Ch04-203309.gxp

1/18/07 6:18 PM Page 73

—p—

Section 1 Basic Science

Chapter

Physiology of Male Gametogenesis

Rakesh K. Sharma

INTRODUCTION

SUPPORTING CELLS

The contribution of the male to the biology of reproduction is
to produce a genetically intact spermatozoa that will fertilize an
oocyte. The end product of male gametogenesis, the mature
spermatozoa, is designed for one purpose: to deliver the male
contribution of the genetic makeup to the embryo. The biology
of gamete production is different in males compared to females.
Gamete production in females is intimately part of the
endocrine responsibility of the ovary. If there are no gametes,
then hormone production is drastically curtailed. Depletion of
oocytes implies depletion of the major hormones of the ovary. In
the male this is not the case. Androgen production will proceed
normally without a single spermatozoa in the testes.

This chapter reviews some of the basic structural morphology
of the testes and the process of development to obtain mature
spermatozoa.

ORGANIZATION OF THE TESTES

The testes are ellipsoid in shape, measuring 2.5 X 4 cm in
diameter and engulfed by a capsule (tunica albuginea) of strong
connective tissue.! Along its posterior border, the testis is loosely
connected to the epididymis, which gives rise to the vas deferens
at its lower pole.? The testis has two main functions: it produces
hormones, in particular testosterone, and it produces the male
gamete—the spermatozoa. The testis is incompletely divided
into a series of lobules. Most of the volume of the testis is made
up of seminiferous tubules, which are looped or blind-ended and
packed in connective tissue within the confines of the fibrous
septa (Fig. 4-1). The fibrous septae divide the parenchyma into
about 370 conical lobules consisting of the seminiferous tubules
and the intertubular tissue. The seminiferous tubules are
separated by groups of Leydig cells, blood vessels, lymphatics,
and nerves. The seminiferous tubules are the site of sperm
production (see Fig. 4-1). The wall of each tubule is made up of
myoid cells of limited contractility and also of fibrous tissue.
Each seminiferous tubule is about 180 um in diameter; the
height of the germinal epithelium measures 80 um, and the
thickness of the peritubular tissue is about 8 pm.*> The germinal
epithelium consists of cells at different stages of development
located within the invaginations of Sertoli cells, namely
spermatogonia, primary and secondary spermatocytes, and
spermatids. Both ends of the seminiferous tubules open into the
spaces of the rete testis* (see Fig. 4-1). The fluid secreted by the
seminiferous tubules is collected in the rete testis and delivered
in the ductal system of the epididymis.

The supporting cells of the testes refer to cells that are part of the
cellular development that leads to a mature sperm. They are,
however, extremely important to sperm production and
spermatogenesis would be impossible without them. The two
most important cells are the Leydig and Sertoli cells.

Leydig Cells

The Leydig cells are irregularly shaped cells with granular cyto-
plasm present individually or more often in groups within the
connective tissue.>® Leydig cells are the prime source of the male
sex hormone testosterone.”” The pituitary hormone luteinizing
hormone (LH) acts on Leydig cells to stimulate the production of
testosterone. This acts as a negative feedback on the pituitary to
suppress or modulate further LH secretion.® Compared with the
testosterone levels in the blood, the intratesticular concentration
of testosterone is many times higher, especially near the
basement membrane of the seminiferous tubule.

The Sertoli Cell

The seminiferous tubules are lined with highly specialized
Sertoli cells that rest on the tubular basement membrane and
extend into the lumen with a complex ramification of cytoplasm
(Fig. 4-2). Spermatozoa are produced at puberty but are not
recognized by the immune system that develops during the first
year of life. The seminiferous tubule space is divided into basal
(basement membrane) and luminal (lumen) compartments by
strong intercellular junctional complexes called tight junctions.
These anatomic arrangements, complemented by closely aligned
myoid cells that surround the seminiferous tubule, form the basis
for the blood—testis barrier. The blood-testis barrier provides a
microenvironment for spermatogenesis to occur in an immuno-
logically privileged site. Sertoli cells serve as “nurse” cells for
spermatogenesis, nourishing germ cells as they develop. These
also participate in germ cell phagocytosis. Multiple sites of
communication exist between Sertoli cells and developing germ
cells for the maintenance of spermatogenesis within an appro-
priate hormonal milieu. Follicle-stimulating hormone (FSH) binds
to the high-affinity FSH receptors found on Sertoli cells, signaling
the secretion of androgen-binding protein. High levels of
androgens are also present within the seminiferous tubule.

The two most important hormones secreted by the Sertoli
cells are antimiillerian hormone and inhibin. Antimiillerian
hormone is a critical component of embryonic development and
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Figure 4-1 This cross-section through the testicle shows the convoluted seminiferous tubules and interstitial tissue. The epithelium of the convoluted
tubules has sperm in various stages of maturation (inset) and the Sertoli cells. Mature but immobile sperm are released into the lumen. A magnified view
of a mature spermatozoon is seen. Diagrammatic representation of the human spermatozoon showing the acrosome, the nucleus and nuclear envelopes,
the mitochondrial sheath of the midpiece, the principal piece, and the end piece.

is involved in the regression of the miillerian ducts. Inhibin is a
key macromolecule in pituitary FSH regulation. Some of the
functions of the Sertoli cell are (1) maintenance of integrity of
seminiferous epithelium, (2) compartmentalization of seminif-
erous epithelium, (3) secretion of fluid to form tubular lumen to
transport sperm within the duct, (4) participation in spermi-
ation, (5) phagocytosis and elimination of cytoplasm, (6) deliv-
ery of nutrients to germ cells, (7) steroidogenesis and steroid
metabolism, (8) movement of cells within the epithelium, (9)
secretion of inhibin and androgen-binding protein, (10)
regulation of spermatogenic cycle, and (11) provision of a target

for hormones LH, FSH, and testosterone receptors present on
Sertoli cells.

SPERMATOGENESIS

The process of differentiation of a spermatogonium into a
spermatid is known as spermatogenesis.4 It is a complex,
temporal event whereby primitive, totipotent stem cells divide
to either renew themselves or produce daughter cells that
become specialized testicular spermatozoa over a span of weeks.
Spermatogenesis involves both mitotic and meiotic proliferation
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Figure 4-2  Section of the germinal epithelium in the seminiferous
tubule. Semithin section drawing x 900. Sertoli cells divide the germinal
epithelium into basal and luminal compartments. (Adapted from Holstein
A-F, Schulze W, Davidoff M: Understanding spermatogenesis is a
prerequisite for treatment. Reproductive Biology and Endocrinology.
BioMed Central Ltd., 2003).

as well as extensive cell remodeling. Spermatogenesis can
be divided into three major phases: (1) proliferation and
differentiation of spermatogonia, (2) meiosis, and (3) sper-
miogenesis, a complex metamorphosis that transforms round
spermatids arising from the final division of meiosis into a
complex structure called the spermatozoon. In humans, the
process of spermatogenesis starts at puberty and continues
throughout the entire lifespan of the individual. It takes place
in the lumen of the seminiferous tubules. In fact, 90% of the
testis volume is determined by the seminiferous tubules and
their constituent germ cells at various stages of development.
Once the gonocytes have differentiated into fetal spermato-
gonia, an active process of mitotic replication is initiated very
early in embryonic development. This appears to be under FSH
control and develops the baseline number of precursor cells of
the testicle.

Proliferation and Differentiation of Spermatogonia

Within the seminiferous tubule, germ cells are arranged in a
highly ordered sequence from the basement membrane to the
lumen (see Fig. 4-2). Spermatogonia lie directly on the basement
membrane, followed by primary spermatocytes, secondary sper-
matocytes, and spermatids as they progress toward the tubule
lumen. The tight junction barrier supports spermatogonia and
early spermatocytes within the basal compartment and all
subsequent germ cells within the luminal compartment.

Physiology of Male Gametogenesis

Types of Spermatogonia

Spermatogonia represent a population of cells that divide by
mitosis, providing both a renewing stem cell population as well as
spermatogonia that are committed to enter the meiotic process.
Germ cells are staged by their morphologic appearance; there are
dark type A (Ag.i) and pale type A (A,,.) and type B spermato-
gonia, primary spermatocytes (preloptotene, leptotene, zygotene,
and pachytene), secondary spermatocytes, and spermatids (Sa, Sb,
Sc, Sd,, and Sd,) (Fig. 4-3). Other proliferative spermatogonia
include A eq (A,,), resulting from dividing Ajgjea (As), and sub-
sequently dividing to form A .. (A,). Differentiated spermato-
gonia include type Al, A2, A3, A4, intermediate, and type B, each
a result of the cellular division of the previous type. In humans,
four spermatogonial cell types have been identified; these are A,
Adart, Ao, and B.'%7'2 In the rat, type A, is believed to be the stem
cell'>; however, it is not clear which human type A spermato-
gonia is the stem cell. Some investigators have proposed that the
type Ag,« Spermatogonia represent the reserve or nonprolifera-
tive spermatogonial population that gives rise to Apale.“'ls'm
Spermatogonia do not separate completely after meiosis but
remain joined by intercellular bridges, which persist throughout all
stages of spermatogenesis and are thought to facilitate biochemical
interactions, allowing synchrony of germ cell maturation.!”

Type B spermatogonia possess considerably more chromatin
within the inner nuclear envelope than intermediate or type A
spermatogonia. Type B spermatogonia represent the cells that
differentiate and enter into the process of meiosis during which
they are called primary spermatocytes.!! They are the differ-
ential precursors to preleptotene spermatocytes. This last
mitotic division helps maintain a pool of stem cells so the
process can continue indefinitely.

Spermatocytogenesis

The purpose of spermatogenesis is to produce genetic material
necessary for the replication of the species through mitosis and
meiosis. Spermatocytogenesis takes place in the basal compart-
ment. Primary spermatocytes enter the first meiotic division to
form secondary spermatocytes. Prophase of the first meiotic divi-
sion is very long, and the primary spermatocyte has the longest
lifespan. Secondary spermatocytes undergo the second meiotic
division to produce spermatids. Secondary spermatocytes are
short-lived (1.1 to 1.7 days).

The meiotic phase involves primary spermatocytes until
spermatids are formed; during this process, chromosome pairing,
crossover, and genetic exchange is accomplished until a new
genome is determined. In turn, a postmeiotic phase involving
spermatids all the way up to spermatozoa develops, ending in the
formation of the specialized cell. The process by which sper-
matids become mature spermatozoa can take several weeks and
is one of the most elaborate differentiation events of any mam-
malian cell. This process requires the synthesis of hundreds of
new proteins and the assembly of unique organelles. Within the
purview of the Sertoli cell, several events occur during this
differentiation of spermatid to sperm.

Mitosis

Mitosis involves proliferation and maintenance of sper-
matogonia. It is a precise, well-orchestrated sequence of events
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Figure 4-3 A diagrammatic representation of spermatogenesis, spermiogenesis, and spermiation during which the developing germ cells undergo mitotic
and meiotic division to reduce the chromosome content. (Adapted from Huckins C: Adult spermatogenesis. Characteristics, kinetics, and control. In
Lipshultz LI,Howards SS (eds): Infertility in the Male. New York, Churchill Linvingstone, 1975, p 108.)

involving duplication of the genetic material (chromosomes),
breakdown of the nuclear envelope, and equal division of the
chromosomes and cytoplasm into two daughter cells.'®!® DNA
is also spatially organized into loop domains on which specific
regulatory proteins interact during cellular replication.!®?* The
mitotic phase involves spermatogonia (types A and B) and
primary spermatocytes (spermatocytes I). Developing germ
cells interconnected by intracellular bridges produce the
primary spermatocyte through a series of mitotic divisions.
Once the baseline number of spermatogonia is established after
puberty, the mitotic component will proceed in order to
continue to provide precursor cells and to start the process of
differentiation and maturation.

Meiosis

Meiosis is a complex process with specific regulatory
mechanisms of its own.?®> The process commences when type B
spermatogonia lose their contact with the basement membrane
to form preleptotene primary spermatocytes. Thus, each
primary spermatocyte can theoretically yield four spermatids,
although fewer actually result, because some germ cells are lost
due to the complexity of meiosis. The primary spermatocytes
are the largest germ cells of the germinal epithelium. Meiosis is
characterized by prophase, metaphase, anaphase, and telophase.
In this, two successive cell divisions yield four haploid
spermatids from one diploid primary spermatocyte. As a
consequence, the daughter cells contain only half of the
chromosome content of the parent cell. After the first meiotic

division (reduction division), each daughter cell contains one
partner of the homologous chromosome pair, and they are called
secondary spermatocytes. These cells rapidly enter the second
meiotic division (equational division), in which the chromatids
then separate at the centromere to yield haploid early round
spermatids. Meiosis assures genetic diversity and involves
primary and secondary spermatocytes, which give rise to
spermatids.

Spermiogenesis

Spermiogenesis is a process during which the morphologic
changes occur during the differentiation of the spermatid into
the spermatozoon. It begins once the process of meiosis is
completed. Six different stages have been described in the
process of spermatid maturation in humans: S, ; and S, ,, S, and
St.2, and S.; and S_, (see Fig. 4-3). Each of these stages can be
identified by morphologic characteristics. During the S, | stage,
both the Golgi complex and mitochondria are well developed
and differentiated, the acrosomal vesicle appears, the chromatid
body develops in one pole of the cell opposite from the acroso-
mal vesicle, and the proximal centriole and the axial filament
appears. During S, | and Sy, stages, acrosome formation is com-
pleted, the intermediate piece is formed, and the tail develops.
This process is completed during the S. stages. During the
postmeiotic phase, progressive condensation of the nucleus
occurs with inactivation of the genome, the histones are con-
verted into transitional proteins, and finally protamines are
converted into well-developed disulfide bonds.
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Spermiation

The process whereby a mature spermatid frees itself from
the Sertoli cell and enters the lumen of the tubule as a
spermatozoon is known as spermiation. The spermatids
originating from the same spermatogonia remain connected by
bridges to facilitate the transport of cytoplasmic products.
Spermiation involves the active participation of the Sertoli cell.
This may also involve actual cell movement as the spermatids
advance toward the lumen of the seminiferous tubules.?® The
mature spermatids close their intracellular bridges, disconnect
their contact to the germinal epithelium, and become free cells
called spermatozoa. Portions of the cytoplasm of the Sertoli cell
known as the cytoplasmic droplet may remain as part of the
spermatozoon during the process of spermiation. This is a
morphologic feature present on immature sperm in semen.?’

The Cycle or Wave of Seminiferous Epithelium

A cycle of spermatogenesis involves the division of primitive
spermatogonial stem cells into subsequent germ cell types
through the process of meiosis. Type A spermatogonial divisions
occur at a shorter time interval than the entire process of sper-
matogenesis. Therefore, at any given time, several cycles of sper-
matogenesis coexist within the germinal epithelium. In humans,
spermatocyte maturation takes 25.3 days, spermiogenesis 21.6
days, and the total estimated time for spermatogenesis is 74 days.
Spermatogenesis is not random throughout the seminiferous
epithelium. Germ cells are localized in spatial units referred to as
stages and represent consistent associations of germ cell steps.?83!
In rodent spermatogenesis, one stage can be found in a cross-
section of seminiferous tubule.

Each stage is recognized by development of the acrosome,
meiotic divisions and shape of the nucleus, and release of the
sperm into the lumen of the seminiferous tubule. A stage is des-
ignated by Roman numerals. Each cell type of the stage is
morphologically integrated with the others in its development
process. Each stage has a defined morphologic entity of spermatid
development, called a step, designated by an Arabic number.
Several steps occur together to form a stage, and several stages
are necessary to form a mature sperm from immature stem cells.
Within any given cross-section of the seminiferous tubule there
are four or five layers of germ cells. Cells in each layer comprise
a generation; a cohort of cells that develop as a synchronous
group and each has a similar appearance and function. Stages I to
III have four generations comprising type A spermatogonia, two
primary spermatocytes, and an immature spermatid. Stages IV
to VIII have five generations: type A spermatogonia, one gen-
eration of primary spermatocytes, one generation of secondary
spermatocytes, and one generation of spermatids.

The cycle of spermatogenesis can be identified for each
species, but the duration of the cycle varies.!! The stages of
spermatogenesis are sequentially arranged along the length of
the tubule. This arrangement of the stages of spermatogenesis is
such that it results in a “wave of spermatogenesis” along the
tubule. This wave is in space but the cycle is in time.3' Along the
length of the seminiferous tubule there are only certain cross-
sections where spermatozoa are released. In the rat, all stages
are involved in spermatogenesis, but spermatozoa are released
only in stage VIII.

Physiology of Male Gametogenesis

Although it appears that the spatial organization is lacking or
poor in the human seminiferous tubule, mathematic modeling
indicates that these stages are tightly organized in an intricate
spiral pattern.®” In addition to the steps being organized spatially
within the seminiferous tubule, the stages are organized in
time.?! Thus a position in the tubule that is occupied by cells
comprising stage I will become stage II, followed by stage III,
until the cycle repeats. In humans, the duration of the cycle is
16 days and the progression from spermatogonia to spermatozoa
takes 70 days, or four and a half cycles of the seminiferous cycle.
During spermatogenesis, cytoplasmic bridges link cohorts of
germ cells that are at the same point in development, and these
cells pass through the process together. Groups of such cells at
different stages can be observed histologically on cross-section
and many germ cell cohorts are seen only in association with
certain other germ cells. This has led to the description of six
stages of the seminiferous tubule epithelium in men. To add
another level of complexity, the steps of the spermatogenic
cycle within the space of the seminiferous tubules demonstrate
a specific organization, termed spermatogenic waves. In humans,
this wave appears to describe a spiral cellular arrangement as one
progresses down the tubule. This spatial arrangement probably
exists to ensure that sperm production is a continuous rather
than a pulsatile process.

Efficiency of Spermatogenesis

Spermatogenetic efficiency varies between different species but
appears to be relatively constant in man. The time for the
differentiation of a spermatogonium into a mature spermatid is
estimated to be 70 * 4 days.3® In comparison to animals the
spermatogenetic efficiency in man is poor. The daily rate of
spermatozoa production is calculated at 3 to 4 million per gram of
testicular tissue.>* A higher number of spermatozoa should be
expected in the ejaculate than the 20 million/mL described by the
World Health Organization.>> A majority of the cells developed
(>75%) are lost as a result of apoptosis or degeneration; of the
remaining, more than half are abnormal. Therefore, only about
12% of the spermatogenetic potential is available for repro-
duction.’® An age-related reduction in daily sperm production in
men, which is associated with a loss of Sertoli cells, is also seen.
This may result from an increase in germ cell degeneration during
prophase of meiosis or from loss of primary spermatocytes. There
is also a reduction in the number of Leydig cells, non-Leydig
interstitial cells, myoid cells, and Sertoli cells.

The process of spermiation and the journey of a sperm
through the ductus deferens of the testis to a site where it can
be included in the ejaculate are thought to take a further 10 to
14 days. It is a lengthy process, and quantitative changes in
sperm production may take some time to become apparent in a
sample of semen. The nucleus progressively elongates as its
chromatin condenses. The head is characterized by a flattened
and pointed paddle shape, specific to each species. This process
involves the Golgi phase, cap phase, acrosomal phase, and
maturation phase.

Golgi Phase

The Golgi complex forms a caplike structure called the
acrosome. The centrioles migrate from the cytoplasm to the base
of the nucleus. The proximal centriole becomes the implantation
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apparatus to anchor the flagellum to the nucleus. The distal
centriole becomes the axoneme.

Cap Phase
The acrosome forms a distinct cap over nucleus. The acrosome
is formed from the Golgi complex. As the Golgi complex moves
away from the nucleus, a flagellum is constructed from the
centriole.

Acrosomal Phase

The formation of the acrosome starts with the coalescence of a
series of granules from the Golgi complex, which migrates to
come into contact with the nuclear membrane, where it covers
like a caplike structure over 30% to 50% of the nuclear surface.’’
The acrosome covers the nucleus and contains the hydrolytic
enzymes necessary for fertilization. The manchette is formed,
and the spermatids are embedded in Sertoli cells.

Maturation Phase

Mitochondria migrate toward the segment of the growing tail to
form the mitochondrial sheath. Dense outer fibers and a fibrous
sheath are formed and this completes assembly of the tail. The
bulk of the spermatid cytoplasm is eventually discarded as a
residual body. The spermatid is now called a spermatozoon. As
spermiogenesis proceeds, the spermatid moves toward the
lumen of the seminiferous tubule. With completion of spermatid
elongation, the Sertoli cell cytoplasm retracts around the
developing sperm, stripping it of all unnecessary cytoplasm and
extruding it into the tubule lumen. The mature sperm has
remarkably little cytoplasm left after extrusion. The mature
spermatozoon is an elaborate, highly specialized cell produced in
massive quantity, up to 300 per g of testis per second.

SPERMATOZOA

Spermatozoa are highly specialized and condensed cells that
do not grow or divide. A spermatozoon consists of the head,
containing the paternal material (DNA), and the tail, which
provides motility (see Fig. 4-1). The spermatozoon is endowed
with a large nucleus but lacks the large cytoplasm characteristic
of most body cells. Men are unique in the morphologic
heterogeneity of the ejaculate.’*

Head

The heads of stained spermatozoa are slightly smaller than heads
of living spermatozoa in the original semen.*' The normal head
is oval, measuring about 4.0 to 5.5 um in length and 2.5 to 3.5
um in width. The normal length-to-width ratio is about 1.50 to
1.70.*" Under bright field illumination, the most commonly
observed aberrations include head shape/size defects, including
large, small, tapering, piriform, amorphous, vacuolated (>20%
of the head surface occupied by unstained vacuolar areas), and
double heads, or any combination of these defects.*?

Acrosome

The acrosome is represented by the Golgi complex and covers
about two thirds of the anterior head area.’**%*? The apical
thickening seen in many other species is missing; however, the

acrosome shows a uniform thickness/thinning toward the
equatorial segment and covers about 40% to 70% of the sperm
head. When observed under the scanning electron microscope,
a furrow that completely encircles the head (i.e., acrosomal and
postacrosomal regions) divides the sperm head unequally. An
equatorial segment that is followed by the postacrosomal region
is not very clearly visible on scanning electron microscope. The
maximal thickness and width of the spermatozoon is seen in the
postacrosomal region.

Under the electron microscope the sperm head is a flattened
ovoid structure consisting primarily of the nucleus. The
acrosome is a caplike structure covering the anterior two thirds
of the sperm head, which arises from the Golgi complex of the
spermatid as it differentiates into a spermatozoon. The acrosome
contains several hydrolytic enzymes, including hyaluronidase and
proacrosin, which are necessary for fertilization.*®

During fertilization of the egg, the fusion of the outer
acrosomal membrane with the plasma membrane at multiple
sites releases the acrosomal enzymes at the time of the acrosome
reaction. The anterior half of the head is devoid of plasma and an
outer acrosomal membrane and is covered only by the inner
acrosomal membrane.*® The posterior region of the sperm head
is covered by a single membrane called the postnuclear cap. The
overlap of the acrosome and the postnuclear cap results in an
equatorial segment, which does not participate in the acrosome
reaction. The nucleus, comprising 65% of the head, is composed
of DNA conjugated with protein. The chromatin is tightly
packed, and no distinct chromosomes are visible. The genetic
information, including the sex-determining X or Y chromosome,
is coded and stored in the DNA.

Neck

This forms a junction between head and tail. It is fragile and the
presence of decapitated spermatozoa is a common abnormality.

Tail

The sperm tail arises at the spermatid stage. The centriole during
spermatogenesis is differentiated into three parts: midpiece, the
main or principal piece, and endpiece. The mitochondria reor-
ganize around the midpiece. An axial core comprising of two
central fibrils is surrounded by a concentric ring of nine double
fibrils, which continue to the end of the tail. The additional outer
ring is comprised of nine coarse fibrils. The principal piece is
comprised of nine coarse outer fibrils diminishing in thickness
and finally only the inner 11 fibrils of the axial core surrounded
by a fibrous sheath. The mitochondrial sheath of the midpiece is
relatively short but slightly longer than the combined length of
the head and neck.®

Endpiece

The endpiece is not distinctly visible by light microscopy. Both
tail sheath and coarse filaments are absent. The tail, containing
all the motility apparatus, is 40 to50 wm long and arises from
the spermatid centriole. It propels by waves that are generated
in the neck region and pass distally along like a whiplash. Under
bright field illumination, common neck and midpiece aber-
rations include their absence, bent tails, distended or irregular/
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bent midpiece, abnormally thin midpiece (no mitochondrial
sheath), or any of these combinations.*” Tail aberrations include
short, multiple, hairpin, and broken tails; tails of irregular width;
coiling tails with terminal droplets; or any of these combi-
nations.*? Cytoplasmic droplets greater than one third the area
of a normal sperm head are considered abnormal. They are
usually located in the neck/midpiece region of the tail, although
some immature spermatozoa may have a cytoplasmic droplet at
other locations along the tail *4?

Under scanning electron microscopy the tail can be
subdivided intro three distinct parts (i.e., midpiece, principal
piece, and endpiece. In the midpiece the mitochondrial spirals
can be clearly visualized. This ends abruptly at the beginning of
the midpiece. The midpiece narrows toward the posterior end.
A longitudinal column along with transverse ribs is visible. The
short endpiece has a small diameter due to the absence of
the outer fibers.3® Under transmission electron microscopy, the
midpiece possesses a cytoplasmic portion and a lipid-rich mito-
chondrial sheath that consists of several spiral mitochondria,
surrounding the axial filament in a helical fashion. The midpiece
provides the sperm with the energy necessary for motility. An
additional outer ring of nine coarser fibrils surrounds the central
core of 11 fibrils. Individual mitochondria are wrapped around
these fibrils in a spiral manner to form the mitochondrial sheath,
which contains the enzymes needed in the oxidative metabolism
of the sperm. The mitochondrial sheath of the midpiece is
relatively short, slightly longer than the combined length of the
head and neck.®

The principal piece, the longest part of the tail, provides
most of the propellant machinery. The coarse nine fibrils of the
outer ring diminish in thickness and finally disappear, leaving
only the inner fibrils in the axial core for most of the length of
the principal piece.** The fibrils of the principal piece are
surrounded by a fibrous tail sheath, which consist of branching
and anastomosing semicircular strands or ribs, held together by
their attachment to two bands that run lengthwise along
opposite sides of the tail.® The tail terminates in the endpiece
with a length of 4 to 10 um and diameter of less than 1 uM. The
small diameter is due to the absence of the outer fibrous sheath
and a distal fading of the microtubules.

REGULATION OF SPERMATOGENESIS

The spermatogenic process is maintained by different intrinsic
and extrinsic influences.

Intrinsic Regulation

Leydig cells secrete hormone (testosterone), neurotransmitters
(neuroendocrine substances), and growth factors to neighboring
Leydig cells, blood vessels, lamina propria of the seminiferous
tubules, and Sertoli cells.>***> They help maintain the nutrition
of the Sertoli cells and the cells of the peritubular tissue and
influence the contractility of myofibroblasts, thereby regulating
the peristaltic movements of the seminiferous tubules and
transportation of the spermatozoa. Leydig cells also help in the
regulation of blood flow in the intertubular microvasculature.!
In addition, different growth factors are delivered from Sertoli
cells and various germ cells participating in a complicated
regulation of cell functions and developmental processes of
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germ cells. Altogether these factors represent an independent
intratesticular regulation of spermatogenesis.

Extrinsic influences

The local regulation of spermatogenesis is controlled by
the hypothalamus and hypophysis. Pulsatile secretion of
gonadotropin-releasing hormone of the hypothalamus initiates
the release of LH from the hypophysis; in response the Leydig
cells produce testosterone. Testosterone not only influences
spermatogenesis, but is also distributed throughout the body. It
thus provides feedback to the hypophysis that regulates the
secretory activity of Leydig cells. Stimulation of Sertoli cells by
FSH is necessary for maturation of the germ cells. Complete
qualitative spermatogenesis requires both FSH and LH. The
interaction between the endocrine and paracrine mechanisms
determines the functions within the testis.*** Inhibin secreted
by Sertoli cells functions in the feedback mechanism directed to
the hypophysis. These extratesticular influences are necessary
for the regulation of intratesticular functions. Thus growth and
differentiation of testicular germ cells involve a series of
complex interactions between both somatic and germinal
elements.*74%30

IMMUNE STATUS OF THE TESTIS

The spermatozoa, late pachytene spermatocytes, and spermatids
express unique antigens. These antigens are not formed until
puberty; therefore, immune tolerance is not developed. The
blood-testis barrier develops as these autoantigens develop.
The testis is considered to be an immune-privileged site (i.e.,
transplanted foreign tissue can survive for a period of time
without immunologic rejection). An immune surveillance is
present in the testis and the epididymis, which shows an active
immunoregulation to prevent autoimmune disease.’ 1,52

DISTURBANCES OF SPERMATOGENESIS

Both proliferation and differentiation of the male germ cells and
the intratesticular and extratesticular mechanisms regulating
spermatogenesis can be disturbed. These disturbances may occur
as a result of environmental influences or due to diseases that
directly or indirectly affect spermatogenesis.>>** Additionally,
nutrition, therapeutic drugs, hormones and their metabolites,
increased scrotal temperature, toxic substances, or x-radiation
may reduce or destroy spermatogenesis. All these events can
result in reduced spermatogenesis.

SPERM TRANSPORT IN THE EPIDIDYMIS

The epididymis lies along the dorsolateral border of each testis.
It is made up of the efferent ductules, which emanate from
the rete testis, and the epididymal ducts (see Fig. 4-1). The
epididymis opens into the vas deferens, which then passes
through the inguinal canal into the peritoneal cavity and opens
into the urethra adjacent to the prostate. The primary function
of the epididymis is post-testicular maturation and storage of
spermatozoa during their passage from the testis to the vas
deferens. The epididymal epithelium is androgen-dependent
and has both absorptive and secretory functions.
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The epididymis is divided into three functionally distinct
regions: head, body, and tail or caput epididymis, corpus epi-
didymis, and cauda epididymis. Their functions can be described
simplistically as increasing the concentration, maturation,
and storage of the spermatozoa. Much of the testicular fluid
that transports spermatozoa from the seminiferous tubules is
resorbed in the caput, increasing the concentration of the
spermatozoa by 10-fold to 100-fold. The epididymal epithelium
secretes the epididymal plasma in which the spermatozoa are
suspended. As the newly developed spermatozoa pass through
these regions of the epididymis, many changes occur, including
alterations in net surface charge, membrane protein composition,
immunoreactivity, phospholipid and fatty acid content, and
adenylate cyclase activity. Many of these changes are thought to
improve the structural integrity of the sperm membrane and
also increase the fertilization ability of the spermatozoa. The
capacities for protein secretion and storage within the epididymis
are known to be extremely sensitive to temperature and repro-
ductive hormone levels, including estrogens. It is a complex fluid
whose composition changes along the length of the epididymis;
and spermatozoa experience a series of sophisticated microen-
vironments that regulate their maturation.

Epididymal Sperm Storage

As many as half of the spermatozoa released from the testis die and
disintegrate within the epididymis and are resorbed by the epi-
didymal epithelium. The remaining mature spermatozoa are stored
in the cauda epididymis, which contains about 70% of all sperma-
tozoa present in the male tract. The cauda epididymis stores sperm
available for ejaculation. The ability to store functional sperm
provides a capacity for repetitive fertile ejaculations. The capacity
for sperm storage decreases distally; spermatozoa in the vas
deferens may only be motile for a few days. The environment of
the cauda epididymis is adapted for storage in laboratory animals.
In humans it is not a perfect storage organ, and the spermatozoa do
not remain in a viable state indefinitely. After prolonged sexual
activity, caudal spermatozoa first lose their fertilizing ability, fol-
lowed by their motility and then their vitality; they finally disinte-
grate. Unless these older, senescent spermatozoa are eliminated
from the male tract at regular intervals, their relative contribution
to the next ejaculate(s) increases, thereby reducing semen quality,
even though such ejaculates do have a high sperm concentration.
The vas deferens are not a physiologic site of sperm storage and
contain only about 2% of the total spermatozoa in the male tract.
The transit time of sperm through the fine tubules of the
epididymis is thought to be 10 to 15 days in humans.

Role of the Epididymis in Sperm Maturation

Early on, the nucleus of the round spermatid is spherical and is
located in the center of the cell. Subsequently, the shape
changes from spherical to asymmetric as chromatin condenses.
It is theorized that many cellular elements contribute to the
reshaping process, including chromosome structure, associated
chromosomal proteins, the perinuclear cytoskeletal theca layer,
the manchette of microtubules in the nucleus, subacrosomal
actin, and Sertoli cell interactions.

As spermatozoa traverse the epididymis, they are exposed to
a continuously changing milieu of the luminal fluid derived from

the rete testis and modified by the secretory and absorptive
activity of the epididymal epithelium. In nonhuman mammals
there is compelling evidence that the epididymal epithelium
does provide essential factors for sperm maturation.>% In
humans most of the information is obtained from treatment of
pathologic cases rather than from normal fertile men. Sperm
maturation occurs outside the testis. Spermatozoa within the
testis have very poor or no motility and are incapable of
fertilizing an egg. Both epididymal maturation and capacitation
is necessary before fertilization. Capacitation, the final step
required to acquire the ability to fertilize, may be an evolu-
tionary consequence of the development of a storage system for
inactive sperm in the caudal epididymis. Preservation of optimal
sperm function during this period of storage requires adequate
testosterone; levels in the circulation.

The epididymis is limited to a storage role because
spermatozoa that have never passed through the epididymis and
that have been obtained from the efferent ductules in men with
congenital absence of vas deferens can fertilize the human
oocyte in vitro and result in pregnancy with live birth (as well as
with intracytoplasmic sperm injection with sperm obtained
after testicular biopsy). A direct involvement of the epididymis
comes from the results of epididymovasostomy bypass opera-
tions for epididymal obstruction. However, these results are not
consistent, whereas significantly reduced fertility was reported
in anastomosis of vas deferens to the proximal 10 mm of the
duct compared to anastomosis of the more distal region of
the tract™; others have reported pregnancies in anastomosis of
the vas deferens to the efferent ductules®® or from spermatozoa
retrieved from the efferent ductules and proximal caput regions
of men with congenital absence of vas deferens and used for
successful in vitro fertilization.®* More direct evidence of
epididymal involvement comes from experiments in which
immature epididymal sperm recovered from fertile men were
incubated in the presence of human epithelial cell cultures.5!
These spermatozoa showed improved motility and a significant
increase in their capacity to attach to human zona in vitro.

SPERM ENTRY INTO CERVICAL MUCUS

At the moment of ejaculation, spermatozoa from the cauda
epididymis are mixed with secretions of the various accessory
glands in a specific sequence and deposited around the external
cervical os and in the posterior fornix of the vagina. Spermatozoa
in the first fraction of the ejaculate have significantly better
motility and survival than those in the later fractions. The
majority of the spermatozoa penetrate cervical mucus within 15
to 20 minutes of ejaculation.’?® The ability to migrate across the
semen-mucus interphase is highly dependent on the specific
movement pattern of the spermatozoa.®* At the time of sperm
penetration into the cervical mucus, further selection of the
spermatozoa occurs based on the differential motility of normal
versus abnormal spermatozoa. This is further modified once
the vanguard spermatozoon is within the cervical mucus.% The
receptivity of the cervical mucus to penetration by the
spermatozoa is cyclic, increasing over a period of about 4 days
before ovulation and decreasing rapidly after ovulation.
Maximum receptivity is seen the day before and on the day of
the LH peak.%® Spermatozoa enter the uterine cavity from the
internal cervical os by virtue of their own motility.®” From here
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the spermatozoa traverse to the site of fertilization in the ampulla
of the fallopian tube or the oviduct.

CAPACITATION AND THE ACROSOME
REACTION

Animal studies in rats and rabbits indicate that spermatozoa that
are stored in the female tract are unable to penetrate the ova. They
have to spend time in the female tract before they acquire this
ability. Capacitation is a series of cellular or physiologic changes
that spermatozoa must undergo to fertilize.*% It is characterized
by the ability to undergo the acrosome reaction, to bind to the
zona pellucida, and to acquire hypermotility. Capacitation may
be an evolutionary consequence of the development of a storage
system for inactive sperm in the caudal epididymis.

Capacitation per se does not involve any morphologic changes
even at the ultrastructural level. It represents a change in the
molecular organization of the intact sperm plasmalemma that
then confers on spermatozoa the ability to undergo the acrosome
reaction in response to induction of the stimulus. Capacitation
involves the removal of seminal plasma factors that coat the
surface of the sperm; modification of the surface charge;
modification of the sperm membrane and of the sterols, lipids, and
glycoproteins and the outer acrosomal membrane lying
immediately under it. It also involves an increase in intracellular
free calcium.”®’! Changes in sperm metabolism, increase in 3’,
5’-cyclic monophosphate, and activation of acrosomal enzymes are
believed to be components of capacitation. Sperm capacitation
may be initiated in vivo during migration through cervical mucus.”?
This is finally followed by the acquisition of hypermotility,
displayed by an increase in velocity and flagellar beat amplitude.
This may be necessary for avoiding attachment to the tubal
epithelium and penetrating the cumulus and zona pellucida.

Capacitation can also be achieved by culture medium
supplemented with appropriate substrates for energy and in the
presence of protein or biologic fluid such as serum or follicular
fluid. Usually it takes about 2 hours for sperm to undergo capaci-
tation in vitro. Further modifications occur when capacitated
sperm reach the vicinity of the oocyte.

The acrosome reaction confers the ability to penetrate the zona
pellucida and also confers the fusogenic state in the plasmalemma
overlying the nonreactive equatorial segment, which is needed for
interaction with the oolemma. There are distinct fusion points
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