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PREFACE

Recent advances in cellular and molecular biology have markedly increased our
understanding of normal and abnormal hypothalamic—pituitary—testicular function. Like
other volumes in the Contemporary Endocrinology series, the goal of Male Hypo-
gonadism: Basic, Clinical, and Therapeutic Principles is to link current knowledge of
basic biology to the practice of medicine. The development of new methods for testoster-
one replacement has substantially increased the number of men who are seeking to
determine whether they are hypogonadal, and who are using testosterone replacement
therapy, thus mandating a broader understanding of testosterone deficiency.

The chapters of this book were contributed by authors from around the world, and
from various scientific and clinical disciplines, who have devoted their careers to the
study of the physiology and pathophysiology of the male. Thus, this comprehensive and
focused volume is intended for a wide audience encompassing both basic scientists and
practicing clinicians. Its scope will provide a wealth of information for students and
fellows as well.

Chapters 1-3 review the neuroendocrine regulation of testicular function and provide
an overview of Leydig cell steroidogenesis and the normal spermatogenic process in
primates. The causes of gonadotropin deficiency and testicular failure are described in
Chapters 4-10. The impact of chronic illness on testicular function is the focus of Chap-
ters 11-13. Chapter 14 describes the endocrine mechanism for the decline in testicular
function with aging. Chapter 15 summarizes the data supporting an impact of environ-
mental factors on testicular function, whereas Chapters 16 and 17 discuss the testicular
consequences of exercise and obesity. Finally, Chapters 18 and 19 provide an overview
of androgen replacement therapy and an approach to stimulating spermatogenesis in
gonadotropin-deficient men.

I wish to thank the contributors who spent many hours researching, pondering, and
preparing their chapters, which collectively are exceedingly informative and clearly
presented.

Stephen J. Winters, MD
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OVERVIEW

The proximate regulator of testicular function is gonadotropin-releasing hormone
(GnRH), which is produced in neurons scattered throughout the anterior hypothalamus.
When it reaches the anterior pituitary, GnRH stimulates the synthesis and secretion of
the pituitary gonadotropic hormones, luteinizing hormone (LH), and follicle-stimulat-
ing hormone (FSH). LH and FSH are released into the circulation in bursts and activate
G protein-coupled receptors (GPCRs) on Leydig and Sertoli cells, respectively, that
stimulate testosterone production and spermatogenesis. The system is tightly regulated
and is maintained at a proper set point by the negative feedback effects of testicular
steroids and inhibin-B. Testicular function is also influenced by multiple internal and
external environmental factors.

From: Male Hypogonadism:
Basic, Clinical, and Therapeutic Principles
Edited by: S. J. Winters © Humana Press Inc., Totowa, NJ
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2 Winters and Dalkin

GnRH SYNTHESIS AND SECRETION

GnRH is the proximate regulator of reproduction. GnRH, a C-terminal amidated
decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2), is found in a small
number of neurons that are located diffusely throughout the anterior hypothalamus in
primates (/). GnRH neurons send axons through subventricular and periventricular
pathways to terminate in the capillary space within the median eminence. GnRH from
these axons enters the capillaries and is transported in the hypothalamic portal blood to
the cells of the anterior pituitary.

Many factors influence the amount of GnRH that is secreted. GnRH mRNA levels
are determined by the transcription rate of the pro-GnRH gene, which is controlled by
the POU-homeodomain protein, Oct-1, adhesion-related kinase (Ark), and retinoid-X
receptors, among other factors (2). Studies in GT1-7 cells, a GnRH-producing murine
neuronal cell line, suggest that mRNA stability also plays an important role in main-
taining GnRH gene expression. GnRH mRNA levels increase in the hypothalamus of
adult male monkeys after bilateral orchidectomy (3), indicating that the testis secretes
endocrine hormones, presumably testosterone, that suppress GnRH gene expression.
GnRH mRNA transcription produces a pro-GnRH precursor, and yet another control
level in GnRH neurons involves the posttranslational processing of the inactive precur-
sor to the active decapeptide. Subsequent to its secretion, peptidases in the median emi-
nence inactivate and thereby further regulate the GnRH concentration.

GnRH, like most hypophysiotropic peptides, is released into the portal blood in
bursts. The average GnRH concentration in hypothalamic portal blood (in rams) is
approx 20 pg/mL (0.02 nM), and levels in conscious sheep ranged from nadir values of
less than 5 pg/mL to pulse peak values of approx 30 pg/ml (4). In those studies, the
amplitudes of GnRH pulses in intact, castrated, and testosterone-replaced rams were
roughly equivalent; by contrast, GnRH pulse frequency was higher in castrates than in
intact animals, and was reduced by testosterone replacement. The implication of those
observations is that GnRH secretion rises with testosterone deficiency, primarily
because GnRH pulse frequency is accelerated.

GnRH pulse frequency is controlled by the “GnRH pulse generator,” the term used
to describe the highly synchronized firing of GnRH neurons in the mediobasal hypo-
thalamus (MBH). The belief that changes in cell membrane potentials predispose to
bursts of GnRH release is based on the finding that bursts of electrical activity in the
MBH in the nonhuman primate coincide with LH secretion pulses (5). The coincident
firing of multiple GnRH-expressing neurons may reflect communication by gap junc-
tions, through interneurons, or second messengers. The identification of GnRH-recep-
tors on GnRH neurons and the observation that adding GnRH to GnRH neuronal
cultures depresses GnRH pulsatile release provide a possible framework for intraneu-
ronal communication by GnRH (6). Experiments using various 5" deletion constructs
of the GnRH promoter-luciferase vector suggest that episodic GnRH gene expression
is a promoter-dependent event that is mediated by Oct-1 (7).

As shown in Fig. 1, GnRH release is influenced by multiple neurotransmitters,
including glutamate, y-aminobutyric acid (GABA), neuropeptide Y, opiates, dopamine,
norepinephrine, cyclic adenosine monophosphate (cAMP), and nitric oxide (8). The
presence of receptors on GnRH neurons for most of these substances implies that they
directly influence GnRH neurons. N-methyl-D-aspartate (NMDA) receptors that medi-
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Hormones: CRF, POMC, NE
PRL, VIP, T4 /
GABA DA Glutamate

NPY

GnRH Neurons

Suppression Median eminence
of GnRH

release

Anterior
Pituitary

LH/FSH

Fig. 1. Diagram showing activation of gonadotropin-releasing hormone (GnRH) neurons by neuro-
transmitters and the relationship to the anterior pituitary.

ate glutamate GnRH activation may involve the nitric oxide signaling pathway. Neuro-
transmitters with receptors that are not expressed on GnRH neurons may regulate
GnRH via synaptic connections between GnRH neurons and other interneurons. GnRH
secretion regulation may also occur directly on neuronal axon terminals that abut on
capillaries in the median eminence.

A second form of GnRH, GnRH-2 (9,/0) that was initially identified in nonverte-
brates, is also found in the primate brain (/7). GnRH-2 activates a unique GnRH-II
receptor (/2) but this receptor is not expressed in humans (/3). Thus, the significance
of GnRH-2 in humans is not yet known.

GONADOTROPHS AND GnRH RECEPTORS

Gonadotrophs account for 6-10% of the cells of the normal anterior pituitary (/4).
Gonadotrophs may be small and round or larger and ovoid and are difficult to identify
by morphological criteria. Instead, immunostaining, using specific antibodies for LH-3
and FSH-B proteins, is used to identify gonadotrophs. In primates (/5), as in rodents
(14), the majority of gonadotrophs are bihormonal, i.e., they express both LH- and
FSH- subunit genes. A small fraction of cells express LH or FSH selectively, and
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Cell membrane

a-subunit, LH-p, FSH-p

Fig. 2. Signaling mechanisms initiated by activation of the gonadotropin-releasing hormone (GnRH)
receptor stimulate gonadortopin synthesis and secretion.

some gonadotrophs produce growth hormones, as well as the gonadotropic hormones.
However, the biological significance of these observations remains unclear.

GnRH activates gonadotrophs through both short-term and long-term mechanisms
that are illustrated in Fig. 2. After reaching the pituitary, GnRH binds to and activates
a cell-surface G protein-coupled receptor (GnRH-R) (/6). This receptor is a struc-
turally unique member of the seven-transmembrane G protein-linked receptor family
that lacks the long C-terminal intracellular tail that is typical of most GPCRs. This
tail is important in the rapid desensitization of other GPCRs, whereas downregulation
of the GnRH receptor by GnRH is a relatively delayed event occurring over hours
rather than minutes. GnRH binding to its receptor facilitates binding of a G protein to
the receptor’s third intracellular loop. The bound G protein exchanges guanosine
5’-diphosphate (GDP) for guanosine 5’-triphosphate (GTP) and dissociates into its
constituent o and Py subunits. The o-subunits are unique to each G protein, whereas
the B- and y-subunits of the different G proteins are similar. The dissociated G protein
o-subunit activates downstream signaling pathways (/7). Gqo., the major G protein
that associates with the GnRH-R, activates membrane-associated phospholipase C to
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hydrolyze membrane phosphoinositides and increases intracellular inositol phos-
phates (Ips), including inositol triphosphate (I} 4,5)P3. IP3 rapidly mobilizes calcium
from intracellular stores, and voltage-gated calcium channels open, after which extra-
cellular calcium enters the cell (/7). The rise in intracellular free calcium is primarily
responsible for the immediate LH and FSH release (/8). GnRH receptors may also
interact with other G proteins.

The long-term stimulatory effects of GnRH are to increase transcription of the
genes for the gonadotropin subunits and for the GnRH receptor. These effects occur
primarily through liberation of membrane diacylglycerol (DAG) that, in turn, activates
protein kinase C (PKC). The subsequent phosphorylation of subfamilies of mitogen-
activated protein kinases (MAP kinases), including members of the Extracellular Sig-
nal-regulated Kinase (ERK) and JNK families, initiates nuclear translocation of
proteins that bind directly to the 5" regulatory regions of the gonadotropin subunit and
the GnRH-receptor genes or serve as cofactors for promoter activation (/9). Increased
intracellular calcium also contributes to the transcriptional GnRH effects (20).

GnRH receptors are upregulated by pulsatile GnRH (2/). Accordingly, when pul-
satile GnRH secretion increases, as in castration or primary testicular failure, GnRH
receptors increase. Gonadotrophs become more responsive to GnRH, and the LH
response to GnRH stimulation is amplified (22). With continuous GnRH treatment, on
the other hand, GnRH receptors decline, followed by a suppression of LH-f3 and FSH-
B mRNAs. This ‘homologous desensitization” of the GnRH-R is regulated by several
serine-threonine protein kinases, including protein kinase A (PKA) and PKC, as well
as by G protein-coupled receptor kinases (GRKs). GnRH receptors also decline with
GnRH deficiency.

THE GONADOTROPIC HORMONES

LH and FSH are members of the glycoprotein family of hormones, which also
includes thyroid-stimulating hormone (TSH) and human chorionic gonadotropin
(hCG). These heterodimers are composed of a common ¢-subunit and unique -sub-
units. The subunits have oligosaccharide chains that are associated with asparagine
residues. Each subunit is encoded by a unique gene that is found on a separate chromo-
some: the human a-subunit gene is on 6p21.1-23, LH-f is on 19q13.3, and FSH-J is
on 11p13 (see Chapter 6).

LH and FSH production is directly influenced by the level of the gonadotropin
subunit mRNAs. This relationship is especially strong for FSH-f mRNA and FSH
secretion. Each of the gonadotropin subunit mRNAs is increased by GnRH, and stim-
ulation of the B-subunit genes by GnRH is primarily transcriptional. Complexes of
transcription factors, including SF-1, EGR-1, and SP1, are activators of the LHB-sub-
unit gene (23), whereas the AP1 proteins fos/jun are important for upregulation of
FSH-B transcription by GnRH (24). GnRH stimulation must be pulsatile for LH-3
and FSH- mRNA levels to increase. Transcriptional regulatory proteins that control
o-subunit expression include cAMP response element-binding protein (CREB),
MAP kinase/ERK1, and GATA-binding proteins (25). o.-Subunit gene expression is
increased robustly by both pulsatile and continuous GnRH, and GnRH not only stimu-
lates a-subunit transcription but also prolongs the half-life of the a-subunit mRNA
(26). Thus, the requirements for o-subunit mRNA upregulation by GnRH are less
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stringent than those for the B-subunit genes. These factors partly explain why o-sub-
unit is synthesized in excess of B-subunits and why B-subunits are rate limiting for
gonadotropin synthesis.

Proteins that are destined for secretion are synthesized on ribosomes that are bound
to the endoplasmic reticulum. During the translational process, preformed oligosaccha-
ride chains are linked to the side chain amino group of asparagines on the gonadotropin
subunits. As translation continues, sugar moieties are trimmed and the subunits change
configuration, allowing for their combination. A region of the -subunit, termed the
“seatbelt,” wraps around the o-subunit loop 2 (27). Dimeric LH and FSH are segre-
gated in the endoplasmic reticulum (er) and transferred to the Golgi, where they are
concentrated in secretory granules. These protein-rich vesicles subsequently fuse with
the plasma membrane after GnRH stimulation. This process is termed “exocytosis.”
There is evidence that FSH-containing granules are also exported directly to the
plasma membrane, independent of GnRH pulsatile stimulation. This mode of secretion
allows for FSH secretion between pulses. Gonadotrophs also secrete uncombined o
subunit, both in pulsatile fashion and continuously.

PULSATILE GONADOTROPIN SECRETION

Experiments in ovariectomized rhesus monkeys rendered gonadotropin deficient
with hypothalamic lesions led to the proposal that an intermittent pattern of GnRH
secretion was necessary for normal LH secretion (28). In those animals, GnRH admin-
istered in pulses stimulated LH secretion, but GnRH administered continuously was
much less effective. The pulsatile nature of LH secretion was subsequently established
in all species, including man (29). Accordingly, LH secretion is stimulated when
GnRH is administered in pulses to patients who are gonadotropin deficient but not
when GnRH is administered continuously (30). An understanding of these physiologi-
cal principles led to the use of pulsatile GnRH as a treatment to stimulate fertility and
to the development of long-acting GnRH analogs that produce a biochemical gonadec-
tomy as a treatment for patients with prostate cancer and other androgen-dependent
disorders (31).

With current assays, GnRH is undetectable in the peripheral circulation. Therefore,
GnRH secretion cannot be studied directly in humans. Instead, changes in circulating
LH levels are used as a surrogate marker for GnRH pulse generator activity. LH secre-
tion is determined by the frequency, amplitude, and duration of its secretory pulses.
Presumably because of its longer circulating half-life, FSH pulses are less clearly
defined in peripheral blood than are LH pulses. FSH pulses are clearly evident in jugu-
lar blood (in ewes) where clearance effects are minimized (32).

Cultured pituitary cells that are perifused with GnRH pulses are a powerful model,
yielding important information on GnRH actions and other factors that regulate
gonadotropin secretion under controlled conditions. Using this experimental approach,
shown in Fig. 3, episodes of LH, as well as FSH secretion, are distinct and short lived,
with a rapid upstroke and abrupt termination. LH pulse amplitude is directly proportional
to the GnRH dose administered, and the median duration of an LH pulse approx 25 min.

In contrast to the regularity of LH pulses produced by a constant dose of GnRH in
vitro, Fig. 4 illustrates that LH pulses in the peripheral circulation in man vary in ampli-
tude and that interpulse intervals are inconstant. LH pulses in vivo are also characterized
by a less rapid upstroke and a slower decline from the peak than are pulses in vitro. This
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Fig. 3. Secretion of luteinizing hormone (LH) by pituitary cells from adult male primates perifused
with pulses of gonadotropin-releasing hormone (GnRH). Pulses of GnRH (2.5 nM) were applied to
the cells every 1 hr for 2 min. Fractions of the column effluent were collected every 10 min, and LH
was measured in the media by immunoassay. (Data from ref. 56.)

presumably reflects dilution of secreted hormone by plasma in the general circulation
and the influence of LH clearance by the liver and kidney. Whether LH is released in the
basal interval between GnRH-initiated secretory episodes has been debated, but this
mode of secretion is small and is probably not biologically important.

Hormone pulse detection has been standardized by the development of computer
algorithms (33). Using this approach, objective assessment of the frequency and ampli-
tude characteristics of hormone pulses has been possible. LH secretion pulses occur
throughout the day and night in normal adult men. However, estimates of the LH fre-
quency (GnRH) pulses in men have varied based on the intensity and duration of the
blood sampling protocol, the assay used to measure LH, and the algorithm used to
identify pulses. Most investigators have proposed an average frequency of 1 LH pulse
every 1-2 h for normal men, but, interestingly, there is a large between-individual vari-
ation (34). Because of variability in pulse amplitude and frequency, the distinction
between true and artifactual pulses is difficult. One approach is to coanalyze LH and
uncombined o-subunit pulses (34), because o-subunit is released into the circulation
by GnRH, together with LH and FSH (see Fig. 4). According to this logic, concordant
LH and o-subunit fluctuations presumably reflect true GnRH pulsatile signals. There is
generally a positive relationship between LH pulse amplitude and the preceding inter-
pulse interval, in part because a longer interval allows for the circulating level to
decline to a lower baseline value.

In addition to moment-to-moment pulsatile pattern of LH secretion, there is a
diurnal rhythm in circulating LH, as well as testosterone levels, in pubertal boys
with increased LH pulsatile amplitude during sleep and increased testosterone levels
in the early morning hours (35). Although there is a diurnal variation in plasma
testosterone in adults, there is no clear diurnal rhythm for LH in most adult men
(36), implying that the diurnal variation in testosterone levels in men is only partly
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Fig. 4. Circulating luteinizing hormone (LH) and o.-subunit levels in a normal adult man. Blood sam-
ples were drawn every 10 min for 12 h beginning at 0800 h and measured for LH using Nichols Alle-
gro LH 2-site assay and a specific assay double antibody immunoassay for o-subunit.

LH controlled. The diurnal testosterone variation in men is disrupted by fragmented
sleep (37), but the mechanism for this alteration has not been established. The diur-
nal variation in testosterone is blunted in older men (38) and in young men with tes-
ticular failure (39).

LH CONTROL OF TESTOSTERONE SYNTHESIS

Testosterone, a C19 3-keto, 17B-hydroxy A4 steroid, is synthesized from cholesterol
through a series of cytochrome P450- and dehydrogenase-dependent enzymatic reac-
tions (40). The conversion of cholesterol to pregnenolone occurs within mitochondria
and is catalyzed by P450scc, the cytochrome P450 side-chain cleavage enzyme. Preg-
nenolone exits the mitochondria and can be converted to testosterone by two alternative
routes that are referred to as the A*-pathway or the A>-pathway, based on whether the
steroid intermediates are 3-keto, A* steroids (A%) or 3-hydroxy, A3 steroids (A%). Classi-
cal experiments using human testicular microsomes incubated with radiolabeled
steroids revealed that the A-pathway predominates in the human testis. In that path-
way, C17 hydroxylation of pregnenolone to form 17c-hydroxypregnenolone is fol-
lowed by cleavage of the C17-C20 bond of 170-hydroxypregnenolone to produce
dehydroepiandrosterone (DHEA). Oxidation of the 3B-hydroxy group and isomeriza-
tion of the C5-C6 double bond of DHEA by 3B-hydroxysteroid dehydrogenase/A>-A*
isomerase (3BHSD) forms androstenedione. The C17 keto group of androstenedione is
oxidized to a hydroxyl group by 17B-hydroxysteroid dehydrogenase (173 HSD) pro-
ducing testosterone (see Chapter 2).

In the A*-pathway that predominates in rodents, pregnenolone is metabolized to
progesterone by 3BHSD. Progesterone is hydroxylated at C17 to produce 17a-hydrox-
yprogesterone, followed by cleavage of the C17-C20 bond of 17o-hydroxyproges-
terone to produce androstenedione. Cytochrome P450c17 catalyzes both reactions.
Finally, the C17 keto group of androstenedione is oxidized to a hydroxy group by 173
HSD to produce testosterone.
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LH stimulates testosterone biosynthesis in Leydig cells through a G protein-associ-
ated seven-transmembrane receptor (4/). LH binding to the receptor initiates a signaling
cascade by activating Gs that stimulate adenylate cyclase activity and increase intracel-
lular cAMP levels to activate cAMP-dependent protein kinase A (PKA). cAMP-depen-
dent PKA stimulates testosterone synthesis in at least two ways. An acute response,
within minutes of hormonal stimulation, is characterized by an increase in cholesterol
transport into the mitochondria and is mediated by the steroidogenic acute regulatory
(StAR) protein (42). StAR functions at the mitochondrial outer membrane, but how it
regulates cholesterol transport is not known. The chronic response to LH, which
requires several hours, involves transcriptional activation of the genes encoding the
steroidogenic enzymes of the testosterone biosynthetic pathway, P450scc, P450c17,
3BHSD, and 17BHSD.

Other factors that stimulate testosterone synthesis directly include PRL, GH, T3,
PACAP, VIP, and inhibin, whereas glucocorticoids, estradiol, activin, AVP, CRF, and
IL-1 reduce testosterone production by Leydig cells. Although controversial for many
years, recent experiments with recombinant FSH suggest that FSH is not an important
regulator of Leydig cell function (43,44). However, unidentified Sertoli cell proteins
regulated by the FSH receptor may stimulate testosterone biosynthesis.

The blood production rate of testosterone in normal adult men has been estimated
to range from 5000 to 7500 ug/24 h (45), and levels of total testosterone in normal
men range from 250 to 1000 ng/dL (10-40 nmol/L) in most assays. The testosterone
level in adult men declines by more than 95% if the testes are removed. The remain-
der of the testosterone is derived from androstenedione and DHEA production by the
adrenal cortex.

ESTROGENS IN MALES

Normal men produce approx 40 g of estradiol and 60 g of estrone per day. Estra-
diol is produced from testosterone and estrone from androstenedione, by aromatase
P450, the product of the CYP19 gene (46). This microsomal enzyme oxidizes the C19
angular methyl group to produce a phenolic A ring. Aromatase mRNA is expressed in
adult Leydig cells, where it is activated by LH/hCG (47). However, most of the estro-
gen in men is derived from aromatase in adipose and skin stromal cells, aortic smooth
muscle cells, kidney, skeletal cells, and the brain. The promoter sequences of the
extragonadal and testicular and P450 aromatase genes are distinct and tissue specific,
resulting from differential splicing, but the translated protein is the same in all tissues.
The factors that regulate extratesticular aromatase are not well understood.

Exogenous estrogens suppress testosterone production and disrupt spermatogenesis
by reducing GnRH secretion and decreasing responsiveness to GnRH (48). It is now
known that there are two forms of the ER that are encoded by separate genes and play a
role in reproduction (49). These genes have been designated ER-o. and ER-P. ER-o is
the dominant form in the pituitary and hypothalamus, whereas ER-o and ER-J3 are both
found in the testis, prostate, and epididymis (50). Clinical findings in an adult man with
an inactivating mutation of the ER-o and in two men with mutations of the CYP19 aro-
matase gene (reviewed 57), together with results from mice in which estrogen receptors
(49) or aromatase (52) have been “knocked-out,” have enhanced understanding of the
importance of estradiol in the neuroendocrine control of testicular function, as described
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Fig. 5. Diagram of the negative feedback control of gonadotropin secretion by testicular hormones.

in the section on testicular control of gonadotropin secretion. Dilatation and atrophy of
the seminiferous tubules are also found in ER-o-deficient mice, implying an effect of
estrogen to regulate the efferent ductules of the testis. Aromatase-deficient mice although
fertile in early life, develop infertility. Thus, estradiol is essential for male fertility.

TESTICULAR CONTROL OF GONADOTROPIN SECRETION

Gonadotropin secretion, although upregulated by GnRH, is maintained at physiolog-
ical levels through testicular negative feedback mechanisms summarized in Fig. 5.
Accordingly, plasma LH and FSH levels decrease after testosterone or estradiol admin-
istration and rise when negative feedback is disrupted by castration.

The process of negative feedback control of LH and FSH by gonadal steroids in
males is partly species-specific. There is considerable evidence in primates that
androgens suppress LH synthesis and secretion primarily through an action on the
GnRH pulse generator. For example, LH pulse frequency and amplitude are elevated
in castrated primates, and are suppressed by testosterone replacement (53). Further-
more, when male rhesus monkeys were rendered gonadotropin deficient with
radiofrequency lesions and stimulated with GnRH pulses, LH secretion increased lit-
tle after bilateral orchidectomy, until GnRH pulse frequency was increased (54). In
addition, expression of the mRNAs for GnRH (3), as well as pituitary GnRH-recep-
tors, and the gonadotropin subunit genes are increased in orchidectomized monkeys
(55). Moreover, when pituitary cells from adult male monkeys were stimulated with
GnRH pulses, no inhibition of GnRH-induced LH secretion by testosterone or DHT
occurred. In pituitary cells from rats, on the other hand, the gonadotroph is a direct
site of testosterone-negative feedback control, because GnRH-stimulated LH pulses
were suppressed in amplitude by testosterone and o-subunit gene expression was
reduced (56).

GnRH-deficient men represent a human model to examine the effects of testicular
steroids on the hypothalamus and pituitary. When such patients were treated with fixed
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Table 1
Hormone Levels in a Man With a Mutation of the Estrogen Receptora
and Two Men Deficient in Aromatase

Luteinizing  Follicle-Stimulating

Age  Testosterone  Estradiol Hormone Hormone

(yr) (ng/dL) (pg/mL) (mlU/mL) (mlIU/mL) Reference

28 445 119 37 (2.0-20) 33 (2.0-15) Smith et al. (57)

24 2015 <7 26.1 (2.0-9.9) 28.3(5.0-9.9) Morishina et al. (58)
31 523 <10 5.6(1.4-8.9) 17.1(1.7-6.9) Carini et al. (59)

Luteinizing hormone and follicle-stimulating hormone levels in parentheses are the normal ranges
reported in those references.

GnRH doses (57), testosterone suppressed LH secretion less than in normal men, imply-
ing that testosterone controls GnRH secretion. Moreover, suppression by testosterone
was blocked by the aromatase inhibitor testolactone (57), and in separate experiments,
dihydrotestosterone had no effect (58). Together, these data imply that the pituitary effect
of testosterone to inhibit LH was through bioconversion to estradiol.

Whether it is testosterone and/or the estradiol derived from testosterone by aro-
matase in the central nervous system or in peripheral tissues that controls LH secre-
tion is of considerable interest. The finding that dihydrotestosterone (DHT), a
nonaromatizable androgen, decreases LH pulse frequency strongly supports a role for
androgens in the regulation of the GnRH pulse generator. Furthermore, LH pulse fre-
quency is increased in patients with nonfunctional androgen receptors (AR) in the
complete androgen insensitivity syndrome, indicating that AR signaling regulates
GnRH pulse frequency (59).

Estradiol also plays an important physiological role in the negative feedback con-
trol of gonadotropin secretion in men. This control mechanism was suggested by
pharmacological studies using the estrogen antagonist clomiphene (60) or the aro-
matase inhibitor testolactone (6/). When those drugs were administered to normal
men, circulating LH and FSH levels rose, together with plasma testosterone concen-
trations. More recently, as shown in Table 1, gonadotropin and testosterone levels
increased in a man with an inactivating mutation of the estrogen receptor-a (62) and
in two men with mutations in the aromatase gene (63,64). In these models, even
though androgen levels were increased, estrogen blockade or deficiency was associ-
ated with increased gonadotropin secretion. Moreover, in one man with aromatase
deficiency, estrogen treatment suppressed serum gonadotropin levels. The finding
that clomiphene increased LH pulse frequency (60) indicated that the negative feed-
back action of estradiol was partly at the level of the GnRH pulse generator. This
finding was recently confirmed and extended using the aromatase inhibitors anastra-
zole (65). Estradiol treatment also decreases the LH response to GnRH stimulation in
men (66) and in primate pituitary cells perifused with GnRH pulses, (56) indicating
an additional direct negative effect on the pituitary gland.

GnRH neurons appear by autoradiography and immunocytochemistry to lack both
androgen and estrogen receptors. Thus, the mechanism for their effect on GnRH neu-
rons is believed to involve transsynaptic or neuronal-glial interactions or nongenomic
membrane effects.
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INHIBIN, ACTIVIN, AND FSH

There are both similarities and differences in how FSH secretion is regulated when
compared to LH. The synthesis and secretion of LH as well as FSH is stimulated by
GnRH and suppressed by gonadal steroid hormones through GnRH suppression. How-
ever, two paracrine factors, pituitary activin and follistatin, and testicular inhibin-B selec-
tively regulate FSH secretion by regulating FSH-P gene expression (67). Because of these
unique control mechanisms for FSH, LH and FSH secretion are sometimes dissociated.

Activin, a member of the TGF-[3 family of growth factors, stimulates FSH-f mRNA
transcription and prolongs FSH-3 mRNA half-life (68-70). Activin is a dimeric pep-
tide composed of two similar subunits that were designated as B-subunits because the
identification of activin followed the cloning of inhibin, an o- heterodimer. There are
at least four forms the [ subunit: B4, Bg, Bc, and Bp. The pituitary expresses Bg, and
activin-B (BgPBg) is the predominate form in the pituitary, whereas most other tissues
produce activin-A. Activin functions in neural and mesodermal morphogenesis, wound
healing, vascular remodeling, and inflammation, as well as in reproduction (71-74).

In the process of activin signaling (see Fig. 6), a series of events, including the acti-
vation of intracellular messengers, is involved. Initially, the activin ligand binds to a
specific type II receptor subunit, either ActRII or IIB (75-77). Subsequent to ligand
binding, the type II subunit pairs with a type I receptor subunit (either ActRI or IB) and
forms a heteromeric complex at the cell surface (78-80). It is believed that the
serine/threonine kinase of the type II subunit is responsible for phosphorylation of the
type I subunit, thereby initiating postreceptor signaling/phosphorylation (see 8/ for
review). Although several potential postreceptor targets have been proposed, the best
characterized family involved in activin signaling includes the mothers against dpp-
related (Smad) proteins (see 8/-83 for reviews).

The initial family member, MAD, was identified in Drosophila and was down-
stream to the BMP receptor (also a member of the TGF-3 family) (84). Thereafter,
the mammalian Smads were identified (85-92). In relation to the activin response
system, Smad-2 and Smad-3 are primarily involved, partnering with Smad-4 (also
known as DPC4) to convey the postreceptor signal to the nucleus (85-89). The Smad-
2 gene product, when overexpressed in Xenopus ectodermal explants, induces meso-
dermal differentiation similar to activin (85,90). Yet, both Smad-2 and Smad-3
associate with activin receptors (and TGF-3 receptors for the Smad-3), whereby after
activin/activin receptor binding, they undergo phosphorylation and then translocation
from cytoplasm to nucleus (81,87,89,91).

Activin actions may use the signaling Smads in a tissue-specific fashion. In the rat
ovary, Smad-2 mRNA and protein expression are significantly higher and may vary
with follicular development when compared with Smad-3 mRNA, which was
expressed at a low, constant level (92). A nuclear target for Smad-2 is likely in mam-
mals in light of data obtained in Xenopus, where Smad-2 is involved in the activin-
mediated activation of the MIX.2 gene via binding to FAST-1 (a winged-helix
DNA-binding protein now known as FoxH1) (93). In addition, a second forkhead
domain protein, FAST2, may play a role in the transduction of activin signals to the
nucleus (94). Smad-2 expression is also likely to be under physiologic regulation, with
protein content increasing in granulosa cells during follicular development and Smad-2
protein and mRNA concentrations increasing with TGF-f3 treatment (95).
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Fig. 6. A diagram for activin signaling through Smad proteins.

As noted previously, Smad-2 mediated actions likely involve association with
Smad-4 and the formation of hetero-oligomers (86). Smad-4 is essential for activin
signaling, because transfection of a constitutively active Smad-4 construct alone can
induce activin-like effects, whereas cellular expression of Smad-2 alone does not con-
fer responsiveness (86). Furthermore, the Smad-2/3 binding to Smad-4 may represent
an additional regulatory site in light of data suggesting the presence of “inhibitory”
Smads. Smad-6 and -7 do not contain a C-terminal region required for phosphoryla-
tion and, therefore, their activation is not regulated by kinases (89,96). Data regarding
physiologic regulation of the inhibitory Smads’ gene or protein expression are cur-
rently lacking, but TGF-} can rapidly (30-60 min) induce Smad-7 mRNA expression
in COS cells (97). Therefore, alteration in Smad-7 (or Smad-6) could represent an
important mechanism in modulating activin action.

Activin actions are antagonized by follistatin that binds to and neutralizes the bioac-
tivity of activin, as well as by inhibin that competes with activin for binding to the
activin receptor (98). Inhibin is an antagonist of activin because it fails to initiate intra-
cellular SMAD signaling. Betaglycan, a membrane proteoglycan, functions as an
accessory receptor binding protein for inhibin, as well as for TGF-f, and functions in
inhibin suppression of activin signaling (99). Follistatin is structurally unrelated to
activin and inhibin but, like activin, is found in all tissues examined. In the rat pituitary
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gland, follistatin is upregulated by activin, GnRH, and pituitary adenylate cyclase-acti-
vating polypeptide (PACAP) and is suppressed by testosterone and by follistatin, no
doubt through binding to activin. In primate pituitary cultures, on the other hand,
GnRH is ineffective, and testosterone, as well as activin, increases follistatin expres-
sion (100). Pituitary follistatin influences the FSH and LH response to castration. Fol-
listatin expression increases after orchidectomy in adult male rats (/01), and there is a
reciprocal relationship over time between follistatin and FSH- gene expression,
implying that follistatin attenuates the FSH castration response in that species. In male
primates, including man, by contrast, the follistatin mRNA level is unaffected by bilat-
eral orchidectomy and FSH-f mRNA increases approx 50-fold (55). Thus, follistatin
functions as a brake on FSH production in male rodents but not in primates.

Inhibin is produced by Sertoli cells and by fetal Leydig cells and plays a fundamen-
tal role in the selective regulation of FSH (/02). Inhibin may also be an intragonadal
regulator, but that function of inhibin is less well understood. The term inhibin was first
applied in 1932 (/03) to the aqueous extract of bull testis that prevented the develop-
ment of castration cells within the anterior pituitary and was distinguished from
androitin, which was present in the ether extract and stimulated prostate growth, and is
now known as testosterone.

Inhibin is a heterodimer of an o-subunit and one of two B-subunits, B and Bg. Of
these, only the Bg subunit is expressed by the testis, and, therefore, testicular inhibin is
inhibin B. The inhibin o-subunit gene is upregulated by FSH, whereas the factors regu-
lating the Bp subunit gene are not well understood. The level of inhibin/activin Bg
mRNA in the rat testis is unaffected by hypophysectomy or by FSH treatment (/03a).
Transcription factors of the GATA-binding protein family regulate both the inhibin [3-
and the o-subunit promoters (/04). Control of inhibin Bg by a germ cell factor is sug-
gested by the decline in plasma inhibin-B levels, but not inhibin-o subunit levels, that
follow destruction of germ cells by cancer chemotherapy (/05).

Because inhibin suppresses FSH secretion (/06), plasma inhibin-B and FSH con-
centrations are inversely related in normal men and are more strongly correlated
inversely when values from men with primary testicular failure are included in the
analysis (107). The relationship between circulating inhibin-B and FSH in normal men
differs from that between serum LH and testosterone, which is bidirectional. Conse-
quently, there is no correlation between circulating LH and testosterone among normal
men. The different relationships between plasma LH with testosterone compared to
FSH with inhibin-B levels was clearly demonstrated in experiments conducted by
Ramaswamy et al. (/08). These investigators removed one testis from adult male rhe-
sus monkeys, after which the plasma levels of both testosterone and inhibin B
decreased. However, the decline in testosterone was brief and was restored to normal
by a rise in LH, whereas inhibin-B levels remained at approx 50% of baseline values
for up to 6 wk, even though FSH levels rose. Similarly, Anawalt et al. (/07) found that
large FSH doses were required to increase circulating inhibin B levels in normal men.
Thus, LH and testosterone form a classical feed-forward/feedback loop in adults,
whereas inhibin-B controls FSH but is less dependent on FSH stimulation. Inhibin-B
levels increase during the neonatal phase of development and again at puberty.
Although plasma LH and FSH levels rise at these developmental stages, the number of
Sertoli cells also increases. Furthermore, studies in adult monkeys showed a strong
positive correlation between circulating inhibin-B levels and Sertoli cell number (109).
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Thus, circulating inhibin-B reflects the number and function of Sertoli cells and is less
dependent on FSH stimulation.

FSH activates a G protein-associated seven-transmembrane Sertoli cell receptor
(110). The activated receptor stimulates adenylate cyclase and increases intracellular
cAMP levels. Numerous Sertoli cell genes are activated by cAMP, most often through
cAMP-dependent PKA, with subsequent phosphorylation of the CREB transcription
factor. The role of FSH in spermatogenesis is, however, a matter of controversy (see
Chapter 6). The classical view was that FSH stimulates spermatogenesis and that LH
stimulated testosterone production. However, spermatogenesis is qualitatively main-
tained by testosterone alone in hypophysectomized rats or in rats immunized against
GnRH. More recently, men with an inactivating mutation of the FSH-R gene were
identified in Finland. The testes of the five homozygous men were reduced in size and
the sperm count and or motility was reduced, but two men were fertile (//1). More-
over, an FSH-B-deficient mouse was developed, and was likewise fertile (112), imply-
ing that FSH is not essential for male fertility. On the other hand, spermatogenesis is
not quantitatively normal in these models, and FSH acts synergistically with testos-
terone in rodents or with hCG in men, implying a role for FSH receptor activation in
spermatogenesis. Species differences in the progression of undifferentiated spermato-
gonia and in the production of FSH independent of GnRH, may explain why FSH is
less important in rodents than in primates.

Activin, inhibin, and follistatin may also act locally in the testes to regulate repro-
ductive function. Activin receptor gene expression has been detected in Sertoli cells,
primary spermatocytes and round spermatids, and radiolabeled activin-A binding has
been demonstrated in the latter cell types (//3-115). Both proposed inhibin receptors,
betaglycan and InhBP/p120, are present in rat Ledig cells (99,116), and betaglycan is
expressed in germ cells (//7). In general, activin treatment reduces hCG-driven Ley-
dig cell production of androgens (//8), whereas inhibin action can prevent activin
effects (118) and stimulates testosterone release in some (//9), but not all (/20), stud-
ies. In terms of actions on gamete production, activin and inhibin have opposing
actions with activin-stimulating (/27) and inhibin-reducing (/22,123) spermatogene-
sis. Thus, the balance of activin and inhibin (and potentially follistatin), directly in the
testes, may affect both endocrine signals via altered testosterone production, as well as
gamete maturation.

NEUROENDOCRINE MECHANISMS FOR
THE DIFFERENTIAL CONTROL OF FSH AND LH

In addition to the selective regulation of FSH-f mRNA levels by pituitary activin
and follistatin and by testicular inhibin-B, there may be other mechanisms for the dif-
ferential secretion of FSH and LH. Results from studies in rats (/24) and rat pituitary
cell cultures (125) revealed that the frequency of GnRH pulses regulates LH-f3 and
FSH-B mRNA levels differently, with rapid GnRH pulse frequencies (every 15-30
min) favoring LH-P over FSH-3 gene expression. This difference may be partly due
to upregulation of follistatin mRNA levels by rapid GnRH pulse frequencies (125),
with subsequent blockade by follistatin of activin-stimulated FSH-f3 gene expression.
Although this mechanism is applicable to rats, its importance in men is less well
established. For example, in men with congenital hypogonadotropic hypogonadism
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(e.g., Kallmann syndrome) who were treated long-term with pulsatile GnRH, increas-
ing the frequency of GnRH stimulation from every 2 h to every 30 min for 7 d
increased serum LH levels threefold, but FSH levels rose by 50% (126). These find-
ings are consistent with the greater rise in LH than in FSH secretion when normal
men are administered a GnRH bolus. In a second study in a similar population of
men, increasing the GnRH pulse frequency from every 1.5 h to every 0.5 h sup-
pressed plasma FSH, but plasma LH levels were unchanged (/27). In both studies,
changes in testosterone, estradiol, and inhibin-B levels as a consequence of increased
GnRH may have influenced the results. PACAP is a neuropeptide that stimulates o.-
subunit transcription and lengthens LH-B mRNA transcripts and presumably pro-
longs half-life but suppresses FSH-f mRNA levels by stimulating follistatin
transcription (/28). These observations in vitro suggest that PACAP could play a role
in the differential production of FSH and LH. A third idea is that increasing the fre-
quency of GnRH pulses modifies GnRH-receptor signaling pathways and thereby
regulates FSH-3 and LH-[3 gene expression differently (129).

CONCLUSION

This chapter provides background information on the normal function of the hypo-
thalamic—pituitary—testicular unit in men. The recent growth of understanding of this
system through the application molecular and cellular methods is impressive. In the
following chapters, conditions that disrupt these normal processes are discussed.
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INTRODUCTION

In humans, as in all mammalian males, Leydig cells are the main source of the
androgenic hormone, testosterone, which is essential for male sexual differentiation,
gamete production and maturation, and development of secondary sexual characteris-
tics. In this chapter, the development, steroidogenic function, and regulation of human
Leydig cells are summarized. Clinical aspects of androgen secretion and pathology
related to Leydig cells are also reviewed. The information presented is based, in part,
on studies conducted in laboratory animals because of the larger database available for
these species.

LEYDIG CELL DEVELOPMENT

Leydig cells were first described by the German histologist Franz Leydig in 1850 (/7).
In all mammalian species, Leydig cells are located in the interstitial compartment of the
testis, between and surrounding the seminiferous tubules (2). Human Leydig cells are
epithelioid and ovoid or polygonal. Other cytological features include eosinophilic cyto-
plasm, euchromatic round eccentric nuclei with a peripheral distribution of heterochro-
matin, and conspicuous nucleolus. The predominant cytoplasmic organelle is the smooth
endoplasmic reticulum (SER), which is characteristically more abundant in steroido-
genic cells when compared to other cell types. Mitochondria and lipid droplets are also
numerous in Leydig cells and play a role in steroidogenesis that is discussed later in this
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Fig. 1. Testicular interstitial space of an adult man (original image magnification X 7,000). This
semithin plastic section shows mature Leydig cells surrounding a capillary. In humans, Leydig cells
are embedded in a loose connective tissue. The arrows point to Reinke crystals in the cytoplasm of
Leydig cells. (Photo supplied by Dr. Hector Chemes, from ref. /3, with the publisher’s permission.)

Fig. 2. A Reinke crystal. This electron micrograph (original image magnification x 50,000) shows
the highly ordered lattice of filaments within these crystals. (Photo supplied by Dr. Hector Chemes,
from ref. /3, with permission from the publisher.)

chapter (3,4). Reinke crystals are observed exclusively in human Leydig cells and are
believed to be indicative of diminished steroidogenic capacity during aging (5-7).
Human Leydig cell structure and Reinke crystals are shown in Figs. 1 and 2.

In humans, blood levels of testosterone peak three times during development (§).
The first peak occurs at 12—-14 wk of gestation, during the fetal differentiation of Ley-
dig cells (9). Testosterone levels then decline and are low for the remainder of gestation
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and the early neonatal period. A second peak at 2 mo postpartum is associated with
renewed Leydig cell proliferation. Leydig cells then atrophy a second time, and, for the
next decade, the interstitium is populated by steroidogenically inactive precursor cells.
The adult generation of Leydig cells differentiates pubertally and is complete by 12 to
13 yr of age. Serum levels of testosterone average 6 ng/mL during adulthood (10).
Finally, there is a decline in testosterone secretion with aging, which varies in its age of
onset. The age-related testosterone decrease is caused primarily by gradual atrophy and
loss of adult Leydig cells and also by declines in steroidogenic capacity (/7). The fetal,
neonatal, and adult epochs of testosterone secretion are associated with three separate
waves of increases and declines in Leydig cell numbers (12).

Fetal Leydig Cells

Until recently, the precursors of Leydig cells were believed to be of mesenchymal
origin and derived from cells in the mesonephros (primitive kidney) (/4—16). However,
recent tissue recombination studies do not support the hypothesis that precursor cells
migrate into the interstitium from the mesonephros, and ontogeny from the embryonic
neural crest has been suggested (/7). By the sixth week of gestation, seminiferous cord
formation within the gonadal blastema simultaneously creates the outer interstitial
compartment (/8). Fetal Leydig cells become identifiable in this compartment among
the undifferentiated mesenchymal cells at 8 wk of gestation (/9). Then, Leydig cell
numbers increase continuously and reach a maximum by 14 to 15 wk, when they fill
the space between the cords and comprise more than half the volume of the fetal testis.
Although testosterone is first detectable in the testis as early as 6 to 7 wk of gestation
(20), the sharp increment in the numbers of fetal Leydig cells is accompanied by fur-
ther rises in androgen concentrations in testicular tissue, blood, and amniotic fluid,
which reach a maximum at week 15 (27). After the 16th wk of gestation, the numbers
of fetal Leydig cells, serum testosterone concentrations, and testicular mRNA levels
for at least two of the testosterone biosynthetic enzymes, P450scc and P45017q,
decline (2/-23). At birth, the total number of Leydig cells per testis is 60% lower com-
pared to the prenatal peak, and the remaining Leydig cells are half the size (21).

Neonatal Leydig Cells

Just after birth, the number of Leydig cells again increases to a peak at 2 to 3 mo of
age, contributing to a second surge in plasma testosterone levels. At this stage, Leydig
cells contain abundant SER membranes and mitochondria, as well as varying amounts
of lipid droplets (4,24-27). In the neonatal testis, fetal Leydig cells persist through at
least 3 mo after birth. Postnatal increase in the number of these cells most likely results
from recruitment of interstitial precursor cells. After this increase, neonatal Leydig cell
numbers regress rapidly to a nadir by the end of the first year. The neonatal period is
relatively brief, extending only through the first year of life (28,29).

After the first year and continuing for a decade, Leydig cells are in a state of prepu-
bertal quiescence. During this phase, well-differentiated Leydig cells are absent from
the interstitial space. In their place are partially differentiated Leydig cells and primi-
tive fibroblastic cells. At this stage, Leydig cells are dispersed in a loose connective tis-
sue matrix and contain elongated nuclei with scarcely visible cytoplasm. It has been
proposed that these partially differentiated Leydig cells and primitive fibroblasts are
precursors of adult Leydig cells (13,25,30-32).
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Fig. 3. Human Leydig cell development. FLC, fetal Leydig cells; NLC, neonatal Leydig cells;
ILC, immature Leydig cells; ALC, adult Leydig cells, P, fibroblastic precursors of Leydig cells.
The cross-hatched circles indicate degeneration of FLC, NLC, and ALC. The far left-hand column
of the compartments represents stem cells, including mesonephros-derived mesenchyme and/or
neural crest. The time line shows the developmental period: fetal (from 8 wk gestation to birth),
neonatal (first year of life), prepubertal (from second year to approx 10 yr of life), and adult (from
approx 13 yr old onward). According to the hypothesized ontogeny, mesonephros-derived mes-
enchymal cells, or possibly neural crest, supply precursors for FLC. After birth, NLC arise from
redifferentiation of FLC and new differentiation from mesenchymal cell precursors. After the first
year of life, NLC regress to the partially differentiated ILC. ILC are then present through child-
hood. Starting at approx 10 yr of age, ILC and mesenchymal precursors again differentiate, matur-
ing into ALC. With senescence, Leydig cells begin to lose full steroidogenic function and, as
indicated, atrophy.

Adult Leydig Cells

The precursor cells for adult Leydig cells begin their transformation at approx 10 yr
of age, and differentiation is complete by 13 yr of age (33). During puberty, the number
of adult Leydig cells increases and reaches a maximum of 5x108 per testis in the early
20s (25). At this time, a third peak in testosterone concentrations occurs. Thereafter,
Leydig cell numbers gradually decrease by 50% in men aged 60 yr and older (34).
Between ages 20 and 60 yr, there is an equilibrium in the numbers of Leydig cells,
which comprise approx 4% of the volume of the mature testis (/4). The overall scheme
of human Leydig cell development is summarized in Fig. 3.

STEROIDOGENIC FUNCTION OF LEYDIG CELLS

The primary function of Leydig cells is to synthesize and secrete androgenic
steroids. The process of androgen biosynthesis requires the activities of four enzymes:
cytochrome P450 cholesterol side chain cleavage enzyme (P450scc), 33-hydroxysteroid
dehydrogenase/A5* isomerase (33-HSD), cytochrome P450 17a-hydroxylase (P45017c),
and 17B-hydroxysteroid dehydrogenase (173-HSD) (35). Leydig cells are the only
cells in the testis containing P450scc and 33-HSD. Thus, Leydig cells are the sole tes-
ticular location for the first two steps in steroidogenesis converting cholesterol, the
substrate for all steroid hormones, to pregnenolone and pregnenolone to progesterone
(36-38). Thereafter, with the catalytic activities of P45017c and 17B-HSD, steroido-
genesis proceeds to the ultimate product, testosterone (39). The synthetic process
involves three hydroxylations (at carbons 17, 20, and 22), two cleavages (at carbons
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20-22 and 17-20), two dehydrogenations (33,178), and one A># isomerization (the
steroidogenic pathway is shown in Fig. 4).

Conversion of Cholesterol to Pregnenolone

In all species, the first step in androgen biosynthesis is the conversion of cholesterol
to pregnenolone, which is catalyzed by P450scc located in the inner mitochondrial
membrane. This reaction also requires a mitochondrial electron transfer system, consist-
ing of adrenodoxin and adrenodoxin reductase, to convey electrons from NAPDH to
P450scc (40). The P450scc enzyme catalyzes three sequential oxidation reactions of
cholesterol, with each reaction requiring 1 molecule of O, and one molecule of nicoti-
namide adenine dinucleotide phosphate (NAPDH). The first reaction is hydroxylation at
C,,, followed by hydroxylation at Cyg to yield (20,22) R-hydroxycholesterol, which is
cleaved between Cyy and Cy; to yield the C,; steroid pregnenolone and isocaproalde-
hyde (41,42). Isocaproaldehyde is unstable and quickly oxidized to isocaproic acid (43).

The rate-limiting step in the synthesis of steroid hormones is not the first enzymatic
reaction catalyzed by P450scc but rather the transport of precursor cholesterol from
intracellular sources to the inner mitochondrial membrane and subsequent loading of
cholesterol into the catalytic site of P450scc (44,45). Hydrophobic cholesterol cannot
traverse the aqueous intermembrane space of mitochondria and reach the P450scc
rapidly enough by simple diffusion to support acute steroid synthesis (46). Thus, cho-
lesterol is mobilized by carrier proteins. Both steroidogenic acute response (StAR) pro-
tein and peripheral benzodiazepine receptor (PBR) are believed to participate in
cholesterol delivery to the mitochondria, with StAR being primarily involved in
gonadotropin-stimulated transfer.

Cholesterol, the raw material for steroidogenesis, is obtained from (1) lipoprotein in
circulation, with low-density lipoprotein (LDL) being the primary source in humans;
(2) de novo synthesis from acetate in the SER; and (3) free cholesterol liberated by
cholesterol esterase from less directly available esters in lipid droplets (47).

Conversion of A>-33-Hydroxysteroids to A*-3-Ketosteroids

After cholesterol side-chain cleavage, two different pathways (A5 and A*) have
been identified, which are defined by the position of one of the double bonds in the
steroid molecule. In the A* pathway, pregnenolone, which has a double bond
between carbons 5 and 6 of the steroid backbone, is converted to progesterone,
which has a double bond between carbons 4 and 5. An isomerization reaction shifts
the position of the double bond from between carbons 5 and 6 to between carbons 4
and 5. In the A5 pathway, A5 to A% isomerization does not occur until the last step, in
which androstenediol is converted to testosterone. The intermediates of the two
pathways are A3-3B-hydroxysteroids and A*-3-ketosteroids, respectively. The con-
version of A%-3B-hydroxysteroids to A*-3-ketosteroids is accomplished by 3B-HSD
enzyme, which uses NAD* as a cofactor, sequentially catalyzing a 3B dehydrogena-
tion and isomerization (48). The 3B-HSD enzymes can act on three A’ intermediates,
pregnenolone, 170-hydroxypregnenolone, and dehydroepiandrosterone, converting
them, respectively, to the A* steroids progesterone, 170-hydroxyprogesterone, and
androstenedione. The predominant A5 to A* conversion occurs most commonly with
either pregnenolone or dehydroepiandrosterone as substrates rather than 170-hydrox-
ypregnenolone. Whether the A>- or A*-pathway is followed from pregnenolone to
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Cholesterol side-chain cleavage enzyme P450 NADPH Mitochondrial inner membrane
17a-hydroxylase/C17-20 lyase P450,,, NADPH Smooth endoplasmic reticulum
3B-hydroxysteroid dehydrogenase/A5-4 isomerase 3BHSD NAD+ Smooth endoplasmic reticulum
17pB-hydroxysteroid dehydrogenase 17BHSD NADP+ Smooth endoplasmic reticulum
Aromatase P450,0m NADPH Smooth endoplasmic reticulum
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Fig. 4. Pathway of testosterone biosynthesis. Of the four possible biosynthetic pathways, the first or
A5 predominates in the rabbit and human, whereas the second or A* predominates in rodents. CHOL,
cholesterol; PREG, pregnenolone; 17-PREG, 17-hydroxypregnenolone; DHEA, dehydroepiandros-
terone; ADIOL, androstenediol; PROG, progesterone; 17-PROG, 17-hydroxyprogesterone; A4,
androstenedione; T, testosterone; DHT, dehydrotestosterone; E, 17B-estradiol.
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testosterone depends on the species and developmental status of the Leydig cell. In
humans, the A5 pathway is predominant (49-52). Mammalian 33-HSDs comprise a
large family of enzymes (53,54). In the human branch of this family, two genes
encode two corresponding, type I and II, 33-HSD enzymes. Both types dehydro-
genate 3B-hydroxysteroids and isomerize C,; and Cjg steroids. Type I 33-HSD is
exclusively present in placenta and skin, whereas type II is the predominant form
expressed in the adrenal, ovary, and testis. In the testis, type II 3B-HSD activity is
localized exclusively in Leydig cells (37,55).

Conversion of C,; Steroids into Cjg Steroids

Conversion of Cp; to Cjg requires two steps, 170-hydroxylation and cleavage of the
C17-20 bond, both of which are catalyzed by a single enzyme, the cytochrome P450
17a-hydroxylase/C 750 lyase (P450170). This enzyme catalyzes the bioconversion
of pregnenolone and progesterone to the Cj9 steroids, dehydroepiandrosterone and
androstenedione, respectively (56,57). In this two-step reaction, 170-hydroxypreg-
nenolone or 170-hydroxyprogesterone exist as transient intermediates that are rapidly
converted to dehydroepiandrosterone or androstenedione. The substrate preference and
reaction velocities of P45017o differ, depending on the species and tissue source. In
humans, P450170 has a higher affinity for 170-hydroxypregnenolone, with dehy-
droepiandrosterone as the end product, and fails to show detectable C;7_5¢ lyase activ-
ity with 170-hydroxyprogesterone as substrate to generate androstenedione (58,59). In
contrast, rat P45017a readily cleaves the A*-C,; 170-hydroxypregnenolone and A3-Cy;
170-hydroxyprogesterone to dehydroepiandrosterone and androstenedione, respec-
tively. Guinea pig P45017c also has a high affinity for A*-C,; steroids, (54), and both
species contrast with the human, where the A5 pathway predominates

Conversion of Dehydroepiandrosterone to Testosterone

The microsomal enzyme 17B-hydroxysteroid dehydrogenase (173-HSD) catalyzes the
interconversion of dehydroepiandrosterone and androstenediol, or androstenedione and
testosterone. The 17B-dehydrogenase reaction is reversible, in contrast to the previous
reactions in testosterone biosynthesis (60). Following the A3 pathway in humans, the Cy9
product, dehydroepiandrosterone, is converted to androstenediol by 173-HSD, and then
androstenediol is converted to testosterone by 3B-HSD. In the A* pathway occurring in
rodents, 17B-HSD uses androstenedione as substrate to produce testosterone (61). Testos-
terone is the principle steroid end product secreted by adult Leydig cells, but it can be fur-
ther metabolized to 17B-estradiol (E,) and dehydrotestosterone (DHT) before secretion.

Conversion of Testosterone to E;

Aromatization of testosterone is catalyzed by the microsomal enzyme, cytochrome
P450 aromatase (P450arom). Once substrate binding occurs, there is a sequential
hydroxylation, oxidation, and removal of the C9 carbon, followed by aromatization of
the A ring of the steroid. The entire aromatase reaction uses three molecules of oxygen
and three electrons donated by NADPH (62—-64). In the testis, aromatase activity is
detectable in Leydig cells, Sertoli cells, and germ cells (65-69). The relative contribu-
tions of each of these testicular cell types to testicular aromatase activity varies with
age and between species (70). In the rat and mouse, germ cells are a significant site of
activity during adulthood (68). Sertoli cells contribute to testicular aromatase activity



30 Dong and Hardy

only in immature animals (7/). However, in humans, Leydig cells are the only source
of testicular estrogens at all ages (39). Sertoli cell cultures from juvenile monkeys
expressed follicle-stimulating hormone (FSH) driven aromatase (72).

Conversion of Testosterone to DHT

DHT, a more potent androgen than testosterone, is produced in a reaction catalyzed
by the Sa-reductase enzyme. This conversion generally occurs in androgenic target tis-
sues, such as the prostate gland, but So-reductase activity is high in Leydig cells prepu-
bertally. Two isoforms of So-reductase, type I and type II, have been identified. The
type Il isoform is found in human prostate tissue and in Leydig cells (73,74).

Testosterone Secretion

The first step of androgen biosynthesis, catalyzed by P450scc, occurs in Leydig cell
mitochondria, and subsequent steps occur in the SER. After synthesis, testosterone,
which is lipophilic, moves out of the Leydig cell by passive diffusion, down a concen-
tration gradient. There is no evidence of packaging testosterone into secretory granules
(8). In the testis, testosterone diffuses freely into the interstitial space and associates in
rodents with androgen-binding protein (ABP) produced by Sertoli cells (75,76) as a
transport vehicle to the seminiferous tubules and epididymis.

Testosterone enters the testicular blood capillaries that are immediately adjacent to
Leydig cells. Once a part of the systemic circulation, secreted testosterone binds to
plasma proteins and is present in both bound and unbound forms. In humans, more than
95% of testosterone is complexed with proteins, both the high-affinity (Kp = 1 nM) sex
hormone-binding globulin (SHBG) and the low-affinity (Kp = 1000 nM) albumin
(Alb). The proportion of testosterone that is unbound or loosely bound represents the
biologically active fraction, which freely diffuses from capillaries into cells. In contrast,
the SHBG-bound fraction is believed to act as a reservoir for the steroid.

SHBG is a plasma protein synthesized and secreted by the liver. As its name sug-
gests, SHBG has the ability to bind androgens and estrogens and the capacity to regu-
late the free concentrations of the steroids that bind to it. SHBG also participates in
signal transduction for sex steroids at the cell membrane. SHBG binds with high
affinity to a specific membrane receptor (Rgygg) in prostate stromal and epithelial
cells, wherein the SHBG / Rgypg complex forms. Once an appropriate steroid, e.g.,
3a-androstanediol or estradiol, binds to this complex, an increase of intracellular
cyclic adenosine monophosphate (cAMP) occurs and intracellular signal transduction
is initiated. Moreover, SHBG not only is a plasma protein secreted by the liver but
also is expressed in the prostate tissue itself, specifically by prostate stromal and
epithelial cells (77). (See Chapter 17.) The process of testosterone secretion and regu-
lation of Leydig cell function are illustrated in Fig. 5.

REGULATION OF LEYDIG CELL FUNCTION

Steroidogenesis in adult Leydig cells is controlled by the pituitary gonadotropic hor-
mones. Of the two gonadotropins, luteinizing hormone (LH) is the main stimulus for
androgen biosynthesis. LH signal transduction is initiated on binding of the hormone to
specific receptors on the Leydig cell surface. The receptor for LH (LH-R) belongs to a
superfamily of G protein-coupled receptor (GPCR) (78).
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Fig. 5. Acute regulation of Leydig cell steroidogenesis by luteinizing hormone (LH). The complex of
LH and LHRs triggers adenylate cyclase-mediated increases cytoplasmic cyclic adenosine
monophosphate (CAMP) levels. Activation of protein kinase A and cholesterol esterase results in cho-
lesterol mobilization from extracellular lipoprotein (low-density lipoprotein) and intercellular sources
(including de novo synthesis) in the smooth endoplasmic reticulum (SER) and released from lipid
droplet stores. Cholesterol moves across the outer to the inner membrane of the mitochondrion via
shuttle proteins steroidogenic acute response (StAR) and peripheral benzodiazepine receptor (PBR).
Cholesterol side-chain cleavage enzyme catalyzes the initial step in steroid biosynthesis. The subse-
quent steps are catalyzed by P45017c., 3BHSD, and 17BHSD in the SER. The ultimate product,
testosterone, moves out of the Leydig cell down a concentration gradient and is carried to androgen-
responsive tissues by androgen-binding protein (rodents) and sex hormone-binding globulin (SHBG)
(humans). The response to LH also involves an increased cytoplasmic calcium, synthesis of
arachidomic acid, and efflux of chloride ions. The mechanism of Ca2?* action involves a
calcium/calmodulin (Ca/CaM) protein kinase. Activation of phospholipase A(PLAj) produces
arachidonic acid (AA), which has a stimulatory effect on cholesterol mobilization to mitochondria.
(Courtesy of P.N. Schlegel and M.P. Hardy (2002) [79] with the publisher’s permission.)
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Acute Effects of LH

Two types of responses to LH are seen in Leydig cells. The acute response triggers
a rapid production of steroid within minutes (46). In the acute LH signal transduction
process, LH-Rs interact with intracytoplasmic adenylate cyclase to form the second
messenger adenosine 3’,5-cAMP. A sharp increase in cytoplasmic cAMP levels elic-
its a cascade of events leading to testosterone synthesis, including increased translo-
cation of cholesterol from the cytosol to the inner mitochondrial membrane,
conversion of cholesterol to pregnenolone, and, ultimately, transformation of steroid
intermediates into testosterone. In addition to stimulating cAMP formation, LH acts
on other intracellular signaling systems, including release of calcium from internal
stores, synthesis of arachidonic acid (AA) and its metabolites from membrane phos-
pholipid, and efflux of chloride ions, which have all been linked to the steroidogenic
process (80).

The acute response of Leydig cells to LH does not require new transcription of
mRNA (81). However, carrier proteins are required in the cholesterol translocation
process for the rapid steroid production in the acute response. StAR is a 30-kDa mole-
cular weight cholesterol transporter, and blockade of its synthesis by cycloheximide
prevents the LH-induced increase in testosterone biosynthesis (82). Transient transfec-
tion of COS-1 cells with the cDNA for StAR increases the conversion of cholesterol to
pregnenolone. StAR gene mutations result in the pathological condition of congenital
lipoid adrenal hyperplasia (lipoid CAH), in which patients are unable to convert cho-
lesterol to pregnenolone. This confirms a cholesterol-shuttling role for StAR protein in
steroidogenesis (46,83,84). StAR protein biochemistry, as it is currently understood,
may not completely account for transfer of cholesterol across mitochondrial mem-
branes (85). Another candidate protein for cholesterol trafficking is the mitochondrial
PBR, which is an 18-kDa integral outer mitochondrial membrane phosphoprotein that
has a high affinity for cholesterol binding (86). PBR expression decreases are corre-
lated with the decreased steroid synthesis (87). PBR plays a role in the maintenance of
the basal pool of mitochondrial cholesterol (88). It has been postulated that PBR func-
tions in cholesterol transport in steroidogenic tissues by mediating the entry, distribu-
tion, and/or availability of cholesterol within mitochondria (87,89). Recently, it was
proposed by West et al. that PBR associates with StAR and that the two proteins may
work in tandem at the outer mitochondrial membrane (90).

Chronic Effects of LH

LH also has long-term trophic effects on Leydig cells, requiring both transcription
and increased translation of proteins. Chronic stimulation by LH is required for main-
tenance of Leydig cell steroidogenic enzyme levels and to support the steroidogenic
organelle aparatus, including mitochondrial membrane potential and SER volume.

Inhibition of LH action can be achieved by hypophysectomy (9/-93), suppression
of gonadotropins through steroid administration (94-96), and neutralization of LH or
LH-releasing hormone (GnRH) by specific antibodies (97). LH blockade eliminates
the chronic effects of this hormone, causing Leydig cell atrophy and loss of cellular
volume, SER, steroidogenic enzyme activities (particularly P-45017a and P-450scc),
LH receptor numbers, and the ability to secrete testosterone in response to LH (91,95).
In LH-deprived rats, Leydig cell structure and function are restored by LH replacement
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(93,94,96). Similarly, daily injections of LH to the hypogonadal mouse markedly
increase steroidogenic enzyme activities (98).

In addition to LH, FSH and local cell-cell interactions participate in the regulation
to Leydig cells. FSH regulatory control of Leydig cells is based on the correlation
between serum FSH levels and the steroidogenic response of Leydig cells to LH dur-
ing sexual maturation in humans. Because FSH-R are present only in the Sertoli cells,
FSH acts on Leydig cells indirectly through Sertoli cell-secreted factors (99,700).
Huhtaniemi and colleagues (see Chapter 6), in a study of FSH} And FSH-R knockout
mice, recently demonstrated FSH signaling involvement in Leydig cell development.
LH alone is sufficient for normal postnatal development of Leydig cells only if FSH-R
are present. In the absence of LH, FSH stimulates Leydig cell steroidogenesis (101).
Sertoli cells may also modulate Leydig cell numbers via paracrine interactions
(14,102,103). Several factors produced by Sertoli cells, including insulin-like growth
factor (IGF) 1, epidermal growth factor (EGF)-0., transforming growth factor (TGF)-a.,
and TGF-f, inhibin, and activin, influence Leydig cells. TGF-f is believed to be a
strong inhibitor of Leydig cell steroidogenesis, whereas IGF-1 is a stimulator. EGF-a
and TGF-a stimulate steroidogenesis during adulthood but may inhibit differentiation
of immature Leydig cells. Germ cells, through their interactions with Sertoli cells, are
believed to affect Leydig cells indirectly (81).

CLINICAL ASPECTS
Aging of Leydig Cells

Reproductive function declines as men grow older. An age-associated decline in
plasma testosterone concentration occurs even in healthy men (104, 105), although there
is considerable variation in the age of onset (/06). The level of testosterone in the blood
stream declines on average by 1.2% each year for men over 40 yr of age. Because
SHBG rises, the level of free (bioavailable) testosterone in the blood decreases more
with age compared to total testosterone (106,107). Because clearance of testosterone
does not rise with age, it is reasonable to deduce that the age-related decreases in andro-
gen concentrations result from decreased Leydig cell androgen production (/08,109).

Age-related declines in testosterone could be caused by decreased Leydig cell num-
bers and atrophy of their structure and/or reduced steroidogenic ability. Leydig cell num-
bers are inversely correlated with age, decreasing 44% by age 58 compared to 32-yr-old
men (34). Leydig cell numbers decline because of degeneration rather than dedifferenti-
ation (//0). In addition, aged Leydig cells contain cytoplasmic or intranuclear crystalline
inclusions, lipofuscin granules, diminished SER, and smaller and fewer mitochondria
compared to young men (7,111-113). Older men with higher serum LH and low serum
testosterone levels also have a large number of abnormal Leydig cells, suggesting that
Leydig cell structural changes are related to changes in steroidogenic function (7/2).
Age-related declines in steroidogenesis are caused by a global reduction in steroidogenic
enzyme gene expression and by decreases in the rate of cholesterol transfer to mitochon-
dria (114-117). In fact, the senescence of Leydig cells is involved at all aspects of the
steroidogenic process, from LH binding to the steroidogenic reactions in the SER. Zirkin
and colleagues report that reactive oxygen, produced as a by-product of steroidogenesis
itself, may be responsible for age-related reductions testosterone production (718).
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Therefore, unless Leydig stem cells can be recruited to restore the Leydig cell numbers,
age-related declines in testosterone levels are unavoidable. The endocrine changes with
aging in men are reviewed more thoroughly in Chapter 14.

Leydig Cell Tumors

Testicular tumors occur at a rate of 2 cases per 100,000 men and constitute 1% of
all tumors in men. Leydig cell tumors (LCTs) account for 1 to 3% of testicular
tumors (179). LCTs were first identified by Sacchi in 1895 (120). Although they are
rare gonadal stromal tumors, LCTs may occur at any age and represent approx 40%
of all non-germ cell testicular tumors (/27). Most LCTs are unilateral; only 3% are
bilateral (121).

LCTs are found at all ages from 2 to 90 yr, with a peak occurrence in the fifth decade
of life. In boys, these tumors typically occur between the ages of 4 and 10 yr and
account for approx 10% of cases of precocious puberty (/22). They are uniformly
benign hormonally active tumors that present with macrogenitosomia (a syndrome that
is characterized by precocious enlargement of the genitals), including an enlarged phal-
lus and/or prostate, and premature growth of pubic hair (/20). Adult men with LCTs
often present with a painless testicular mass, usually associated with gynecomastia,
infertility, decreased libido, and other feminizing features. Gynecomastia is bilateral in
90% of the cases (123,124).

LCTs secrete both androgenically and estrogenically active steroids. Unlike normal
Leydig cells, androgen secretion by the tumor is in independent of pituitary control.
LCTs have an abnormally high aromatase activity and secrete E, (125). The resulting
elevated E, and decreased, or low-normal T values cause gynecomastia and infertility
(126). This alteration in the T/E, ratio, together with suppressed LH secretion, may be
useful for clinical diagnosis.

Macroscopically, the lesions are generally small, yellow to brown, well circum-
scribed, and rarely hemorrhagic or necrotic. Microscopically, they consist of uniformly
polyhedral packed cells with round and slightly eccentric nuclei, and eosinophilic
granular cytoplasm with lipoid vacuoles, lipofuscin granules, and occasionally,
Reinke’s crystals (127).

Most LCTs are benign, but approx 10% are malignant (/28). Large size, extensive
necrosis, gross or microscopic evidence of infiltration, invasion of blood vessels, and
excessive mitotic activity are all features that suggest malignancy. However, the presence
of metastases, most often to pelvic lymph nodes and bone, is the only reliable criterion
of malignancy. The appearance of metastases may be delayed for as many as 9 yr (129).

Inguinal orchidectomy is the treatment of choice for benign tumors. Recent reports
have cited testis-sparing enucleation as an alternative treatment for benign lesions in
children, especially those with bilateral tumors (/30,131). Testis-sparing surgery is
also an option for children with the clinical and biochemical findings typical of LCTs
and an ultrasonographically defined encapsulated intratesticular mass. In cases man-
aged by enucleation, local relapse remains a possibility, even when specimen margins
are free of tumor cells and uniformly benign (/20). Malignant LCTs are radioresistant
and chemoresistant and have a poor prognosis. The mean survival time after surgery
for patients with malignant LCTs is approx 3 yr (127).

Leydig cell hyperplasia (LCH) shares the same clinical presentation as LCTs, includ-
ing painful gynecomastia and decreased libido in adults, precocious puberty in children,
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Fig. 6. Benign and malignant Leydig cell tumors (LCTs). The upper left panel, (A) an example of
Leydig cell hyperplasia (LCH), is seen with an increased number of Leydig cells and an intertubular
growth pattern (original image magnification x 200). The lower left panel, (C) is a benign LCT with a
loss of normal tubules and peripheral compression of adjacent seminiferous tubules (original image
magnification X 100). In the right panel, (B) a malignant LCT is shown with significant nuclear atypia
and an invasive border (original image magnification X 300). (Photos supplied by Drs. Cathy
Naughton and Peter Humphrey of Washington University School of Medicine.)

and complaints of infertility or even palpable testicular masses. However, histological
features help to distinguish LCH from normal Leydig cells and benign LCTs. Hyperplas-
tic Leydig cells are arranged in diffuse, multifocal, small nodules and lack cytological
atypia, frequent mitoses, necrosis, and vascular invasion. Hyperplastic Leydig cells usu-
ally infiltrate between seminiferous tubules, whereas benign LCTs form nodules that
compress surrounding tubules. LCTs grow as nodules, efface normal testicular architec-
ture, with loss of seminiferous tubules, and compress the adjacent tissue. Most LCH
cases are multifocal and bilateral (/32). Figure 6 shows the histological appearance of
benign and malignant LCTs, as well as LCH.

Leydig Cells as a Target for Male Contraception

Current approaches to fertility control are predominantly targeted to women. How-
ever, men have traditionally and historically played an important role in contraception.
Thus, until the second half of the 20th century, periodic abstinence, coitus interruptus,
condoms, and vasectomy, all of which are male-directed or male-oriented methods, were
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the only means for couples to limit family size. However, all of these methods are associ-
ated with limited effectiveness, lower acceptability, and partial irreversibility. Therefore,
protracted efforts have been made to develop an endocrine male contraceptive regimen.
Although our limited understanding of the complex regulatory mechanisms underlying
normal spermatogenesis makes it difficult to identify specific testicular targets for phar-
macological disruption, both T and FSH are required for complete spermatogenesis in
humans. Therefore, to suppress spermatogenesis, the pituitary gonadotropic stimulus is
inhibited, thereby abrogating Leydig cell steroidogenesis and nullifying FSH simultane-
ously. The consequent depletion of intratesticular testosterone and loss of FSH action
result in a collapse of spermatogenesis without affecting stem cells. Maintenance of the
spermatogonial stem cell population ensures that hormonal suppression of spermatogen-
esis is reversible. Because testosterone is necessary for spermatogenesis (/33), Leydig
cells represent an obvious target for hormonal contraception.

Hormonal contraception targets Leydig cells, suppressing their androgenic function.
How much testosterone is needed for normal spermatogenesis in humans remains to be
determined. In rats, intratesticular testosterone concentrations as low as 5% of normal
support the complete spermatogenic process, whereas in the nonhuman primate, testic-
ular androgen levels of 30% of baseline do not prevent complete suppression of germ
cell development (/34,135). Therefore, testosterone levels must be reduced below a
threshold for successful interruption of spermatogenesis. In primates, however, the
selective suppression of Leydig cell testosterone production is not sufficient to accom-
plish the goal of fertility regulation, and the additional inhibition of FSH secretion is
necessary (136). One effective approach may be to suppress both LH and FSH secretion
and, simultaneously, supply androgen to avoid peripheral androgen deficiency (/37).

Leydig Cell Toxicology

Several agents have been identified as Leydig cell toxicants, including ethanol, ethane
1,2 dimethanesulphonate (EDS), 2,3,7,8 tetrachlorodibenzo-p-dioxin (TCCD), and
steroid hormone receptor antagonists. These toxicants can damage Leydig cells in three
ways: overstimulation or inhibition of steroidogenesis, induction of tumor formation,
and promotion of cell death. Leydig cells are vulnerable to several toxins through direct
actions and/or by disruption of the hypothalamic—pituitary axis.

Toxicants, such as ethanol, interfere with Leydig cell steroidogenesis by interfering
with LH secretion, LH receptor binding, intracellular signal transduction pathways,
and steroidogenic enzyme activities. Ethanol, for example, decreases LH secretion and
reduces LH receptor binding and intracellular cyclic guanosine 5’-monophosphate
(GMP) levels. Hence, chronic alcohol abuse causes declines in testosterone levels
(138-140). Tumor formation and cell death are also observed after toxicant exposures.
Carcinogenesis is considered to be a consequence of multiple insults to the genome.
Necrosis and apoptosis have both been implicated in the process of toxicant-related
Leydig cell death, with ethylene dimethanesulfonate exposure as the experimental par-
adigm (141).

SUMMARY

Leydig cells represent the endocrine proportion of the testis. In all mammalian
males, Leydig cells are the main site of testosterone synthesis and secretion and are,
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thus, essential for male reproductive function. Developmentally, human Leydig cells
appear in three separate stages: fetal, neonatal, and pubertal. Each of these stages
underlies a corresponding epoch of testosterone secretion in the male lifespan.

Testosterone is synthesized from cholesterol in a series of reactions catalyzed by
four enzymes. The first enzyme, P450scc, converts cholesterol to pregnenolone and is
located in the inner mitochondrial membrane. Therefore, movement of cholesterol
from the Leydig cell cytosol into the mitochondria is the rate-limiting step and is per-
formed by the carrier proteins StAR and PBR. The three other biosynthetic enzymes,
3B-HSD, P45017a, and 173-HSD, are situated in the SER. Testosterone can be metab-
olized into other steroids, DHT and E,, primarily by two enzymes: So.-reductase and
P450arom. The A5 and A* steroidogenic pathways are followed in Leydig cells, with
one preferred over the other depending on the species and developmental status. In
humans, the A5 pathway from 170-hydroxypregnenolone to dehydroepiandrosterone
is predominant.

Development of steroidogenesis in Leydig cells is regulated by the pituitary
gonadotropic hormone LH. FSH and cell—cell interactions in the testis also participate
in this regulatory process. Decreased numbers and atrophy of cytological structure, as
well as reduced steroidogenic ability, occur during Leydig cell aging, lowering testos-
terone secretion in older men. LCTs have a low incidence in humans, constituting only
1-3% of testicular neoplasms, with the highest incidence being for men in their 50s.
Because testosterone is necessary for spermatogenesis, Leydig cells are a target for
male hormonal contraception. Control of male fertility through suppression of Leydig
cells will require identifying a level of intratesticular androgen concentration that is
sufficient for spermatogenesis while maintaining libido and skeletal muscle mass in the
periphery. Studies of reproductive toxicants have shown that disruption of Leydig cell
steroidogenic function cannot be ignored as a causative factor.
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INTRODUCTION

Spermatogenesis is the series of processes occurring in the testis that results in the
production of highly differentiated haploid spermatozoa from undifferentiated
diploid spermatogonia. The purpose of this chapter is to review spermatogenesis and
its hormonal regulation in higher primates; that is, species chiefly classified in the
suborder Catarrhini.! Although many basic concepts concerning spermatogenesis
have resulted from experimental studies of rodent species, the suitability of these
species for investigating all aspects of spermatogenesis and generalizing those results
to primates, including man, must be considered with caution. This note of caution
derives from observations indicating fundamental differences between the two phylo-
genic orders in development, cellular events of spermatogenesis, and hormonal regu-

I'Romer (1) defined the higher primates, Catarrhini, to comprise four families, namely,
Anthropoidea, Cercopithecidae (Old-World Monkeys), Siimidae (manlike apes), and Hominidae
(human). More recently, Hill (2) has revised the taxonomy of primates in his seminal work, The
Primates, and has modified Romer’s definition of higher primates into Platyrrhini (New-World
primates) and Catarrhini (Old-World primates). The Catarrhini are divided further into two
superfamilies, Cercopithecidea (Old-World monkeys) and Homonoidea (Old-World apes and
man). In addition, the Old-World monkeys and the Hominoidea are more closely related to one
another than either is related to the New-World monkeys.
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lation of spermatogenesis. This should not be surprising. Although species of both
orders have adapted successfully in many different environments, essentially spread-
ing throughout the world, rodents’ and primates’ adaptive strategies are fundamen-
tally different. Rodents have remained small animals throughout their evolutionary
history, growing and maturing rapidly, usually in a few months, and reproducing fre-
quently with large numbers of offspring in each litter. Rodents produce large popula-
tions of offspring, with diverse genotypes on which selective adaptation may operate
(3). In contrast, primates have become larger during their evolutionary history, grow-
ing and maturing slowly usually for years, and reproducing infrequently, with only
one or two offspring per pregnancy (4). Primates have produced small populations of
individuals, with less genetic diversity on which selective adaptation may operate.
Primates, perhaps because of their arboreal origin, have highly developed nervous
systems, allowing these species to be more inquisitive, exploring new environmental
niches, and learning rather than genetically adapting to novel habitats.

Although spermatogenesis is generally similar between these two orders, many
details are remarkably different, and perhaps these differences accommodate the diverse
strategies of adaptation. Three types of germ cells, namely, spermatogonia, spermato-
cytes, and spermatids, and one somatic cell type, the Sertoli cells, that provide the struc-
tural support of and nutrients to the germ cells, comprise the epithelium of the
seminiferous tubule of the mammalian testis. Perhaps the most remarkable difference
between spermatogenesis in rodents and primates was identified in an early observation
by a pioneer of reproductive biology. Smith (5) observed that surgical ablation of the
pituitary gland of adult primates led to a more complete regression of the seminiferous
epithelium than this surgery in rodents. In the former species, only Sertoli cells and stem
spermatogonia remain after hypophysectomy, whereas in the rat, spermatogenesis was
arrested during spermiogenesis (6—9). This difference is not likely to result from incom-
plete ablation of the rodent pituitary, as suggested by Smith (5), because chemical
hypophysectomy in rats using a gonadotropin-releasing hormone-receptor (GnRH-R)
antagonist, that dramatically suppresses gonadotropin secretion (/0—12), similarly
arrested spermatogenesis during spermiogenesis. Moreover, GnRH antagonist treatment
of intact adult monkeys also causes regression of the seminiferous epithelium identical
to that produced by hypophysectomy (/0—12). In primates, the gonadotropic hormones
are obligatory for development of differentiated spermatogonia, spermatocytes, and
spermatids, whereas in rodents, a limited number of spermatids may be produced in the
absence of a gonadotropin drive. The second major difference is that the mechanism of
stem cell renewal is fundamentally dissimilar between rodents and higher primates (73).
Third, the morphology of the various types of germ cells and the temporal relationships
are more alike in the Cercopithecadea and Hominadea than other species (13).

ANATOMY OF THE MALE REPRODUCTIVE TRACT

The gross anatomy of the reproductive system of male primates encompasses two of
the cardinal characteristics of the order primate.2 Hill (2) stated that the testes, although

2 According to Hill (2), Mivart stated in 1873 the characteristics of primates: “unguiculate,
claviculate placental mammals, with orbits encircled by bone; three kinds of teeth, at least, at
one time in life; brain always a posterior lobe and calcarine fissure; innermost digit of at least
one pair of extremities opposable; hallux with a flat nail or none; a well-defined caecum; penis
pendulous, testes scrotal; always two pectoral mammary glands” (italics added).
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usually scrotal, in the adults of some higher primates, e.g., Macaca mulatta, can be
retractable into the lower portion of the inguinal canal because the lower ring of the
canal does not fully close. Each testis is encapsulated in a tough white fibrous mem-
brane, the tunica albuginea, with a large testicular artery coursing in a sinuous fashion
along the anterior surface of the gonad. The parenchyma of the organ consists of many
tortuous seminiferous tubules surrounded by intersitial tissue composed of Leydig
cells, macrophages, nerves, blood vessels, and lymphatic vessels. In primates, the
parenchyma is divided by fibrous tissue into lobules. Three types of germ cells, sper-
matogonia, spermatocytes, and spermatids, in addition to the somatic cells, named for
Enrico Sertoli who identified their function 125 years ago (/4), comprise the epithe-
lium of the seminiferous tubules. The seminiferous epithelium is the site of spermato-
genesis. Once spermatozoa are produced by the seminiferous epithelium they are
released into the lumen of the tubule, and are transported through the tubulus rectus
that forms when each seminiferous tubule loops around and rejoins itself to form this
single straight tubule (/5). The tubuli recti enter the anastomosing structure of the rete
testis. The rete testis is embedded in dense connective tissue called the mediastinum,
which, in most higher primates, runs through the long axis of the ovoid testis. The rete
testis tubules join at the posterior surface of the testis into three to five ductuli efferen-
tia that, in turn, form a single confluence that is the origin of the duct of the epididymis.

CYTOLOGY OF SPERMATOGENESIS

Spermatogenesis is a series of processes that produce a prodigious number of sper-
matozoa from a rather small finite population of stem spermatogonia. In addition to
this quantitative aspect of spermatogenesis, meiosis results in an equally enormous
number of haploid spermatozoa carrying different recombinations of the male’s genes
that contribute to the genetic diversity of the next generation. Moreover, spermatozoa
are produced continuously throughout the life of the adult male primate, a time span
that encompasses a few years in some nonhuman primates but 50 or more years in man.
The cytology of spermatogenesis has been described for several Catarrhini (/16-22).
Because the types and arrangements of the germ cells are similar in these species, a
general description is presented. Any differences are noted where appropriate.

Spermatogonia and Mitosis

Spermatogonia of mammals are always found adjacent to the basement membrane
of the seminiferous tubule and are classified as either stem cells or differentiated sper-
matogonia (/9-26). The first category, stem cells, are called type A spermatogonia,
whereas differentiated spermatogonia are designated as type B spermatogonia. Type A
spermatogonia in primates are further divided into dark type A, or Ad, spermatogonia,
and pale type A, or Ap, spermatogonia (/7,19-26). The Ap spermatogonia divide to
produce either more Ap spermatogonia,® or the first generation of differentiated type B
spermatogonia. Four generations of type B spermatogonia, designated B, B,, B3, and
By, are present in the seminiferous epithelium of nonhuman primates of the Catarrhini.
Humans are an exception in this regard, because only one generation of type B sper-
matogonia has been described in the seminiferous epithelia of men (16—18,23,24,26).

3 The important topic of spermatogonial stem cells and the process of stem cell renewal is
discussed in the section entitled Stem Cell Renewal.
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The differentiated spermatogonia are committed to produce more type B spermatogo-
nia. These germ cells are diploid and are destined to either proliferate or, if they fail to
proliferate, die. The mitoses of the differentiated spermatogonia are symmetrical; the
two daughter cells are identical to one another, but the nuclei have smaller diameters
and contain more heterochromatin than those of the mother cell.

Spermatocytes and Meiosis

The last generation of type B spermatogonia divide and produce the primary sper-
matocytes. These are the last diploid germ cells in the production of spermatozoa.
Historically, they were called resting spermatocytes, but this is a misnomer, because
these cells are not quiescent (/3). The primary spermatocytes are the most mature
germ cells to synthesize DNA in preparation for meiosis I and II. Moreover, these
germ cells synthesize four times more DNA than is found in the haploid state. As the
primary spermatocytes prepare for and enter the long prophase of meiosis I, they
move from the basement membrane of the seminiferous tubule toward its lumen. At
this point in the spermatogenesis process, germ cells bind to the Sertoli cells through
specialized cellular junctions and remain so until the immature spermatozoa are
released from the seminiferous epithelium. During this transition, the spermatocytes
progress from leptonema, characterized by the formation of long, thin chromosomes,
to zygonema, characterized by homologous chromosome pairing. As spermatocytes
form the next cellular layer, the cytological event “crossing over” occurs. Because the
chromosome pairs are thick, this phase of meiosis I is called pachynema. The dura-
tion of prophase of meiosis I is 2-3 wk, depending on the species. In rapid fashion
after the completion of prophase I, the spermatocytes complete Meiosis I, forming
haploid secondary spermatocytes that, in turn, complete meiosis II, resulting theoreti-
cally in four haploid spermatids.

Spermatids and Spermiogenesis

Spermiogenesis is the long phase of morphogenesis during which the haploid sper-
matids become highly motile cells ultimately capable of fertilizing ova. The major mor-
phological changes occurring during this phase of spermatogenesis are the formation of
the head of the spermatozoon, formation of the tail, and loss of cytoplasm (/3). The head
of the mature spermatozoon in higher primates consists of the acrosome, a specialized
lysosome containing enzymes needed at the time of fertilization, and the nucleus, which
contains highly condensed chromatin. Several distinct steps in the formation of the acro-
some during spermiogenesis, which are revealed by periodic acid-Schiff’s staining of the
putative organelle, are used to identify the temporal sequence of spermiogenesis.

The newly formed spermatid is distinguished from other germ cells by the presence of
a small spherical nucleus in the cell cytoplasm. The Golgi region of the newly formed
spermatid is pink under PAS-Schiff’s staining and lies near the nuclear surface, produc-
ing a polarity in the spermatid. Spermatids with this morphology are identified as Step 1.
Step 2 spermatids have two or more small red granules, usually between the Golgi region
and the nucleus. Coalescence of the granules into a single large acrosomic granule indi-
cates Step 3. Step 4 spermatids have a single red granule in a vesicle that contacts the
nucleus of the cell. The formation of Step 4 spermatids marks the end of the first, or
Golgi, phase of spermiogenesis. The vesicle and granule of the putative acrosome begin
to spread along the nuclear surface. The next four steps of spermiogenesis, Steps 5, 6, 7,
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and 8, are distinguished by the extent of the cap-like formation, and these steps consti-
tute the cap phase of acrosome formation. The next four steps of spermiogenesis, Steps
9-12, are characterized by formation of the final shape of the acrosome, condensation of
the nuclear chromatin, and further growth of the spermatid tail. These steps form the
acrosomic phase of spermiogenesis. The final phase of spermiogenesis, maturation
phase, comprises Steps 13 and 14 in nonhuman primates. By Step 13, the spermatids
have achieved the morphology of the spermatozoa, and little morphological change
occurs during these steps, except for a further reduction of cytoplasm. Step 14 sper-
matids are often called testicular spermatozoa, and, with completion of this last step of
spermiogenesis, the spermatozoa are released from the seminiferous epithelium.

KINETICS OF SPERMATOGENESIS AND CYCLE
OF THE SEMINIFEROUS EPITHELIUM

The kinetics of spermatogenesis are the temporal relationships among the various
germ cells within the seminiferous epithelium as they proceed through mitosis, meiosis,
and spermiogenesis (13,16,17,20,21). The Sertoli cells, the only somatic cells found in
the seminiferous epithelium, provide nourishment, growth factors, and organization to
the germ cells (/4). These somatic cells span the entire seminiferous epithelium, sitting
on the basement membrane and stretching to the lumen of the seminiferous tubule. The
seminiferous epithelium has, in addition to the Sertoli cells, one or two types of sper-
matogonia, spermatocytes, and spermatids. The spermatogonia lie on the basement
membrane and, as described previously, are mitotically active. The spermatocytes, pro-
duced by the cell division of the last generation of differentiated spermatogonia, move
toward the lumen of the tubule and, thus, constitute the next layer of the epithelium. The
spermatocytes complete meiosis and produce the spermatids. The spermatids form the
layers of the epithelium adjacent to the tubular lumen and proceed through the steps of
spermiogenesis. The arrangement of the germ cells and the synchrony of the three
processes of spermatogenesis, mitosis, meiosis, and spermiogenesis, result in a limited
number of cell associations of fixed cellular composition (see Fig. 1). The steps of
spermiogenesis define a finite number of cellular associations, usually 12 in nonhuman
primates, and 6 in humans (16,17,20,21). The cellular associations are temporally related
and form a sequence called the cycle of the seminiferous epithelium. Each cellular asso-
ciation is one stage of the cycle. The cycle of the seminiferous epithelium is defined as
the occurrence of all stages in sequence in one area of a seminiferous tubule. In higher
primates, the area of the seminiferous tubule in one stage of the cycle encompasses from
0.1 to 9 mm of the length of a seminiferous tubule, except in humans (20-21).

The duration of the cycle can be determined by administering a labeled nucleotide
that is incorporated by all cells that are synthesizing DNA in preparation for mitosis.
By precisely timing the interval between the administration of the labeled nucleotide
and the removal of the testis, the duration of the cycle of the seminiferous epithelium
can be studied. In addition, the frequency with which a stage is detected is directly
related to the duration of that stage. Using the duration of the cycle and the individual
stage frequencies, the duration of each stage can be determined. In turn, the duration of
spermatogenesis can be estimated from the duration of each stage. The difficulty of
determining the length of spermatogenesis results, in part, from the lack of consensus
of when spermatogenesis precisely begins (see Stem Cell Renewal).
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Fig. 1. The cycle of the seminiferous epithelium of the rhesus monkey depicted in a highly schematic
manner to emphasize its recurring nature. The cellular associations that define the stages of the cycle
are indicated with Roman numerals I-XII. The circumference represents time, and the width of each
segment is proportional to the duration of each stage. The increasing darkness represents maturation
of the cell types as the process of spermatogenesis unfolds. Spermatogenesis begins in stage IX, when
half of the population of Ap spermatogonia divide and produce type B spermatogonia (B1). Coinci-
dentally, the other half of the population of Ap spermatogonia also divide and produce Ap spermato-
gonia, thereby renewing the population of these stem cells. Spermatogenesis terminates in stage VI,
when S14 spermatids are released into the lumen of the seminiferous epithelium. B1-B4, four gener-
ations of type B spermatogonia; PL, preleptotene spermatocytes; L, leptotene spermatocytes; Z,
zygotene spermatocytes; P, pachytene spermatocytes; MII, completion of meiosis; S1-S14, sperma-
tids at each of the 14 steps of spermiogenesis. The arrows or arrowheads indicate mitosis and the com-
pletion of meiosis, respectively. (From ref. 48. Reprinted with permission of The Endocrine Society.)
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In many higher primate species, a single cellular association forms the epithelium of
a segment of the seminiferous tubule (20,21). However, the seminiferous epithelium of
man does not follow this orderly pattern (/6,17). In humans (2/) and in two other pri-
mates, an Old-World monkey, the olive baboon, P. anubis (27), and a New-World mon-
key, the common marmoset, Callithrix jacchus (28), a cross-section of a tubule may
contain more than one cellular association.

The duration of the cycle has been determined in several nonhuman primates to
range from 9 to 12 d and is characteristic of each species (/3). To gain this information,
the radionucleotide, tritiated thymidine, was administered to adult male primates.
Testes were removed within 2-3 h after the injection. Other testes were removed at
carefully timed intervals after radionucleotide administration. Using the most mature
labeled cell at each interval, as well as stage frequencies, the duration of the cycle was
determined. For example, tritiated thymidine was administered to several adult male
stump-tailed macaques, M. arctoides, and the most mature labeled cells were deter-
mined in testes removed either 3 h or 12 d, 3 h later (20). Using the stage frequencies
that are directly related to the individual durations of each cycle stage, and the percent-
age of germ cells labeled at each time point, the duration of the stump-tailed macaque
cycle was determined to be 11.5 d.

As stated previously, the seminiferous epithelium of man is less well organized than
is that of other nonhuman primates. More than one cellular association may occur in a
cross-section of the seminiferous tubule, and, frequently, some cellular associations are
incomplete because one or more generations of germ cells may be absent. For these
reasons, analysis of the kinetics of spermatogenesis in humans is problematic.
Nonetheless, Heller and Clermont (/7) were permitted in the early 1960s to inject triti-
ated thymidine into the testes of prisoner volunteers. Biopsies of the testes were per-
formed 1 h, 16 d, and 32 d after the injection.

In the biopsies performed at 1 h, the most mature germ cells were preleptotene sper-
matocytes in Stage 3 of the six stages identified in man. At 16 d, pachytene spermato-
cytes in Stage 3 were the most mature germ cells labeled. At 32 d, after the
administration of labeled nucleotide, Step 3 spermatids were the most mature germ
cells labeled. From these results, the duration of the cycle in man was estimated to be
16 d. Spermatogenesis was defined to begin with the production of type B spermatogo-
nia and extended for four cycles, or 64 d. Although this study will not be repeated for
ethical reasons, it should be noted that biopsies are of limited value in a study of the
kinetics of spermatogenesis. They are not representative of the entire testis, because too
few seminiferous tubules are sampled to allow for a meaningful description of the cel-
lular associations, their individual frequencies, and a sample that is sufficiently large to
permit assessment of the percentage of each type of germ cell that incorporated the
labeled nucleotide. All of these parameters are necessary to estimate the duration of the
cycle of the seminiferous epithelium and, in turn, the duration of spermatogenesis. For
these reasons, estimates of the kinetics of spermatogenesis of man that were reported in
this early study must be considered preliminary (/7).

Wave of the Cycle

One final, but often misunderstood consequence of the organization of the seminif-
erous epithelium is the cycle wave (13). The stages of the cycle occupy segments of the
seminiferous tubule that are aligned more or less in sequence along the length of the
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tubule. This alignment of all stages of the cycle is the wave. Moreover, the length of a
segment in a particular stage was assumed to be constant from one wave to another.
Indeed, the wave was believed by many early investigators of spermatogenesis to rep-
resent in space what the cycle was in time, i.e., an orderly sequence that could be used
to know precisely that the stage of the segments immediately adjacent were numeri-
cally one stage earlier or one later in the cycle.

A detailed study of the cycle wave in the rat indicated that the wave was not a spatial
arrangement of stages that approached the orderly temporal sequence of the cycle (29).
The wave instead varied from an orderly spatial sequence in two ways. First, the seg-
ments of tubule in a particular stage were not consistently of similar length, and, in
turn, the length of tubule containing the entire wave was also variable. Secondly, two
types of modulations of the wave were observed. In the first type, the consecutive
arrangement of the cycle stages along the tubule was interrupted, and the stages would
be repeated. For example, if segments of tubule were in Stages 1, 2, and 3, then the
next segment would not be Stage 4 as expected, but instead this segment would contain
Stage 1 again, and subsequent segments would contain the remaining cycle stages. In
the second variant, the sequence of stages would be reversed. For example, if the
sequence was Stages 3, 4, and 5, then the next segments would be 4 and 3. The seg-
ments would then continue in sequence; that is, 4, 5, and 6.

STEM CELL RENEWAL

Stem cells are common to all epithelial systems because they have two fundamental
properties (30). First, stem cells have the ability to produce more stem cells (to maintain
a constant number of these cells). Second, stem cells can produce differentiated progeny;
this property of spermatogenetic stem cells was described in the Spermatogonia and
Mitosis section. The former capability represents stem cell renewal.

Stem cell renewal is the mechanism that ensures that remarkably large numbers of
spermatozoa are produced by a relatively small number of stem cells throughout the
adult primate’s life. Whether each stem cell produces one stem cell and one differen-
tiated cell, asymmetrical mitosis, or one stem cell produces two stem cells while
another adjacent stem cell produces two daughter cells, symmetrical mitosis, is not
known for most epithelia (37,32). As discussed later, evidence relating to this intrigu-
ing issue is presented that suggests that the renewing stem cells of some primates, if
not all, divide symmetrically.

Historically, two fundamentally different models of stem cell renewal during mam-
malian spermatogenesis were postulated from the results of studies performed in
rodents (32). A review of the evidence supporting each model in rodents is necessary,
because the original scheme of stem cell renewal has been generally accepted to occur
in primates and the original scheme postulated from results in rodents has been
replaced by the newer scheme. Moreover, the mechanism of stem cell renewal that is
widely accepted in primates has recently been challenged by the notion that the newer
model may be applicable to primates (32).

Clermont and colleagues (33), using mophometric analysis of histological sections and
incorporation of tritiated thymidine during the DNA synthetic phase of the cell cycle,
identified four morphologically distinct type A spermatogonia. These spermatogonia,
called A—A4, were distinguishable from each other by the increase of heterochromatin
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in the nuclei of spermatogonia of each succeeding generation. These workers deter-
mined that each type A; spermatogonium divided mitotically and theoretically pro-
duced two type A, spermatogonia. In turn, each type A, spermatogonium divided and
potentially produced two type Ajz spermatogonia. Each type Az spermatogonium, in
turn, divided, and produced two type A4 spermatogonia. With the eventual appearance
of type A4 a departure from this straightforward system of spermatogonial proliferation
was postulated. The type A4 spermatogonia divided and produced either the differenti-
ated intermediate type spermatogonia or the rather undifferentiated type A; spermato-
gonia. In other words, the most differentiated of the four generations of type A
spermatogonia, A4 cells, produced progeny that were either more differentiated or the
least differentiated type A spermatogonia. Because of this potential to produce undiffer-
entiated spermatogonia, all four generations of type A spermatogonia were considered
renewing stem cells. This singular state of affairs was further complicated.

Indeed, another type A spermatogonia population was also described (33). These
type A spermatogonia were morphologically less differentiated than any of the other
four type A spermatogonia and did not incorporate the labeled nucleotide that indicated
a cell was preparing for mitosis. Furthermore, the number of these cells in the seminif-
erous epithelium did not change. Therefore, these rather undifferentiated type A sper-
matogonia were not mitotically active but were quiescent. These stem spermatogonia
were designated type Ag spermatogonia and postulated to represent stem cells held in
reserve that would repopulate the seminiferous epithelium only when all more mature
germ cells were destroyed by some catastrophe. The Ay spermatogonia were postulated
to divide mitotically and produce type A; spermatogonia until the seminiferous epithe-
lium was reestablished. It was posited that one or all type A|_4 spermatogonia produced
a factor, or factors, that normally held the A stem cells in a quiescent state (34). How-
ever, the search for this factor was not fruitful (35-38).

The second scheme of stem cell renewal was posited by Huckins (39,40), based on
studies of rodent testes. A technique for isolating, fixing, and mounting long segments
of seminiferous tubules for observation with the light microscope was developed. This
technique permitted examination of the outer layer of the seminiferous tubule; that is,
the layer containing the spermatogonia. The spermatogonia, both stem and differenti-
ated, could be identified easily, and long strings of spermatogonial nuclei exhibiting the
same morphology were readily apparent. Because the segments of seminiferous tubule
were intact, the nuclei of each string were enumerated. In addition, the spacing of the
nuclei was rather constant from one string to the other. Furthermore, when tritiated
thymidine was administered to the rodent before removing the testes, all the nuclei in a
string were labeled. The conclusion was that as the spermatogonial nuclei divided,
cytokinesis was not completed and cytoplasmic bridges connected the spermatogonia.
After the strings with identical morphology were examined, three kinds of nuclear
strings were identified. Pairs of type A spermatogonia were identified but were too far
from the next nuclei of similar morphology to expect that they were part of the same
string. Longer strings, consisting of 4, 8, or 16 nuclei, were readily distinguished. The
type A spermatogonia, with a nucleus that was clearly separated from the next nucleus
with the same morphology, were called A isolated or A single (Ag). When two nuclei
of similar morphology were adjacent to one another, they were called A paired (A,).
The last class were strings of nuclei containing 4, 8, or 16 nuclei. These latter strings
were called A aligned (A,;). These observations led to the conclusion that the type As
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were the renewing stem cells, whereas the remaining categories of nuclei strings were
simply the result of mitosis without complete cytokinesis. Long strings of nuclei of
type Aj4 were also recognized, but the results suggested that the Type A, nuclei,
whether strings of 4, 8, or 16, would, at the proper time in spermatogenesis, transform
directly into type A; spermatogonia. This transformation of nuclei from strings of cells
of different lengths is the greatest weakness of this model.

The latter scheme of stem cell renewal overcomes the problem of the former
scheme, namely the dedifferentiation of type A4 cells producing the undifferentiated
type A spermatogonia. This scheme, however, cannot explain easily how the transfor-
mation of nuclei strings with differing numbers can all transform simultaneously at the
appropriate time to produce type A; spermatogonia. The greatest weakness of this
model is that the cells can transform into A; whether they are in strings of 4, 8, or 16
nuclei. This poses a substantial problem, because the timing of the seminiferous epithe-
lial cycle is clearly determined by the germ cells and not by external factors (41). It is
difficult to conceive a mechanism whereby the chains of 4, 8, or 16 nuclei can detect
the appropriate environment and directly transform.

In summary, the two schemes of stem cell renewal are distinctive in two respects.
The first scheme has two types of stem cells, namely reserve stem cells and renewing
stem cells. The reserve stem cells, type Ay spermatogonia, are quiescent and only
become active when the renewing stem cells, types A|_4 spermatogonia, are destroyed.
The four generations of renewing stem cells require that a more differentiated cell, A4
spermatogonium, produces less differentiated daughter cells, type A spermatogonia. A
mechanism that produces a pattern of differentiation immediately followed by dediffer-
entiation is difficult for the author to conceptualize. The second scheme of stem cell
renewal is simpler than the first because no reserve stem cell is postulated, however, it
has difficulty accounting for coordination of the strings of spermatogonial nuclei that
have divided a different number of times, so that they all transform at the same time
into the type A; spermatogonia. This coordination is required because, as described in
the Wave of the Cycle section, the various types of germ cells and the processes of
spermatoogonial proliferation, meiosis, and spermiogenesis are ordered and highly
synchronized. Neither scheme is entirely satisfactory.

For stem cell renewal in higher primates, the mechanism is less complicated com-
pared to that of rodents. Only two types of A spermatogonia are found in the seminifer-
ous epithelia of these species, types Ad and Ap spermatogonia (see Spermatogonia and
Mitosis section).

Type Ad spermatogonia are rather mitotically inactive.* This conclusion is based on
two lines of evidence. First, the number of Ad spermatogonia in the higher primate
testis is constant, and these cells rarely incorporate tritiated thyminidine, a marker of
DNA synthesis preparatory to mitosis (/8-20). Second, X-irradiation of the testes of
adult rhesus monkeys destroyed all germ cells except the Ad spermatogonia (42). After
documenting the decline and subsequent disappearance of all germ cells except Ad

4 1t should be noted that the initial descriptions of spermatogenesis in man (16) suggested that
the Ad spermatogonia were the renewing stem cells. Later studies in monkey and man showed
that few Ad spermatogonia incorporate radiolabeled nucleotides, suggesting that these cells
were mitotically quiescent (20).
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spermatogonia, all irradiation was stopped, and the seminiferous epithelia of the mon-
keys were allowed to recover. The type Ad spermatogonia transformed without mitosis
directly into the type Ap spermatogonia. Once the population of Ap spermatogonia was
reestablished, some of the Ap spermatogonia transformed back to Ad spermatogonia.
These results unequivocally demonstrate that the Type Ad spermatogonia are reserve
stem cells.

The case for Ap spermatogonia being the renewing stem cells is based on morphome-
tric analyses and the pattern of incorporation of tritiated thymidine. Clermont and Antar
(20) injected the testes of adult stump-tailed macaques (M. arctoides) with the radiola-
beled nucleotide. Testes were removed either 3 h or 12 d and 3 h after the injection. In
addition, the number of each cell type was enumerated. The number of Ad spermatogo-
nia was unchanged at both 3 h and 12 d 3 h after injection. Few Ad spermatogonia were
labeled with the tritiated thymidine, and 12 d later, none was identified. These results led
to the notion that the Ad spermatogonia were reserve stem cells. By contrast, the Ap
spermatogonia were increased in number, and incorporated the radiolabeled nucleotide
at 3 h after injection. After the increase in Ap spermatogonia, the number of these cell
types returned to the number before the increase. This transient increase in cell number
was observed in the testes removed 14 d 3 h after the administration of tritiated thymi-
dine. Moreover, Ap spermatogonia were labeled with tritiated thymidine in the testes
removed 12 d 3 h after the single injection with labeled nucleotide.

Two schemata for the mechanism of stem cell renewal have been postulated (20). The
first scheme, which occurs in the rhesus monkey and African green monkey, and, per-
haps, in man, is distinguished by a single peak of mitosis of the Ap spermatogonia. Dur-
ing that peak, all type Ap spermatogonia divide and yield either more Ap spermatogonia,
thus renewing the population, or type B spermatogonia, beginning spermatogenesis.
Whether this cell division is symmetrical or asymmetrical has not been determined,
although cell counts and labeling patterns suggest that the mitosis of Ap spermatogonia
mitosis is symmetrical; that is, half of the population of Ap spermatogonia divides and
produces two daughter cells, both of which are Ap spermatogonia. The remaining half
of the Ap spermatogonia divide, and produce two identical type B spermatogonia.

The other scheme, which occurs in the stump-tailed macaque and the crab-eating
macaque, is distinguished by two peaks of Ap spermatogonia mitosis during every
cycle of the seminiferous epithelium. The first peak results in a transitory doubling
of the number of Ap spermatogonia and is followed in the same cycle by a second
peak of mitosis. Only half of these newly formed type Ap spermatogonia divide dur-
ing the second peak, resulting only in the production of the first generation of B
spermatogonia. This scheme seems more likely to support the notion that the mitotic
events are symmetrical.

HORMONAL REGULATION OF SPERMATOGENESIS

The central role of the pituitary to stimulate spermatogenesis’ in adult primates
was established nearly 60 yr ago (5). Surgical removal of the pituitary gland in rhesus

5 In the context of this discussion, spermatogenesis is defined as the production of testicular
spermatozoa whether one or many.
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Fig. 2. A schematic representation of the two mechanisms of stem cell renewal in higher primates.
The top two diagrams illustrate the scheme that is common to rhesus monkey (Macaca mulatta),
African green monkey (Cercopithecus atheops), and, perhaps, man (Homo sapiens). All type Ap sper-
matogonia divide in stage IX; one half of the population produce more Ap spermatogonia and the
other half divide and produce type B1 spermatogonia (B1). The B1 spermatogonia divide in stage XII
and produce B2 spermatogonia (B2). The number of Ap spermatogonia remains constant throughout
the cycle of the seminiferous epithelium of these primate species. The bottom diagram shows the
scheme that is common to stump-tailed macaque (M. arctoides) and the crab-eating macaque (M. fas-
cicularis). As in the first scheme, all Ap spermatogonia divide, but, in stage VIII and in contrast to the
first scheme, only type Ap spermatogonia are produced, resulting in twice as many Ap spermatogonia
stage IX. In stage X, half of the population of Ap spermatogonia divide and produce only type B1
spermatogonia. The remaining half of the Ap spermatogonia do not divide until stage VIII of the next
cycle. As in the first scheme, the B1 spermatogonia divide in stage XII and produce B, spermatogonia
(B2). This latter scheme of stem cell renewal suggests that the mitoses of Ap spermatogonia are sym-
metrical. (Drawn after ref. 20.)

monkeys resulted in a precipitous decline in testicular size associated with the com-
plete regression of the seminiferous epithelium to the extent that the tissue comprised
only type A spermatogonia and Sertoli cells. More recent experiments using monkeys
rendered hypogonadotropic, hypogonadal by either surgical or chemical hypophysec-
tomy, have confirmed Smith’s earlier observation and have extended it by demon-
strating that replacement of testosterone stimulates testicular growth to approx 60%
of the pretreatment size (43—45). The gonadal growth primarily resulted from stimu-
lation of spermatogenesis by the androgen, but morphometric analysis of the seminif-
erous epithelium revealed that the smaller testicular size was accounted for by a
deficit in the numbers of all type B spermatogonia. FSH replacement in testosterone-
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treated hypophysectomized adults resulted in a greater number of all four generations
of type B spermatogonia (46). These results led to the conclusion that testosterone
alone stimulates spermatogenesis but FSH is necessary to restore spermatogenesis
completely. FSH was posited to accomplish this effect by rescuing type B spermato-
gonia from programmed cell death.

Unilateral orchidectomy in adult macaques results in the compensatory growth of
the remaining testis (46,47). The number of Sertoli cells per testis was identical in the
gonad removed at the time of unilateral orchidectomy and in the gonad that remained
in the animal for 45 d. By contrast, the number of all germ cells more mature than type
Ap spermatogonia was greater in the remaining testis than in the unilateral orchidec-
tomy specimen. Moreover, the removal of one testis was occasioned by a transient
decline in testosterone that, in turn, led to a transient increase in LH. By 4 d after
surgery, the testosterone and LH concentrations returned to baseline values. The
removal of one gonad in these primates was accompanied by a decline in inhibin B lev-
els, which is secreted by Sertoli cells into the circulatory system. FSH concentrations
in the circulation increased, confirming the important role of inhibin B in the negative
feedback control of FSH secretion.

A model that describes the role and operation of the FSH-inhibin B feedback loop
in the stimulation of spermatogenesis in the adult primate is shown in Fig. 3 (48). The
circulating FSH concentration is postulated to set the level of sperm production above
the basal rate induced by intratesticular testosterone. This FSH action on the germ
cells is indirect and mediated by the Sertoli cells. The Sertoli cells stimulated by FSH
produce a paracrine factor that rescues or prevents programmed cell death of the type
B spermatogonia. The survival of these cells amplifies the basal level of germ cell
production that is maintained by testosterone. FSH secretion is dependent on stimula-
tion by pulsatile GnRH. The rate of FSH secretion is selectively dictated by the nega-
tive feedback action of testicular inhibin-B. The feedback arm of the loop
(inhibin-B—FSH) must be more robust than the feedforward arm (FSH-inhibin-B) for
a change in the testicular feedback signal (inhibin-B) to elicit a sustained perturbation
to FSH secretion.

In contrast, other investigators have presented results that support the belief that
the FSH action to increase the number of germ cells in the primate testis is indirect on
type Ap spermatogonia, the renewing stem cells (49-51). For example, FSH adminis-
tration to adult macaques resulted in an increase in the type Ap spermatogonia in the
seminiferous epithelium; however, but an analysis using the kinetics of spermatogen-
esis does not support the theory that the increase in germ cell production results from
an FSH action to increase the number of Ap spermatogonia (45,48).

In adult crab-eating macaques rendered hypogonadotropic for several weeks either
by surgical ablation of the pituitary or by pharmacological suppression of
gonadotropin secretion using GnRH-analogs or antagonists, a reduction in the total
number of Ap spermatogonia was observed, in association with a profound depletion
in all more mature germ cells (43,50-52). However, the population of Ap spermato-
gonia was not decreased in five normal men rendered hypogonadotropic during
19-24 wk of treatment with an androgen ester, testosterone enanthate, although a
reduction of all germ cells more mature than type A spermatogonia was reported (53).
That the loss of FSH action may have contributed to the reduction in the population
of Ap spermatogonia during chemical hypophysectomy in the crab-eating macaque
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Fig. 3. A model of the negative feedback control system that regulates sperm production by the pri-
mate testis. According to this model, follicle-stimulating hormone (FSH) amplifies a basal level of
spermatogenesis that is dependent on intratesticular testosterone (T). The degree of amplification is
directly related to the circulating concentration of FSH, and the FSH drive is relayed to the seminifer-
ous epithelium via the production of a paracrine factor by the Sertoli cell. This factor favors the sur-
vival of differentiated B spermatogonia (B), which leads to an increase in the number of subsequent
generations of germ cells. The FSH concentration is regulated by the rate of secretion of inhibin-B
(INH-B) by the Sertoli cell. Inhibin-B exerts a brake on FSH secretion by suppressing expression of
FSHP gene expression. The mechanism that controls the rate of inhibin-B secretion is controversial,
but in the present model, a signal(s) from the differentiated germ cells is proposed to positively regu-
late inhibin-B production by the Sertoli cell. The intensity of the putative germ cell signal is posited
to be related to the number of differentiated germ cells. P, primary spermatocyte; S, round spermatid;
Spz, elongating spermatid and testicular spermatozoa; pit, pituitary gland. (From ref. 48. Reprinted
with permission of the Endocrine Society.)

was suggested by the finding that initiation of FSH treatment, coincident with the
start of GnRH antagonist administration in another group of animals, prevented Ap
spermatogonia depletion (50). It should be noted that LH action may also maintain
the population of Ap spermatogonia because the number of this cell type in the testis
of testosterone-treated, hypophysectomized macaques was similar to that of intact
animals (43). This gonadotropin action on Ap spermatogonia may be permissive; that
is, allowing these undifferentiated spermatogonia to divide each cycle and survive. In
contrast, the regulatory action of FSH that determines the number of differentiated, or
type B, spermatogonia that survive. Clearly, further study of the role of the
gonadotropins in this regard is necessary.
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PREPUBERTAL DEVELOPMENT
OF THE SEMINIFEROUS EPITHELIUM

Prepubertal Proliferation of Sertoli Cells

In humans and macaques, the ontogeny of Sertoli cell proliferation is different from
that in rodents (54-60). Cortes et al. (56), using autopsy material from boys and men
who had died in traumatic accidents, described two phases of Sertoli cell proliferation,
one immediately after birth and one later at puberty. Each of these periods in higher pri-
mates is associated with elevated levels of gonadotropins (61). In the rhesus monkey,
the number of Sertoli cells per testis was increased fivefold from infancy to the juvenile
phase of development, with a further sixfold increase from the juvenile to the adult
phase. These increments in Sertoli cell number occurred during infancy and the puber-
tal period concomitant with the elevated gonadotropin levels that are characteristic of
these developmental phases (57). Moreover, GnRH administration to juvenile rhesus
macaques that are naturally hypogonadotropic resulted in precocious LH and FSH
secretion that, in turn, stimulated a premature increase in the number of Sertoli cells
(57). Finally, administration of synthetic human LH and FSH, either alone or in combi-
nation, to juvenile rthesus monkeys for 11 d resulted in an increase in the number of Ser-
toli cells (59). Moreover, in contrast to the case in rodents, LH and FSH were equally
effective in stimulating proliferation of Sertoli cells. The cellular and molecular actions
of the two gonadotropins, LH and FSH, therefore, require further elucidation.

Prepubertal Proliferation of Spermatogonia

The ontogeny of the spermatogonia in primates has not been investigated as com-
pletely as that of the Sertoli cells (57—60). Within the first days of life, the only germ
cells observed in the rhesus monkey are type A spermatogonia, which are morphologi-
cally indistinguishable from the type A spermatogonia found in the adult testis (57).
The number of type Ad and Ap spermatogonia increases with age, and, as in the case
of Sertoli cells, the major increases occur during puberty and may result from the
increase in gonadotropins (57).

SUMMARY

Spermatogenesis in higher primates have is characterized by distinct differences
from the process in other genera. At birth, type Ad and Ap spermatogonia, indistin-
guishable from those cells in the adult testis, are the only germ cells present. Two dis-
tinct phases of Sertoli cell proliferation occur in higher primates: one during infancy
and the second during puberty. In addition, LH and FSH are equally effective in stimu-
lating Sertoli cell proliferation in the physioligically hypogonadotropic juvenile mon-
key. The mechanism of stem cell proliferation in primates is less complex than in
rodents. The undifferentiated spermatogonia of primates have distinctively different
roles. The Ad spermatogonia are usually mitotically quiescent and only become active
when a depletion of all more mature cells occurs. These cells are the reserve stem cells
of the seminiferous epithelium of the primate. The Ap spermatogonia are mitotically
active in the adult seminiferous epithelium. They are the renewing stem cells that
divide periodically and produce either Ap spermatogonia or differen