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Chapter 14
Defective Spermatogenesis and Sperm DNA 
Damage

Rakesh Sharma and Ashok Agarwal

14.1  Neurological Pathways

Spermatogenesis is initiated through hormonal controls in the hypothalamus 
(Fig. 14.1). The hypothalamus secretes gonadotropin-releasing hormone (GnRH), 
triggering the release of luteinizing hormone (LH) and follicle-stimulating hormone 
(FSH) from the adenohypophysis or anterior lobe of the pituitary. LH assists with 
steroidogenesis by stimulating the Leydig cells which are located in the testicular 
interstitium, while FSH stimulates the Sertoli cells to aid with the proliferative and 
developmental stages of spermatogenesis. In addition to LH and FSH, the adenohy-
pophysis also secretes adrenocorticotropic hormone, prolactin, growth hormone, 
and thyroid-stimulating hormone—all of these hormones play an important role 
throughout spermatogenesis. The primary hormones are responsible for initiating 
spermatogenesis inside the testes, which is the central organ of the reproductive 
axis. GnRH stimulations are regulated through three types of rhythmicity: (1) sea-
sonal, peak GnRH production occurring during the spring; (2) circadian, daily regu-
lator with the highest output during the early morning; and (3) pulsatile, highest 
output occurring on average every 90–120 min.
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14.1.1  Steroid Hormone Interaction and Neurological Axis

Androgens are an integral part of spermatogenesis. Dihydrotestosterone is formed 
by metabolizing testosterone with 5α-reductase. Both testosterone and dihydrotes-
tosterone regulate various genes and the various developmental stages during 
 gestation [1]. Estrogen, on the other hand, as commonly regarded “female” hor-
mone, is also necessary for proper spermatogenesis [2, 3]. During Sertoli cell 
 differentiation, estrogen levels drop to a minimum, and during the pre-pubescent 
years, estrogen shuts off androgen production by the Leydig cells. When puberty 
begins, estrogen levels fall to enable androgen production by Leydig cells and initi-
ate spermatogenesis. Thyroid hormones play a key role in spermatogenesis involv-
ing Sertoli cell proliferation and development. All of these hormones interact with 
one another in the testicular axis in both the interstitial region and the Sertoli cells 
to enable spermatogenesis. In addition to hormones, growth factors secreted 
directly by the Sertoli cells also play an important role in regulating spermatogen-
esis. Specifically, transforming growth factor (alpha and beta), insulin-like growth 
factor, and β-fibroblast growth factor facilitates germ cell migration during embry-
onic development, proliferation, and regulation of meiosis and cellular 
differentiation.

Fig. 14.1 Schematic representation of the hypothalamic pituitary axis and the hormonal feedback 
system (Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 
2010. All Rights Reserved)
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14.2  Organization of the Testis

The testes are ellipsoid in shape, measuring of 4.5–5.1 cm in length [4, 5], 2.5 × 
4 cm in width [6], and have a volume of 15–25 mL [7]. They are engulfed by a 
strong connective tissues capsule (tunica albuginea) [6] and are the only organs in 
the human that are located outside the body. The reason for the extracorporal local-
ization of the testes is that Sertoli cells are temperature-sensitive. Therefore, sper-
matogenesis occurs at temperatures that are optimally 2–4° lower than body 
temperature [8]. The testis is loosely connected along its posterior border to the 
epididymis, which gives rise to the vas deferens at its lower pole [9]. The testis has 
two main functions: produce hormones, in particular testosterone, and produce male 
gamete—the spermatozoa (Fig. 14.2).

14.2.1  Supporting Cells

14.2.1.1  Leydig Cells

The Leydig cells are irregularly shaped cells that have granular cytoplasm present 
individually or more often in groups within the connective tissue. They contribute 
to about 5–2% of the testicular volume [10–12]. Leydig cells are the prime source 

Fig. 14.2 The human testis and the epididymis. The testis shows the tunica vaginalis and tunica 
albuginea, seminiferous tubule septa, rete testis and the overlying head, body, and tail of the epididy-
mis. To the left is a diagrammatic representation of a fully mature spermatozoon (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 2010. All Rights Reserved)
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of the male sex hormone testosterone [13–15]. 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 [15]. The intratesticular concentration of 
testosterone is significantly higher than the concentration in the blood. Some of the 
key functions of testosterone are: (i) activation of the hypophyseal-testicular axis, 
(ii) masculinization of the brain and sexual behaviors, (iii) initiation and mainte-
nance of spermatogenesis, (iv) differentiation of the male genital organs, and (v) 
acquisition of secondary sex characteristics.

14.2.1.2  Seminiferous Tubules and Sertoli Cells

Most of the volume of the testis is made up of seminiferous tubules, which are 
packed in connective tissue within the confines of the fibrous septa. The testis is 
incompletely divided into a series of about 370 lobules or fibrous septae consist-
ing of the seminiferous tubules and the intertubular tissue. The seminiferous 
tubules are a series of convoluted tubules within the testes. Spermatogenesis 
takes place in these tubules, scattered into many different proliferating and devel-
oping pockets (Fig. 14.3). The seminiferous tubules are looped or blind-ended 
and separated by groups of Leydig cells, blood vessels, lymphatics, and nerves. 
Each seminiferous tubule is about 180 μm in diameter. The height of the germi-
nal epithelium measures 80 μm, and the thickness of the peritubular tissue is 
about 8 μm [16].

Seminiferous tubules consist of three layers of peritubular tissue: (1) the outer 
adventitial layer of fibrocytes that originate from primitive connective tissue from 
the interstitium, (2) the middle layer composed of myoid cells that are distributed 
next to the connective tissue lamellae, and (3) the peritubular layer, a thick, inner 
lamella that mainly consists of collagen. The seminiferous tubule space is divided 
into basal (basement membrane) and adluminal (lumen) compartments by strong 
intercellular junctional complexes called “tight junctions.” 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. 
They encourage Sertoli cell proliferation and development during the gestational 
period. Both ends of the seminiferous tubules open into the spaces of the rete testis 
[17]. The fluid secreted by the seminiferous tubules is collected in the rete testis and 
delivered into the excurrent ductal system of the epididymis.

Approximately 40% of the seminiferous tubules consist of Sertoli cells, and 
roughly 40% of the Sertoli cells are occupied with elongated spermatids [18, 19]. 
Sertoli cells have larger nuclei than most cells, ranging from 250 to 850 cm3 [19]. 
Each Sertoli cell makes contact with five other Sertoli cells and about 40–50 germ 
cells in various stages of development and differentiation. The Sertoli cells provide 
structural, functional, and metabolic support to germ cells. Functionally and endo-
crinologically competent Sertoli cells are necessary for optimal spermatogenesis. 
During spermatogenesis, the earlier germinal cells rest toward the epithelium region 
of the seminiferous tubules in order to develop and mature, while the more devel-
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oped germinal cells move toward the lumen of the seminiferous tubules in order to 
exit the seminiferous tubule system and continue with the final phases of 
spermatogenesis.

Sertoli cells function as “nurse” cells for spermatogenesis, nourishing germ cells 
as they develop and participating in germ cell phagocytosis. Multiple sites of com-
munication exist between Sertoli cells and developing germ cells for the mainte-
nance of spermatogenesis within an appropriate hormonal milieu. FSH binds to the 

Fig. 14.3 Section of the germinal epithelium in the seminiferous tubule. Sertoli cells divide the 
germinal epithelium in a basal and adluminal compartment, via the Sertoli cell. Spermatozoa are 
released into the lumen (Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography © 2010. All Rights Reserved)
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high-affinity FSH receptors found on Sertoli cells, signaling the secretion of 
androgen- binding protein (ABP). ABP allows androgens such as testosterone and 
dihydrotestosterone to bind and increase their concentrations to initiate and/or con-
tinue the process of spermatogenesis. Sertoli cells also release anti-Müllerian hor-
mone that allows for the embryonic development of the male by reducing the growth 
of the Müllerian ducts [20, 21], which in females develop into the fallopian tubes. 
Sertoli cells also secrete inhibin, a key macromolecule hormone that is participating 
in pituitary FSH regulation by providing negative feedback.

Considering that spermatozoa are only produced as from puberty, the male germ 
cells are not recognized by the immune system which develops during the first year 
of life. Therefore, spermatozoa must be protected from immunological attack. The 
structure providing this essential protection and forming a special microenviron-
ment for spermatogenesis to occur in an immunologically privileged site is the 
blood-testis barrier. It is formed by neighboring Sertoli cells that are connected via 
so-called tight junctions. The blood-testis barrier divides the seminiferous tubules 
into two regions: a basal region located near the seminiferous epithelium and an 
adluminal region that is positioned toward the lumen region of the seminiferous 
tubules. The basal region is the spermatogenic site for the development of the dip-
loid spermatogonia and primary spermatocyte, while the adluminal region serves as 
a developmental site for the haploid cells, secondary spermatocytes, and sperma-
tids. The blood-testis barrier has three different levels: (1) tight junctions between 
Sertoli cells, which help separate premeiotic spermatogonia from the rest of the 
germ cells, (2) the endothelial cells in both the capillaries, and (3) peritubular 
myoid cells.

Some of the main functions of the Sertoli cell are:

 1. Maintenance of integrity of seminiferous epithelium
 2. Compartmentalization of seminiferous epithelium
 3. Secretion of fluid to form tubular lumen to transport sperm within the duct
 4. Participation in spermiation
 5. Phagocytosis and elimination of cytoplasm
 6. Delivery 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
 11. Providing a target for LH, FSH, and testosterone receptors present on Sertoli 

cells

14.3  Spermatogenesis

The process of differentiation of a simple diploid spermatogonium into a spermatid 
is known as spermatogenesis [17]. It is a complex, temporal event whereby primi-
tive, totipotent stem cells divide to either renew themselves or produce daughter 
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cells that are transformed into a specialized testicular spermatozoon (Fig. 14.4). It 
involves both mitotic and meiotic divisions and extensive cellular remodeling. 
Spermatogenesis can be divided into three phases: (i) proliferation and differentia-
tion of spermatogonia, (ii) meiosis, and (iii) spermiogenesis, a complex process that 
transforms round spermatids after meiosis into a complex structure called the sper-
matozoon. In humans, the process of spermatogenesis starts at puberty and contin-
ues throughout the entire life span of the individual. Once the gonocytes have 
differentiated into fetal spermatogonia, an active process of mitotic replication 
begins very early in the embryonic development.

Within the seminiferous tubule, germ cells are arranged in a highly ordered 
sequence from the basement membrane to the lumen. Spermatogonia lie directly on 
the basement membrane, followed by primary spermatocytes, secondary spermato-

Fig. 14.4 A diagrammatic representation of major events in the life of a sperm involving sper-
matogenesis, spermiogenesis, and spermiation during which the developing germ cells undergo 
mitotic and meiotic division to reduce the chromosome content (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2010. All Rights Reserved)
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cytes, and spermatids, as they progress toward the tubule lumen. The tight junction 
barrier supports spermatogonia and early spermatocytes within the basal compart-
ment and all subsequent germ cells within the adluminal compartment.

14.3.1  Types of Spermatogonia

Fetal spermatogonia become transitional spermatogonia and later spermatogonia 
type Ad (dark). Spermatogonial stem cells undergo proliferative events and produce 
a population of cells that have distinct nuclear appearance that can be seen with 
hematoxylin and eosin staining. Spermatogonia can be categorized into three types: 
(i) dark type A, (ii) pale type A, and (iii) type B spermatogonia (Fig. 14.5).

Dark type A spermatogonia are stem cells of the seminiferous tubules that have 
an intensely stained dark ovoid nucleus containing fine granular chromatin. These 
cells divide by mitosis to generate dark type A and pale type A spermatogonia. Pale 
type A spermatogonia have pale staining and fine granular chromatin in the ovoid 
nucleus. Other proliferative spermatogonia include Apaired (Apr), resulting from 
dividing Aisolated and subsequently dividing to form Aaligned (Aal). Further dif-
ferentiation of spermatogonia includes type A1, A2, A3, A4, intermediate, and type 
B, each a result of the cellular division of the previous type. In humans, four sper-
matogonial cell types have been identified: Along, Adark, Apale, and type B [22–
24]. In the rat, type Aisolated (Ais) is believed to be the stem cell [25, 26], whereas 
in humans, it is unclear which type A spermatogonia is the stem cell.

Type B spermatogonia are characterized by large clumps of condensed chroma-
tin under the nuclear membrane of an ovoid nucleus. These cells divide mitotically 
to produce primary spermatocytes (preloptotene, leptotene, zygotene, and pachy-
tene), secondary spermatocytes, and spermatids (Sa, Sb, Sc, Sd1, and Sd2) [23] 
(Fig. 14.6). Spermatogonia do not separate completely after meiosis but remain 
joined by intercellular bridges, which persist throughout all stages of spermato-
genesis. This facilitates biochemical interactions and synchronizes germ cell mat-
uration [27].

14.3.2  Spermatocytogenesis

Spermatocytogenesis consists of the meiotic phase in which primary spermatocytes 
undergo meiosis I and meiosis II to give rise to haploid spermatids. This takes place 
in the basal compartment. Primary spermatocytes enter the first meiotic division to 
form secondary spermatocytes. The prophase of the first meiotic division is very 
long. Primary spermatocytes have the longest life span. Secondary spermatocytes 
undergo the second meiotic division to produce spermatids. Secondary spermato-
cytes are short lived (1.1—1.7 days).
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Fig. 14.5 Schematic representation of the development of a diploid undifferentiated germ cell into 
a fully functional haploid spermatozoon along the basal to the adluminal compartment and final 
release into the lumen. Different steps in the development of primary, secondary, and spermatid 
stages are also shown and the irreversible and reversible morphological abnormalities that may 
occur during various stages of spermatogenesis (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2010. All Rights Reserved)
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14.3.3  Mitosis

Mitosis involves the proliferation and maintenance of spermatogonia. It is a pre-
cise, well-orchestrated sequence of events in which the genetic material (chromo-
somes) is duplicated, with breakdown of the nuclear envelope and formation of 
two daughter cells as a result of equal division of the chromosomes and cytoplasm 
[28]. DNA is organized into loop domains on which specific regulatory proteins 

Fig. 14.6 Differentiation of a human diploid germ cell into a fully functional spermatozoon 
(Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2010. All 
Rights Reserved)
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interact [29–33]. The mitotic phase involves spermatogonia (types A and B) and 
primary spermatocytes (spermatocytes I). Primary spermatocytes are produced by 
developing germ cells interconnected by intracellular bridges through a series of 
mitotic divisions. Once the baseline number of spermatogonia is established after 
puberty, the mitotic component proceeds to provide precursor cells and initiate the 
process of differentiation and maturation. Chromosomes are most vulnerable dur-
ing mitosis, and all DNA repair processes are shut down to prevent fusion of telo-
meres [34].

14.3.4  Meiosis

The meiotic phase involves primary spermatocytes until spermatids are formed, and 
during this process, chromosome pairing, crossover, and genetic exchange take 
place until a new genome is determined. Meiosis consists of two successive divi-
sions to yield four haploid spermatids from one diploid primary spermatocyte. After 
the first meiotic division (reduction division), each daughter cell contains one part-
ner of the homologous chromosome pair, and they are called secondary spermato-
cytes (2n).

Meiosis is characterized by prophase, metaphase, anaphase, and telophase. The 
process starts when type B spermatogonia lose contact with the basement mem-
brane and form preleptotene primary spermatocytes. During the leptotene stage of 
prophase, the chromosomes are arranged as long filaments. During the zygotene 
stage, the homologous chromosomes called tetrads are arranged linearly by a pro-
cess known as synapsis and form synaptonemal complexes. Crossing over takes 
place during this phase, and chromosomes shorten in the pachytene stage. The 
homologous chromosomes condense and separate from sites of crossing over dur-
ing diakinesis. This random sorting is important to maintaining genetic diversity in 
sperm. At the end of prophase, the nuclear envelope breaks down, and in metaphase, 
chromosomes are arranged in the equatorial plate. At anaphase, each chromosome 
consists of two chromatids migrating to opposite poles. In telophase, cell division 
occurs with the formation of secondary spermatocytes having half the number of 
chromosomes. Thus, each primary spermatocyte can theoretically yield four sper-
matids, although fewer actually result, as the complexity of meiosis is associated 
with a loss of some germ cells. The primary spermatocytes are the largest germ cells 
of the germinal epithelium.

The prophase of the second meiotic division is very short, and in this phase, the 
DNA content is reduced to half as the two chromatids of each chromosome separate 
and move to the opposite poles. At the end of telophase, the spermatids do not sepa-
rate completely but remain interconnected by fine bridges for synchronous develop-
ment. These spermatids are haploid with (22, X) or (22, Y) chromosome and 
undergo complete differentiation/morphogenesis known as spermiogenesis.

14 Defective Spermatogenesis and Sperm DNA Damage
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14.3.5  Spermiogenesis

Spermiogenesis is the process of differentiation of the spermatids into a spermato-
zoon with fully compacted chromatin. During this process, morphological changes 
occur once the process of meiosis is completed. In humans, six different stages have 
been described in the process of spermatid maturation; these are termed as Sa-1 and 
Sa-2, Sb-1 and Sb-2, and Sc-1 and Sc-2 (Fig. 14.6). Each stage can be identified by 
the morphological characteristics. During the Sa-1 stage, both the Golgi complex 
and mitochondria are well developed and differentiated. In addition, the acrosomal 
vesicle appears, the chromatoid body develops in one pole of the cell opposite from 
the acrosomal vesicle, and the proximal centriole and the axial filament appear. 
During the Sb-1 and Sb-2 stages, acrosome formation is completed, the intermedi-
ate piece is formed, and the tail develops. This process is completed during the Sc 
stages. During the postmeiotic phase, progressive condensation of the nucleus 
occurs with inactivation of the genome. Testicular histones are replaced by transi-
tional proteins and, finally, by protamines, specific alkaline proteins that allow 
arrangement of the DNA in arrays instead of supercoiled solenoids. In addition, 
protamines are stabilized by disulfide bonds which essentially provide for nuclear 
stability in the male germ cell. During spermiogenesis, the developing male germ 
cells are extremely sensitive to oxidative stress. Spermatids have limited capacity 
for renewing glutathione and DNA repair and are therefore dependent on the anti-
oxidant protection conferred by the Sertoli cells [35].

14.3.6  Spermiation

A mature spermatid frees itself from the Sertoli cell and enters the lumen of the 
tubule as a spermatozoon in a process called spermiation. Spermatids that originate 
from the same spermatogonia remain connected by bridges to facilitate the transport 
of cytoplasmic products. Sertoli cells actively participate in spermiation, which may 
also involve the actual movement of the cell as the spermatid advances toward the 
lumen of the seminiferous tubules [19]. The mature spermatids close their intracel-
lular bridges, disconnect their contact with the germinal epithelium, and become 
free cells called spermatozoa. Portions of the cytoplasm in the Sertoli cell known as 
the cytoplasmic droplet are completely eliminated, or, at times, they may be retained 
in the immature spermatozoon during the process of spermiation [36].

14.3.7  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 sper-
matogonial divisions occur at a shorter time interval than the entire process of 
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spermatogenesis. Therefore, at any given time, several cycles of spermatogenesis 
coexist within the germinal epithelium. Spermatogenesis is not a random but well- 
orchestrated series of well-defined events in the seminiferous epithelium. Germ 
cells are localized in spatial units referred as stages. Each stage is recognized by 
development of the acrosome: meiotic divisions and shape of the nucleus and 
release of the sperm into lumen of the seminiferous tubule. A stage is designated by 
Roman numerals. Each cell type of the stage is morphologically integrated with the 
others in its development process. Each stage has a defined morphological entity of 
spermatid development called a step, which is 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 [37, 38]. In rodent spermatogenesis, 
only one stage can be found in a cross section of seminiferous tubule.

Within any given cross section of the seminiferous tubule, there are four to 
five layers of germ cells. Cells in each layer comprise a generation or a cohort of 
cells that develop as a synchronous group. Each group has a similar appearance 
and function. Stages I–III have four generations comprising type A spermatogo-
nia, two primary spermatocytes, and an immature spermatid. Stages IV–VIII 
have five generations: type A spermatogonia, one generation of primary sper-
matocyte, one generation of secondary spermatocytes, and one generation of 
spermatids. 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. The 
cycle of spermatogenesis can be identified for each species, but the duration of 
the cycle varies for each species [23].

The stages of spermatogenesis are sequentially arranged along the length of the 
tubule in such a way that it results in a “wave of spermatogenesis.” Although it 
appears that the spatial organization is lacking or is poor in the human seminiferous 
tubule, these stages are tightly organized in an intricate helicine pattern [39]. In 
addition to the steps being organized spatially within the seminiferous tubule, the 
stages are organized in time. Spermatozoa are released only in certain cross sections 
along the length of the seminiferous tubule. In the rat, all stages are involved in 
spermatogenesis, but spermatozoa are released only in stage VIII. In humans, this 
wave appears to be a spiral cellular arrangement as they progress down the tubule. 
This spatial arrangement probably exists to ensure that sperm production is a con-
tinuous and not a pulsatile process. The spermatocyte takes 25.3 days to mature. 
Spermiogenesis occurs in 21.6 days, and the duration of the cycle is 16 days. The 
progression from spermatogonia to spermatozoa or spermatogenesis is 74 days or 
four and a half cycles of the seminiferous cycle.

14.4  Chromatin Remodeling/Alterations During Sperm 
Differentiation

Mammalian sperm chromatin is unique in that it is highly organized, condensed, 
and compacted. This feature protects the paternal genome during transport through 
the male and the female reproductive tracts and helps ensure that it is delivered to 
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the ova in good condition. Mammalian sperm DNA is the most tightly compacted 
eukaryotic DNA [40]. This feature is in sharp contrast to the DNA structure in 
somatic cell nuclei. Somatic cell nuclear DNA is wrapped around an octamer of 
histones and packaged into a solenoid structure [41]. This type of packaging adds 
histones, which increase the chromatin volume. The sperm nucleus does not have 
this type of packaging, and the volume is highly compacted. Chromatin changes 
occur in the testis during meiosis in which copies of the genome are partitioned into 
haploid spermatid cells and during spermiogenesis in which spermatids elongate to 
form sperm with fully compacted chromatin. These events are largely controlled by 
posttranslational events for transcription. Translation greatly subsides as DNA 
becomes compacted, and the cytoplasm is jettisoned during spermiogenesis [42, 
43]. After meiosis, sperm DNA experiences extreme chromosome compaction dur-
ing spermiogenesis.

Chromatin modeling is accompanied by changes in the nuclear shape, conver-
sion of negatively supercoiled nucleosomal DNA into a non-supercoiled state [44], 
induction of transient DNA breaks [45], and chromatin condensation. It is mediated 
by drastic changes at the most fundamental level of DNA packaging where a nucleo-
somal architecture shifts to a toroidal structure [46]. This change is implemented by 
sperm nuclear basic proteins (SNBs) that include variants of histone subunits, tran-
sition proteins, and protamine proteins [47, 48]. Chromatin proteins do not act 
exclusively to compact sperm DNA. This transition occurs in a stepwise manner, 
replacing somatic histones with testis-expressed histone variants, transition pro-
teins, and finally protamines [49]. Histone localization and posttranslational modi-
fication of histones encode epigenetic information that may regulate transcription 
important for sperm development [50]. They may also serve to mark the heterochro-
matin state of specific regions of the genome that may be important after fertiliza-
tion, when somatic histones are incorporated back into paternal chromatin or during 
subsequent zygotic development [51]. Male infertility can result from deficits of 
SNBs [52–54].

14.4.1  Histone and Basic Nuclear Protein Transitions 
in Spermatogenesis

In the course of spermatogenesis, histones are replaced in developing sperm by 
testis-specific histone variants that are important for fertility [55]. The cells 
depend on posttranslational modifications to implement subsequent stages of 
sperm formation, maturation, and activation as de Novo transcription in postmei-
otic sperm is largely silenced [43]. During this whole process, sperm chromatin 
undergoes a series of modifications in which histones are lost and replaced with 
transition proteins and subsequently with protamines [56–58]. Approximately 
15% of the histones are retained in human sperm chromatin, subsequently 
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making chromatin less tightly compacted [59, 60]. Chromatin remodeling is 
facilitated by the coordinated loosening of the chromatin by histone hyperacety-
lation and by the DNA topoisomerase II (topo II), which produce temporary 
nicks in the sperm DNA to relieve torsional stress that results from supercoiling 
[45, 61–63]. However, if these nicks are not repaired, DNA-fragmented sperm 
may be present in the ejaculate [64].

14.4.2  Role of Transition Proteins

The histone-to-protamine transition is important in the formation of spermatozoa 
[65]. This occurs in two steps in mammals: replacement of histones by transition 
nuclear proteins (TPs)—TP1 and TP2—and replacement of TPs by protamines 
(protamine 1 and protamine 2). TPs are required for normal chromatin condensa-
tion, for reducing the number of DNA breaks, and for preventing the formation of 
secondary defects in spermatozoa and the eventual loss of genomic integrity and 
sterility.

The transition proteins are localized exclusively to the nuclei of elongating and 
condensing spermatids [66] and were first detected in steps 10–11 spermatids [67, 
68] (Figs. 14.7 and 14.8). Maximum levels of these TPs are acquired during steps 
12–13, when they constitute about 90% of the chromatin basic protein, with TP1 
being about 2.5 times of those of the TP2 levels [53]. After the early stages of step 
15, both proteins are no longer detected in the nucleus [67, 68]. Defective protamine 
2 processing is correlated with infertility in humans [69] and mouse mutants [53, 
54] and could be due solely to the secondary cytoplasmic effects on sperm develop-
ment resulting in a reduced ability to penetrate the egg.

14.4.3  Protamines as Checkpoints of Spermatogenesis

Sperm from infertile men show an altered P1/P2 ratio and/or no detectable P2 in 
mature sperm. Protamine abnormalities in sperm from fertile men are extremely 
rare [69–73].

Protamines are approximately half the size of histones [74]. They are highly 
basic sperm-specific nuclear proteins that are characterized by an arginine-rich 
core and cysteine residues [75, 76]. Protamines confer a higher order of DNA pack-
aging in sperm than that found in somatic cells. All of these levels of compaction 
and organization help protect sperm chromatin during transport through the male 
and female reproductive tract. This also ensures delivery of the paternal genome in 
a form that allows developing embryo to accurately express genetic information 
[60, 77–79].
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14.4.4  DNA Methylation During Spermatogenesis

Nucleohistones are present in human and rat sperm and are absent in mouse sperm. 
About 15% of the histones are retained in the mature human spermatozoa [60]. 
There are widespread differences in methylation of specific sequences during 
oogenesis and spermatogenesis. DNA methylation may be involved in genomic 
imprinting in mammals and is one of the major epigenetic marks established during 
spermatogenesis [80]. Mature sperm shows a unique DNA methylation profile, one 
that is different from that of somatic cells [81]. The level of DNA methylation does 
not correlate with fertilization but with pregnancy rate after IVF [82].

Fig. 14.8 Diagrammatic representation of the steps where the histones are replaced with the tran-
sition proteins and protamines in the round spermatid progresses into a condensed spermatid just 
before it is released into the lumen (Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2010. All Rights Reserved)
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14.5  Origin of DNA Damage

Mammalian spermiogenesis involves important changes in the cytoarchitecture and 
dramatic remodeling of the somatic chromatin; most of the nucleosomal DNA 
supercoiling is eliminated [83, 84]. This modification in chromatin structure occurs 
in elongating spermatids and is an important contributor to the nuclear integrity and 
acquisition of full fertilization potential of the male gamete [85]. DNA fragmenta-
tion occurs both in the mitochondria and the nucleus [86]. Spermatozoa that exhibit 
mitochondrial dysfunction also show a high rate of nuclear DNA fragmentation 
[87]. DNA damage in the male germ line is characterized by replication errors and 
DNA fragmentation [88].

14.5.1  Sperm DNA Damage

Sperm DNA damage is characterized by abasic sites, base modifications, single- 
strand and double-strand breaks, and DNA protein cross-links. Although DNA frag-
mentation does not constitute a mutation, it is a promutagenic change that has the 
potential to generate mutations in the offspring if the repair mechanisms are defec-
tive or inadequate. DNA damage involves (1) post-meiotically initiated abortive 
apoptosis when the ability to drive this process to completion is in decline, (2) 
unresolved strand breaks created during spermiogenesis to relieve torsional stress 
associated with chromatin remodeling, and (3) oxidative stress as a result of reactive 
oxygen species. Three major mechanisms for the creation of DNA damage in the 
male germ line have been proposed: chromatin remodeling by topoisomerase, oxi-
dative stress, and abortive apoptosis.

DNA damage could arise due to a combination of all three mechanisms. 
Furthermore, a two-step hypothesis has been proposed [85, 89]. Defects in the chro-
matin remodeling process result in the production of spermatozoa that are charac-
terized by reduction in the efficiency of protamination, abnormal protamine 1 to 
protamine 2 ratio, and relatively high nucleohistone content [79, 90, 91]. These 
defects in chromatin modeling create a state of vulnerability whereby spermatozoa 
become increasingly susceptible to oxidative damage. In the second step of this 
DNA cascade, reactive oxygen species attack chromatin. Sperm chromatin compac-
tion is believed to play an important role in protecting the male genome from insult. 
This specific chromatin structure of the sperm essential for proper fertility is, in 
part, due to the proteins that are bound to the DNA, including histones, protamines, 
and components of the nuclear matrix [92, 93]. The cascade of events leading to 
DNA damage involves an error in chromatin remodeling during spermiogenesis. 
This leads to generation of spermatozoa with poorly protaminated nuclear DNA that 
is increasingly susceptible to oxidative attack [89].
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14.5.2  Sperm Apoptosis

Spermatogenesis is accompanied by germ cell apoptosis in the seminiferous epithe-
lium, a process which normally occurs throughout the life span. In addition, germ 
cell loss can be triggered by a variety of factors such as exposure to toxicants, altera-
tions in the hormonal support, heat, radiation, or chemotherapeutic exposure [94–
97]. Apoptosis of germ cells is necessary to maintain the optimal germ cell to Sertoli 
cell ratio and eliminate abnormal germ cells, especially during puberty. 
Approximately 75% of the spermatogonia are eliminated by programmed cell death 
before they can attain maturity [98, 99]. Spermatozoa do exhibit some of the hall-
marks of apoptosis including caspase activation and phosphatidylserine exposure 
on the surface of the cell [100]. Sertoli cells can support only a limited number of 
germ cells in the testis. Therefore, apoptosis normally occurs to prevent the overpro-
duction of germ cells and to selectively remove injured germ cells [101]. Clonal 
expansion of the germ cells in the testis occurs at very high levels, and thus, apop-
tosis is necessary to limit the size of the germ cell population to one which the 
Sertoli cell is able to support [102]. Men with poor seminal parameters often display 
a large percentage of Fas-expressing sperm in their ejaculate [79]. Some of these 
sperm with DNA damage and Fas expression may have undergone “abortive apop-
tosis” in which they started but subsequently escaped the apoptotic pathway [103]. 
Reactive oxygen and nitrogen species can trigger the intrinsic apoptotic pathways. 
The extrinsic apoptosis is mediated by activation of Fas protein receptors. These 
receptors are activated by binding of Fas ligand.

The combination of both intrinsic and extrinsic pathway results in a lethal cell 
response and activation of caspase-9, which in turn will activate executioner cas-
pases resulting in the fragmentation of the cell [104, 105]. Fas receptors are present 
in less than 10% of ejaculated spermatozoa from healthy spermatozoa and more 
than 50% of ejaculated spermatozoa from infertile men with oligozoospermia [106]. 
Sperm apoptosis can be recognized by both early and late stage markers—the early 
sign of phagocytosis is the translocation of the phosphatidyl serine residues from 
the inner to the outer plasma membrane of the spermatozoa. It is also an indication 
that abortive apoptosis is occurring in men with abnormal semen parameters [79]. 
DNA fragmentation is the late stage marker of apoptosis.

14.5.3  Oxidative Stress in the Testis

Sertoli cells provide nutritional support to the differentiating germ cells in the testis. 
They protect the differentiating germ cells from oxidative stress as these cells pass 
through meiosis and emerge as haploid cells known as round spermatids. At this 
stage of development, these cells are transcriptionally silent. Even in the absence of 
any regulated gene transcription, they are able to undergo cellular transformation 
into a fully differentiated, highly specialized cell—the spermatozoon. This is 
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accomplished thorough a highly orchestrated differential translation of preexisting 
mRNA species through a process called spermiogenesis. Cells are sensitive to oxi-
dative stress during spermiogenesis. Throughout this phase, they are highly depen-
dent on the nurturing Sertoli cells, which possess antioxidants such as superoxide 
dismutase, glutathione reductase, transferase, and peroxidase [35]. Isolated sperma-
tozoa have a limited capacity for DNA repair [107] and do not transcribe novel 
RNA [108].

14.5.4  Spermiogenesis and Etiology of DNA Damage

Spermiogenesis, the process by which haploid round spermatids differentiate into 
spermatozoa, is a key event in the etiology of DNA damage in the male germ line. 
During this process, the chromatin undergoes extensive remodeling, which enables 
the entire haploid genome to be compacted into a sperm head measuring 5 × 2.5 μ. 
This occurs as physiological DNA strand breaks are introduced by topoisomerase to 
relieve the torsional stresses involved in DNA packaging during sperm differentia-
tion. These strand breaks are corrected by a complex process involving H2Ax 
expression, formation of poly(ADP-ribose) by nuclear poly(ADP-ribose) polymer-
ases (PARP), and topoisomerase [109]. If the process of spermiogenesis is disrupted 
for any reason, restoration of the cleavage sites is impaired, and defective sperma-
tozoa with unresolved physiological strand breaks are released from the germinal 
epithelium. Transition proteins play a key role in maintaining DNA integrity during 
spermiogenesis as they move into the sperm nucleus between the removal of his-
tones and the entry of protamines. Functional deletion of these proteins results in 
the production of spermatozoa with poor fertilizing ability, poor chromatin compac-
tion, and high levels of DNA fragmentation [65]. DNA damage in human spermato-
zoa is associated with the disruption and poor chromatin remodeling during 
spermiogenesis [91, 110].

The efficiency of spermatogenesis is reflected by conventional semen character-
istics such as sperm count and morphology and the correlation with DNA damage 
[111, 112]. Poor protamination results in spermatozoa that possess nucleohistone- 
rich regions of chromatin that is vulnerable to oxidative attack [85]. Oxidative stress 
is a major determinant of the quality of spermiogenesis, and disruption will lead to 
the production of spermatozoa vulnerable to oxidative stress, 8-OHdG formation, 
and, ultimately, DNA fragmentation as a consequence of apoptosis [108, 113, 114].

14.5.5  Efficiency of Spermatogenesis

The efficiency of spermatogenesis varies between different species; it appears to be 
relatively constant in man. The time needed for spermatogonia to differentiate into 
mature spermatozoa is estimated to be 70 ± 4 days [115]. In comparison to animals, 
the spermatogenetic efficiency in man is poor, and the daily rate of spermatozoa 
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production is about 3–4 million per gram of testicular tissue [116]. Although a much 
higher sperm count than the 15 million/mL described by WHO manual [117] should 
be expected in the ejaculate, this is not the case. This is largely because most devel-
oped cells (>75%) are eliminated as a result of apoptosis. In the remaining cells, 
more than half are abnormal. Therefore, only about 12% of the spermatogenetic 
potential is available for reproduction [118]. Furthermore, daily sperm production 
in men also declines with age, a process which is associated with the loss of Sertoli 
cells, an increase in germ cell degeneration during prophase of meiosis, or the loss 
of primary spermatocytes along with a reduction in the number of Leydig cells, non- 
Leydig interstitial cells, and myoid cells.

14.6  Post-Spermiation Events

The process of spermiation and the journey of a sperm through the excurrent duct 
of the testis to a site where it can be included in the ejaculate take an additional 
10–14 days. The nucleus progressively elongates as its chromatin condenses; the 
head is characterized by a flattened and pointed paddle shape, which is specific to 
each species, and involves the Golgi phase where the centrioles migrate from the 
cytoplasm to the base of the nucleus; and the proximal centriole becomes the 
implantation apparatus to anchor flagellum to the nucleus and the distal centriole 
becomes the axoneme. In the cap phase, the acrosome forms a distinct cap over the 
nucleus covering about 30% to 50% of the nuclear surface [119]. The acrosome 
contains the hydrolytic enzymes necessary for fertilization. The manchette is 
formed, and the spermatids are embedded in Sertoli cells. During the maturation 
phase, mitochondria migrate toward the segment of the growing tail to form the 
mitochondrial sheath and outer dense fibers. A fibrous sheath is formed to com-
plete the assembly of the tail. Most of the spermatid cytoplasm is discarded as a 
residual body, and the spermatid moves toward the lumen of the seminiferous 
tubule. Once elongation of the spermatid is complete, Sertoli cell cytoplasm 
retracts around the developing sperm, all unnecessary cytoplasm is stripped, and 
spermatozoa are finally released it into the tubule lumen. The mature spermato-
zoon is an elaborate, highly specialized cell produced in large numbers—about 300 
per g of testis per second.

14.7  DNA Repair Mechanisms

About 105 DNA lesions/cells are produced daily in the mammalian genome as a 
result of cellular metabolism and replication errors [120]. There are five repair 
mechanisms in place irrespective of the cause of DNA damage to compensate for 
the DNA damage and maintain genomic integrity in the spermatozoa: (1) nucleotide 
excision repair, (2) base excision repair, (3) mismatch repair, (4) double-strand 
break repair, and (5) post-replication repair.
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14.7.1  Nucleotide Excision Repair

Nucleotide excision repair or NER mechanism acts upon lesions caused by oxida-
tive stress damage, mismatched bases, or DNA intra-strand cross-links causing dis-
tortion of the helical DNA structure [121, 122]. Global genome NER (GG-NER) 
and transcription-coupled NER (TC-NER) are the two pathways responsible for the 
underlying mechanism of NER.  GG-NER is responsible for DNA damage, and 
TC-NER is responsible for detecting lesions in the coding strand of actively tran-
scribed genes.

14.7.2  Base Excision Repair

Base pair excision repair (BER) is responsible for removal of non-helix-distorting 
base lesions; these excisions are increased by deamination or oxidation [122, 123]. 
8-Oxo-2′-deoxyguanosine is the most significant and a well-characterized lesion. 
Abasic sites are generated in spermatozoa when 8-OHdg is cut by 8-oxoguanine 
glycosylase I (OGG1) [124]. Since the apyrimidinic endonuclease is absent in sper-
matozoa, the apyrimidinic sites created by OGG1 in DNA-damaged spermatozoa 
are repaired in the S-phase of the first mitotic division in the zygote [124, 125].

14.7.3  Mismatch Repair Mechanism

Mismatches are caused by inefficient proofreading by DNA polymerase [126]. The 
common mismatches are the base-base mismatches such as G-T or A-C and 
insertion- deletion loops. Mismatch repair mechanism increases the DNA replica-
tion fidelity by 100-fold and suppresses genomic instability [125]. Four important 
proteins involved in MMR are also involved in male infertility, namely, MLH1, 
MLH2, MSH4, and RAD51. Meiotic arrest is seen at the pachytene stage as a result 
of deficiency or absence of these genes [127].

14.7.4  DNA Double-Strand Repair

Double strand DNA breaks can occur as a result of a variety of factors such as failed 
DNA replication and repair, recombination, ionizing radiation, and chemotherapeu-
tic agents and reactive oxygen species. If these double strands are not repaired, these 
can result in translocations, DNA fusions, and cell death. Nonhomologous end- 
joining repair (NHEJR) mechanisms help in repairing the DNA double-strand 
breaks [122].
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14.7.5  Homologous Recombination

Homologous recombination repair mechanism operates mainly during the inter-
phase and G2 phase where the double-strand DNA breaks are protected from exo-
nuclease activity by the binding of Rad51 protein to the strand. DNA double-strand 
breaks activate both ataxia-telangiectasia mutated (ATM) and MRE11-RAD50- 
NBS1 complex and generate 3′-ssDNA [128, 129]. Gonadal atrophy and azoosper-
mia are seen in men with ATM as a result of failure of primary spermatocytes at the 
leptotene-zygotene transition. Meiotic recombinations are blocked by mutations of 
MRE11 [127].

14.7.6  Nonhomologous End Joining

Ku70 and Ku 8–0 heterodimer recognize and bind to the double-stranded breaks in 
DNA and recruit DNA-dependent protein kinase [127]. This results in recruitment 
of MRE11 complex, which induces the removal of non-ligatable termini. Deficiency 
in the nonhomologous end joining predisposes to cancer and immune deficiency 
syndrome [122, 130].

In addition, there are proteins associated with DNA repair and infertility 
such as the retinoblastoma gene (RB1) which results in hypermethylation of 
O6-methylguanine-DNA methyltransferases (MGMT) when inactivated result-
ing in silencing and reduction of MGMT.  Knockout mice studies have dem-
onstrated that retinoblastoma is essential for proper terminal differentiation of 
Sertoli cells.

Ubiquitin-protease pathway (UPP) is involved in the DNA repair, protein fold-
ing, and translocation, and apoptosis and maximum mammalian UPP activity are 
seen in the testis. UPP is involved in different stages of spermatogenesis such as 
meiosis and acrosome biogenesis. Sperm malfunction and increased risk of infertil-
ity are seen as a result of abnormal or deficient UPP [131]. Fanconi anemia (FA) 
genes are essential for DNA inter-strand cross-link repair. Of the 16 FA pathway 
proteins, eight are essential for inter-strand cross-link repair and involved in mono- 
ubiquitination FANCD2 and FANCI [127, 132]. In addition to homologous recom-
binational repair of double-strand breaks, FANCN mutant male mice exhibited 
reduced fertility as a result of defective meiosis and increased apoptosis in germ 
cells [133].

14.8  Regulation of Spermatogenesis

Both intrinsic and extrinsic regulation influence spermatogenic process.
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14.8.1  Intrinsic Regulation

Testosterone, neurotransmitters (neuroendocrine substances), and growth factors 
are secreted by Leydig cells to neighboring Leydig cells, blood vessels, the lamina 
propria of the seminiferous tubules, and Sertoli cells [12, 118, 134]. In this sense, 
Leydig cells help maintain the nutrition of the Sertoli cells, and the cells of the peri-
tubular tissue influence the contractility of myofibroblasts and regulate the peristal-
tic movements of seminiferous tubules and transportation of the spermatozoa. 
Leydig cells also help regulate blood flow in the intertubular microvasculature [6]. 
Sertoli cells, in turn, deliver different growth factors, and various germ cells partici-
pate in the development and regulation of germ cells. These factors represent an 
independent intratesticular regulation of spermatogenesis.

14.8.2  Extrinsic Influences

The hypothalamus and hypophysis control local regulation of spermatogenesis by 
pulsatile secretion of GnRH and release of LH. Leydig cells produce testosterone, 
which influences spermatogenesis and provides feedback to the hypophysis that 
regulates the secretory activity of Leydig cells. FSH action on the Sertoli cells is 
necessary for maturation of the germ cells. Both FSH and LH are necessary for 
complete spermatogenesis. Testicular function is determined by interaction between 
the endocrine and paracrine mechanisms [135, 136]. Sertoli cells secrete inhibin, 
which functions in the feedback mechanism directed to the hypophysis. Thus, both 
growth and differentiation of testicular germ cells involve a series of complex inter-
actions between somatic and germinal elements [135, 137, 138].

14.8.3  Immune Status of the Testis

Mature spermatozoa, late pachytene spermatocytes, and spermatids express unique 
antigens that are not formed until puberty, and therefore, immune tolerance is not 
developed. Considering that the blood-testis barrier develops as these autoantigens 
develop, the testis is regarded an immune-privileged site, i.e., transplanted foreign 
tissue can survive for a period of time without immunological rejection. Yet, an 
immune surveillance is present in the testis and the epididymis, which shows an 
active immunoregulation to prevent autoimmune disease [139, 140].

14.8.4  Disturbances of Spermatogenesis

Disturbances in both proliferation and differentiation of the male germ cells and the 
intratesticular and extratesticular mechanisms regulating spermatogenesis can occur 
as a result of environmental influences or as a result of diseases that directly or 
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indirectly affect spermatogenesis [141, 142]. In addition, nutrition, therapeutic 
drugs, hormones and their metabolites, increased scrotal temperature, toxic sub-
stances, and radiation can reduce or completely inhibit spermatogenesis. Thus, all 
these series of changes are necessary to transform the stem cells into fully mature, 
functional spermatozoa equipped to fertilize an egg (Fig. 14.7).

14.9  Sperm Transport in the Epididymis, Storage, 
and Capacitation

The epididymis is an androgen-dependent organ with both absorptive and secretory 
functions that lies along the dorsolateral border of each testis. It comprises the vasa 
efferentia, which emanates from the rete testis and the epididymal ducts and is 
divided into three functionally distinct regions: the head, body, and tail, otherwise 
known as the caput epididymis, corpus epididymis, and cauda epididymis, respec-
tively. Its primary function is post-testicular maturation and storage of spermatozoa 
during their passage from the testis to the vas deferens. Much of the testicular fluid 
that transports spermatozoa from the seminiferous tubules is reabsorbed in the 
caput, thereby increasing the concentration of the spermatozoa by 10- to 100-fold. 
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.

14.9.1  Epididymal Sperm Storage

As many as half of the spermatozoa released from the testis die and disintegrate 
within the epididymis and are reabsorbed by the epididymal epithelium. The 
remaining mature spermatozoa are stored in the cauda epididymis providing a 
capacity for repetitive fertile ejaculations. This storage capacity decreases distally, 
and the spermatozoa in the vas deferens may only be motile for a few days. After 
prolonged sexual activity, caudal spermatozoa first lose their fertilizing ability, fol-
lowed by their motility and then their vitality; they ultimately disintegrate. Older, 
senescent spermatozoa must be eliminated from the male tract at regular intervals. 
Otherwise, their relative contribution to the next ejaculate(s) increases, reducing 
semen quality, even though such ejaculates do have a high sperm concentration. The 
vas deferens is not a physiological site of sperm storage and contains only about 2% 
of the total spermatozoa in the male tract. Sperms transit through the fine tubules of 
the epididymis in approximately 10–15 days in humans.

Sperm mature outside the testis but have very limited motility or none at all and 
are incapable of fertilizing an egg while still being within the testis. Both epididy-
mal maturation and capacitation are necessary before fertilization. Capacitation is 
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the final step required for fertilization and involves the elimination of the so-called 
de-capacitation factors that are added on the sperm plasma membranes during tes-
ticular development and epididymal maturation. This function may be an evolution-
ary 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.

14.9.2  Capacitation and Acrosome Reaction

Capacitation is a series of cellular or physiological changes that spermatozoa must 
undergo in order to fertilize an egg [143, 144]. It is characterized by the ability to 
undergo the acrosome reaction, bind to the zona pellucida, and acquire hypermotil-
ity. During capacitation, the seminal plasma factors that coat the surface of the 
sperm are removed, and the surface charge is modified along with the sperm mem-
brane, sterols, lipids, and glycoproteins and the outer acrosomal membrane lying 
immediately under it. Levels of intracellular free calcium also increase [145].

The acrosome reaction enables sperm to penetrate the zona pellucida and also 
spurs the fusogenic state in the plasmalemma overlying the nonreactive equatorial 
segment, which is needed for interaction with the oolemma. The changes termed as 
“acrosome reaction” prepare the sperm to fuse with the egg membrane and involve 
the removal of cholesterol from the surface membrane in preparation for the acro-
some reaction [146, 147]. In addition, d-mannose-binding lectins are also involved 
in the binding of human sperm to the zona pellucida [148, 149]. Thus, all these 
series of changes are necessary to transform the stem cells into fully mature, func-
tional spermatozoa equipped to fertilize an egg (Fig. 14.7).

14.10  Conclusion

The testis is an immune-privileged site in the adluminal compartment that is set up 
in the blood-testis barrier and provides a microenvironment for spermatogenesis to 
occur. The seminiferous tubules are the site of sperm production. The process of 
differentiation of a spermatogonium into a spermatid is known as spermatogenesis. 
It involves both mitotic and meiotic proliferation as well as extensive cell remodel-
ing. In humans, the process of spermatogenesis starts at puberty and continues 
throughout life. Spermatogenesis produces genetic material necessary for the repli-
cation of the species. Meiosis assures genetic diversity. Along the length of the 
seminiferous tubule, there are only certain cross sections where spermatozoa are 
released. Sperm production is a continuous and not a pulsatile process. Spermatozoa 
are highly specialized cells that do not grow or divide. The spermatogenic process 
is maintained by different intrinsic and extrinsic influences. Proper expression of 
genes is a prerequisite for regulation of mitosis, meiosis, apoptosis, and 
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maintenance of genomic integrity, which is important for reproduction and survival 
of the species. Oxidative stress together with apoptosis specifically during spermio-
genesis is the key event in the etiology of DNA damage resulting in defective sper-
matogenesis. Aberrations in recombination, defective chromatin packaging, abortive 
apoptosis, and oxidative stress are all involved in the etiology of DNA damage in 
the germ line. Controlling of oxidative stress experienced by the germ cells during 
differentiation and maturation is important. Spermatozoa have to undergo a series of 
changes such as capacitation and acrosome reaction before they can fertilize.
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