell division to differentiation. Germ cells which
are starting to develop during the switch between Sertoli cell division and differentiation, in-
duce a decrease Sertoli cell aromatase activity.!%

Effects of Estrogen on Germ Cells

The presence of estrogen receptors during various stages of germ cell development indicates
that there could be a direct effect of estrogens on germ cells. For details on expression of estro-
gen receptors in germ cell a review by ref. 110 is referred to. The presence of aromatase in germ
cells demonstrate the capability of these cells to synthesize estrogens that could be affecting the
same cells in an autocrine mode. In a study aimed at investigating the effect of estradiol and
diethylstilbestrol on the testis from 14.5-day-old rat fetuses in culture, alterations in the germ
cells in terms of changes in viability occurred after estradiol and DES exposure.''! In the hu-
man testis, estradiol appears to be a potent germ cell survival factor when studied in in vitro
cultures.? Studies using rat gonocytes in culture show that estrogen stimulates gonocyte pro-
liferation.''® The high aromatase activity in the Sertoli cells during proliferation of gonocytes is
an indication of estrogen action where differentiating spermatogonia during the early neonatal
period have been shown to contain ERp.!!

Estrogens and Spermatozoa

In the last stage of mammalian spermiogenesis, the bulk of spermatid cytoplasm is extruded in
tubular lumen while a small cytoplasmic mass is retained around the sperm mid-piece as cytoplas-
mic droplet. This droplet moves to the end of the tail and finally sheds from mature spermato-
z0a."®> Human ejaculate can contain spermatozoa with excess residual cytoplasm which has been
retained around the sperm mid-piece due to an incomplete maturation process. Both estrogen
receptors are found in the excess residual cytoplasm of immature sperm, while sperm tails show
only ERc.M® It has been shown that specific allelic combinations of the ERa, which confer a
stronger estrogen effect, may negatively influence human spermatogenesis.''” Concomitant ex-
pression of ERB and ERa in human ejaculated spermatozoa has been reported showing a differ-
ential distribution of the two ER subtypes, the former being prevalently located in the midpiece,
but the latter being in the tail. In the same study, ERa was shown to interact with the p55
regulatory subunit of PI3K, whereas ERp interacts with Akel.""® Additional studies have also
demonstrated presence of ERB on sperm.'*? Interestingly, while possessing estrogen receptors,
human ejaculated spermatozoa also express cytochrome P450 aromatase indicating the cell could
also serve as a source of estrogen.'?’ ERB contains two silent polymorphisms, Rsal (G1082A) and
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Alul (G1730A), the frequency of the heterozygous Rsal AG-genotype is three times higher in
infertile men showing that ERB may have modulating effects on human spermatogenesis.''

Studies on Xenoestrogens

Synthetic estrogens, also called xenoestrogens, are a diverse group of compounds in the
environment that mimic the action of the natural hormone 17f-estradiol in estrogen-dependent
tissues. There is considerable controversy as to whether environmental chemicals that mimic
estrogens can adversely affect the endocrine and reproductive systems. Evidence has accumulated
over several decades now that estrogen is essential for spermatogenesis and that intratesticular
concentrations of estrogen are very high.®? It has also been realized that estrogen like chemicals
present in the environment adversely affects male reproductive function. The compounds thought
to be responsible for such changes include industrial chemicals (e.g., polychlorobiphenyls,
alkyphenols, pesticides (e.g., DDT derivatives, methoxychlor, kepone), pharmaceutical agents
(e.g., DES, tamoxifen, raloxifene), phthalates (e.g., di-2-ethylhexylphthalate, di-7-butyl phtha-
late), and phytoestrogens (e.g., genistein, daidzen).'?>'?3 The extent of exposure to these chemi-
cals on members of a population differs as occupations in agriculture, petrochemicals and the
construction industry entails hizgher exposure. Since estrogen receptors are present in the pitu-
itary and spermatogenic cells,®* estrogen like chemicals can act as agonists or antagonists for
the hormone and interfere with spermatogenesis. Therefore, agents able to mimic estrogens
can potentially alter the action of the hormone on spermatogenic cells leading to functional
impairment of the male gamete. Reports of impaired spermatogenesis as a consequence of
exposure to agents with estrogenic activity termed as endocrine disruptors are well documented
in rats.'2* In addition to such examples, it is well established that estrogen administration to
experimental animals during adulthood can impair sperm production and maturation.'?> The
mechanism by which these xenoestrogens exert their action on the cell could occur by either
agonistic or antagonistic actions on ERa and ERB!?® resulting in changes in steroid hormone
receptor gene expression, altered steroid hormone metabolism, change in cross-talk between
ERs and other signaling systems.'?

Exposure of neonatal testis, populated by fetal-type Leydig cells to endocrine-active com-
pounds may have far-reaching consequences. Fetal rat testis shows inhibition of development
of spermatogonia, Leydig cells and Sertoli cells on estrogen exposure.''""'? Bisphenol A (BPA),
[2,2-(4,4-dihydroxydiphenol)propane] is an estrogenic compound that is widely used in the
manufacture of polycarbonate plastics, which serve as containers for foods and beverages and as
a constituent of dental sealants. The core structure of BPA resembles that of the natural estro-
gen, consisting of two phenolic rings joined by a bridging carbon. Exposure of the human
population to BPA is significant given its widespread use in consumer products. BPA and its
metabolites have been measured in the blood of normal men.'?? Administration of low doses
of the industrial and estrogenic chemical BPA reduces spermatogenesis in mice'*” and sup-
presses androgen biosynthesis by mature rat Leydig cells. In mice, neonatal exposure to a rela-
tively large dose of BPA causes damage to the motility and morphology of sperm.'?! BPA
induces apoptosis in Sertoli cell cultures isolated from 18-day-old rats.'** 4-tert-octylphenol is
an environmental pollutant with estrogenic activity and is directly toxic to cultured rat spermato-
genic cells and Serroli cells.'*® Therefore, BPA, a xenoestrogen appears to have the potential to
affect multiple cell types in the testis. Chronic exposures of mice to 0.5 or 50 ug/ml bisphenol
A decreases ERB and increases ERax gene expression in germ cells'®* but a single injection of
estradiol benzoate at high doses (500 ug) causes the opposite effect in prepubertal rats, i.e.,
decreased ERo: mRNA levels and increased ERp expression.'?> Parabens are p-hydroxybenzoic
acid ester compounds widely used as preservatives in foods, cosmetics, toiletries and pharma-
ceuticals. These compounds exert a weak estrogenic activity as determined by in vitro estrogen
receptor assay and in vivo uterotrophic assay. In mice, a decrease in daily sperm production
occurs when treated with the above compound.'*®
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Tumors of germ cell origin comprise about 95% of all testis cancers. Interaction between
genetic and environmental factors, including inappropriate exposures to endocrine-active chemi-
cals can lead to hypospadias, testicular cancer, abnormal spermatogenesis and undescended
testis.'?”1%8 Exposure to estrogens early in life can lead to defects in tissue differentiation in the
fetal period.'® Although the effects of exposures to environmental chemicals in adulthood are
typically transient, chemical exposures that alter gene activity during development disrupt dif-
ferentiated function in hormone-responsive tissues of the adult. Testicular cancer incidence is
highest in younger men (20-40 years old), and the etiology of this disease could be related to
estrogen exposure during the prenatal period.'* For example, in a study of young adult twins
in England, the overall risk of testicular cancer was higher for dizygotic than for monozygotic
twins.*! These observations support a role for estrogens in the etiology of this disease, which
has been increasing in most countries. %> The possibility that xenoestrogens may cause adverse
effects in the reproductive tract was first highlighted by reports on adolescent sons born to
pregnant women who had taken the highly potent synthetic estrogen DES. These individuals
developed a variety of testicular and epididymal abnormalities in adulthood. %144

Phytoestrogens are plant-derived compounds with estrogenic activity. They are common in
both human and animal diets, particularly through soy-based foods. Adult male rats, fed a high
phytoestrogen diet for 3 days, demonstrate significantly reduced fecundity which is reversible.
In these instances, the expression of ERa increases in the initial segment of the epididymis, but
decreases in the cauda epididymis following 3 days on the high phytoestrogen diet.'*> There-
fore, phytoestrogens can also affect estrogen receptors on spermatozoa and eventually fertility.

Estrogen Deprivation and Spermatogenesis

The functional consequences of estrogen deprivation in adulthood have also been investigated
by the administration of the anti-estrogens. For example, Faslodex (ICI 182,870) compound
binds to both ERa and ERB and reduces the stability of ERa in vitro.'%® Rats and mice treated
with Faslodex (2 to 150 days) shows efferent duct dilation, a progressive decrease in testis weight,
decreased sperm concentration and decreased fertility indicating massive effects of antiestrogens
in germ cells.!*”1* These changes are similar to those observed in the ERaKO mice where they
occur after a reduction in expression of ERa with no change in expression of ERg.'4

Estrogens and Germ Cell Apoptosis

The physiological significance of the spontaneous germ cell apoptosis that occurs during
spermatogenesis is possibly related to maintenance of the proper number of germ cells per
Sertoli cells because these cells are terminally differentiated cells with no capacity for renewal,
and are able to support only a certain number of germ cells. Therefore, germ cell death during
development is to limit the number of germ cells to match the supportive capacity of the
Sertoli cells.">® Apoptosis may also serve to eliminate germ cells with mutations in the DNA.
In meiotic spermatocytes, there appears to be a quality-control system or checkpoint for moni-
toring chromosome synapsis. This control system is thought to recognize unrepaired
double-strand DNA breaks in unsynapsed chromosomes during meiotic metaphase and to
induce apoptosis of the affected cell.""">? During prepubertal development, a wave of exten-
sive germ cell apoptosis occurs in the rodent testis."> This early germ cell apoprosis, which
mainly affects spermatogonia and spermatocytes, appears to be essential for functional spermato-
genesis in adulthood. In the adult testis, spermatogenesis is accompanied by spontaneous germ
cell deigeneration resulting in the loss of up to 75% of the potential number of mature sperma-
tozoa.”#1%¢ In the human testis, spontaneous germ cell apoptosis involves all three classes of
germ cell, i.e., spermatogonia, spermatocytes, and spermatids.'” Various apoprotic signaling
pathways are operative in the testis. The Fas system has been suggested to play a role both in
maintaining the immune-privileged nature of the testis and in regulating testicular germ cell
apoptosis. FasL has been found in mouse, rat, and human Sertoli cells"™% 101 and is generally
assumed to be constitutively expressed by the Sertoli cells. Some reports have shown FasL
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presence in germ cells also.'?>'7# Fas expression, in turn has been demonstrated in the germ
cells of the rat and human testes'>>!%? and in some reports Fas presence has also been shown in
the Serroli cells.'®®

Estrogen exerts different effects in specific cell types, for example, in estrogen receptor positive
MCEF-7 human breast cancer cells, estrogen strongly stimulates cell proliferation and does not
induce cell death.!®® In contrast, for several cell types, stably transfected with ER, estrogen is
highly toxic and induces cell death.'®'®® Recent studies demonstrate that estrogens also exert
nongenomic effects'®” possibly related to its ability to activate signaling pathways such as nitric-oxide
synthase in endothelial cells.'®® Estrogens have been linked to apoptosis in a variety of cell
lines' 169170 byt studies on spermatogenic cell apoptosis in response to estrogens are relatively
few and consequently very little information is available on estrogen induced changes. Apoptosis
is of great relevance for successful production of spermatogenic cells as excess cells need to be
removed for the proper maintenance of testicular homeostasis.'”! As in other tissues, selection of
the apoptotic pathway depends on the physiological and pathological state of the spermatogenic
cells and members of the Bcl-2 family of proteins have been implicated in apoptosis induced b
certain agents along with activation of the Fas-FasL system under various conditions.'*>!7>173
While earlier studies implicated FasL from Sertoli cells for engaging Fas receptor on spermatoge-
nic cells during apoptosis, later studies provided evidence in support of both Fas and FasL being
expressed in spermatogenic cells as well.'?174 Estradiol given subcutaneously to adult male rats
for 10 days show a decrease in apoptosis of germ cells.!”” Similarly, low concentrations of
17B-estradiol (107 and 107" mol/L) effectively inhibits male germ cell apoprosis induced by
deprivation of survival factors to human seminiferous tubules in culture.!”® A study of the effect
of estradiol on testicular function in /pg mice with slow-release estradiol implants, which achieved
circulating estradiol concentrations of approximately 40 pg/ml show full qualitatively normal
spermatogenesis after 70 days of treatment illustrating that spermatogenesis could be restored in
the hpg mice with estradiol.'”” Studies from our laboratory show a distinct increase in Fas-FasL
expression in rat spermatogenic cells upon exposure to DES leading to germ cell death. This
increase was confined to the spermatid population, which correlated with increased apoptosis
seen in the haploid cells. Testosterone supplementation was able to prevent DES-induced Fas-FasL
up-regulation and apoptosis in the sgermatogenic cells. DES-induced germ cell apoptosis did not
occur in Fas-deficient /p#/Jpr mice.'®> Subsequently, using an in vitro model we provided evidence
for the amplification of the death-inducing signals through mitochondria resulting in cytochrome
c release. The activation of the apoptotic pathway occurred through estrogen receptors because
estrogen antagonists prevented the activation of apoptosis. Since a part of this study was done
with germ cell cultures independent of Sertoli cells, the importance of the independent capability
of cells of the spermatogenic lineage to respond to estrogens was established.!”® For the role of
Fas/FasL in the testis, a review by ref. 179 is recommended. Estradiol treatment increases germ-cell
apoptosis mainly at stages IV-X of the spermatogenic cycle, rather than at stage VII when apoptotic
germ-cell death is triggered by gonadotrophin withdrawal in adult rats.'® Testis regression in
Syrian hamsters is associated with an important increase of apoptosis 3 days post DES adminis-
tration primarily affecting spermatocytes and, to a much lesser extent, spermatogonia.'®' A com-
bined regimen of gossypol plus methyltestosterone and ethinylestradiol as a contraceptive in-
duces germ cell apoprosis in rats.'®? In another model of seasonally breeding bank vole testis,
males treated with a high dose of estradiol or its antagonist ICI 182,780, disruption of testicular
structure and tubular atrophy showed increased apoptosis of germ cells.'® Zearalenone, a non-
steroidal estrogenic mycotoxin induces testicular germ cell apoptosis in a time-dependent and
stage-specific pattern, peak frequency of apoptosis gradually progressing at stages I-VI of semin-
iferous tubules with time after dosing, suggesting that the damaged germ cells, especially
spermatogonia and spermatocytes, gradually underwent the processes leading to apoptosis.'®4
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Future Directions

There are many important questions regarding the role of estrogens in male fertility that are
still to be completely answered. For example, is there a physiological role for estrogen in male
reproduction through the pituitary-gonadal axis or is there a local effect? Can exposure to low
doses of estrogen or estrogenic substances interfere with spermatogenesis and male fertility?
What kind of estrogen receptors is most important for testicular function and in which cell
types? It is also necessary to identify putative causal agents by the systematic screening of envi-
ronmental chemicals and chemicals present in human foods to assess their ability to disrupt the
endocrine system. In addition, it will be necessary to develop methods to measure cumulative
exposure to estrogen mimics.

Sperm counts in Western countries might have fallen by approximately 50% since the 1930s
to 1940s'®> and was an issue about environmental effects on the male. The initial study by
Carlsen and colleagues was subjected to much criticism and reanalysis."®1** Independent
reanalysis reached exactly the same conclusions as had the original study, and a relatively recent
updated analysis'" that included semen analysis data up to 1996 (101 studies in all) again
confirmed the trends and conclusions of the original study. However, these studies are all based
on meta-analyses of retrospective data, and therefore, fresh systematic studies are needed to
readdress the questions of sperm count and environmental exposure to estrogenic chemicals.

It is known that disorders of sexual differentiation, a hormonally mediated process that
occur in the fetus in utero are associated with a high risk of developing testis cancer in young
adulthood.'”* In utero DES exposure has been linked to testis cancer.'”” Estrogen exposure in
the first trimester of pregnancy is particularly important as it is associated with a small but
significant increase in risk of developing testis cancer.” However, this view has been contra-
dicted."*1% In general, it seems fair to conclude that exposure to exagenous estrogens in early
pregnancy results in only a modest increase in risk of developing testis cancer. It has also been
speculated that increased risk of testis cancer might stem from increased exposure to endog-
enous (maternal) estrogens. The premalignant germ cells, the carcinoma in situ cells'”'?® from
which testis cancer arises, have their origins in fetal life. Subnormal androgen exposure and
increased estrogen exposure can be the gotential stimulus for these cells to be predisposed
towards cancerous growth later in life."”’*" Few reviews recommended for readings on endocrine
disruption and male reproduction see refs. 201-206.

Therefore, it is substantiated by literature that there is a strong possibility of estrogens being
responsible for several reproductive disorders. To conclusively prove the role of estrogens where
different doses play different roles under different cellular conditions further research is necessary
with specific goals. With our increased understanding of the role of estrogens in male fertility,
we should be able to design small molecule modulators of estrogen action to interfere with
deleterious effects of estrogens.
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ArKO, aromatase knockout; ERa, estrogen receptor o; ERB, estrogen receptor B; ER, estro-
gen receptor; SERMs, Selective estrogen receptor modulators; Apg, hypogonadal; GnRH,
gonadotropin-releasing hormone; FSH, Follicle stimulating hormone; LH, Luteinizing hor-
mone; P450arom, aromatase cytochrome P450; HSD, hydroxysteroid dehydrogenases; PKC,
protein kinase C; PKA, protein kinase A; ERKO, ERa knockout; BERKO, ERB knockout;
DES, diethylstilbestrol; BPA, Bisphenol A.
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CHAPTER 4

Selenium, a Key Element in Spermatogenesis

and Male Fertility

Carla Boitani* and Rossella Puglisi

Abstract

elenium is essential for normal spermatogenesis of mammals and its critical role is mainly
S mediated by two selenoproteins, namely phospholipid hydroperoxide glutathione per-

oxidase (PHGPx/GPx4) and Selenoprotein P. PHGPx/GPx4 is the major selenoprotein
expressed by germ cells in the testis, having multiple functions and representing the pivotal
link between selenium, sperm quality and male fertility. Selenoprotein P is a plasma protein
that is required for selenium supply to the testis. In the last years, nutritional studies and
experimental animal models lacking/overexpressing a specific PHGPx isoform and selenoprotein
P have highly expanded our understanding on how the male reproductive system depends on
selenium. The focus of this review is to report and discuss the most relevant and recent findings
in this field. Clinical data have pointed to a correlation between abnormal PHGPx content in
sperm and disturbance of human male fertility. However, additional evidence is still required
to draw any definitive conclusions about therapeutical strategies for improving fertility by sele-
nium administration.

Introduction

Selenium (Se) is an essential trace element that plays an important role in a number of
physiological processes in animals and humans. This element is incorporated into proteins as
selenocysteine (Sec, the 21st amino acid), thanks to a peculiar translation reprogramming that
allows mRNA UGA codon to be specifically recognized by the selenocysteinyl-tRNA, instead
of canonically functioning as stop signal. One or more Sec residues are consistently found in
the primary structure of all selenoproteins and they are essential catalytic site components in a
variety of selenoenzymes.

The testis represents a specific and privileged target of Se. This element, in fact, appears to
be essential for maintaining a normal spermatogenesis and for male fertility. In case of Se
deficiency, regulatory mechanisms strive to maintain an adequate level of this element in the
male gonad and, when selenium is administered again, the Se is supplied to the testis with
priority over other tissues." Given the strict dependence of normal sperm production on Se, a
particular interest has been addressed to selenoprotein P (SEPP1), a plasma and extracellular
selenoprotein predominantly produced by liver, that carries Se to male germ cells.” In the
mammalian testis, almost the entire Se content is associated with the enzyme phospholipid
hydroperoxide glutathione peroxidase (PHGPx/GPx4), a member of the large subfamily of the
glutathione peroxidases (GPx) selenoproteins, most of which are antioxidant enzymes that
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reduce hydroperoxides at the expense of glutathione (GSH). However, PHGPx has a number
of unique features compared to other family members, making the role of this enzyme in the
testis worth of particular interest.

In this review, we provide a brief overview of the importance of selenium and selenoproteins in
mammalian spermatogenesis and male fertility, and report the most relevant findings in this field.

The Selenoproteins of the Male Gonad

A comprehensive and comparative analysis of all known members of the selenoprotein
family has recently been performed in the mouse testis by real-time PCR.> As mentioned
above, PHGPx/GPx4mRNA is by far the most abundant among those coding for
selenoproteins and large evidence has recently highlighted the different roles this gene plays
in the male gonad. Other selenoprotein transcripts approximate levels that are 10fold lower
than that of PHGPx. Among these, the protein product of the Thioredoxin/Glutathione Re-
ductase (TGR) gene, a member of the thioredoxin reductase (TR) family, is expressed in
post-puberal testis and is particularly abundant in elongating spermatids at the site of mito-
chondrial sheat formation, while it is absent in mature sperm. It was recently proposed that
TGR cooperates with PHGPx by acting as a novel dlsulﬁde bond formation system at the
level of structural protein components of the sperm.* As for Selenoprotem V (Sel V), North-
ern blot and in situ hybridisation analyses showed a low, yet testis-specific, expression of this
molecule restricted to the seminiferous tubules,’ the physiological function of which is still
unknown. Low abundancy transcripts for Selenoprotein W, Selenoprotein K, Selenoprotein
15 and Selenoprotein S also appear in the testis; however, the specific roles of these proteins
have not been characterized yet. SEPP1, a t1p1cally plasma selenoprotein and also synthe-
sized in the testis, only in the Leydig cells,® was recently shown to be requlred for sperm
development by the sterility phenotype of the male Sepp! knock out mice.” In addition, a
number of selenoprotein-synthesis key factors are also expressed in the testis, including the
Selenocysteine Lyase, an enzyme (not containing Se) that specifically catalyzes Sec decompo-
sition to alanine and elemental Se, and the Selenophosphate Synthetase (SPS2), allowing Se
utilization in selenoprotein biosynthesis.® Table 1 lists the selenoproteins expressed in the
mouse testis.

Table 1. Selenoproteins in the testis

Selenoprotein mRNA Protein Function

PHGPx/GPx4 + 4+ + + 4+ + -Antioxidant
-Structural protein of sperm midpiece
mitochondrial sheath
-Involved in sperm chromatin condensation

TGR + + -Disulfide bond formation

SEPP1 + + -Selenium delivery and antioxidant

Sel V + n.d. n.d.

Sel W + + n.d.

Sel K ++ n.d. n.d.

Sep 15 + n.d. n.d.

Sel S + n.d. n.d.

SPS 2 + n.d. -Selenium donor in selenoprotein biosynthesis

n.d., Not determined. Relative abundance: + + + +, very high; + +, modest; +, low.
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PHGPx/GPx4

Expression of PHGPx in the Testis

The selenoprotein phospholipid hydroperoxide glutathione peroxidase (PHGPx), first pu-
rified from pig liver by Ursini and coworkers in 1982, was included among peroxidases, with
particular reference to GSH-peroxidases superfamily, because of its ability to reduce phosphati-
dylcholine hydroperoxides.” Nowdays we know that this enzyme has unique properties com-
pared with other members of the family, including the ability to reduce the intracellular mem-
brane phospholipid hydroperoxides and to use the thiol groups of proteins as substrates, besides
those of GSH,! particularly when the GSH intracellular level is low.

The Phgpx gene encodes for three isoforms having specific subcellular localization in mito-
chondria, cytosol and nucleus, respectively, and differing on their N-terminal amino acid se-
quence. The N-termini of the mitochondrial (mPHGPx) and cytosolic (cPHGPx) variants
derive from the same exon 1la by different translation sites, whereas the N-terminus of the
nuclear isoform (nPHGPx) is generated by the alternative exon 1b, which in turn is driven by
another promoter located in the first intron of the gene."!

It is interesting to note that the testis exhibits the highest specific activity of PHGPx so far
measured in mammalian tissues, being almost two orders of magnitude higher than that of
brain and liver.'">'? Based on this observation, the interest in the presence and function of
different variants of this enzyme in the testis has rapidly increased. During mouse embryogen-
esis, both mitochondrial and cytosolic PHGPx mRNAs are expressed at higher levels with
respect to that of the nuclear isoform. However, the expression of both nuclear and mitochon-
drial PHGPx is down-regulated between E15.5 and E17.5."% During postnatal life, PHGPx
expression in the testis is initiated at puberty and is hormone-dependent. In both hypophysec-
tomized rats and testosterone-deprived rats, in fact, testicular PHGPx activity and mRNA
appeared to significantly decrease and were partially restored by treatment with hCG and tes-
tosterone, resepctively. 15 Our group has studied the cellular distribution of different PHGPx
isoforms within the male gonad in both rat and mouse. We investigated the patterns of mPHGPx
and nPHGPx expression during male germ cell differentiation at both mRNA level and pro-
tein level, using highly enriched fractions of pachytene spermatocyte germ cells, as well as
fractions of steps 1-8 round spermatids. We demonstrated that nPHGPx is switched on in the
post-meiotic phase and that, by contrast, mPHGPx is expressed from mid-late pachytene sperma-
tocytes onwards.'® Moreover, we also observed the presence of abundant catalytic activity of
PHGPx and/or nPHGPx in purified populations of pachytene spermatocytes and round sperma-
tids, the haploid cells showing the highest activity.'® The presence of PHGPx was also demon-
strated in elongated spermatids as well as epididgmal spermatozoa by immunohistochemistry
with antibodies recognizing the three isoforms.'*!”

In spite of PHGPx abundance in the testis, still very little is known about mechanism(s)
underlying the massive up-regulation of the gene in this tissue. The existence of two distinct
promoters resulting in alternative transcription of mPHGPx/cPHGPx and nPHGPx was con-
clusively demonstrated by reporter gene analysis."' Functional cis-regulatory elements were
identified within the proximal promoter region of nPHGPx.'® By using highly purified rat
spermatid cells, Tramer et al'® were able to demonstrate that nPHGPx expression is mediated
by the transcription factor CREM-t, binding a genetic element localized in the first intron of
Phgpx gene. In addition, reporter gene assays carried on in a somatic cell line showed that
CREM-t expression activates the promoter region of Phgpx intronla."

Evidence for More Than One Function for PHGPx in the Testis

The high expression of PHGPx in the testis underlines the relevance of this gene to
spermatogenesis. All three isoforms of this enzyme efficiently catalyze the reduction of phos-
pholipid hydroperoxides by oxidation of glutathione, clearly indicating that they are in-
volved in germ cell protection against oxidative damage. In particular sperm cells, which are
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provided of a very special membrane enrichment in phospholipids with polyunsaturated
fatty acids (PUFA), depend on several scavenging systems, including PHGP, for protection
from oxidative stress.>’ Consistent with this idea, spermatozoa contain a large amount of
PHGPx.'% On the other hand, both in vitro and in vivo evidence has been accumulating in
the last years, pointing to other roles for PHGPx beyond the classical antioxidant one. Both
mPHGPx and cPHGPx represent almost 50% of the capsule material embedding the sper-
matozoa mitochondrial helix, where these molecules are apparently enzymatically inactive
and form protein aggregates by disulfide bridge cross-linking.?! The role of PHGPx as struc-
tural protein may explain the impairment of sperm motility associated with morphological
alterations of sperm midpiece that was observed in Se-deficient animals.?? In line with this
conclusion, spermatozoa of infertile men with asthenozoospermia showed a signiﬁcant, al-
beit controversial, decrease of rescued PHGPx specific activity and expression,2 25 thus em-
phasizing the clinical relevance of PHGPx enzyme(s).

As for the nuclear variant, it was proposed to be involved in the stabilization of condensed
chromatin during sperm maturation.”® Indeed, knock-out mice specifically lacking nPHGPx,
although viable and fertile, displayed defective chromatin condensation in caput epididymis
sperm. This defect was apparently overcome during subsequent epididymal sperm maturation,
suggesting that nPHGPx is dispensable for the maintenance of male fertility in the mouse.?® In
agreement with this, the sperm of Se-deficient mice displayed abnormal heads.””>*® In addi-
tion, nPHGPx is expressed is concomitance with the chromatin remodelling process in haploid
cells.'® This complex event is paralleled by loss of glutathione?”*° and the thiol-oxidase activity
of PHGPx is preferentially addressed to protamines, the nuclear proteins required for sperm
head condensation.'® In contrast, the deletion of all exons of the Phgpx gene results in embry-
onic lethality between 7.5 and 8.5 dpc of homozygous mice, pinpointing the vital relevance of
this gene.®"*? Functional silencing of the different PHGPx isoforms during in vitro embryo-
genesis by short interfering RNA technology, provided a possible explanation for the early
intrauterine death of Phgpx-deficient mice.'? In fact, targeted knockdown of mPHGPx strongly
impaired hindbrain development and induced cerebral apoptosis, whereas a silenced expres-
sion of the nuclear isoform led to a delayed heart development. These data suggest that mPHGPx
and/or cPHGPx are more important for murine embryogenesis than nPHGPx.

Gain-of-function approaches were used to study the protective role of PHGPx against oxi-
dative stress in vivo. Indeed, transgenic mice overexpressing PHGPx in all tissues were more
resistant to diquat-induced liver damage, due to the decrease in lipid peroxidation compared to
wild-type animals. In line with this finding, mice having a single copy of Phgpx gene displayed
an increased sensitivity to oxidative stress produced by gamma irradiation, paraquat and hy-
drogen peroxide.”* However, more informative models to investigate specific PHGPx func-
tions in spermatogenesis in vivo consist in conditioned knock-out and /or transgenic animal
models that lack/overexpress a specific isoform in a cell/stage-specific manner. In this direction,
we investigated the physiological effects of mPHGPx overexpression during early male germ
cell differentiation by generating transgenic mice bearing the rat mPhgpx coding sequence
driven by the mouse Synaptonemal Complex Protein 1 promoter. This strategy allows the
transgene to be specifically activated in the testis from the zygotene to diplotene stages of the
first meiotic division.* Because endogenous mPHGPx transcripts first appear at the middle-late
pachytene stage, the expression of the mPHGPX transgene was not only increased in amount,
but also developmentally anticipated.*® Transgenic mice were fully viable and developed nor-
mally, indicating that mPHGPx overexpression did not affect embryogenesis and postnatal life
and ruling out the possibility of nonspecific effects due to transgene insertion per se. Interest-
ingly, primary spermatocytes specifically underwent an increase in apoptosis frequency, ac-
cording to testis- and stage-specific expression of the transgene, which eventually resulted in a
severe loss of haploid germ cells and tubular epithelium disorganization. In line with these
features, adult transgenic male mice also displayed a reduction in fertility. This study thus
suggested that mPHGPx expression is tightly regulated in pachytene spermatocytes and that
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any spatial-temporal increase in mPHGPx expression results in a damage to spermatogenesis
and eventual loss of haploid cells.**

Selenoprotein P

Selenoprotein P (SEPP1) is a peculiar selenoproteome member, differing from other
selenoproteins because of its unique content of several Sec residues (up to 17, depending on the
species). SEPP1 is an extracellular protein that is tipically found in the plasma and that is
mainly secreted by liver, even though it is also produced by other tissues, including testis.® The
hypothesis of SPP1 function as Se transportation/distribution protein was conclusively dem-
onstrated by studies of Sepp! gene inactivation in mice.”* In fact, Seppl knockout mice
exhibited a decreased tissue distribution of Se within the organism, being the brain the most
affected organ and followed by kidney and testis. In agreement with these findings, these mice
had a number of neurological and sterility problems similar to those of mice bearing a specific
deletion of the Se-rich C-terminal domain of SEPP1,%” pinpointing testis and brain as the
most Se-sensitive tissues. Consistent with this feature, the expression of selenoproteins, includ-
ing PHGPx and Sel W, appeared to be significantly decreased in brain and testis, when Seep !
gene was deleted.” The Sepp! knockout mouse model has provided further insight into the
mechanisms of Se importance to spermatogenesis. Indeed, mature spermatozoa of these mice
displayed a number of flagellar structure defects, including truncated mitochondrial sheath,
extrusion of axonemal microtubules and outer dense fibers from princig)al piece, as well as a
hairpin-like bend formation at the midpiece-principal piece junction.”*® Sperm defects of
SeppI-null mice were indistinguishable from those of wild-type males that had been fed with a
low selenium diet (see also next section). However, sperm defects of Se-deficient wild-type
mice were reverted by a normal Se diet, whereas in the case of Sepp knockout mice, dietary Se
supplementation had no effect on sperm phenotype and did not restore fertility,” reinforcing
the notion that the testis strictly depends on Se supply by circulating SEPP1. Accordingly, it
was very recently shown that a liver-specific expression of a transgene coding for human SEPP1
in Seppl knockout mice can rescue the abnormal testicular fhenotype and fertility of these
animals, provided they are maintained under normal Se diet. 9

It is currently accepted that preferential Se delivery to testis by SEPP1 is mediated by
apolig)oprotein E receptor 2 (ApoER2), a receptor expressed in the testis, exclusively by Sertoli
cells.*® Interestingly, Sertoli cells display a SEPP1 localization at the level of vesicle-like struc-
tures at the basal region suggesting SEPP1 internalization via receptor-mediated endocytosis.
Moreover, coimmunoprecipitation analysis demonstrated an interaction of testicular ApoER2
with SEPP1. These morphological and biochemical findings are also supported by the genetic
evidence that ApoER2-null mice display reduced levels of testis, but not liver, Se, defective
spermatozoa and male infertility.“*#! Thus, both SEPP1 and ApoER2 are essential for main-
taining normal Se levels in the testis and are functionally linked with each other in the pathway(s)
providing Se to male germ cells. However, it is still not known how the SE conten of SEPP1 is
delivered to spermatogenic cells. In addition, SEPP1 may also be produced in the testis itself.
In fact, selenoprotein P mRNA was found to be expressed in rat male gonads, only in Leydig
cells.® However, the physiological function of SEPP1 in this cell type still remains to be eluci-
dated. Another function of SEPP1 is to serve as oxidant defense agent. In fact, it was reported
that injections of Se into Se-deficient rats resulted in the appearance of SEPP1 in plasma,
correlating closely with an increase in protection against the diquat-induced liver necrosis and
lipid peroxidation.*>#?

Nutritional Considerations

The nutritional importance of Se for male reproduction has been known for decades and
thoroughly assessed by feeding rats with a Se-deficient diet, eliciting the appearance of a num-
ber of reproductive disorders, including reduced fertility, sperm impaired motility and abnor-
mal tail morphology.?># When a low Se diet was administered for several generations, severe
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testicular atrophy that could be reversed by a Se-adequate diet was observed.*> As mentioned
above, morphological studies of spermatids and epididymal spermatozoa have pinpointed the
sperm flagellum as the major target of Se deﬁciency,3 8 as well as altered shape of spermatozoa
head,?” associated with incomplete chromatin condensation.”8

The effect of Se-deficient, Se-adequate and Se-excess diets on spermatogenesis has exten-
sively been investigated in a series of studies in the mouse, conclusively showing that either a Se
deficiency or excess in the diet resulted in an increase in oxidative stress that negatively affected
male germ cell number and differentiation and fertility, “%? such effect being modulated by
the redox-sensitive and cell proliferation controlling transcription factors, NFkappaB and
AP1.474850 It thus appears that abnormal Se levels in the diet, namely either deficiency or
excess, are both detrimental to animal health and fertility. Moreover, the idea that high levels of
antioxidants impair the progression of male germ cell differentiation is also strengthened by the
finding of increased germ cell apoptosis in male transgenic mice that specifically overexpressed
mitochondrial PHGPx in male meiotic cells.** Consistent with this finding, the dietary ad-
ministration of a mixture of the anti-oxidant agents vitamins C and E to mice increased the
occurrence of sperm head abnormalities and caused a reduction in sperm production.’ Unfor-
tunately, however, the alteration of male reproductive potential by increased/decreased Se does
not give a clear-cut insight on this issue, in light of the very large number of selenoprotein-coding
genes and the multiple body districts where these genes are expressed.”*

Clinical Implications

In contrast to experimental animals, the impact of dietary Se on male fertility in man is not
proven yet. A study performed in Scotland reported a sperm motility increase in patients that
had received an oral Se supplementation, although a positive response to treatment vs. placebo
was only observed in 56% of them.’®> However, owing the very limited tolerance to both a
defective and an exceeding dietary Se level in mammals, including humans, any therapeutical
strategy of improving fertility by Se administration in man requires that the Se status is accu-
rately assessed before the treatment is initiated.

In light of the structural role that mPHGPx plays on sperm flagellum in the rat, the
possibility that a reduction in sperm mPHGPx impairs fertilization in men was thoroughly
addressed by several authors. Interestingly, sperm from infertile patients with
oligoasthenozoospermia displayed a dramatic decrease in the level of mPHGPx expression,
which was also associated with reduced sperm motility and defects in mitochondrial mor-
phology and function.?® In additon, Foresta et al,** studying sperm PHGPx activity after a
reducing “rescuing” procedure in patients with different etiologies of infertility, found that
these patients consistently had a lower level of enzymatic activity than healthy controls.
They thus proposed that PHGPx is included among clinical tests for infertility diagnosis. In
contrast, no significant difference in PHGPx activity was observed between normo- and
hypo-motile human sperm when the enzyme activity was assayed under native conditions.”
PHGPx activity may also depend on the genetic background. This issue was addressed by
analyzing the whole Phgpx gene for polymorphisms in groups of infertile and fertile men and
discovering the presence of 11 variant sites in 5 out of 42 infertile patients. The majority of
these variant sites, however, was likely irrelevant to fertility, because they were located in
introns, and only 1 of exon variants actually led to an Ala93-Thr exchange that reduced
PHGPx activity in the porcine gpx-4 homologue. A more recent study’® did not find any
correlation between a low level of sperm PHGPx and the presence of Phgpx gene variants in
oligoasthenozoospermic patients. Therefore, even though the possibility that Phgpx poly-
morphism seldom represents an actual cause of infertility cannot be ruled out, the actual
relationship between quantitative/qualitative PHGPx alteration and infertility in man sill
remains to be further investigated.
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CHAPTER 5

Extracellular Matrix and Its Role

in Spermatogenesis
Michelle K.Y. Siu* and C. Yan Cheng

Abstract

n adult mammalian testes, such as rats, Sertoli and germ cells at different stages of their
I development in the seminiferous epithelium are in close contact with the basement mem-

brane, a modified form of extracellular matrix (ECM). In essence, Sertoli and germ cells in
particular spermatogonia are “resting” on the basement membrane at different stages of the
seminiferous epithelial cycle, relying on its structural and hormonal supports. Thus, it is not
entirely unexpected that ECM plays a significant role in regulating spermatogenesis, particu-
larly spermatogonia and Sertoli cells, and the blood-testis barrier (BTB) constituted by Sertoli
cells since these cells are in physical contact with the basement membrane. Additionally, the
basement membrane is also in close contact with the underlying collagen network and the
myoid cell layers, which together with the lymphatic network, constitute the tunica propria.
The seminiferous epithelium and the tunica propria, in turn, constitute the seminiferous tu-
bule, which is the functional unit that produces spermatozoa via its interaction with Leydig
cells in the interstitium. In short, the basement membrane and the underlying collagen net-
work that create the acellular zone of the tunica propria may even facilitate cross-talk between
the seminiferous epithelium, the myoid cells and cells in the interstitium. Recent studies in the
field have illustrated the crucial role of ECM in supporting Sertoli and germ cell function in
the seminiferous epithelium, including the BTB dynamics. In this chapter, we summarize some
of the latest findings in the field regarding the functional role of ECM in spermatogenesis
using the adult rat testis as a model. We also highlight specific areas of research that deserve
attention for investigators in the field.

Introduction

Spermatogenesis is a precisely regulated process by which one spermatogonium (diploid,
2n) divides and differentiates into 256 spermatids (haploid, 1n) via 14 stages of the seminifer-
ous epithelial cycle with six mitotic and two meiotic divisions in adult rat testes.! In order to
complete these intriguingly regulated events, there are extensive junction restructuring in the
seminiferous epithelium at both the blood-testis barrier (BTB; note: BTB is a testis-specific
structure composed of side-by-side arranged tight junctions [T]], the basal ectoplasmic special-
ization [ES], the basal tubulobulbar complexes [TBC], both are testis-specific adherens junc-
tion [AJ] types, and the desmosome-like junctions [D]]) between adjacent Sertoli cells; and
anchoring junctions, such as apical ES, apical TBS, DJs and gap junctions (GJ), between Ser-
toli and germ cells (see Fig. 1). This thus permits developing germ cells, such as preleptotene
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and leptotene spermatocytes, traverse the BTB at stage VIII of the seminiferous epithelial cycle
for further development into round, elongating, and elongated spermatlds yet these cells must
remain attached to the nourishing and supporting Sertoli cells.>” In light of these extensive
junction restructuring events during spermatogenesis to accommodate the timely migration of
germ cells across the epithelium, it is not entirely unexpected that the morphological layouts of
TJ and anchoring junctions in the testis are relatively unique versus other epithelia. Further-
more, unlike other blood-tissue barriers, such as the blood-brain and the blood-retina barriers,
which are constituted by endothelial T]s of the microvessels in the corresponding organs namely
brain and eyes, respectively, the BTB is contributed almost exclusively by adjacent Sertoli cells
near the basement membrane of the seminiferous tubules, and the T]-barrier in the microvessels
in the interstitium contribute little, if any, to the BTB function. Interestingly, the peritubular
myoid cell layer in rodent testes was shown to prevent the penetration of electron dense mark-
ers, such as lanthanum, colloidal carbon or thorium, into the seminiferous epithelium in al-
most ~85% of the tubules examined,*> even though myoid cells in prlmate testes were much
less effective to restrict the penetration of these markers across the BTB.® Collectively, these
findings illustrate the myoid cell layer in the tunica propria contributes to the BTB integrity, at
least in rodent testes.

The BTB, which physically divides the seminiferous epithelium into the basal and the
adluminal (apical) compartments, segregating virtually the entire events of post-meiotic germ
cell development and maturation from the systemic circulation, is located closely to the base-
ment membrane (a modified form of extracellular matrix, ECM) (Fig. 1). 7 This morphologlcal
layout is in sharp contrast to other epithelia where T7 is located at the apical portion of the cell
epithelium, to be followed by the adherens belt (composed of AJ) and desmosomes. Such
physical intimacy between the BTB and the basement membrane thus illustrates the possible
role of ECM on junction dynamics at the BTB in the testis.>>*? Indeed, it was reported that
infertile patlents with aspermatogenesis were shown to have abnormal basement membrane
structures. ! Recent studies have also demonstrated the crucial role of ECM components,
such as collagens and laminins, in junction dynamics since these proteins were shown to work
in concert with proteases, protease inhibitors, cytokines (e.g., TNFa), and focal adhesion (FA)
components found at the ES to regulate the steady-state levels of integral membrane proteins at
the cell-cell interface.'?'® In this chapter, we intend to highlight the recent advances of how
ECM proteins and their partners regulate junction dynamics in the testis.

Unique Features of Extracellular Matrix (ECM) in the Testis

ECM, largely composed of glycoproteins and polysaccharides, fills the extracellular space at
the cell-cell contact sites.” In rodent testes, a specialized form of ECM, constltuted largely by
type IV collagen and laminins, along with heparan sulfate proteoglycan'” and entactin,'® forms
the basement membrane (~0.15 um thick), which encloses each seminiferous tubule and is in
contact with the base of Sertoli cells and spermatogonia (Fig. 1). One i mterestmg feature of the
basement membrane is that it is ad)acent to the blood-testis barrier (BTB),”” where tight
junctions (T]) coexist with adherens junctions (A]) (F1§ 1), such as basal ectoplasmic special-
ization (ES) and basal tubulobulbar complex (TBC), 1921 and desmosome-like j junctions (DS); 22
unlike other blood-tissue barriers (e.g., blood-brain barrier and blood-retina barrier) where TJs
are furthest away from the ECM, and are localized to the apical portion of the epithelium/
endothelium, to be followed by AJ, desmosomes and gap junctions.2

Functions of the Blood-Testis Barrier (BTB)

The BTB divides the seminiferous epithelium into the basal and adluminal compartments
and thus creates a unique microenvironment for spermatogenesis (Fig. 1). It maintains an
immunological barrier by sequestering post-meiotic germ cell development from the systemic
circulation, regulates the c passage of molecules into the adluminal compartment or vice versa
and confers cell polarity.>** As such, developing germ cells depend exclusively on Sertoli cells
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Figure 1. A schematic drawing illustrating the latest model on the regulation of junction dynamics
in adult rat testes, including the blood-testis barrier (BTB) and the ectoplasmic specialization (ES).
For instance, junction restructuring events that occur at the blood-testis barrier (BTB) and the apical
ectoplasmic specialization (apical ES) in the seminiferous epithelium during spermatogenesis
apparently are regulated via intriguing interactions between cytokines (e.g., TNFa), proteases
(MMP-2, MMP-9, MT1-MMP), protease inhibitors (TIMP-1, TIMP-2), collagens, laminins, adap-
tors, kinases and phosphatases. Legend continues on following page.
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Figure 1, continued from previous page. As described in the text, TNFao regulates the homeostasis
of the proteases and protease inhibitors in the basement membrane, which in turn affects the
collagen ultrastructural network, perhaps forming biologically active fragments that regulate BTB
and/or ES dynamics. However, it remains to be shown if NC1 domain of collagen a3(1V) is indeed
responsible for the transient “opening” of the BTB to accommodate preleptotene spermatocyte
migration across the barrier that occurs at stage VIII of the seminiferous epithelial cycle, which
shouldbe vigorously examinedin future studies. Recentstudies have shown thatsimilar mechanism(s)
is also operating at the apical ES to regulate the transient opening and/or closing of the apical ES
to facilitate spermatid movement during spermatogenesis and perhaps also the cellular events that
occur at spermiation at late stage VIII of the epithelial cycle, which also involve the participation
of proteases and protease inhibitors. This figure was prepared based on recent findings in the field
as described in the text.

for structural, anchoring and nutrient supports. Although BTB confers one of the tightest
blood-tissue barriers in mammalian body, it is highly dynamic in nature since it must ‘open’ (or
‘disassemble’) at stage VIII of the epithelial cycle in adult rat testes on the apical portion of the
migrating preleptotene and leptotene spermatocytes and then ‘close’ (or ‘reassemble’) at the
basal portion of the cell to facilitate cell migration while maintaining the barrier integrity.**
Without this, spermatogenesis cannot complete. At present, the mechanism(s) governing this
timely BTB restructuring is not entirely clear. However, recent studies have shown that ECM
components, such as collgen IV, are working in concert with proteases, protease inhibitors and
cytokines (e.g., TNFa) to regulate TJ dynamics in the testis.>”!*

Collagen IV

Its Expression and Localization in the Testis

Type IV collagen and laminins are the building blocks of the basement membrane in
the testis.”"?>?> Type IV collagen network is formed by the association of monomer, which
is a triple helical structure composed of three o chains.?>?® Each monomer is character-
ized by an N-terminus noncollagenous 7S domain (-15 amino acid residues), a middle
collagenous domain (~1400 residues of Gly-Xaa-Yaa repeats) and a carboxyl terminal
noncollagenous (NC1) domain (-230 residues). There are six genetically distinct a chains
including ubiquitous al(IV) and 02(IV) chains and more restricted a3(IV)-a6(IV)
chains.?®*” a1(IV)-a5(IV) chains are present in rodent testes.?83% Moreover, a3(IV) and
a4(IV) chains are the major (-80%) collagen chains found in the basement membrane of
bovine testes,”’ implicating the unique structural and/or functional role of a3(IV) and
a4(IV) chains in the seminiferous tubule basement membrane in the testis. Collagen a1 (IV)
and a2(IV) chains are products of Sertoli and myoid cells, 283233 whereas a3(IV) is a product
of Sertoli and germ cells in the rat.>

Roles in T] Dynamics

There is mounting evidence that collagen functions perhaps not just as a scaffolding
protein.”® For instance, recent studies have shown that Sertoli cell TJ-barrier assembly in
vitro was associated with a transient but significant increase in collagen a3(IV) indicating
de novo synthesis of collagens is associated with TJ assembly, suggesting the involvement
of collagen a3(IV) in TJ dynamics.'* Furthermore, the presence of an anti-collagen anti-
body in Sertoli cell cultures during TJ-barrier assembly reversibly disrupted the TJ-barrier,
further supporting that the interference of an ECM function affects T] dynamics. Al-
though the underlying mechanism is presently unclear, subsequent studies have shown
that these effects were mediated, at least in part, by cytokines, such as TNF-a, which
regulate ECM homeostasis via proteolysis.
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TNFa

TNFo and its Receptor and Testicular Function

ECM harbors a pool of cytokines, such as TNFa, which can be released when ECM pro-
teins, such as collagens, are degraded.7 TNFa (a ~-50 kDa trimeric protein, consisting of three
identical subunits of 17 kDa each) is produced mainly by activated monocytes and macroph-
ages in the systemic circulation, and is crucial to inflammation, cell proliferation and apoptosis.>®
In the testis, TNFa is a product of germ cells (e.g., round and elongating spermatids), mac-
rophages, and Sertoli cells.' Tts receptors, p55 and p75, are two structurally related, but func-
tionally distinct receptors found in epithelial cells, 1nclud1ng Sertoli cells;*® however, the p55
TNFa receptor (TNFR p55) in Sertoli cells is the main receptor for TNF signaling.'*%” In the
testis, TNFa plays a crucial role in regulating germ cell apoprosis,®® Leydig cell steroidogen—
esis®® as well as junction dynamics (Fig. 1). For instance, it is now known that in adult rat
testes, the number of Sertoli cells, at ~40 million cells, remain relatively stable throughout the
adulthood***! since by day 15 post-partum, Serroli cells cease to divide.*” As such, these lim-
ited number of Sertoli cells cannot support an unlimited number of developing germ cells.
Indeed, it has been shown that each Sertoli cells support ~40-50 developing germ cells in adult
rodent testes,’? and that as much as 75% of the developing germ cells undergo apoptosis and/
or spontaneous degeneration,*>** failing to become mature spermatozoa, which is the mecha-
nism being used in the seminiferous epithelium to regulate the precise number of developing
germ cells.” Interesting, TNFo was shown to reduce germ cell spontaneous degeneration in
rat and human seminiferous tubules cultured in vitro,?®% illustrating its germ cell survival
promoting effect.

Roles in T] Dynamics

The role of TNFa on BTB dynamics has been elucidated by both recent in vitro and in vivo
studies and a summary of the results on these studies are depicted in Figure 1. In a recent in vitro
study, the presence of recombinant TNFa was shown to perturb the Sertoli cell TJ- permeability
barrier dose dependently and specifically since the disrupted T]J-barrier can be resealed upon its
removal.'¥ This in vitro effect of TNFo on the Sertoli cell TJ-barrier was also confirmed by an in
vivo study.'? In this study, transient and reversible BTB disruption was shown when adult rats
were treated with 2 ug recombinant TNFa per testis, which is comparable to its endogenous
intratesticular level (~0.5 ug per testis when estimated by a solid-phase immunoblot assay), via an
intratesticular injection and assessed by electron microscopy, fluorescent microscopy and a func-
tional assay that monitors the diffusion of a fluorescent dye (fluorescein thioisocyanate, FITC,
Mr 389) from the systemic circulation to the seminiferous epithelium behind the BTB.!? These
in vitro and in vivo studies, along w1th the observations that the expression of TNFo is stage-specific,
being highest at stages VII- VIIL coinciding with the events of preleptotene and leptotene sper-
matocyte migration across the BTB, further support the hypothesis that TNFa secreted by Ser-
toli and germ cells into the microenvironment at the BTB at stage VIII contributes to the tran-
sient BTB “opening” to assist preleptotene spermatocyte migration. This effect of TNFa in
“opening” the BTB perhaps is working in concert with its germ cell survival promoting ability so
that the migrating preleptotene spermatocytes that likely to take place in “clones” would not
undergo spontaneous degeneration For instance, it is known that germ cell maturation and
development occur in “clones” via inter-cellular bridges as they traverse the seminiferous epithe-
lium.*"#8 Perhaps it is important in future studies to design functional experiments to assess if the
level of TNFa at the BTB microenvironment is sufficient to induce BTB restructuring while
promoting germ cell survival.

Regulation of T] Dynamics: Effects on T]-Proteins and ECM Proteins

Furthermore, TNFa apparently exerts its effects on the Sertoli cell TJ-permeability barrier
function by regulating the expression of T]-proteins (e.g., occludin) as illustrated by both in vitro
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and in vivo studies,''* thereby determining the steady-state protein levels of the integral mem-

brane proteins at the BTB. Besides regulating TJ-proteins, TNFa was shown to induce Sertoli
cell collagen a3(IV), matrix metalloprotease (MMP)-9 and tissue-inhibitor of metalloproteases
(TIMP)-1, and to promote the activation of pro-MMP-9 to proteolytically active MMP-9.!4
MMPs and TIMPs are proteases and protease inhibitors respectively, that work synergistically to
regulate ECM remodeling.49 As such, these results suggest that the activated MMP-9 induced by
TNF-o may be used to breakdown the existing collagen network by cleaving collagen IV, separat-
ing the middle collagenous domain from the N-terminal 7S and the COOH-terminal NCI
domains in the ECM. Such cleavage process possibly affects the scaffolding function of ECM,*
thus inducing a loss of other basement membrane proteins (e.g., laminins) and cytokines (e.g.,
TNFo and TGF-B), which, in turn, contributes to T] disruption and BTB restructuring because
Sertoli cells can no longer attach to an intact ECM. Furthermore, the released biologically active
fragments, the NC1 domains, can bind to the middle collagenous domain, inhibit the assembly
of intact collagen IV network.”® Also, these biologically active fragments can have a negative
feedback effect that inhibits collagenase production and thus affecting collagen degradation.’! As
such, the induced collagen a3(IV) and TIMP-1 by TNFa may be a negative feedback mediated
by the biologically active fragments, so as to replenish the collagen network in the disrupted
T]J-barrier and limit the activity of MMP-9. Obviously, this hypothesis must be vigorously exam-
ined in future studies. In short, the following question must be address. First, can the collagen
a3(IV) NCI synthetic peptides regulate Sertoli cell MMP-9 and TIMP-1 production and/or
their activation using Sertoli cells cultured in vitro? If they can, can they also regulate Sertoli cell
TJ-permeability barrier when administered in vitro, or perhaps in vivo? Second, can these in vitro
studies be reproduced in vivo that an administration of the NC1 domain peptides intratesticularly
that leads to a disruption of the BTB function by disrupting the levels of MMPs and TIMPs in
the basement membrane?

After reviewing the involvement of collagen in T] dynamics, the following section intro-
duces the crucial role of laminin, another ECM component, in ES dynamics.

Ectoplasmic Specialization (ES)

ES is a testis-specific, actin-based adherens junction residing in the basal (defined as basal
ES) and apical (defined as apical ES) compartment of the seminiferous epithelium.>>>>® Both
basal and apical ES consist of a layer of hexagonally packed actin bundles sandwiched between
the plasma membrane of the Sertoli cell and the cisternae of endoplasmic reticulum. Basal ES
is localized at the Sertoli-Sertoli cell interface at the BTB, present side-by-side with TJ,
desmosome-like junctions and gap junctions. Apical ES is found between the heads of develop-
ing elongating/elongate spermatids (step 8 and beyond in rat and mouse testes) and Sertoli
cells which persists until replacing by apical tubulobulbar complex (apical TBC) restricted to
the concave side of the elongated spermatid heads just a few hours before spermiation that
occurs at late stage VIII of the seminiferous epithelial cycle in adult rar testes.”>>*

Basal ES

Cadherins’* and nectin-2°% are two AJ transmembrane proteins that are currently found
at the basal ES. Recent study has shown that there is an engagement/disengagement mecha-
nism between basal ES and TJ proteins via their corresponding peripheral adaptors, catenins
and ZO-1,°® perhaps being used to reinforce the BTB conferring its barrier function, making
the BTB as one of the “tightest” blood-tissue barriers in the mammalian body. Such mecha-
nism was suggested to facilitate preleptotene/leptotene spermatocyte migrate across the
BTB at stage VIII of the epithelial cycle that the T] and basal ES proteins become “disen-
gaged” during BTB restructuring to facilitate germ cell migration across the barrier. How-
ever, much study is needed to elucidate the intriguing cross-talk mechanism(s) between
basal and apical ES since the “opening” (or restructuring) of the BTB near the basement
membrane and the disruption of the apical TBC at spermiation at the luminal edge of the
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epithelium take place almost simultaneously and since both ultrastructures are present at
the opposite ends of the Sertoli cell epithelium, it is not entirely unexpected these events
are intimately regulated in the Sertoli cell. Indeed, recent studies have shown that FAK
(focal adhesion kinase) is restricted to the basal ES at the BTB where its activated and
phosphorylated form, pFAK, is restricted to the apical ES,'® suggesting that protein ki-
nases that are found at the apical and basal ES are likely play a crucial role to coordinate
cross-talk between different cellular events that occur at the opposing ends of the Sertoli
cell epithelium.

Apical ES: A Hybrid Cell-Matrix-Cell Junction Type

Besides cadherin-catenin, nectin-afadin protein complexes that are found at both basal and
apical ES, apical ES also consists of integrin-laminin complex,'>!>1 which is usually restricted
to the focal contact in cell-matrix interface in other epithelia.”® Such hybrid cell-matrix-cell junc-
tion type is suggested to be involved in the rapid junction remodeling facilitating the orientation
and movement of spermatids at spermiation.®” While most of the previous studies on ES were
largely focus on its morphology, recent studies have shifted the focus to identify the putative
components in the ES in order to explore the mechanisms that regulate ES restructuring during
the epithelial cycle.8’9’13 1516,57,59,60 Thege findings will be summarized and discussed herein; in
particular, recent data regarding the involvement of laminin-integrin complex and its downstream
effectors in facilitating germ cell migration are discussed.

Integrin: The First FA Component Found at the Apical ES

Integrin, a heterodimeric transmembrane receptor cornlposed of a and B subunits, is the first
integral membrane protein positively identified at the ES.®! To date, there are 18 o subunits and
8 B subunits present in mammals. Among them, al, a3, a4, a5, 06, a9, B1, 2 and B3 integrins
have been identified in testes.>?%1% 1, a3, 09, B1 subunits are detected in the basement mem-
brane of the seminiferous epithelium, whereas a1, a4, a5, a6 and B1 subunits are found at the
apical ES. When B1 integrin subunit was first detected at the ES in 1992,°! this study first dem-
onstrated the presence of a ECM-associated protein at the nonbasement membrane site namely
the ES, since studies from other epithelia have shown that integrins are largely restricted to focal
contacts and hemidesmosomes at the sites of cell-matrix anchoring junctions.g‘%6 For instance,
a6p1 integrin is a known receptor for a wide variety of ECM including collagens, fibronectin and
laminin in other epithelia.”” However, there is no ECM protein present in nonbasement mem-
brane at the time when integrin was first reported at ES. Until recently, more than 10 years after
integrin being detected at ES, laminin a3p3y3'*°° and other FAC component proteins'>'®*¢
were detected and structurally linked to integrin at the apical ES. Such findings, along with the
presence of proteases activity at the apical ES site,'? illustrating that apical ES is utilizing the most
efficient migration device usually restricted to cell-matrix anchoring junctions to facilitate germ
cell movement across the epithelium during spermatogenesis.

Laminin 333 and a6p1 Integrin form a Bona Fide Complex
at the Apical ES

Laminins are heterotrimers composed of one each of the o, §, and y chains. To date, 5 a-subunits,
4 B-subunits, and 3 y-subunits have been found in mammalian tissues, which can give rise to at least
16 different functional laminins.®*® By binding to their transmembrane receptors, integrins, at the
cell/matrix anchoring junctions, also known as focal contacts constituted by focal adhesion com-
plexes (FAC), laminins and integrins provide not only adhesion between epithelial cells and basal
lamina, they also mediate signaling through the downstream effectors, the FAC, leading to cell
migration during normal and in pathological conditions, such as tumor invasion.”””* Laminin y3
was the first laminin subunit found at the apical ES by immunofluorescent microsco[i)y and was
shown to form a bona fide complex with 1 integrin by coimmunoprecipitation studies.'””® Subse-
quently, this y3 chain was found to form a functional laminin protein complex with the 3 and 3
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chains, known as laminin 333, which are restricted to the elongating/elongated spermatids and also
interact with $1 integrin at the apical ES.” Perhaps the most important of all, the pivotal role of
laminin 333 at the apical ES was demonstrated by the perturbed adhesion between Sertoli and germ
cells (mostly spermatids), leading to germ cell loss from the epithelium following treatment of adult
rat testes with the laminin blocking antibodies, including anti-laminin a3 or y3 IgG.”

Proteolysis of Laminin by MMP-2 and MT1-MMP
Regulate Apical ES Dynamics

At apical ES, not unlike the cell-matrix interface, proteolysis may also present to regulate its
restructuring. For instance, the remodeling of laminin can occur via the effects of proteases since
MMP-2, MT1-MMP (a membrane anchored metalloprotease that can activate MMP-2) and
TIMP-2 were found to colocalize with laminin y3 and B1 integrin at the apical ES in adult rat
testes.'>74 Furthermore, MMP-2 and MT1-MMP were shown to be activated when germ cells,
especially spermatids, were detached from the epithelium in vivo after treating rats with Adjudin,
formerly called AF-2364 [1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide], which is a
potential male contraceptive derived from indazole-3-carboxylic acid and has the capability to
selectively disrupt adherens junction between Sertoli cells and germ cells.”>””” Perhaps the most
important of all, the use of a specific MMP-2 and MMP-9 inhibitor, (2R)-2-[(4-
biphenylylsulfonyl)amino]-3-phenylpropionic acid, could effectively delay the loss of spermatids
from the epithelium induced by Adjudin, indicating the potential role of proteolysis in apical ES
disassembly."® Such proteolysis of laminin by MMPs leading to the production of laminin frag-
ments at apical ES may be essential for spermatid movement and spermiation since laminin-5
fragments has been shown to affect migration in both breast epithelial cells and prostate cancer
cells (see Fig. 1).”88! This possibility should be vigorously tested in future studies.

FA Complexes at the Apical ES

The laminin integrin complex at the apical ES confers its cell-matrix FA property. Such
property is further confirmed by the discovery of numerous FA components (see Table 1),
including Bo-integrin, vinculin, c-Src, Csk, ILK, phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P,), phospholipase C (PLC)-y, Fyn and Keap1 in the ES site. 293048286 Recent find-
ings in our laboratories further explore another vital FA component, phosphorylated focal
adhesion kinase (pFAK), and its downstream effectors, the p85 subunit of phosphatidylinositol
3-kinase (P13K), protein kinase B (PKB), p21 activated kinases (PAKs) and Crk- associated
substrate (CAS), at the apical ES."'® FAK is a nonreceptor protein tyrosine kinase (PTK) that
may be a crucial linker for f1 integrin, recruiting ES components to apical ES."> When FAK
interacts with B1 integrin, FAK undergoes autophosphorylation at Tyr-397, creating
high-affinity-binding site for multiple molecules, including (i) SH2-domain-containing mol-
ecules, such as Src family protein kinases, (ii) effector proteins, such as P13K and PLC-y, and
(iii) adaptor proteins, such as growth-factor-receptor-bound protein (Grb)7 and Nck-2.57%
Furthermore, the newly recruited Src-family kinases at the apical ES can further enhance FAK
catalytic activity by inducing phosphorylation of FAK at Tyr-576 and Tyr-577 in the kinase
domain activation loop. Two other FAK-associated proteins, CAS and paxillin, can also be
phosphorylated by Src-family kinases, leading to Rho family GTPase-mediated cell motility.¥-°

Recent studies using both in vitro and in vivo models, including Adjudin and androgen
suppression models, to study ES dynamics have illustrated the involvement of several signaling
pathways which are initiated by p1 integrin/pFAK during apical ES restructuring. These path-
ways include (i) the integrin/pFAK/c-Src/pERK," (ii) the integrin/pFAK/PI3K/pPKB/PAK/
pERK'® and (iii) the integrin/pFAK/c-Src/Cas/Crk/Dock180 (Siu and Cheng, unpublished
observations) (see Fig. 1). All these three pathways have the ability to modulate cell adhesion,
migration, tissue remodeling and development, and tumor cell metastasis as shown in studies
of other epithelia.®”?> These signaling pathways were shown to be triggered within a few hours
after treating adult male rats with a single or multiple doses of Adjudin (40-50 mg/kg b.w.)



Molecular Mechanisms in Spermatogenesis

82

ased )xau uo panunuo)

013 uo Anjeyia| oruoAiquiy M1d 2152 0S 18D
(Ajuo | Mvd) gd
U aseuny utjold 1y /195 ‘(Aluo L YIvd) 1IAd (Z/L MVd Yoq) 215-D $9-79 7/L $vd
yuiq Jaye Ajuoys a1q aseuny utarodd y | /195 uingny 0 ‘unde ‘I 3vd 09 addd / gxd
Aljeyis| o1uoAiquis Ajieg aseyeydsoyd pidi UnUBWIA ‘ulNgn) O ‘udYy G5 N3ld
(nggd
M€ Ld JO swuojosi [[e Suijoe] ¥VD ‘u1jos|a8 ‘uinoula
221w ul) Ajjeyis| [ejeutiad Mld ‘uypixed ‘sen og1d ‘  Mv4-d ‘uni8a |1d 08 Meld
unoe YV ‘TIWLW ‘dSYM
‘UIxXe ‘UIXAz ‘aseuny| Ja4 ‘udyped-N ‘z3¥3
Aujeyia| [eyeulsod Mld D ‘seD 0€1d ‘Z/1L SHVd ‘e VAd ‘utidai g 09 RIINS)
u1j0s|a8 ‘urnouIA
'3 uo Ayjeypay ojuohiquig Mld ‘urjjixed ‘se) gg 1d “215-0 Mgld ‘uniSa) g 14! Ledv4d
sutajoud Buieusdis
Ayjeyia| [ereuoan Suieusis ‘uoisaypy xed ‘un8a| |g g1l u8aul 9o
unoe ‘ulualed ¢
‘unByped-N Y| ‘utnoula ‘uijjixed ‘sed og 1d
G'G3 uo Aujeya| o1uoAiquiz Suijeusis ‘uoisaypy MEId 152 “ v 4d ‘utiSau) 9o “gh uiuiwe ovlL uudawy 1g
sutajoid suelqUDWISUERL |
U Suieusis ‘uoisaypy ¢A ujujwe ‘go uuiwe ol ¢gd uuwe
Ayjeyia| [ereuoaN Suijeusis ‘uoisaypy ch uuiwe ‘ed uiuiwe G591 €0 uluIWe|
U 3urjeusis ‘uoisaypy dWW-LLIN “Z-dWW 2152, Sv4d “utiSawuy g 91 ¢k ulujwen
sui01d WOI
DIW INQO-Pouy ul sadAjoudyy sanadouy /suonoung s1auyreq Suipuig (e@)) W suidjoad

921w uy spno-ydouy 113y} saye sadAjousyd pue ‘saniadoud ‘suonouny
‘s1auyied Sunoeiajur 11ay) :s31sa) asnowr/jel ynpe ui (s3) uoiezijerdads dnusejdod>a ayy ur punoy aJe yeyy suidjod pajejai-wIi3 °L qel




83

Testicular Development and Spermatogenesis

aded jxau uo panunuo)

9|113} ‘B|qeIA

Aureyss| jereussod Ajie
9|14 ‘d|qeIA

Al[eyis| |ereulsod
63 uo Ajljeyia| oluoAiquug
yu

013 uo Aljeyia] oluoAiquigy
9|13} "3|qRIA
oJaIn ul paig

ade1s uoneyuedwi-uad ayy e a1q
(21w

-/- 1¥3 ur) 98eys uonejue|dwi
ay) Jaye Al[eyid| d1uoAiquia Ajieq
(21w -/= 13¥7 ul) 9|18} B|qRIA
9| 1134 ‘B|qeIA

SAWW SHqIYul ‘uoneAnde
Z-dWW Ul S9A|OAU|
sui0.4d

WD sopeidap ‘uoneande
Z-dWW Ul S9A|OAU|
sutajoid WD3 sepesdag

l1o1e|n3as ZHUN
2d(S'¥)Id S9ZA|0IpAH
louqryuy utjospd
101depy

Surjeusis “1oydepy
101depy

aseury utayoud ay | /19g

aseuy dvw
MLd

dWW-LLW ‘T-dIWW

undaul 1g ‘ch utuiwe] ‘z-dWIL ‘T-dWW
undaun 1g ‘ch utuiwe] ‘z-dWIL ‘dWW- LLW

B|A UISOAW
unoe
unoe

44 T-dWIL
€9-09'SY dWW-LIW
89-%9 T-dWW
w:__m_ooEE X11yew o} Ew:_tmg sulajoid
89 Ldeay|
8yl 1+-D7d
1260 2d(S")Id

Surjspowsas ajngnjodIW Io unde o} Juauiad suiaold

unoe Yy ‘uidss ‘,,0z Ld N1 ‘unpixed
‘i3 ‘sed 0g1d ‘  ivad ‘unSe g
uiingny ‘unde ‘oz Ld ‘urnouia

‘seD 0¢ 1d My ‘uldaiul 9o ‘ubge g
utjos|a8 ‘urnoulA ‘utjjixed ‘0g 1300Q
D MEld D180 e Mv4d ‘unda g

utualed ¢ ‘urlayped-N ‘utnoulA ‘utigal g

UlNdUIA 21G-D
unoy

o€l utnauiA

89 uljjixed

o€l sed o¢1Ld
sioydepy

6S Al

Th/vy T/Nad / 7/
6S uA4

panunuo) | 3jqe;]




Molecular Mechanisms in Spermatogenesis

84

‘u19101d SWOIPUAS YILIPIY-NOYSIAA ‘dSYAA ‘SNUIA BWIODIES SNOY JO 9uad Sulwlojsues) ay)
JO M 1d J01dedaiuou e 215-0 ‘utuRged oz Ld /1,07 Ld 1eghbo L swosowo.yd uo pajeso) sued tossaiddns-iown) e pue ‘uisus) yum A8ojowoy mm:m;m Jey) aseyeydsoyd
aulsolA} utsjold e ‘| swosowoiyd uo pajg|ap Sojowoy uisua) pue mmEm;QmOr_g NiLd {1 aseuny uiaoid Juspuadap-apnisoutoydsoyd-¢ ‘| NAd ‘oseuny utajoud
1y 1/198 e ‘aseury| pajeanoe- | zd vy {g-saseajoidoj|eiaw Jo Jolqiyul anssi ‘g-dWIL ¢ L A-D asedijoydsoyd ‘| A-D7d ‘Snaia w._.v_/lo 2uagoouo 3uiwiiojsue.) ayypye-A Jo
Sojowoy aual jewou ayy joionpoud e ‘aseury| uelold ay | /195 e ‘Ply Se umous| os|e ‘g aseurs| uiajoid gyl d ‘ouald sexiD) ayy Aq papoous uisiold pajerdosse-yiD) ‘se) ¢ |d
‘aseuny-¢ (jousoutjApneydsoyd to) spiisoutoydsoyd ‘M €14 ‘oseury autsoiy uiajoad | 4 ‘ereydsoydsig-g‘y jousouljApneydsoyd ‘T4(G )sulpid paj|ed os[e ‘Td(S‘y)Id
‘z-umjoid pare|al ute|ngMoAW ‘ZYWILW ‘eseajosdojerow Xuyew- | adA-aueiquisw ‘QINW- LI ‘Z-oseajoidojelaw XLjew ‘g-dNW ‘aseury payulj-utidajur 7|
‘aseury| sa4/sd4 paj|ed ¥ 1d Joidadaiuou ey 6 € Suipodous auadoouo-ojoid (say/sdj) ewodIeS dUl|a)/eW0DIES IWEUI(N4 BY) (DseUI| 494 (DSeuld UOISaype [ed0) “My/
‘aseuny (dyW) uiaoid pareanoe usdoliw e ‘g-aseuly pare|ndal A[[eusa)xa ‘)T {(OH4D) 0 L Jaquinu sniiA Jown) uaydIyd jo weassumop urajoid ey 08 1/(-jewiouqe
Y1eap |92) -3D ‘08 1X20Q ‘saseury Ajiwey 2us ul anpisal JA] e sajejAioydsoyd jeyy Y14 e ‘@seuny| 0I5 [euiua)-|AXoqied s ‘M 1d Jo Jojeande ue Suipoous ‘0|
19qWINU SNUIA JOWN] US3DIYD PI|[BD BLUODIES USXDIYD B Ul PRIJIIUSP! 9US30DUO UB ¥ L101deDal SNIIAOUSPE PUE -313DBSX0D ‘¥ {UMOUD| JOU ‘3'U :pasSN SUOIRIAIQY

"UIB1aY PaJSI| S3|D1LIE I0/PUB SMIIAI P)ID BU) Ul PUNOY B UED SAOUIBJI 3SIY) JOASMOY ‘PalId Jou
a1am sa|d1e [eurdiio Auew iwij a8ed ayy 01 and “(£8 ‘69 ‘89 ‘8S ‘£S ‘9L ‘S1 ‘€1 ‘6L '€- 1) SMAIAAL Jo/pue sa|dile SuImo||o) 2y} uo paseq patedaid sem ajqel iy

panunuo) | 3|qe|




Testicular Development and Spermatogenesis 85

either via i.p. or by gavage, which also matched quite nicely with the subsequent germ cell
depletion events, especially spermatids at the apical ES, at 6-8 h after treatment.'”'® Perhaps
the most important of all, pretreatment of rats with anti-1 integrin antibody,'® PP1(a c-Src
inhibitor),”” wortmannin (a PI3K inhibitor), ¢ or U0126 (an ERK inhibitor)®® via intratesticular
injection were shown to delay the Adjudin-mediated spermatid loss from the epithelium, fur-
ther confirming the involvement of these signaling pathways in the regulation of apical ES
restructuring. Furthermore, the integrin/pFAK/c-Src/pERK pathway has recently been vali-
dated and expanded by another in vivo model, the androgen suppression model, in which rats
were treated with androgen and estrogen implants to suppress the intratesticular androgen
level, leading to the alteration of the Sertoli-germ cell apical ES function and the subsequent
germ cell sloughing.®® All of these findings thus illustrate that the cell-cell anchoring junction
in the testis is indeed a hybrid cell-cell and cell-matrix junction type.

Furthermore, recent studies have also demonstrated the presence of T] component proteins
at the apical ES, which include the coxsackie and adenovirus receptor (CAR)”*? and JAM-C
(junctional adhesion molecule-C).'%° These results thus illustrate that the apical ES is also
having the structural and perhaps the functional properties of the TJ. While the precise physi-
ology underlying these observations is not entirely clear, it is increasingly clear that the apical
ES is adopting some of the best features found in AJ, focal contacts and TJ to regulate the rapid
events of germ cell migration and orientation essential to facilitate the rapid junction restruc-
turing event pertinent to spermatogenesis.

Concluding Remarks and Future Perspectives

As briefly reviewed herein, there are mounting evidence illustrating the pivotal role of the
basement membrane, a modified form of ECM, on the junction restructuring events that
occur at the Sertoli-Sertoli and/or Sertoli-germ cell interface at the BTB and ES, many of
which are mediated via the effects of cytokines (e.g., TNFo and TGF-B3) on the steady-state
levels of the integral membrane proteins at these sites. Interestingly, some of these effects are
likely mediated via the homeostasis of the proteases and their endogenous inhibitors, which in
turn, affects the structural and physico-chemical properties of the basement membrane and/or
protein levels at the cell-cell interface. It is obvious that much new information will be added in
the years to come and some of the postulates put forth here and depicted in Figure 1 schemati-
cally will be updated and/or rewritten. Perhaps it is also important that future studies should
include a detailed analysis on the peritubular myoid cells and their role on the BTB function,
spermatogonial stem cell renewal, and perhaps ES restructuring such as the use of Sertoli-myoid
cell and Sertoli-germ-myoid cell cocultures. The recent deployment of molecular, biochemical
and cellular techniques to study junction dynamics in the testis has yielded some unprec-
edented opportunities for investigators to identify new leads to develop male contraceptives.
They also offer exciting opportunities to understand the impact of environmental toxicants on
male reproductive physiology.
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CHAPTER 6

[nflammatory Networks in the Control

of Spermatogenesis

Chronic Inflammation in an Immunologically
Privileged Tissue?
Moira K. O’Bryan* and Mark P. Hedger

Abstract

permatogenesis is a complex, organized process involving intimate interactions between
S the developing germ cells and supporting Sertoli cells. The process is also highly regu-

lated. Studies suggest that regulation in the seminiferous epithelium involves molecules
normally associated with either immune or inflammatory processes; in particular, interleukin
la (IL1a), IL6, tumor necrosis factor (TNFa), activin A and nitric oxide (NO). While there is
considerable evidence that these inflammatory mediators have effects on spermatogonial and
spermatocyte development as well as critical supportive functions of the Sertoli cells, which are
undoubtedly of considerable importance during testicular inflammation, there remains some
skepticism regarding the significance of these molecules with respect to normal testicular func-
tion. Nonetheless, it is evident that expression of these regulators varies across the cycle of the
seminiferous epithelium in a consistent manner, with major changes in production coinciding
with key events within the cycle. This review summarizes the evidence supporting the hypoth-
esis that inflammatory cytokines play a role in normal testicular spermatogenesis, as well as in
the etiology of inflammation induced sub-fertility. The balance of data leads to the striking
conclusion that the cycle of the seminiferous epithelium resembles a chronic inflammatory
event. This appears to be a somewhat paradoxical assertion, since the testis is an immunologi-
cally privileged tissue based on its well-established ability to support grafts with minimal rejec-
tion responses. However, it may be argued that local immunoregulatory mechanisms, which
confer protection from immunity on both transplanted tissues and the developing spermatoge-
nic cells, are equally necessary to prevent local inflammation responses associated with the
spermatogenic process from activating the adaptive immune response.

Background

Spermatogenesis and the resulting cycle of the seminiferous epithelium are complex and
highly organized processes that involve intimate and dynamic interactions between the devel-
oping germ cells and their supporting Sertoli cells. The repeating cell associations of the semi-
niferous epithelium are a consequence of spermatogonia entering the process of spermatogen-
esis at regularly spaced intervals, which are considerably shorter than the time required for the
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entire spermatogenic process, and proceeding through the process at a tightly controlled and
predictable rate. In the human, for example, it takes approximately 64 days for a spermatogonium
to mature into a structurally complete sperm and to be released from the seminiferous epithe-
lium. During this period, 4 rounds of differentiation of the spermatogonial stem cell popula-
tion, or waves of spermatogenic initiation, occur. Collectively, this leads to the establishment of
a complex stratified epithelium comprising 4 separate generations of spermatogenic cells each
at different levels of maturation.' Spermatogenesis takes about 35 days in the mouse and 48-50
days in the rat,”? but in all mammalian species several rounds of spermatogonial differentia-
tion during this time period produce multiple germ cell generations within each seminiferous
tubule cross-section.? The regular timing of these events means that the generations form dis-
tinct and recurring cellular associations, referred to as stages of the cycle of the seminiferous
epithelium. In the human, 6 such stages have been described, while in the mouse the number
is 12 and in the rat, 14. How this high degree of coordination is maintained remains largely
unknown. In particular, what triggers the stems cells to divide and produce the next generation
of developing cells at regular intervals? Conversely, what prevents the spermatogonial stem cells
and their offspring from differentiating randomly and continuously? Overall, what is the mecha-
nism that coordinates the process across and along the seminiferous epithelium to ensure that
the orderly progression of cellular associations, or stages, is maintained?

Mounting evidence suggests that inflammatory regulators play a key role in the initiation of
the spermatogenic wave and in many other aspects of germ cell development. These regulators
include the well-characterized cytokines interleukin-1 (IL1) and IL6, but also non-proteina-
ceous mediators of inflammation and immunity, such as nitric oxide (NO).>? Furthermore,
the evidence suggests that such mediators are produced in the testis under normal conditions
by somatic cells, including the Sertoli, peritubular and Leydig cells, and the germ cells, rather
than by immune cell types.

On the other hand, it is well established that the testis is an immunologically privileged
tissue. This is demonstrated by the prolonged survival of grafts into the testicular interstitial
tissue,'"!! and the ability of cotransplanted testicular cells to confer protection from immuno-
logical rejection in non-testicular sites.'*'® The mechanisms responsible for immune privilege
of the testis remain incompletely understood, but most evidence suggests that the somatic cells
of the testis, and the Sertoli cell in particular, play a key role in the regulation of this property.'?
Moreover, it is evident that the most numerous immune cell type within the testis, the resident
macrophages of the testicular interstitium, produces extremely low levels of pro-inflammatory
cytokines and mediators when challenged with the potent inflammatory mediator lipopolysac-
charide (LPS).!*7 The fact that these cells also display anti-inflammatory properties and pro-
duce cytokines, such as IL10 and transforming growth factor p (TGFf), when stimulated,
suggest that they possess an immunosuppressive phenotype.'>'82% Such ‘alternatively activated’
macrophages are generally associated with sites of reduced immune responses.”! While lym-
phocytes and inflammatory monocyte-like macrophages also circulate through the testicular
interstitium, >4 the unique immune status of the resident macrophages almost certainly serves
to reduce the onset and severity of inflammatory and subsequent immunological responses
within the testis. Although still a matter for conjecture, these controlled immune/rejection and
inflammatory responses are assumed to be in place to benefit the developing spermatogenic
cells, which might otherwise be recognized by the host immune system as foreign and come
under immunological attack, due to their highly immunogenic properties.”2°

It would appear, therefore, that the testis has something of a split immunological personal-
ity. On the one hand, there is clear evidence that inflammatory mediators are produced consti-
tutively within the seminiferous epithelium, yet the testis exhibits considerable resistance to
the activation of adaptive immune responses. In other words, it appears that testicular immu-
nological privilege coexists with a seminiferous epithelium that otherwise exhibits characteris-
tics of a chronically inflamed tissue! It will be argued in this review that this arrangement is
essential for successful spermatogenesis and that disturbances in the balance between these two
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immunological ‘compartments’ of the testis result in either immune-mediated damage or
spermatogenic failure, leading to germ cell death. Since dysregulation of the networks involved
in these processes during systemic or reproductive tract inflammation almost certainly contrib-
utes to infertility, a better understanding of this aspect of testicular function is essential.

Production, Regulation and Actions of Inflammatory Mediators

in the Seminiferous Epithelium

In general, inflammation occurs when cells of the mononuclear phagocyte lineage (mono-
cytes and macrophages) become activated. This may be triggered by specific pathogenic mol-
ecules (e.g., endotoxins such as LPS), phagocytosis of opsonized (antibody- or
complement-coated) particles or immune complexes, and/or various intracellular compo-
nents released by tissue damage.?” Activation induces the production of cytokines, acute-phase
proteins, proteases and complement components, reactive oxygen and nitrogen species, and
lipid mediators, such as prostaglandins and platelet activating factor. Non-myeloid cells are
less effective than monocytes/macrophages, but also may initiate a response if they share
some of the essential receptors and signaling pathways. In this regard, the Sertoli cell is
particularly interesting because of several features it shares with cells of the monocyte/mac-
rophage linage, not least its ability to respond to LPS, cyclical phagocytic activity during
spermatogenesis, and ability to produce a range of inflammatory mediators.®5-32

The most intensively studied of the inflammatory mediators produced in the seminifer-
ous epithelium are the cytokines IL1a, IL6, tumor necrosis factor (TNFa) and activin A,
and the highly reactive nitrogen molecule, nitric oxide (NO). It is on these molecules that
this review will focus. While there is evidence that other inflammatory molecules also are
involved (e.g., IL2, IL18, interferons and eicosinoids),SS'36 they have been excluded because
the evidence for their role in regulating spermatogenesis in the adult remains incomplete or
speculative. This is not meant to imply that future studies will not bring such roles to light.
Moreover, it should be recognized that some of the mediators discussed here, as well as other
immunoregulatory cytokines not discussed (e.g., the TGFps), have effects on fetal and post-
natal testicular developrner1t,37’38 an aspect of testicular biology that also has been excluded
from the scope of this review.

Interleukin 1

Interleukin 1 is the most comprehensively studied of all of the cytokines normally ex-
pressed in the testis. IL1 is produced in two forms, a and p, which share approximately 25%
sequence homology and are encoded by separate genes.>*** Both forms act through the same
receptor complex (IL1R), and exert essentially the same effects across a broad range of im-
munological and inflammatory processes. Signaling occurs principally (although not exclu-
sively) through activation of the MyD88/TRAF and MAP kinase/Jnk pathways, regulating
many pro-inflammatory genes through stimulation of the transcription factors, NFkB and
AP-1 (Fig. 1).41%2 The IL1s are synthesized as 31 to 33 kDa precursor proteins, which are
enzymatically cleaved to produce active 17 kDa forms. In the case of IL1a, both the loné
and short forms are biologically active, but for IL1p the precursor protein is inactive.**"
The precursor of IL1f is cleaved by IL1 converting enzyme (ICE or caspase 1) during the
process of secretion into the extracellular space, whereas IL1a is cleaved either by the cal-
cium dependent membrane associated cysteine protease (calpain) or by extracellular pro-
teases.*>%° As both IL1o and B lack a signal sequence, however, their mechanisms of secre-
tion remain poorly defined.*” Nonetheless, IL1f is copiously secreted by activated monocyte/
macrophages and is the main secreted form during inflammation. IL1a is also found in
secretions,” but is more commonly found in association with the cell membrane and is
thought to act as an autocrine or paracrine growth factor involved in direct cell-to-cell com-
munication.*° In general, the majority of IL1a usually remains within the cell, from whence
it may be released following cell damage.
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Figure 1. Inflammatory signaling pathways. During inflammation, binding of ligands to their
receptors leads to activation of parallel and convergent pathways in responsive cells. ILTa and
ILTp act through the IL1 receptor (ILR) via the adaptor protein MyD88, signaling through ILR
associated kinases (IRAK) and tumor necrosis factor receptor (TNFR)-associated factors (TRAF),
leading to degradation of the nuclear factor (NF)-xB repressor protein kB and activation of
mitogen activated protein (MAP) kinases. MAP kinases activate multiple downstream events,
including production of the transcription factor AP1 via the c-jun N-terminal kinase (Jnk). These
transcription factors enter the nucleus and activate transcription of a number of
inflammation-related genes, including ILTa, IL1B, TNFa, IL6, activin A and inducible NO syn-
thase (iNOS). Depending upon which adaptor molecules are engaged, binding of TNFa to its
receptor can lead to activation of TRAF, or to the caspase activation cascade and apoptosis
through the Fas-associated death domain protein (FADD). Lipopolysaccharides (LPS) bind to the
toll-like receptor (TLR) 4 and also act through the MyD88/TRAF pathway. Note that while the
central pathways are depicted, they are by no means the only signaling pathways involved in this
complex regulation.

There is a third member of the IL1 cytokine group that is homologous with IL1a and IL1p
and binds to IL1R, but lacks the ability to transduce a signal. This molecule acts as an antago-
nist of IL1 action and is called, naturally enough, IL1 receptor antagonist (IL1ra).*®

Within the normal testis, the balance of experimental data suggests that IL1a is expressed
by the Sertoli cells, where it first appears around day 15-20 in the developing rat testis, and is
differentially expressed throughout the cycle of the seminiferous epithelium in the adult (Fig.
2).>28319 Specifically, IL1 mRNA and protein production occurs at a more or less constant
level throughout the cycle, with the exception of stage VII in the rat, when production is low or
non-detectable. Both in vitro, and in vivo data suggest that the Sertoli cell production of IL1a
is driven by the presence of spermatogenic cells, but it is most effectively simulated by the
phagocytosis of residual bodies produced during spermiation at stage VIII of the cycle.’! In
contrast to studies clearly showing that inflammation stimulates IL1a production by the Ser-
toli cells in vitro, 283 the production of IL1a in the intact rat testis is not stimulated during
inflammation in vivo,"? indicating that its production is constitutively and possibly maxi-
mally up-regulated under normal conditions.

Within the seminiferous epithelium, the IL1R has been localized to both Sertoli and
spermatogenic cells.”! In vivo and in vitro data suggest that IL1 stimulates DNA synthesis in
intermediate and type B spermatogonia as well as preleptotene spermatocytes,”*>> and acts as
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an autocrine regulator of several Sertoli cell functions involved in the support of spermatogen-
esis, including the production of lactate and transferrin.’®>’ Tt should be noted that Sertoli
cells also secrete a 24 kDa testis-specific form of IL1a, which is the product of an alternative
mRNA transcript.’® The 24 kDa variant lacks the calpain cleavage site and consequently is not
post-translationally cleaved. The physiological significance of this variant is not entirely clear,
although it does possess biological activity.”®>” It is worth noting here that expression of IL1a
also has been reported in isolated late pachytene spermatocytes and round spermatids germ
cells, 000! although these data are in conflict with other studies.

Although immunohistochemistry has localized IL1f to both the seminiferous epithelium
and interstitial tissue of normal mice,*’ quantitative studies in the rat suggest that IL1f expres-
sion is comparatively very low in the normal testis.®!>*’ During inflammation induced by LPS
in intact rats, IL1p expression is up-regulated in the testis, but to a much lesser extent than
normally occurs in other tissues, such as the liver."> In vitro and in vivo studies suggest that
production arises from the Leydig cells and a subset of monocyte-like macrophages in the
testis, rather than from cells of the seminiferous epithelium.">>*¢ Testicular interstitial fluid
IL1B concentrations, as measured by ELISA, also increased following injection of LPS in adult
rats, but surprisingly, there was no increase in the overall IL1 bioactivity of testicular interstitial
fluid. This was assumed to be due to the constitutively high production of IL1a by the Sertoli
cells.® A similar observation had been reported previously,”’ wherein the authors suggested that
the lack of change in IL1 bioactivity may have been due to a compensatory increase in IL1ra
produced by the Sertoli cell.?* Testicular interstitial fluid fractionation studies, however, estab-
lished that very little of the IL1p entering the interstitial fluid following LPS stimulation had
been cleaved to its active form, suggesting a possible deficiency in the activity of ICE/caspase
1."° Tt appears that pro-inflammatory cytokine activity may be regulated at both the transcrip-
tional and post-translational level in the testis.

Outside the seminiferous tubules, both IL1a and IL1B have direct inhibitory effects on
gonadotropin-stimulated androgen production by the Leydig cells.’**>% In the mouse, evi-
dence suggests that the major site of inhibition occurs at the level of 17a-hydroxylase/C17-20
lyase (P450c17) expression, with affects of higher doses on the cholesterol side chain cleavage
enzyme (P450scc) and 3p-hydroxysteroid dehydrogenase (33-HSD).®%¢” In the rat, inhibition
appears to involve P450scc, specifically.

Interleukin 6

Interleukin 6 is a member of an important family of mediators involved in the regulation of
the acute-phase response to injury and infection, which exert their action via binding to spe-
cific receptors that associate with a common membrane signal transducer gp130, leading to the
activation of the Jak/Stat and MAP kinase cascades.®””® Although evidence suggests that the
Leydig cells actually may be the major source of this cytokine in the testis,”’ ! IL6 is produced
by isolated rat Sertoli cells in response to stimulation by follicle-stimulating hormone (FSH)
and testosterone, or by ghagocytosis and other inflammatory stimuli, including IL1a, IL1B,
TNFo and LPS (Fig. 1).”%%2%7172 Within the seminiferous epithelium, LG is produced in a
coordinated manner (Fig. 2), and FSH differentially stimulates IL6 secretion during the cycle
of the seminiferous epithelium.”®”® Both gp130 and IL6R mRNA are expressed in rat Sertoli
cells, and are stimulated by IL1 and IL6, but only the IL6R subunit is stimulated by FSH.”*

The data from many studies indicate that that IL1 and IL6 are integrated in a complex
network of endocrine and local regulatory mechanisms within the seminiferous epithelium.
Stimulation of Sertoli cell IL1la mRNA production, in turn, stimulates IL6 secretion through
activation of leukotriene production via the lipoxygenase pathway.®?? This results in an en-
dogenous cyclical pattern of secretion that corresponds with the changes in the stages of the
spermatogenic cycle, similar to that of IL1a (Fig. 2). IL6 has been found to act as an inhibitor
of meiotic DNA synthesis in preleptotene spermatocytes’” and increases basal and FSH-induced
transferrin and cyclic GMP secretion by Sertoli cell.”>”® On the other hand, IL6 reduces «
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opioid receptor mRNA levels in the Sertoli cell.”” In models of experimental autoimmune
orchitis (EAO), IL6 has been implicated as playing an ameliorative or protective role within
the seminiferous epithelium.”®”

Tumor Necrosis Factor a

Tumor necrosis factor a is a 17 kDa glycosylated polypeptide, principally produced by
activated monocytes and macrophages, which binds as a trimer to either of the two TNF
receptors (TNFR1 and TNFR2), and plays a central role in the initiation of the inflammatory
response by stimulating the production of IL1 and IL6 (Fig. 1).8%8! As its name suggests,
TNFa can also exert a cell-death signal via TNFRI1, through interaction with the
TNFR-associated death domain protein (TRADD) or the Fas-associated death domain pro-
tein (FADD), and activation of the caspase-dependent apoptotic pathway (Fig. 1).53 Whether
TNFa has a stimulatory, pro-inflammatory effect, or a destructive effect depends on the recep-
tor subtype engaged and the expression of specific adaptor proteins within the target cell.

In situ hybridization studies in mice have confirmed the presence of TNFa mRNA in
round spermatids and pachytene spermatocytes, as well as in testicular interstitial macroph-
ages.** Moreover, bioactive TNFo was produced by the round spermatids in vitro and mRNA
for the corresponding receptor was located on both Sertoli and Leydig cells. FSH stimulates
TNFao. receptor subunit protein expression in the Sertoli cell.®> Expression of TNFo by germ
cells within the seminiferous epithelium, like that of IL1o and IL6 in the Sertoli cell, is cyclical
(Fig. 2). There is no evidence that TNFa is produced by the Sertoli cell, but treatment of
isolated testicular macrophages with LPS induces its secretion.5¢”

Within the seminiferous epithelium, TNFo appears to play a complex role the regulation of
Sertoli cell function and spermatogenesis. TNFa reduces spontaneous germ cell degeneration
in cultured human and rat seminiferous tubules, suggesting a germ cell survival effect mediated
via the Sertoli cell.®¥3? On the other hand, in vitro studies indicate that TNFa disrupts Sertoli
cell tight-junction assembly by inhibiting production of the junction protein, occludin and
inducing the expression of matrix metalloprotease-9 and its inhibitor tissue inhibitor of
metalloproteases-1.” Likewise, TNFo has been reported to increase plasminogen activator
inhibitor-1 (PAI1) expression in rat testicular peritubular cells, indicating that it plays a key
role in controlling testicular protease activity.()1 Similar to IL1, TNFa stimulates basal lactate
production by cultured Sertoli cells,”*”® but TNFo generally antagonizes the actions of FSH
on Sertoli cell function, including the stimulation of aromatase activity and lactate produc-
tion.”* Conversely, Delfino and colleagues have shown that TNFa stimulates androgen recep-
tor expression in Sertoli cells via up-regulation of NF«B, which binds to several enhancer
motifs in the androgen receptor promoter.”® These many studies suggest that TNFa. produced
by the germ cells exerts a complicated paracrine effect on the adjacent Sertoli cell to alter its
function at various stages during the cycle of the seminiferous epithelium.

In testicular pathology, TNFa has been implicated as a major causative agent in the devel-
opment of EAO.% In rats with EAO, there is a significant increase in the number of
TNFa-positive testicular macrophages and the number of TNFR1-positive germ cells.” The
majority of TNFR1-positive germ cells were apoptotic, suggesting that TNFa could act to
trigger germ cell apoptosis in this model, acting together with other local cell death regulatory
systems such as the Fas-Fas ligand system.”® TNFa also stimulates ILG and leukocyte adhesion
molecule expression in Sertoli cells.””

Outside the seminiferous epithelium, TNFa is an effective inhibitor of Leydig cell steroido-
genesis acting through the NF«B signaling pathway.'® Inhibition of LH/hCG binding by
TNFa has been reported,'”" but the majority of studies in the mouse suggest that inhibition
occurs primarily at the level of steroidogenic gene expression, particularly P450scc, P450c17
and 3p-HSD.®>'%2193 I seudies on porcine Leydig cells, the inhibitory affect of TNFa also
was reported to involve a decrease in steroidogenic acute regulatory protein (StAR) mRNA and
protein levels.'® In non-stimulated or hCG-treated intact or hypophysectomized rats,



Inflammatory Networks in the Control of Spermatogenesis 99

intratesticular delivery of TNFa induced a rapid and sustained reduction in StAR protein
expression and testosterone biosynthesis.'%®

Activin A

The activins are homodimers or heterodimers of several homologous subunits (designated
Ba-PE), and are members of the much larger TGFp family of dimeric cytokines. Homodimers
of B form activin A, which is widely expressed and has been extensively studied.'%¢ Relatively
litcle is known about the distribution and actions of the other activin forms, which appear to be
both less abundant and less widely distributed. Heterodimers of either the s or g subunits
with an homologous a subunit are feedback inhibitors of FSH secretion from the pituitary,
which are produced by the testis and are called inhibin A and inhibin B, respectively.'”” Con-
versely, activin A and B act as stimulators of pituitary FSH secretion. Increasing data, however,
illustrate the fact that activin A in particular is also a paracrine growth factor and inflammatory
regulator.mg’m() Unlike the other mediators discussed in this review, which have predominantly
or exclusively pro-inflammatory actions, the functions of activin A tend towards
immunoregulation or immunosuppression, although activin A does appear to play a key role in
early inflammation,!0%10%-111

The regulation of activin A production is still poorly characterized, but its synthesis and
secretion is stimulated by IL1 in several cell types, including the Sertoli cells and peritubular
cells of the testis.''? This regulation probably involves signaling via the p38 MAP kinase/Jnk
pathway through the transcriFtion factor AP1, since the promoter of the 4 subunit includes
AP1 sites, but no NF«B sites, 37115 although this assumption is yet to be formally proven (Fig.
1). In the Sertoli cell, B4 production is ne%atively regulated by FSH through the protein kinase
A pathway, and is stimulated by LPS.>*!'* Binding of activin A to target cells causes dimeriza-
tion of membrane type II and type I signal-transducing receptors and activation of the Smad
family of transcription factors.!'®'8

Activin A bioactivity can be regulated at the transcriptional and translational level, as well as
at a post-translational level through the binding of pa subunit to apparently functionally inac-
tive B subunits (such as the Bc subunit)''? or to the o subunit of inhibin.'% Activity is also
controlled post-secretion by the activin-binding protein, follistatin.'*>'?! Follistatin binds
activins, as well as a small number of related TGFp family members, with very high affinity,
competing with their ability to interact with their receptors and essentially neutralizing bio-
logical activity.

Under control conditions in the adult testis, immunohistochemical and in situ hybridiza-
tion studies indicate that the pa subunit of activin is largely associated with the Sertoli cell, but
itappears to have a more widespread distribution within germ cells, extending into spermatogo-
nia, spermatocytes and spermatids.’>'?>?3 Tt is also found in macrophages and mast cells
within the interstitial tissue of adult rats.>* Peritubular cells from immature rats in culture
produce activin A,'*>1?4 but the protein was not detectable by immunohistochemistry in
peritubular profiles of adult rat testis,”* suggesting that activin A production by these cells may
decline with age. This possibility is given extra weight by the observation that, in prepubertal
rat testes, peritubular cells rather than Sertoli cells appear to be the main source of activin A.'**
Given the ability for activin subunits to form dimers with differential activity, it is critical to
measure the whole protein, rather than just the assess the presence of a particular subunit in
isolation. This has been facilitated in the case of activin A by the availability of a specific
sandwich-type ELISA that detects the dimeric protein.'*>!¢ A combination of whole protein
and mRNA studies on activin A/Ba subunit expression in several species have established that
activin A protein is present at all stages of the seminiferous cycle, but undergoes a distinct
cyclical pattern of production (Fig. 2).*!%

Experiments with adult rat seminiferous tubule cultures indicate that IL1a may be driving
activin A production at all stages of the cycle where IL1a is produced, but that the ability of
Sertoli cells to respond to IL1a changes throughout the cycle.” This may involve changes in
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ILIR levels,”! production of endogenous IL1ra by the Sertoli cells,**** and/or a cycle-specific

switch in the inhibitory regulation of activin A by FSH.?? Regardless of the fine detail of this
control, activin A secretion by the seminiferous epithelium displays a very large surge at stages
VIII-XII in the rat, immediately following spermiation and the resumption of IL1a produc-
tion that follows stage VII (Fig. 2). By the end of stage XII, however, activin A production has
returned to basal levels. It is likely that the bioavailability of activin A is also regulated at this
time by the production of follistatin, which reaches maximal levels of expression within the
cycle at stages X-XIV.!2>127

The surge of activin A at stages VIII-XII coincides with and then extends beyond a burst of
DNA synthesis associated with meiotic division in preleptotene spermatocytes and a round of
type A spermatogonial division.*> The ability of activin A to stimulate spermatogonial and
preleptotene spermatocyte DNA synthesis has been established by several in vitro experiments,
using tubule fragment cultures'*® or Sertoli-spermatogonial cell cocultures.'”” However, other
studies have shown that activin A inhibits and follistatin stimulates FSH-induced spermatogo-
nial proliferation in testis fragment cultures from younger rats.!**!! Moreover, activin A de-
lays meiosis in cultures of rat primary spermatocytes,'* and in many other cell types activin A
has been shown to inhibit cell growth and induce apoptosis.'*® To complicate the matter fur-
ther, activin A can block production and down-stream effects of IL1 and IL6 during inflamma-
tory responses,' 1> and may have similar effects on endogenous IL1a and TLG within the
seminiferous epithelium. At present, it is difficult to predict exactly what role the surge of
activin A might play in the control of germ cell mitosis and meiosis during stages VIII-XII, and
studies to address this issue are warranted.

As with activin A, inhibin B is produced in a stage regulated manner in the rat seminiferous
epithelium (Fi? 2). Further, the production of inhibin B is regulated by the presence of develop-
ing germ cells™*>1% and by FSH and IL1a in a reciprocal pattern with activin A.3*3*112 For
example, the incubation of cultured stage VIII tubules with IL1ra resulted in a reduction in
activin A secretion and a corresponding increase in inhibin B production. In rat Sertoli cell cul-
tures, IL1o and IL1B stimulated B mRNA production and activin A protein secretion, while
concurrently reducing inhibin B protein secretion and transcription of both fp and inhibin a
mRNA."? Conversely, FSH inhibits activin A secretion by the Sertoli cell, but stimulates inhibin
B secretion. While still only partially revealed, these data highlight the complex and dynamic
cytokine and regulatory hormone network that operates within the seminiferous epithelium.

Nitric Oxide

The nitric oxide synthases (NOS) are a group of three related enzymes, neuronal NOS
(nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS (eNOS or NOS3),
which catalyze the conversion of L-arginine to L-citrulline and NO.""13 At low levels (<1
uM), NO acts as a regulatory molecule, but at high levels NO causes damage to DNA, proteins
and lipids through free radical generation.'*'%* The NOS enzymes are homodimeric proteins
composed of identical monomers of ~130-160 kDa and are encoded by three separate genes.
Both nNOS and eNOS are constitutively expressed enzymes whose activity is regulated through
a calcium-calmodulin mediated mechanism.4"!42 In contrast, iNOS is a constitutively acti-
vated form of NOS that is regulated at the transcriptional level by a range of inflammatory
mediators, including LPS, IL1 and TNFa (Fig. 1). Consequently, iNOS has both physiologi-
cal and pathophysiological actions.

All three NOS forms have been identified in testicular tissue from several species.!*® They
appear to be involved in the regulation of normal male fertility at multiple levels and are patho-
genic under some circumstances. At the cellular level, NOS has been found in Sertoli (nNOS,
eNOS, iINOS), Leydig (nNOS, eNOS, iNOS) and peritubular cells (iNOS), spermatogenic
cells (eNOS, iNOS) and testicular macrophages (iNOS)." Tt is important to note that mac-
rophage expression of iNOS is confined to the minority of monocyte-like macrophages of the

rat testis, and it is not expressed by the majority resident macrophages.”'* In the normal rat



Inflammatory Networks in the Control of Spermatogenesis 101

seminiferous epithelium, iNOS is particularly expressed by elongating spermatids at stage IX
of the cycle, and in pachytene spermatocytes at stages IX-XII, with relative lower levels of
expression in the Sertoli cells and peritubular cells across all stages.” The #NOS gene also pro-
duces a testis-specific isoform, TnNOS, which has been localized specifically to Leydig cells
and is implicated in the control of steroidogenesis through its ability to regulate steroidogenic
enzyme levels. 44147 Regardless of its source, NO has been shown to inhibit Leydig cell ste-
roidogenesis directly, and treatment with NOS inhibitors counteracts the decrease in testoster-
one associated with sepsis or stress.!81°! The mechanism of action probably involves oxidative
damage through generation of reactive nitrogen species, such as the peroxynitrite anion. #1142
In addition to the regulation of androgen production and germ cell number, NO production
has been implicated in the control of the formation and disassembly of the Sertoli cell junc-
tions that constitute the blood-testis barrier, as well as the junctional complexes involved in
Sertoli-germ cell adhesion.'>>

Surprisingly, male mice with deletions of each NOS form are fertile, although only the
fertility of ZNOS null mice has been studied in great depth. Potentially, considerable redun-
dancy exists in all of these processes whereby the substitution of another NOS enzymes, as well
as reactive species other than NO, may occur in the genetic absence of each individual NOS
form. Significantly, ZVOS null mice have increased testis weights (131% of control) as a result
of decreased pachytene and round spermatid apoptosis, which leads to a 65% increase in daily
sperm output.'*® The susceptibility of pachytene spermatocytes to iNOS is entirely consistent
with the expression of iNOS in normal wildtype rat testes, and is strongly indicative of a key
role for iNOS in determining the germ cell carrying capacity of Sertoli cells.”!*?

Not surprisingly, given the response of the NOS forms to stress in other tissues, iNOS
expression and NO production in the testis is greatly up—re$ulated during inflammatory events
induced by the injection of LPS,” testicular torsion* or testicular heating.® NO
over-production leads to stage-specific germ cell damage and loss by both apolptosis and necro-
sis, as well as changes in testicular blood flow and interstitial fluid content.” !>’

Cytokines in the Regulation of Normal Spermatogenesis—
What Should We Believe?

On the face of it, the large body of data outlined in the preceding section would seem to
indicate that pro-inflammatory mediators must play an important role in the functions of the
seminiferous epithelium. However, because these molecules are associated with inflammation
and can be artefactually induced in many cell types by inflammation, stress or even the very act
of cell isolation, doubts have been expressed regarding their actual contribution to normal
testicular function. This attitude is not entirely unjustified. The sensitivity of many cells to
stimulation by LPS and other endotoxic agents and the failure of many earlier studies in par-
ticular to eliminate the complication of endogenous endotoxin contamination has led some
researchers to question the validity of the observations that these mediators are expressed by
testicular cells under normal conditions. In other words, it is suspected that the production of
inflammatory mediators by testicular cells in the absence of an apparent inflammatory stimu-
lus may be due to stressing of the cells during their isolation, endotoxin contamination of in
vitro preparations, or even an underlying pathology in the animals used as a source of tissue.
For example, conflicting results concerning IL1a localization in spermatogenic cells may be
attributable to such uncontrolled experimental variables.*®' The problem is compounded by
the use of RT-PCR to detect these mediators because of the sensitivity of such methods. In-
deed, using RT-PCR alone, one can “demonstrate” the presence or absence of an mRNA spe-
cies by simply increasing or decreasing the number of cycles, respectively. Fortunately, the
development of quantitative RI-PCR methods in recent years has gone a long way towards
reducing this problem. Nonetheless, a reliance on mRNA data alone ignores well documented
variations in cytokine translational efficiency and the requirement for post-translational pro-
cessing to produce a bioactive protein (Fig. 3). Finally, a number of immunohistochemical
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studies using antibodies of poorly defined specificity, often with inadequate controls or using
poorly-fixed testicular tissue, may have contributed to confusion in the literature as well.

Skepticism has been compounded by the fact that, with the exception of activin A, which is
fetal lethal,'>¢ breeding studies show that male mice with deletions of IL1, IL6, TNFo and iNOS,
or of the relevant receptors, are all fertile.'>*>1>? Accordingly, in spite of considerable evidence
that IL1a is produced by the Sertoli cell and has regulatory effects on spermatogonial prolifera-
tion and development, mice lacking the ILIR, and hence unresponsive to IL1, display relatively
normal fertility."” Yet it cannot be ignored that numerous studies have shown by quantitative
mRNA and protein methods using both in vivo and in vitro approaches that the mediators
discussed in this review are produced by testicular cells and that they have effects on spermatoge-
nesis. Moreover, most of the findings have been consistent and reproducible in different research
laboratories over many years, and it seems unlikely that endotoxin contamination or sick animals
can account for all the observations. In fact, some studies have gone to considerable lengths to
completely eliminate these possibilities.'**1®! While there is still much room for debate concern-
ing the details, there are sufficient data to declare that IL1o, TNFa, ILG6, activin A and iNOS/
NO have a case to answer with regards to their role in normal testicular function.

As outlined above, the expression of IL1a, TNFa, IL6, activin A and iNOS occurs in a
regulated manner across the cycle of the seminiferous epithelium (Fig. 2). These proteins show
distinct patterns of cyclical production and their patterns of production coincide with key
events in Sertoli cells and spermatogenic cells. A critical series of events occurs at, and immedi-
ately after, stage VIII in the rat: the release of sperm from the epithelium (spermiation), a peak
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Figure 3. Measurement of IL1p. This cytokine displays a particularly complex regulation, involv-
ing a biologically inactive precursor which is activated by the enzyme IL1 cleaving enzyme, ICE
or caspase 1, atthe time of its secretion from the cell. The mechanisms of production, processing
and secretion are poorly understood, but appear to be relatively inefficient, and there can be large
discrepancies between the levels of mRNA expression and the amount of bioactive protein
secreted by the cell.*/192193 Moreover, significant secretion of the inactive precursor without
processing may occur, as has been observed in the testis and other systems.'>#7/'94 As a result,
what is measured can make very big differences to the conclusions reached. Even quantitative
methods which detect mRNA may tell us relatively little about the actual levels of protein
produced. Methods which detect the protein may also detect the precursor, leading to an over-
estimation of the bioactive protein. Bioassays provide the most informative measure of the
physiological levels of IL1, although even this measurement may be compromised by the pres-
ence of anti-inflammatory cytokines that inhibit its activity in various assays.
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of DNA synthesis by preleptotene primary spermatocytes cells and type A spermatogonia prior
to meiotic and mitotic division, respectively, and the reorganization of tight junctions of the
blood-testis barrier to allow the meiotic cells to enter the adluminal compartment. These events
also coincide with a recovery of the responsiveness of the Sertoli cell to FSH.¢%16% At the same
time, there is a resumption in production of IL1a by the Sertoli cells and of TNFa and iNOS
by the germ cells, a rise in Sertoli cell IL6 production, and a transient peak of activin A produc-
tion. These responses are highly reminiscent of an inflammatory event. Could the epithelium
be experiencing a cyclical inflammatory burst, associated with sperm release and phagocytosis
of the residual bodies?

Significantly, nuclear localization of the key pro-inflammatory transcription factor, NFxB
in the Sertoli cell and the germ cells also shows a cyclical pattern within the seminiferous
epithelium.'®* There is a good relationship between nuclear NFkB levels in spermatocytes and
both TNFa and iNOS expression by these cells. Curiously, however, there does not appear to
be a close concordance between the content of NFkB in the Sertoli cell nucleus, which is
elevated at most stages of the cycle but appears to decline during stages VIII and IX, and the
production of IL1a or IL6 by this cell. This is, perhaps, less surprising in the case of activin A
and inhibin B, since NFkB almost certainly does not regulate their expression. However, it
should be borne in mind that the overlying regulatory influence of the developing germ cells,
as well as FSH and testosterone in the control of several of these mediators may distort the
cyclical expression patterns observed. For example, production of IL6 by the Sertoli cell is
stimulated by FSH and, although it is regulated by IL1a and nuclear NF«B, its production
appears to be most closely aligned with changes in the expression of the FSH receptor (Fig. 2).
More detailed studies on the regulation of these and other transcriptional regulators and signal-
ing pathways involved in inflammatory cytokine production throughout the cycle of the semi-
niferous epithelium will be required to resolve these issues.

Additional questions remain regarding the precise biological effects exerted by some of these
mediators within the seminiferous epithelium. It appears that different in vitro models can lead
to very different conclusions. This is best exemplified by the fact that TNFa reduces germ cell
apoptosis in seminiferous tubule cultures and, hence, could be considered a germ cell survival
factor.3%%? However, TNFa is also implicated in the breakdown of Sertoli cell tight junc-
tions,”® 152 stimulation of apoptosis by Fas-Fas ligand activity in spermatogenic cells, 8 and the
onset of orchitis.”” It would appear that the role of TNFa in regulation of spermatogenesis may
depend upon its context, i.e., when and for how long it is produced, how much of it is pro-
duced and which receptors are available to respond to it. In a similar manner, activin A has
been identified as both a stimulator and inhibitor of spermatogonial development by different
experiments.’>129-13!1

Nonetheless, even though there are many questions still to be answered, it is possible to
propose a model of cytokine network signaling in the Sertoli cell based on the available data
(Fig. 4). It can be postulated that release of sperm and resorption of residual bodies at stage
VII-IX of the cycle triggers an inflammatory response in the Sertoli cell as evidenced by an
up-regulation of IL1a.. IL1a in turn stimulates a surge of spermatogonial proliferation and a
new generation of germ cells entering the spermatogenic cycle. IL1a also induces the produc-
tion of IL6, which acts to regulate the number of spermatocytes progressing through meiosis.
The role of activin A in this model is not entirely clear, but this cytokine may cooperate with
IL1a to stimulate spermatogonial proliferation, or with IL6 to control meiotic progression, or
it may even act to block the activity of IL1a and IL6. As a result of this network, the entry of
spermatogonia into spermatogenesis occurs in short bursts that are timed to coincide with the
release of sperm into the lumen, while at the same time the entry into meiosis is being modu-
lated. A parallel network involving the spermatocytes and spermatids is also triggered at this
time, possibly involving IL1a from the Sertoli cells, stimulating the production of TNFa and
iNOS/NO, which induce the disassembly of the intercellular tight junctions to allow the mei-
otic cells to transit the blood-testis barrier. Variants of these regulatory networks may also



104 Molecular Mechanisms in Spermatogenesis

Spermatozoa

Residual 0 t i
bodies A—— SpErmiation
00

Spermatocytes
Spermatids

IL6 —|
TNFO‘ _ meiosis
acﬂwn A —

adherent @

junction .

proteins _
Spermatogonia

Figure 4. A model of cytokine networks in control of Sertoli-germ cell interactions. Residual
bodies produced during spermiation stimulate production of ILTa by the Sertoli cell, which in
turn stimulates IL6 and activin A. All three cytokines have been shown to have stimulatory and/
orinhibitory actions on spermatogonial proliferation and meiotic progression of the spermato-
cytesinvitro. Activin Aalso modulates the activity of ILTa.and IL6. Spermatocytes and spermatids
produce TNFa and NO, most likely in response to stimulation by IL1a from the Sertoli cell, which
are regulators of Sertoli cell tight junction formation and degradation. Itis hypothesized that these
interactions coordinate germ cell initiated events, such as spermiation and release of the residual
bodies with spermatogonial proliferation, meiosis and intercellular junction reorganization
throughout the cycle of the seminiferous epithelium. This process appears to be most relevant
at stages VIII-XI, but variants may also operate elsewhere during the cycle.

operate at other times and in different ways throughout the remainder of the cycle, for exam 4ple, in
controlling the proliferation of intermediate and B type spermatogonia durmg stage V.*

Given the considerable evidence for a direct role for cytokine networks in the control of
spermatogenesis under normal conditions, therefore, how can we explain the fact that the
relevant ‘knockout’ mice are fertile? Three main issues need to be considered here:

Redundancy of Action

Most cytokines and enzymes involved in inflammatory pathways share overlapping func-
tions and signaling pathways, as in the case of IL1 and TNFa (Fig. 1), or belong to families
with similar properties and range of actions (e.g., the NOS forms). Absence of a critical gene,
particularly during development, may even stimulate appropriation of other genes with similar
function. It is common knowledge that deletions of even fundamental regulators like IL1,
TNFa or ILG results in relatively subtle immunity phenotypes.'®® Rather than focusing on the
individual players, the inflammatory response itself should be considered as being responsible
for spermatogenic regulanon Consequently, the retention of fertility in mice lacking the ILIR,
and presumably insensitive to either IL1a or IL1p,"” may be due to the fact that IL1 is just one
of several inflammatory mediators with overlapping functions induced by phagocytosis in the
Sertoli cells. Moreover, the possibility for alternative or non-classical actions of ILla in the
seminiferous epithelium, which bypass the classical ILR must also be considered.'®®'¢”

Superficial Assessments of Fertility

Few of the knockouts relevant to the present discussion have been carefully examined for
subtle testicular phenotypes, which may occur: the 7NOS null mouse is a notable exception.'>
Null mice may be considered to be fertile, because they are capable of breeding in an animal
house environment, but further examination may expose testicular or germ cell anomalies.'®®
The genetic background of the animal also should be considered, since phenotypes observed in
one strain of knockout mice can disappear when backcrossed onto another background.
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“Hidden” Phenotypes

Fertility or other physiological phenotypes may not manifest under normal animal house
conditions, or in the absence of some stressor or other intervention, such as ageing or infection.
A good example of this is the /26 null mouse,">® which has apparently normal testicular func-
tion, but actually possesses an aromatase deficiency that can lead to anomalous steroidogenic
responses (Fig. 5).

In summary, we have outlined a complex model of spermatogenic regulation involving
inflammatory networks that leads to the hypothesis that the cycle of the seminiferous epithe-
lium is actually a cyclical inflammatory event. As such, spermatogenesis may be viewed as a
localized inflammatory process wherein the Sertoli cell functions in the role of the monocyte/
macrophage. With this concept is mind, it is particularly important that the testis maintains a
tight immunoregulatory environment to suppress local antigen-specific immune responses.
Although outside the scope of this review, it is clear that the testicular resident macrophages, in
concert with the Sertoli and Leydig cells, conspire to inhibit immune responses, which might
otherwise be triggered by the ongoing inflammatory process within the seminiferous tubules
(reviewed in detail by Hedger and Hales, ref. 169).

Inflammation and Testis Function—Role of Inflammatory Mediators

and Implications for Fertility

While the role of inflammatory mediators in normal spermatogenesis may be disputed, there