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Preface

The investigation and management of male infertility can be a formidable
diagnostic challenge to family physicians, urologists, and reproductive
specialists alike. For the first time, health care providers can access a
comprehensive resource that covers a broad spectrum of relevant clinical issues
related to male infertility disorders.

In Office Andrology, a variety of topics including basic sperm biology, male
reproductive endocrinology, immunology, specialized sperm testing,
and genetic issues of male infertility are reviewed by recognized experts in the
field. In addition, this book features a pragmatic review of the investigation,
diagnostic testing, and management of the infertile male. Controversial medical
and surgical treatment options are focus areas that should assist the practicing
clinician. For the reproductive specialist, the text covers timely topics, including
gender selection, HIV discordance couples, and posthumous reproduction in a
thoughtful and comprehensive manner.

The goal of Office Andrologyis to provide a practical guide for those requiring
concise answers to both the urbane and complex scenarios attendant on male
infertility. Practitioners wishing a greater understanding of the available diag-
nostic and treatment options will find Office Andrology especially useful in their
clinical practice.

Phillip E. Patton, vp
David E. Battaglia, phD
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1 Essentials of Sperm Biology

Sharon 1. Mortimer, PhD
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REFERENCES

INTRODUCTION

That the spermatozoon has a role in reproduction has been known for centu-
ries, but the specifics of its contribution have only come to be understood in
relatively recent times. Antoni van Leeuwenhoek was the first to describe “se-
men animals” (spermatozoa) in an ejaculate in 1677, and in 1679, he discovered
the presence of spermatozoa in the vas deferens and testicular tissue, leading him
to conclude that sperm production was the sole purpose of the testis (/). In 1683,
he wrote that he was certain “that man comes not from an egg but from an
animalcule in the masculine seed,” and in 1685, he concluded that each sperma-
tozoon contained both a person in miniature and a persistent and living soul. This
argument was in contradiction to Harvey’s and de Graaf’s hypotheses that it was
the egg that contained the miniature and entire human, and the semen was merely
the vehicle of a stimulating spirit that started the growth of the egg into the
embryo.

Acceptance of the equal role of the spermatozoon and oocyte in reproduction
began in the latter part of the 19th century, and the understanding of the structure
and function of spermatozoon was developed during the 20th century, following
improvements in the technology of microscopy and the identification of DNA as
genetic material.

From: Contemporary Endocrinology: Office Andrology
Edited by: P. E. Patton and D. E. Battaglia © Humana Press Inc., Totowa, NJ
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2 Mortimer

This chapter aims to provide an overview of the biology of the spermatozoon,
including its role in fertilization.

SPERM PRODUCTION

Spermatozoa are highly specialized haploid cells produced in the testes of
adult males. Each testis is comprised largely of convoluted seminiferous tubules,
which are packed loosely into lobes separated by bands of fibrous tissue. Each
seminiferous tubule is a loop, with its ends draining into the rete testis, and then
into the efferent ducts and epididymis. Within each lobe, the seminiferous tubule
is enclosed by loose connective tissue containing blood vessels, nerves, and
lymph vessels, as well as the Leydig cells, which produce testosterone in response
to luteinizing hormone.

Seminiferous tubules of adult men have a stratified epithelium of several
layers and a central lumen. The basal compartment is the outermost part of the
tubule contents and contains the resting spermatogonia (the basic self-renewing
stem cell of the male germline) and Sertoli cells, which act to regulate the devel-
opment of the germinal cells along with the maturation and release of sperma-
tozoainto the central lumen of the seminiferous tubule. Each Sertoli cell is joined
to its neighbors by tight junctions, forming the blood—testis barrier, which pre-
vents the passage of molecules between the basal and luminal compartment of
the seminiferous tubules. Another effect of the blood—testis barrier is to prevent
the initiation of an immune response to spermatozoa by the man’s immune
system, because these antigenically “foreign™ cells are not produced until pu-
berty.

Spermatozoa are produced from their progenitor spermatogonia in a series of
processes termed ‘“‘spermatogenesis,” “spermiogenesis,” and “spermiation.”
Spermatogenesis begins with six cycles of mitotic proliferation of a diploid
spermatogonium, resulting in the production of a clone of daughter cells—the
primary spermatocytes. The primary spermatocytes then leave the basal com-
partment and push into the adluminal compartment of the seminiferous epithe-
lium, where they enter the meiotic prophase. At the completion of prophase, each
primary spermatocyte produces two sondary spermatocytes, each of which then
divides to produce two haploid spermatids. Because all of these cell divisions are
not complete, the 64 spermatids created from each spermatogonium form a syn-
cytium; i.e., they are all interconnected by cellular bridges of cytoplasm. Sper-
matids are still round cells at this stage, and they differentiate into mature
spermatids or testicular spermatozoa in the process of spermiogenesis.

Spermiogenesis is a complex series of maturational and transformational
processes that occur in the adluminal compartment of the seminiferous tubules.
In this process, the nuclear histones are replaced by protamines, which then

bl
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become crosslinked by disulphide bonds, making the chromatin highly con-
densed and resulting in a much smaller nucleus. The nucleus then moves into an
eccentric position, closer to the cell membrane. The acrosome is generated by the
Golgi complex, and this is applied to the part of the nucleus in contact with the
cell membrane. One of the centrioles attaches to the opposite side of the nucleus
and produces the axial filament, around which the axonemal structures develop
to form the axial filament complex. Cytoplasmic reduction occurs, and the mi-
tochondria become arranged around the proximal portion of the developing tail.

At the completion of spermiogenesis, spermatozoa are released, tail-first, into
the lumen of the seminiferous tubule. The residual cytoplasm is pinched off at the
neck region of the mature spermatid as it leaves the seminiferous epithelium in
a process termed “spermiation.” Following spermiation, the mature spermatids
are transported to the rete testis and then to the epididymis where they undergo
posttesticular sperm maturation, a series of morphological, biochemical, bio-
physical, and metabolic changes. The epididymis can be divided into three func-
tional regions: the caput (head), corpus (body), and cauda (tail), with the general
functions of sperm concentration, maturation, and storage, respectively. At the
end of their transport through the epididymis, spermatozoa have acquired the
ability to become motile when they come into contact with seminal fluid at
ejaculation.

By definition, spermatozoa are not functionally mature until ejaculation, but
there is a developing conflict between physiology and technology. The clinical
procedure of injecting testicular or epididymal spermatozoa into oocytes in the
process of intracytoplasmic sperm injection (ICSI) has resulted in the births of
many babies worldwide in the past decade, suggesting that these immature sper-
matozoa are “fertile.” Furthermore, recent reports of the successful use of epid-
idymal spermatozoa for intrauterine insemination suggest that in the human,
functional maturity of spermatozoa may be attained at an earlier developmental
stage than in other species. However, it must be noted that for the vast majority
of couples, the surgical retrieval of spermatozoa is unnecessary for fertility.
Therefore, the remainder of this chapter reviews the biology of ejaculated sper-
matozoa.

SPERM STRUCTURE

A normal human spermatozoon is 55 to 70 i m in length and has three main
structural regions: the head, midpiece, and tail (flagellum). The principal func-
tion of the sperm head is the contribution of its haploid set of chromosomes to
the oocyte at fertilization, whereas the midpiece and tail provide the motility
necessary for the spermatozoon to reach the site of fertilization (Fig. 1). The
sperm head contains the cell’s nuclear DNA, but the chromatin is heavily con-
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Head Tail
Midpiece

Fig. 1. Diagram of a human spermatozoon. The acrosome is shown covering the anterior
portion of the head.

densed, and its protamines are highly crosslinked so that the sperm nucleus is
stabilized and effectively inactivated until after fertilization. This makes the head
of the spermatozoon inflexible, which assists in penetration of the oocyte’s zona
pellucida during fertilization. The anterior half to two-thirds of the sperm head
is covered by the acrosome, the membrane-bound structure that originated from
the Golgi complex during spermiogenesis. The acrosome contains hydrolytic
enzymes that are released during the acrosome reaction. For the fertilizing sper-
matozoon, this occurs on or near the surface of the oocyte’s zona pellucida.

The sperm midpiece contains the mitochondria that generate energy via oxi-
dative phosphorylation; the centriole, used by the fertilized oocyte in its first cell
division; and the beginnings of axoneme, the motility apparatus. The mitochon-
dria are arranged helically around the proximal part of the axoneme, and they
supply the adenosine triphosphate (ATP) necessary for flagellar motility.

The axoneme is a highly complex structure composed of microtubules and
dynein that extends along most of the flagellum (Fig. 2). The central portion of
the axoneme contains a pair of microtubules, which are connected to each other
by linkages. These are surrounded by nine microtubule doublets, each consisting
of an A subunit (a complete microtubule) and a B subunit (a C-shaped microtu-
bule structure whose ends are attached to the A subunit). A pair of dynein arms
are attached to each of the A subunits. Dynein is an ATPase, and it is thought that
when the ATP generated by mitochondria reaches the dynein arms, their confor-
mation changes, allowing them to reach out and attach to the B subunit adjacent
microtubule. This attachment allows the first microtubule doublet to rachet for-
ward relative to the second doublet. When this movement is completed, the
dynein arms return to their normal conformation and release the second micro-
tubule doublet. In turn, the dynein arms of the second microtubule doublet then
reach out and attach to the B subunit of the third microtubule doublet, and the
cycle continues around the nine pairs. This movement of microtubule doublets
relative to each other generates and propagates the flagellar beat and confers
motility.

Therefore, an absence of dynein arms in the axoneme, as occurs in Kartagener
syndrome, renders the spermatozoa immotile and is a cause of infertility. How-
ever, in recent years, spermatozoa from men with Kartagener syndrome have
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Fig. 2. Diagram of a cross-section of the sperm axoneme. (Adapted from ref. 2.)

been used successfully in ICSI, because this technique removes the requirement
of sperm motility for fertilization, resulting in the births of some normal children.

A set of nine outer dense fibers is arranged outside the microtubule doublets.
The exact role for these fibers is unclear, but it is thought that they act to stiffen
the proximal portion of the flagellum and also cause an elastic recoil of the
axoneme after microtubule doublet sliding.

SPERM FUNCTION AND PHYSIOLOGY

Following their production in the testis, spermatozoa are transported through
the caput and corpus regions of the epididymis, then stored in the proximal cauda
epididymis. The spermatozoa mature during epididymal transit and storage and
acquire functional competence. The most obvious maturational change in sper-
matozoa is the acquisition of the ability to move when in contact with seminal
plasma or physiological culture media—a process referred to as “activation.”
Other changes during epididymal maturation of spermatozoa are alterations to
the plasma membrane, chromatin condensation and stabilization, and possibly
some final modifications to the shape of the acrosome.

At ejaculation, sperm are transported from their storage site and are mixed
with prostatic fluid and seminal vesicle fluid before passage along the penile
urethra. The first fraction of the ejaculate contains most of the spermatozoa,
suspended in epididymal and prostatic fluid, whereas subsequent fractions con-
tain both prostatic and vesicular fluid. During intercourse, the spermatozoa are
deposited into the vagina, near the cervical os, and must swim through the cer-
vical mucus, traverse the uterus, enter the oviduct, and reach the oocyte in its
ampullary portion for fertilization to occur.
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Mammalian spermatozoa cannot fertilize oocytes immediately upon ejacula-
tion nor upon retrieval from the epididymis. A series of metabolic and physi-
ological changes collectively termed “capacitation” must happen before
spermatozoa acquire the ability to penetrate the zona pellucida and bind to the
oocyte. In nature, these changes occur during transit through the female repro-
ductive tract, but it is possible to induce capacitation in vitro using appropriate
culture media and conditions; consequently, this is an integral step for successful
in vitro fertilization.

It is indicated that modifications to the sperm plasma membrane, occuring
during epididymal transit, act to stabilize the spermatozoon and prevent it from
capacitating in the male reproductive tract, as the completion of capacitation
marks the beginning of membrane destabilization events, which eventually lead
to cell death. One function of capacitation is the removal of these stabilizing
residues, such as cholesterol—the removal of which renders the plasma mem-
brane more fusogenic, being critical for successful sperm—egg interaction. It is
not possible to visualize the capacitation-related changes in the sperm plasma
membrane, making it impossible to assay for capacitation alone, but it may be
monitored through changes in chlortetracycline-binding patterns on the sperm
head or by changes in lectin-binding sites. In the human, capacitation may begin
with the removal of some sperm surface components during passage through
cervical mucus owing to the high-shear forces to which the spermatozoa are
exposed.

The cervix acts as a barrier to sperm penetration, resulting in the less-compe-
tent spermatozoa being excluded from reaching the uterus and oviduct. Gener-
ally, motility determines whether a spermatozoon will penetrate the cervical
mucus, but passage of motile spermatozoa with antibodies bound to their surface
is inhibited. As described previously, motility is dependent on the function of
both the sperm midpiece (for energy generation) and tail (for beat development
and propagation). If there are one or more defects in the midpiece or tail, a
spermatozoon’s motility will be impaired. Cervical mucus is receptive to sper-
matozoa only in the periovulatory period, as its secretion is under endocrine
control, but even at this time, spermatozoa experience high-shear forces during
penetration. Therefore, for successful passage through the cervical mucus, sper-
matozoa must be highly progressively motile with significant lateral head move-
ment, reflecting the amplitude of the flagellar beat. The morphology of the
spermatozoon does not necessarily equate with mucus-penetrating ability, but
because immotile (or poorly motile) spermatozoa cannot pass the cervix, those
spermatozoa with midpiece and/or tail abnormalities are excluded. Also, consid-
ering the observation that spermatozoa with head defects are at least twice as
likely to have coexisting midpiece and/or tail defects, many spermatozoa with
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head abnormalities will not penetrate the cervix because of co-existing abnormal
motility. However, if the only morphological abnormality of a spermatozoon is
in its head shape, then the cervical mucus will not inhibit its passage.

Once past the internal os, the spermatozoa swim through the uterus and enter
the oviduct via the uterotubal junction. The sperm movement pattern is likely still
linear and progressive at this stage, but it is difficult to confirm this experimen-
tally. Once spermatozoa enter the isthmus of the oviduct, it is thought that they
bind to its epithelial cells, forming a “reservoir” where they are held in a quies-
cent “semicapacitated” state until ovulation.

Following ovulation, contractile movement of the oviduct, beating of the
epithelial cilia, and sperm motility all contribute to sperm transport in the
oviduct. The ampullary ciliary movements direct the fluid in the oviductal
lumen from the ampulla toward the isthmus. Spermatozoa are constrained to
swim against currents; hence, the directed current toward the isthmus forces
the spermatozoa to swim in the opposite direction toward the ampulla, which
is the site of fertilization. In accordance with careful studies only possible in
experimental animals, it is postulated that small numbers of spermatozoa are
released from the isthmus sequentially, resulting in relatively few spermatozoa
in the ampulla at once.

Movement patterns (kinematics) of spermatozoa change concomitantly with
capacitation with the development of a nondirected whiplash-style of movement
referred to as “hyperactivated motility.” In animal models, this hyperactivated
motility has been observed in the ampulla, the site of fertilization, and has led to
the development of several theories as to its physiological relevance. These
include concepts of hyperactivation:

* Provides amechanism to reduce the chance of entrapment of spermatozoa in the
crypts of the oviduct.

* Maintains spermatozoa in the ampulla, thereby setting them up in a search
pattern for the oocyte.

* Encourages stirring of ampullary fluid to maintain a homogeneous mixture of
metabolites in the region where fertilization will occur.

* Confers upon the spermatozoon the ability to traverse the cumulus matrix,
because hyperactivated spermatozoa have a tenfold higher efficiency at pen-
etrating highly viscous media than nonhyperactivated spermatozoa.

* Provides power generation for zona pellucida penetration. (It has been estimated
that the sperm—zona bonds that form in fertilization have a strength of about
4x 10741 N, whereas the force generated by the hyperactivated beat pattern
is 2.7 x 1072 p N, two orders of greater magnitude. The force generated by
nonhyperactivated spermatozoa is <3 x 10~* u N—not enough to disrupt the
sperm—zona bond.)
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It is likely that hyperactivation is an integral part of more than just one of the
processes involved in sperm transport through the female reproductive tract and
in sperm—egg interactions, and experimental animal studies predict that failure
of hyperactivation would be associated with fertilization failure, both in vivo and
in vitro.

When the spermatozoon encounters the cumulus—oocyte-complex, it
traverses the cumulus matrix and binds to the zona pellucida, where it undergoes
the acrosome reaction, a prerequisite for sperm—egg fusion. The acrosome reac-
tion involves localized fusions of the plasma membrane and outer acrosomal
membrane over the anterior portion of the sperm head. Vesicles composed of the
plasma membrane and outer acrosomal membrane form, allowing the release of
acrosomal contents, including hyaluronidase and acrosin, leaving the anterior
portion of the head covered by the inner acrosomal membrane. Following
completion of this reaction, the spermatozoon penetrates the zona pellucida.
Although it has been taught for many years that zona penetration is a purely
chemical process with the acrosomal enzymes digesting the glycoproteins of the
zona pellucida, more recent work considering the role of hyperactivated motility
suggests that it is more likely to be a combination of chemical softening and
mechanical propulsion factors.

After successful penetration of the zona pellucida, the spermatozoon enters
the perivitelline space, comes into contact with the microvilli of the oocyte
plasma membrane (oolemma), and the postacrosomal region of the sperm head
binds to the oolemma. Flagellar motility ceases at this time, and fusion s initiated
between the oolemma and the equatorial segment of the spermatozoon. The
whole spermatozoon is then engulfed by the oocyte. The nucleus of the sperm
head decondenses to form the male pronucleus with a new nuclear envelope
derived from components in the ooplasm. This can then fuse with the female
pronucleus that was formed following the resumption of oocyte meiosis trig-
gered by sperm-oolemma contact. The fertilized oocyte is referred to as a zygote,
then subsequently as an embryo, after the first cleavage.

RELATIONSHIP BETWEEN SPERM
PHYSIOLOGY AND INFERTILITY

The complexity of sperm structure and function means that it can be difficult
to determine the pathophysiological reason(s) a man’s infertility. If the develop-
mental or maturational processes are perturbed, this could result in problems,
such as:

e Low sperm concentration (from inefficient spermatogenesis)
* Poor sperm motility (caused by midpiece or axonemal abnormalities)
* Abnormal sperm morphology (owing to errors in spermiogenesis)
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This listis clearly only illustrative—it could be extended to take in every step
of each process, from the activation of spermatogonium to fertilization, and even
further, because embryo development is affected by the quality of the nuclear
DNA of fertilizing spermatozoon.

REFERENCES

1. Leeuwenhoek’s perception of the spermatozoa. Adapted from Ruestow EG. J History Biol
1983;16:185-224. Available from: www.zygote.swarthmore.edu/fertla. Accessed May 2003.

2. Mortimer ST. A critical review of the physiological importance and analysis of sperm move-
ment in mammals. Hum Reprod Update 1997;3:403-439.



2 Endocrinology of Male Infertility

R. Dale McClure, MD, FRCS(C)

CONTENTS

INTRODUCTION

REPRODUCTIVE PHYSIOLOGY

ANTERIOR PITUITARY

TESTES

FeepBACK CONTROL OF GONADOTROPINS

PROLACTIN AND GONADOTROPINS

ANDROGEN PHYSIOLOGY

HorMoNAL CONTROL OF SPERMATOGENESIS

D1AGNOSING ENDOCRINE ABNORMALITIES: CLINICAL FINDINGS
SEMEN ANALYSIS

BASELINE HORMONE EVALUATION

Dy~namic HORMONAL TESTING

CLASSIFICATION OF ENDOCRINE CAUSES OF INFERTILITY
Primary HYPOGONADISM

SEcONDARY HYPOGONADISM (HYPOGONADOTROPIC SYNDROMES)
CASE PRESENTATION

REFERENCES

INTRODUCTION

Understanding reproductive physiology is pivotal in the evaluation and
therapy of endocrine abnormalities. Although an endocrinological cause of male
infertility is uncommon (less than 2%) (/) identification is important, as specific
hormonal therapy is often successful. The human testis is an organ of dual func-
tion: spermatogenesis, occuring in the seminiferous tubules, and secretion of
steroid hormones (androgens) by the Leydig cells, present in the interstitial
tissue. These testicular functions are intimately related, because testosterone
synthesis is required not only for sperm production, but also for the development
of secondary sexual characteristics and normal sexual behavior. The anterior
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pituitary controls both these functions through the secretion of gonadotropins,
luteinizing hormone (LH), and follicle-stimulating hormone (FSH). In turn, the
anterior pituitary is regulated by the hypothalamic secretion of gonadotropin-
releasing hormone (GnRH). The extrahypothalamic central nervous system then
influences the hypothalamus. The hypothalamic-pituitary-gonadal axis consists
of a closed-loop feedback control mechanism directed at maintaining normal
reproductive function (Fig. 1) (2-5).

REPRODUCTIVE PHYSIOLOGY

The Hypothalamus

The hypothalamus—the integrative center of the reproductive axis—receives
neural input from many brain centers and is the pulse generator for the cyclical
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secretion of pituitary and gonadal hormones (4,5). The function and anatomical
association of the pituitary gland with the hypothalamus is accomplished by the
hypophyseal portal microvascular system. This portal vascular system provides
adirectroute for the delivery of hypothalamic-releasing hormones to the anterior
pituitary gland. In contrast, reverse flow through this vascular route may allow
pituitary hormones direct access to the hypothalamus, e.g., men with pituitary
hyperprolactinemia often have problems both with impotence and libido (5). The
excess prolactin in these individuals has direct access to, and may affect, higher
brain centers.

The single hypothalamic decapeptide, GnRH, has stimulatory effects on the
pituitary gland, resulting in the synthesis and release of both gonadotropic hor-
mones, LH and FSH. GnRH is released to the portal circulation in pulses occur-
ring on the average basis of 1 pulse every 70 to 90 min and has a very short
half-life in the blood of approx 2 to 5 min. The pulsatile secretion of GnRH
appears to be essential for the stimulatory effects on LH and FSH release (3,4).
Alternatively, constant exposure of the gonadotropins to GnRH results in
paradoxic inhibitory effects on LH and FSH, and the pituitary becomes desen-
sitized through the continuous exposure of GnRH by the downregulation of
pituitary receptors.

A variety of influences, including age, diet, stress, and exercise, may affect
GnRH secretion (4). Neurotransmitters (norepinephrine, dopamine, serotonin,
and acetylcholine) and neuropeptides (endogenous opioid peptides) have both
inhibitory and stimulatory effects on the hypothalamus (4,5). Pituitary gonadot-
ropins and gonadal steroids also modulate the pulse frequency and amplitude of
GnRH secretion.

ANTERIOR PITUITARY

Binding to high-affinity receptors on pituitary cells (gonadotrophs), GnRH
influences the release of the two primary pituitary hormones (LH and FSH) that
regulate testicular function. These pituitary hormones are both glycoproteins
composed of two polypeptide-chain subunits. The protein component of the o
subunits are identical and similar to other pituitary hormones (thyroid-stimulat-
ing hormone [TSH] and human chorionic gonadotropin [hCG]), but biological
and immunological activity are conferred by the unique 3-subunit (2). Although
both hormones are secreted in an episodic manner by the pituitary gland, the
longer half-life of FSH in circulation is reflected by a more constant serum level
than that of the more rapidly metabolized LH. The peak and trough pattern of
blood levels of gonadotropins, particularly LH, is clinically important because
a single measurement of circulating LH may be as much as 50% above or below
the mean integrated hormone concentrations (6).
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TESTES

LH interacts with specific high-affinity cell surface receptors on the plasma
membrane of Leydig cells. Ligand binding stimulates a membrane-bound ade-
nylate cyclase to enhance the formation of cyclic adenosine monophosphate
(cAMP), which binds to the regulatory subunits of protein kinase. This, in turn,
causes dissociation of regulatory subunit and activation of the catalytic subunit
of the enzyme. The activated Leydig cell protein kinase operates through several
steps to stimulate the enzyme synthesis of testosterone synthesis (Fig. 2) (2,3).

FSH targets the epithelium of the seminiferous tubule and binds to membrane
receptors on the Sertoli’s cells. The second messenger is the cAMP, and activa-
tion of adenylate cyclase stimulates cAMP-dependent protein kinase and RNA
and protein synthesis, including synthesis of the androgen-binding protein and
aromatase enzyme that converts testosterone to estradiol (Fig. 3) (2,3).

FEEDBACK CONTROL OF GONADOTROPINS

The hypothalamic-pituitary-gonadal system is a closed-loop feedback system
directed at maintaining normal reproductive function (2-5). Gonadal hormones
have inhibitory effects on the secretion of LH and FSH. Although testosterone—
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mone (FSH) and testosterone (T) act on the Sertoli cells to produce androgen-binding
protein (ABP), inhibin, activin, as well as estradiol (E2).

the major secretory product of the testes—is a primary inhibitor of LH secretion
in men, other testes products, including estrogens and other androgens, also
inhibit LH secretion. Testosterone is metabolized in peripheral tissues to the
potent androgen dihydrotestosterone (DHT) or potent estrogen, estradiol.

Both androgens and estrogens independently appear to modulate LH secre-
tion. Estradiol is produced both by the testes and from peripheral conversion of
androgenic precursors and is a more potent inhibitor of LH and FSH secretion.
Infusions of gonadal steroids in amounts that accumulate physiological concen-
trations of the hormones in the blood demonstrate suppression of LH levels for
testosterone and estradiol, suggesting that both hormones may have an important
role in LH regulation. Gonadal sex steroids influence the frequency and/or am-
plitude of LH secretory pulses in men by acting at the level of the GnRH pulse
generator in the hypothalamus and partly at the level of GnRH-stimulated LH
secretion (2-5).

The mechanism for the feedback control of FSH secretion is even more con-
troversial than that of LH. After castration, FSH increases the indication of a
negative feedback from testicular products. Like LH, both testosterone and
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estradiol are capable of suppressing FSH serum levels, but the influence of these
two gonadal steroids in physiological function is still undefined (2,4).

A nonsteroidal tubular factor may also be significant in the feedback regula-
tion of FSH. Inhibin has been isolated and characterized in follicular fluid and is
produced by the Sertoli cells of the testes. Inhibin has two subunits: ccand 3. Two
inhibin forms have been isolated—inhibin A (ocand B A subunits) and inhibin B
(ctand B B subunits)—both of which have been shown to cause selective suppres-
sion of FSH release in vitro (4). The combination of the two B-subunits led to the
formation of activins, which increase FSH secretion in vitro. In addition to
inhibin, numberous gonadal peptides and growth factors, such as follistatin and
transforming growth factor B, are also modulators of FSH secretion (4). Reduc-
tions in spermatogenesis are accompanied by decreased production of inhibin,
and this decline in negative feedback is associated with reciprocal elevation of
FSH levels. Isolated levels of FSH constitute an important and sensitive marker
of the status of the germinal epithelium (2).

Even in pathological conditions with marked damage to the germinal tissue,
serum FSH is not elevated to castrate levels unless Leydig cell function is also
impaired. It appears that both gonadal steroids and peptides are important to
maintain normal serum FSH concentrations.

PROLACTIN AND GONADOTROPINS

Hyperprolactinemia is linked with disturbed reproductive function reflected
by a variety of symptoms and signs of hypogonadism. LH levels are inappropri-
ately low relative to low-serum testosterone levels, indicating that the hypotha-
lamic-pituitary axis fails to respond to reduced testicular testosterone production
(4,5). Prolactin may inhibit GnRH secretion either directly or through modula-
tion of the dopaminergic pathways. Although the pituitary responds normally to
GnRH administration, the pulse frequency of LH secretion is diminished in
hyperprolactinemic individuals. Bromocriptine, a dopamine agonist with pro-
lactin-lowering activities, improves sexual function (7). Excessive prolactin may
affect sexual functions by having a direct effect on the central nervous system and
also from inhibition of androgen secretion. In individuals with elevated prolac-
tin, libido does not return to normal as long as the prolactin levels remain elevated
despite use of androgen therapy (35).

ANDROGEN PHYSIOLOGY

Androgens regulate gonadotropin secretion, initiation and maintenance of
spermatogenesis, formation of male phenotype during sexual differentiation,
promotion of sexual maturation at puberty, and controlling sexual drive and
potency (2).
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Testosterone is synthesized from pregnenolone within the Leydig cells. Tes-
tosterone production in men approximates 5 mg per day and the secretion occurs
in an irregular pulsatile manner. There is a diurnal pattern: the peak level is in the
early morning, and the nadir is in the evening (8). Inside androgen target cells,
testosterone can be converted to DHT by So-reductase. Both these androgens
bind to the same high-affinity-androgen receptor protein; subsequently, the
hormone receptor complex is attached to acceptor sites in the nuclei to affect the
biologic response (3-5).

Estrogens may either be secreted directly by the testes or formed in peripheral
tissues. Like other steroid hormones, androgens and estrogens initiate their effect
at the cellular level by interacting with high-affinity receptor proteins and are
presentin the highest concentration in androgen target tissues, e.g., the accessory
organs of male reproduction. In the testes, androgen receptors are present both
in Sertoli cells and Leydig cells.

In normal males, 2% of testosterone is free (unbound), and 44% is bound to
a high-affinity sex hormone-binding globulin (SHBG), and the remainder is
bound to albumin and other proteins. Free- and albumin-bound portions make up
the measure known as bioavailable testosterone (2—4). It was formerly believed
that the physiologic active androgen moiety was the nonprotein-bound free tes-
tosterone. Now it appears that the cellular transfer of steroid hormones is more
complicated and can involve hormone dissociation from the binding proteins,
such as albumin-bound testosterone, within the microcirculation of the brain and
liver (9). SHBG has a higher affinity for testosterone than for estradiol, and
changes in SHBG concentration can alter the hormonal milieu. Elevated estro-
gens, thyroid hormone, and healthy aging increases plasma SHBG and therefore
decreases the free testosterone fraction (/0). Alternatively, androgens, growth
hormone, and obesity depress SHBG levels and increase the active androgen
fraction (Fig. 4) (10,11).

HORMONAL CONTROL OF SPERMATOGENESIS

Spermatogenesis is primarily controlled by the gonadotropins—FSH and LH.
LH indirectly affects spermatogenesis by stimulating endogenous testosterone
production. The Sertoli cells possess specific high-affinity FSH receptors and
produce androgen-binding protein, which carries androgens intracellularly,
serves as an androgen reservoir within the seminiferous tubule, and transports
testosterone from the testes into the epididymal tubule. The physical proximity
of the Leydig cells to the seminiferous tubules, and the elaboration by the Sertoli
cells of ABP, maintain an extremely high level of androgen concentration within
the microenvironment of the developing spermatozoa (2,3,5).

Hormonal requirements for the initiation and maintenance of spermatogen-
esis appear to be different. The maintenance immediately after hypophysectomy



18 McClure

g ———1— Free (2%)
[

£

L] | —

[ =1 Albumin
E 3 Bound

2

o

e

Aging -

Bound
A

Flasma Testosterone

Fig. 4. Plasma testosterone distribution. SHBG, sex hormone-binding globulin.

(pituitary obliteration) requires testosterone alone; however, when the germinal
epithelium regresses completely, both FSH and testosterone treatment are
required. Qualitatively, testosterone will initiate and maintain spermatogenesis
in humans, but quantitative restoration will not be achieved (/2). In humans, FSH
is necessary for the maintenance of quantitatively normal sperm production (/3)
and is particularly important for initiating spermatogenesis in pubertal males and
reinitiating spermatogenesis in men whose germinal epithelium has regressed
after hypophysectomy. Qualitative sperm production can be achieved by
replacement of either FSH or LH alone. However, both FSH and LH are neces-
sary to maintain quantitative normal spermatogenesis in humans (/2).

DIAGNOSING ENDOCRINE ABNORMALITIES:
CLINICAL FINDINGS

History

Specific childhood illnesses should be sought, including cryptorchidism,
postpubertal mumps, orchitis, testicular trauma or pain (torsion), as well as the
timing of puberty (/4). Precocious puberty may indicate the adrenal genital
syndrome (15). A detailed history of exposure to occupational and environmen-
tal toxins, excessive heat, and radiation should be elucidated (16,17). Cancer
chemotherapy has a dose-dependent, potentially devastating effect on the tes-
ticular germinal epithelium and may compromise Leydig cell function (/8).
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Drug history should be reviewed; anabolic steroids, cimetidine, ketoconazole,
and spironolactone may affect the reproductive cycle (1,4,19). Unfortunately,
the use of anabolic steroids is very common among potential athletes. Exogenous
androgens exert their deleterious effects on the feedback level of the pituitary and
hypothalamus by inhibiting gonadotropin release. Chronic use has also been
shown to inhibit gonadotropin secretion and lower testosterone levels. Addition-
ally, alcohol, marijuana, and cocaine have been implicated as reversible
gonadotoxic agents (14,19,20).

Decreased libido and impotence are the earliest symptoms of low testosterone.
Loss of libido that is associated with headaches, visual abnormalities, and galac-
torrhea may suggest a pituitary tumor. Anosmia may be a symptom in individuals
with hypothalamic hypogonadism. Other medical problems associated with in-
fertility include thyroid disease and liver disease (2/,22). Chronic systemic dis-
eases (e.g., renal, sickle cell, celiac, and HIV disease) are also related to abnormal
reproductive hormonal axis (14,23-25).

Physical Examination

When germ cell failure occurs before puberty, patients have obvious features
of eunuchoidism (Table 1). When failure occurs after puberty, the diagnosis is
more difficult unless it is linked with adrenal failure, because the regression of
secondary sexual characteristics may take years.

Careful examination of the testes is essential in the examination. The seminif-
erous tubules account for approx 95% of testicular volume. The prepubertal testis
measures approx 2 cm in length (2 mL-volume, as assessed by Prader orchido-
meter) and gradually increases in size with puberty. The normal adult testis is an
average of 4.6 cm long (3.6-5.5-cm range) and 2.6 cm wide (2.1-3.2-cm range)
with a mean volume of 18.6 + 4.8 mL standard deviation (SD) (Fig. 5) (2,26).
When the seminiferous tubules are damaged before puberty, the testes are small
and firm but characteristically small and soft with postpubertal damage.

Gynecomastia is a consistent feature of a feminizing state. Men with congeni-
tal hypogonadism may have related midline defects, such as anosmia, color
blindness, cerebellar ataxia, hare lip, and cleft palate (2,3,19). Hepatomegaly
may be associated with problems of hormone metabolism. Proper neck exami-
nation may help rule out thyromegaly, a bruit, or nodularity linked with thyroid
disease. The neurologic examination should test the visual field and reflexes.

SEMEN ANALYSIS

Examination of the seminal fluid provides important information concerning
the integrity of the reproductive hormonal network, spermatogenesis, and patency
of the reproductive tract. A normal microscopic examination eliminates the need
for any further diagnostic studies.
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Table 1

Features of Eunuchoidism

Eunuchoid skeletal proportions

Upper body:lower body ratio < 1
Arm span > 2 inches than height

Lack of adult male hair distribution

Sparse axillary, pubic, facial, and body hair
Lack of recession of hair on temporal lobe

Infantile genitalia

Small penis, testes, and prostate
Underdeveloped scrotum

Diminished muscular development and mass

Fig. 5. A Prader orchidometer for measuring testicular volume.

BASELINE HORMONE EVALUATION

The classic hormone evaluation includes a serum testosterone and serum
gonadotropins (LH and FSH). An algorithm for diagnosing endocrine causes of
male infertility is illustrated in Fig. 6. A low-serum testosterone with inappropri-
ately low LH levels usually warrants the investigation of serum prolactin levels
(14). A more recent study showed that obtaining serum FSH and testosterone
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only in men with sperm densities less than 10 million sperm/mL and soft testes
will detect virtually all (99%) endocrine abnormalities (27).

A single LH determination has limited prognostic accuracy (x 50%) because
of the episodic nature of LH secretion and its short half-life (6). In contrast, serum
FSH has a longer half-life, and fluctuations in serum levels are less obvious. If
an abnormal LH value is obtained in a single sample, then three serum samples
can be collected over a 20-min interval and the samples pooled (28). Estradiol
levels are measured in patients presenting with gynecomastia, testicular masses,
or history compatible with excessive exogenous estrogen exposure.

Testosterone secretion follows a diurnal cycle with an early morning peak
around 8:00 am followed by evening trough at 8:00 pm when the concentration
falls to about 70% of the morning peak (4,8,19). Testosterone values should
therefore be drawn in the morning. The measurement of total (bound) testoster-
one usually provides a correct assessment of bioavailable testosterone. Free
(unbound) testosterone is a more accurate marker of bioavailable testosterone,
particularly when conditions of altered SHBG concentrations exist (/0).
Elevated estrogens, thyroid hormone, and aging increase plasma SHBG and
thus decrease levels of free testosterone. Alternatively, androgens, growth
hormone, and obesity depress SHBG levels and increase the active androgen
fraction. Measurement of the free-testosterone fraction should be made by
equilibrium dialysis. Ultrafiltration or analog immunoassays are currently very
unreliable (29).
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A low-serum testosterone level is one of the best indicators of hypogonadism
of hypothalamic or pituitary origin. Mean serum LH and FSH concentrations are
significantly lower in hypogonadotropic patients than in normal men, but they
can overlap with the lower limits of normal in some individuals. In patients with
hypogonadotropic hypogonadism, the pituitary hormones other than LH and
FSH should also be assessed (adrenocorticotropic hormone, TSH, and growth
hormone) to exclude the possibility of hypopituitorism. Thyroid dysfunction is
such a rare cause of infertility that routine screening is discouraged.

Elevated serum FSH and LH values help to distinguish primary testicular
failure (hypergonadotropic hypogonadism) from secondary testicular failure
(hypogonadotropic hypogonadism).

Decreases in spermatogenesis are generally accompanied by reductions in inhibin
production, and this decline in negative feedback is associated with a reciprocal
elevation of FSH levels. Elevated FSH is usually a reliable indicator of severe ger-
minal epithelial damage and is usually associated with azoospermia or severe oli-
gospermia (<5 X 10%mL). In azoospermic and severely oligospermic patients with
normal FSH levels, primary spermatogenic defects cannot be distinguished from
obstructive lesions by hormonal investigation alone. Therefore, scrotal exploration
and testicular biopsy should be considered. Elevated serum FSH levels related to
small atrophic testes implies severe infertility; biopsy is not warranted.

Hyperprolactinemiais reported to cause oligospermia, but the diagnostic value
of routine prolactin measurements is extremely low in men with semen abnor-
malities unless decreased libido, impotence, and evidence of hypogonadism also
exist. Prolactin measurement is warranted in patients with low-serum testoster-
one without an associated increase in serum LH. Individuals with gynecomastia
or suspected androgen resistance (high-serum testosterone and LH with
undermasculinization) should have a serum estradiol determination.

Individuals with a rapid loss of secondary sex characteristics, implying both
testicular and adrenal failure, should undergo investigation of adrenal function. In
men with a history of precocious puberty, congenital adrenal hyperplasia
should be considered. In the common variant (21-hydroxylase deficiency), serum
levels of 17-hydroxyprogesterone are elevated, as is urinary pregnanetriol. In the
11-hydroxylase deficiency, serum 11-deoxycortisol is elevated (15).

DYNAMIC HORMONAL TESTING

Dynamic tests to determine the physiologic state of the hypothalamic-pitu-
itary axis include stimulation tests with GnRH and hCG. The GnRH test evalu-
ates the functional capacity of pituitary gonadotropins to release LH and FSH.
Often, a single GnRH test is nondiagnostic, and chronic testing with GnRH is
necessary. The ability of the testes to secrete testosterone is tested with the
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administration of hCG, which has a biologic activity similar to that of LH. The
stimulation tests are usually in the realm of endocrinology and are used mainly
in a research setting (2, 14).

CLASSIFICATION OF ENDOCRINE CAUSES OF INFERTILITY

The results of hormone testing can classify patients into primary and secondary
hypogonadism. The primary type (hypergonadotropic hypogonadism) where the
defect s at the testicular level with elevated serum LH or FSH or both. The second-
ary type (hypogonadotropic hypogonadism) where the defect is at the hypotha-
lamic or pituitary level with inappropriately low-serum LH and FSH levels.
Occasionally, thereis selective involvement of LH butrarely of FSH by itself. Most
infertile men with seminiferous tubule abnormalities have no detectable endocrin-
opathy and have normal serum LH, FSH, and testosterone levels. These character-
istics typify eugonadotropic hypogonadism (Table 2).

PRIMARY HYPOGONADISM

Chromosomal Abnormalities
SomATIC

Various somatic chromosomal abnormalities are associated with male infer-
tility, and incidence increases as the sperm count decreases. In a study of 1263
barren couples, Kjessler found the overall incidence of male chromosomal
abnormalities to be 6.2%. In a subgroup in which the male partner’s sperm count
was less than 10 million, the incidence rose to 11%. In the azoospermic subjects,
21% had significant chromosomal abnormalities (30).

Y CHROMOSOME

Approximately 7% of men with severe oligospermia and 13% of men with
azoospermia harber structural alterations in the long arm of the Y chromosome
(Yq)(31,32),and gene defects (microdeletions) in this region may lead to defective
spermatogenesis. There appears to be a specific region designated as azoospermic
factor (AZF), and its absence or mutation accounts for azoospermia. Three
nonoverlapping regions with AZF designated as AZFa, AZFb, and AZF¢ (33) can
also be identified. Deletion of the DAZ (deleted in azoospermia) gene in the AZFc
region is the most commonly observed microdeletion in infertile men. In addition
to azospermia, men with abnormalities in testicular development, e.g., cryptorchid-
ism, may also have Y chromosome microdeletions (34). Testicular sperm extrac-
tion in conjunction with assisted reproductive techniques can result in pregnancies
in these previously infertile men. Similar genetic defects are likely present in male
offspring, and vertica