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Abstract

One of the major concerns of the world health community is the infertility.
The definition of infertility according to the World Health Organization (WHO)
and the American Society for Reproductive Medicine (ASRM) is the inability of
a healthy couple to achieve a conception after one year of regular, unprotected
intercourse. Fertility complications affect seven percent of the male. The causes of
infertility were divided to non-obstructive and obstructive. But, in almost 75% of
male infertility cases are idiopathic with predominance of the genetic abnormali-
ties. Numerical or structural chromosomal abnormalities are considered as genetic
abnormalities that occur during the meiotic division in spermatogenesis. These
abnormalities get transferred to the Offspring, which affects the normal and even
the artificial conception. In the human reproduction, sperm cells are considered
as a delivery vehicle for the male genetic material packed in chromosomes, which
are composed of nearly 2-meter Deoxyribonucleic acid (DNA) molecule and their
packaging proteins. This chapter points to grant a summarized description of indi-
vidual components of the male reproductive system: the seminiferous tubule and
spermatogenesis. Here, we describe step by step the structure of the testis seminif-
erous tubule and what occurs inside these tubules like cell communication and germ
cell development from spermatogonia until spermatozoon. This book chapter is
very useful for the biologists and physicians working in Assisted reproduction field
to understand the physiology and pathology of spermatogenesis.
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1. Introduction

Testes or testicles appear as a pair of oval-shaped complex organs enclosed in the
scrotum and based behind the penis and in front of the anus. They produce male
reproductive cells, spermatozoa, and androgens, the male hormones [1]. Each adult
testis weights 12 to 19 g, 4.5 2.5x 3 cm in dimension and is suspended in the scro-
tum by a spermatic cord. The rete testis at the mediastinum of the testis connects to
the head of epididymis, which is opposed to the testis posteriorly [2].

The tunica albuginea, fibrous capsule, covers each testis. The testis is divided
by partitions of the tissue from the tunica albuginea into approximately 250
lobes. Three to ten coiled tubules are inside each lobe. These tubules are called
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seminiferous tubules containing two different cells population: spermatogenic or
germ cells and Sertoli cells surrounded by peritubular myoid cell layer. The stroma
between the seminiferous tubules is called the interstitium (interstitial tissue),
where located blood and lymphatic vessels, the steroidogenic Leydig cells and other
cell types [3, 4].

1.1 Tunica albuginea

Each testis is enclosed in a thick fibrous envelope, formed by collagen fibers
impregnated with elastic fibers (5% elastin), called tunica albuginea. Besides, it is
formed by two layers: outer longitudinal layer and inner circular layer [5].

Because of her contractile properties (erection), the tunica albuginea has differ-
ent physiological functions: the preservation of the interstitial pressure inside the
testis, the support of the spermatozoa movement from the testis to the epididymis,
and the regulation of the blood movement through the testis. On the posterior
surface of the testis, the tunica albuginea become thicker to form the mediastinum
testis from which Septula testis enter the gland, separating it into almost 250
testicular lobules [6].

1.2 Basement membrane

The basement membrane is a fibrous matrix formed by type IV collagen, glyco-
proteins and lamin produced by the epithelial cells. It plays a crucial part in keeping
up the structural and functional integrity of tissues in the testis [7, 8].

Modified cellular layer structure has been related with extreme function abnor-
malities of the testis like cryptorchidism, autoimmune orchitis, vasectomy [9].

1.3 Peritubular cells

In human testicular, the outer coat of the seminiferous tubules is formed by
several layers of myoid, peritubular cells and extracellular matrix (ECM) proteins.
The cells are peritubular myofibroblast-like cells that encompass the seminiferous
tubules to maintain its structural integrity and are capable of tubular contractility
and sperm transport [10].

These cells, in adults, express markers for smooth-muscle-like cells similar to the
smooth muscle actin [11].

Immunohistochemical studies suggested that the cellular phenotypes differ
between the outer and inner layers. After stain, the inner layers showed a smooth
muscle phenotype after stain with desmin. While the outer layers were stained with
vimentin indicating a connective tissue phenotype [12].

A basal lamina separates the spermatogonial stem cells (SSC) and the peritu-
bular myoid cells (PMC). This can indicate a possible cellular interaction between
the PMCs and SSC to maintain the SSCs niche, similarly to Sertoli cells [4]. One of
the contribution mechanisms is through the production of secreted factors like glial
cell line-derived neurotrophic factor (GDNF), that acts in combination with the
androgen receptor (AR) [13].

It has also been demonstrated that the PMCs produce colony-stimulating factor 1
(CSF-1) in interaction with specific receptor CSF-1R regulate the SSCs activity [4, 14].

1.4 Leydig cells

Leydig cells called also interstitial cells because they are in the stroma between
the seminiferous tubules: the interstitium (interstitial tissue) holding the
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tubules together within each lobule. This tissue is activated at puberty through
the interstitial-cell-stimulating hormone of the anterior lobe of the pituitary
gland [15].

After stimulation through the luteinizing hormone (LH), the production of
testosterone via the Leydig cells increases through the regulation of the expression
level of steroidogenic enzymes like the 17-f hydroxysteroid dehydrogenase [16].

Testosterone exerts its effects locally by binding to the androgen receptor
(AR) within the testis or distantly by binding to androgen binding protein (ABP)
which increases its levels in the seminiferous tubules and its carrying to the
epididymis [17].

Elevated levels of serum LH, as well as FSH and lowered levels of serum testos-
terone, suggested Leydig and germ cell failure [18].

2. Structure and function of the seminiferous tubules

The seminiferous tubules are the basic units of the testicles where the SSCs
proliferate and differentiate through cyclic events (mitosis, meiosis, postmeiotic
spermatid development, and spermiogenesis) to generate spermatozoa in a process
called spermatogenesis [19].

In humans, the seminiferous tubules represent about 60% of the total testicle
volume and they are about 200 pm in diameter and have a total length of ~600
meters. These seminiferous tubules are composed of the lamina propria (peritubu-
lar tissue) with about 80 pm height and the germinal epithelium with about 8 pm
thickness [20].

The germinal epithelium composed of large sertoli cells and spermatogonial
germ cells. These cells are connected via tight junctions [20].

The stage of the seminiferous epithelium cycle has influence on the architecture
of seminiferous tubule sections. In addition, the nerves, lymph vessels and blood
vessels do not penetrate the seminiferous tubule and are located only on interstitial
tissue [21].

The seminiferous tubules have terminal ends in the mediastinum testis and
evacuate via straight tubular extensions called Tubuli seminiferi rect [22].

2.1 Sertoli cells

Enrico Sertoli was the author of the first publication reporting the existence of
Seroli cells [23]. Later, numerous reviews in scientific journal and books have been
published describing the Sertoli cell morphology and functions, mostly focusing on
mammals [24].

In humans, Sertoli cells are crucial for testis physiology [25]. They proliferate
during the perinatal and neonatal period, becoming quiescent for several years and
having a second peak of proliferation just before puberty [26, 27].

Although, around puberty Sertoli cells stop proliferating and start to differenti-
ate, being therefore able to support full spermatogenesis. The establishment of
the Sertoli cell barrier and fluid secretion/lumen formation are clear character of
Sertoli cells maturation [23, 25, 28].

Follicle stimulating hormone (FSH) and androgens are considered important
factors that regulate Sertoli cell proliferation [25, 29]. In addition, oestrogens,
activins, TGF-beta, BMPs, interleukins and TNF- alpha are factors involved by
proliferation and differentiation of Sertoli cells [30, 31].

Sertoli cells were identified as ‘nurse cells’ because they are morphologi-
cally reshaped by the developing germ cells and have multitude cytoplasmatic
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processes. Each Sertoli cell is “nursing” approximately 30-50 germ cells at four or
five diverse stages of their advancement at any given time throughout the epithe-
lial cycle [32, 33].

Structural characteristics of the Sertoli cells varies among species, such as the
heavily vacuolated nucleolus present in some ruminants [34], the nucleus localiza-
tion in the middle of the seminiferous epithelium in monkeys, the presence of
Charcot-Bottcher cristaloids in men [23], and the presence and amount of lipid
droplets and glycogen in the Sertoli cell cytoplasm [35].

Therefore, the Sertoli cell shape may vary according to the species and the
progression of spermatogenesis and the tasks. As the germ cell requirements
changed, interactions and metabolic needs change substantially and accordingly,
high variations are detected on the Sertoli cell cytoplasm extension, the number of
nuclear pores, the presence and translocation of organelles and the protein expres-
sion pattern and location across the different phases of spermatogenesis [36, 37].

On the other hand, the Sertoli cells are considered as “epithelial” cells as they
are based on a strikingly thick basal lamina, appear a remarkable design (polar-
basolateral-apical) with horizontal cell-cell intersections and border on a luminal
space [38].

Although Sertoli cells extend from the basement membrane of the seminifer-
ous tubule into the adluminal compartment, the two tubular compartments are
isolated by tight and adherent junction complexes between neighboring Sertoli
cells, that works as the major component of the blood-testis barrier (BTB). These
junctions generate the required chemical environment for fulfillment of meiosis
and spermiogenesis [39].

Besides, the molecular character of Sertoli cells changed from keratin IFs to
vimentin IFs during their development and maturation. Also, a wealth of special
and rather extended forms of adherents junctions connected Sertoli cells and
spermatogenic cells instead of the typical epithelial junctions [38].

Functionally, they play a critical role during the spermatozoa development by
supporting and organizing spermatogonial germ cells during different stages of
spermatogenesis through secretion of androgen-binding protein and interaction
with Leydig cells [23, 28]. In addition, they provide the germ cells with a variety of
ions, nutriments, carbohydrates, hormones, and growth factors [40, 41].

2.2 The transition region

The seminiferous tubules connect to the rete testis in a region named: Transition
region. This region might be a specific area for immature Sertoli cells [27, 42, 43].
Also, transitional region contain a subpopulation of mitotically active Sertoli cells
without differentiation, Sertoli cells markers like transcription factor GATA-4 and
the androgen receptor [27, 42—-44]. It can be assumed that adult Sertoli cells popula-
tion is not morphologically homogeneous. As the transition region presents modi-
fied Sertoli cells that exhibit features that resemble undifferentiated Sertoli cells,
with less indentations, smaller nucleolus, and more peripheral heterochromatin
[45, 46]. Therefore, the dogma that the adult Sertoli cells population constitutes a
terminally differentiated population in mammals has been challenged by several
recent studies [23, 42, 47, 48].

In addition, because this transitional region of mammalian testis also contains
spermatogonial stem cells, it has been supposed that the transition region might
be an area where the seminiferous tubules continue to grow in sexually mature
individuals [27, 42, 44]. Other indicated that the transition region is a site where
seminiferous tubules are originally formed [49].



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

2.3 Spermatogonial stem cell’s niche

The spermatogonial stem cell’s niche (SSCs) microenvironment has a complex
regulation that involves the vascular network, macrophages, the basement mem-
brane, peritubular myoid cells, and Sertoli cells. Meantime, the stimulation of SSCs
differentiation involves Leydig cells [4, 50-53].

The number of Sertoli cells per testis determines the number of available
spermatogonial stem cell niches and, consequently, reflects the magnitude of sperm
production capacity. Therefore, this Sertoli cell regulation ensures a proper gem
cell homeostasis and regulates the germ cell density observed in the seminiferous
epithelium [54].

Depending on the stimulus, a balance between differentiation and self-renewal
factors regulates the fate of SSCs that are capable of self-renewal, differentiation
and/or entering apoptosis [54].

In mammals, recent studies have demonstrated that the transition region is the
closed niche area. The Sertoli cells in this region produce high amount of glial cell-
line derived neutrophic factor (GDNF), maintaining the neighboring spermatogo-
nia in an undifferentiated state [44].

Also, the Sertoli cells play a key role in the functional regulation of spermatogo-
nial stem cells niche, where other somatic testicular cells, extracellular matrices and
soluble factors actively participate in the complex interaction/signaling with these
spermatogonial cells [4].

Several studies have demonstrated that SSCs are usually located in the seminif-
erous tubules area facing blood vessels of the testis interstitial compartment. It is
speculated that FSH, coming from the blood vessels, stimulates Glial cell derived
neurotrophic factor (GDNF) synthesis of surrounding Sertoli cells [55].

GDNF and fibroblast growth factor 2 (FGF2) are considered as the most
important factors for the regulation of SSCs niche. The GDNF drive SSCs to self-
renewal by binding glial cell line derived neurotrophic factor family receptor alpha
1 (GFRA1), a membrane receptor located at the surface of undifferentiated sper-
matogonia [10, 56, 57].

The secretion of GDNF is cyclic and coincident with the differentiation of SSCs
to type A spermatogonia that are committed to spermatogenesis (density-depen-
dent regulation), the lowest values of this peptide are found in last development
stage near spermiation area [58].

Other important factors produced by Sertoli cells are leukemia inhibitory factor
(LIF) and wingless-related MMTYV integration site 5SA (WNT5A), essential peptides
that promote spermatogonial stem cell survival [4, 23].

2.4 Sertoli cell efficiency/spermatogenic efficiency

The key qualitative and quantitative determinants of sperm production are
firstly the total number of Sertoli cells in the testicles and secondly their proper
interactions with spermatogonial germ cells and the total number of these cells per
Sertoli cells (Sertoli cell efficiency) [23, 28].

Sertoli cells show distinct capacities to hold germ cell development that varies
among species. Each Sertoli cell can support a relatively fixed, species-specific,
number of germ cells.

For instance, whereas chinchilla Sertoli cell can support 14 spermatids, each
human Sertoli cell is able to support only 3 spermatids, resulting respectively in a
huge difference in sperm production per testis gram per day (~60 vs. 4-4.5 million)
between these species [1, 23, 25].
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However, spermatogenic efficiency continually reduces and this characteristic
is highly associated with the Sertoli cell support capacity, which decreases from
around 100-150 (in fish) to 3 (in humans) spermatids for each Sertoli cell [23].

The Sertoli cells size and the space that they occupy in the seminiferous epithe-
lium is another important factor to be considered. Species with reduced Sertoli cells
occupancy in the seminiferous epithelium like mice for example (~15%), present
higher spermatogenic efficiencies when compared to humans (~40%) [1].

Furthermore, the spermatogenic cycle lengths controlled by the germ cell
genotype play a crucial role in determining the efficiency of spermatogenesis
[1, 59]. The faster the cell differentiation process from spermatogonia to sper-
matozoa, the higher the daily sperm output is. If the spermatogenic cycle takes
about 9 to 12 days, then the total duration of spermatogenesis (that takes almost
~4.5 cycles) will be 40 to 54 days. Spermatogenesis, in humans, takes a quite long
duration (~70 days) [1].

However, germ cell loss particularly in mammalian, which is quite frequent
during the spermatogonial and meiotic phases of spermatogenesis (DNA damage),
influences significantly the total sperm production [60-63]. Therefore, Sertoli cell
efficiency is critical in deciding the frequency of sperm production [1].

2.5 Relationship between germ cells and Sertoli cells

Spermatozoa production and maintenance throughout life is very complex
and the fine regulation of spermatogenesis is under tight control and regulation
[23, 28, 64-66].

Therefore, interactions among testicular cells, specially between germ cells and
Sertoli cells, are crucial to preserve and regulate spermatogenesis in a very coordi-
nated and organized manner, providing all the necessary structural and nutritional
support for the developing germ cells. These interactions are important to ensure
the development and completion of spermatogenesis [23, 25, 67].

At their different areas/regions, the Sertoli cells present the following contacts
and functions with germ cells. In the basal compartment of the seminiferous
epithelium, Sertoli cells regulate spermatogonia self-renew and differentiation
[68], create contact with spermatocytes on its lateral side and, regulate the mei-
otic process from the duplication of DNA to the formation of spermatids [69]. In
addition, in the adluminal/apical portions, Sertoli cells interact specifically with
spermatids, regulate their morphology, controlling spermiation and reabsorb the
residual bodies [70].

The germ cells are attached by desmosome-like, ectoplasmic specializations to
Sertoli cells. On its basal side Sertoli cells contact spermatogonia through adher-
ens junctions (AJ]), guiding their homing, niche, and colonization [24]. At their
adluminal aspect, Sertoli cells contact elongated spermatids through ectoplasmatic
specialization, organizing the movement of these haploid cells as well as their
release during spermiation [24, 71].

Germ cells like spermatocytes and early spermatids are attached by desmosomes
and gap junctions. One of the most studied constitutive proteins of the gap junction
is connexin 43 [72].

Also, the expression of connexin 43 differs according to the stage of germ cell
development, suggesting that a particular group of germ cells can modulate this
protein expression in somatic cells [73]. In humans, connexin 43 is observed in
Sertoli, spermatogonia and spermatocytes cells, which suggests an accurate com-
munication among these cells [74].

Domke et al. found that the Sertoli cells relate to each other and with the germ
cells by special N-cadherin-based AJ-type junctions (Bareae adherents), which in
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many regions are characterized by cytoplasmic AJ plaques containing proteins p120
and p0071, plakoglobin, and a- and p-catenin [38].

2.6 Seminiferous epithelial cycle, stages, and wave

The cycle of the seminiferous epithelium refers to all the cellular interactions
that occur between Sertoli cells and developing germ cells within the seminiferous
epithelium in both adluminal and basal compartment.

Consequently, various cycles of spermatogenesis coincide within the seminifer-
ous epithelium at each given time. The duration of each cycle is 16 days [75]. In
humans, the cycle happens in segments rather than simultaneously around the
entire periphery of the seminiferous tubule as occurs in some animals (Figure 1).

The stages of the cycle of seminiferous epithelium can be differentiated based
on meiotic divisions, the arrangement of spermatids in the germinal epithelium and
the modification of the spermatid nucleus shape and based on the development of
spermatids morphology including the acrosome [77, 78].

The arrangement of stages in the seminiferous tubule of a man is different
from that in most other species. The patch work of stages is arranged in a helical
pattern, so a single cross section contains cells from more than one stage. Many
studies have highlighted the importance of using the seminiferous epithelium
cycle (SEC) stages to better understand the kinetics of the seminiferous
epithelium (SE) [68, 70].

In most animals there is a wave of spermatogenesis going in an orderly fashion
down the seminiferous tubule. In the human, however, there is a mosaic arrange-
ment of the six stages of spermatogenesis [79].

These stages are designed by Roman numerals. Each of these stages has a
characteristic spermatid development step. Six stages were identified in cross
sections of the seminiferous tubules and were described in the spermatid matu-
ration step and termed as follow: Sa-1 and Sa-2, Sb-1 and Sb-2, Sc-1 and Sc-2.
Each one of these stages might be characterized with morphological characteris-
tics (Figure 1) [80].

The spermatogenic wave is a spatial organization along the length of the tubule
occurring at a single moment in time. Morphological examination of cross-sections
of seminiferous tubules reveals six typical cellular associations based on the type
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and stage of germ cells present in a given segment. A wave contains all 14 stages
of the cycle, as well as any modulations that may be present in that segment of the
tubule [76].

3. The blood testicle barrier/Sertoli cell-seminiferous epithelium barrier
and spermatogenesis

Chiquoine was the first to describe the blood-testis barrier (BTB) or the Sertoli
cell seminiferous epithelium barrier [81]. BTB is considered as one of the tightest
blood-tissue barriers in the human body. It subdivides the seminiferous tubules
epithelium into two compartments: the basal compartment and the apical
compartment (Figure 2) [71, 82].

BTB is constituted almost exclusively by an inter-Sertoli cell junctional complex
located near the basement membrane of the seminiferous tubule’s epithelium.
Behind the BTB localized the adluminal compartment which is a particular
microenvironment that is significantly different from the interstitial space and the
systemic circulation [7].

Many researchers have demonstrated that the BTB is established by actin-based
tight junction (TJ), gap junction, intermediate filament-based desmosome, as well
as basal ectoplasmic specialization (ES) [83-85].

However, different signaling molecules and signal pathways are controlling the
BTB functions [83, 86]. Across the seminiferous epithelium in the testis, cellular
events are tightly coordinated as shown by various researchers who demonstrate
the existence of a local autocrine-based regulatory axis to coordinate these events.
During spermiation this axis coordinates the release of spermatozoa at the apical
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ES at the luminal edge near the tubule lumen in the adluminal compartment at late
stage III, which coincide with the remodeling of the basal ES/BTB to promote and
support import of preleptotene spermatocytes that raised in the basal compartment
traversing the immunological barrier at stage VIII of the epithelial cycle [1, 21, 87].

There are different types of distinct adherent Junctions (AJs) between the
Sertoli cells and spermatogonial cells in the basal part of the Sertoli-Sertoli cells
(heterotypic-basolateral junctions), and between Sertoli-Sertoli cells (homotypic),
and between the adluminal pockets of the Sertoli cells and the spermatid heads
(heterotypic-apical junctions). Therefore, Sertoli cell barrier considered one of
tightest barrier in mammals [71].

Tight junctions (TJs) are the main component of the BTB that are found
between adjacent Sertoli cells. They divided the seminiferous epithelium into basal
compartment harbor spermatogonia and young spermatocytes and adluminal
compartments where spermatocytes and spermatids are located [25, 71, 88].

Gap junctions, desmosomes, and two types of adherents junctions, testis-spe-
cific (tubulobulbar complexes and ectoplasmic specialization are other components
of the sertoli cell barrier [25, 71, 88].

Spermatogenesis takes place stepwise in various segment of the seminiferous
epithelium and is associated with extensive Adherent Junctions (AJs) restructuring
between Sertoli cells and spermatogonial cells in the basal part of the Sertoli cells
(heterotypic-basolateral junctions), and between Sertoli-Sertoli cells (homotypic),
as well as between the adluminal pockets of the Sertoli cells and the spermatid
heads (heterotypic-apical junctions) [41].

Spermatogonial renewal, differentiation, and cell cycle progression up to
the preleptotene spermatocyte stage developed in the basal compartment of the
epithelium outside the BTB.

These BTB undergoes reconstruction to allow the transit of preleptotene sper-
matocytes connected by intercellular bridges as clones at stage VIII of the seminifer-
ous epithelial cycle of spermatogenesis [87, 89].

Therefore, preleptotene spermatocytes are the germ cells that pass the BTB as
clones linked by intercellular bridges, that will differentiate into spermatocytes
(zygotene and diplotene), to be pursued by two meiotic divisions (meiosis I and II)
to form haploid spermatids in the apical compartment behind the BTB [89].

Meiosis I and II, spermiogenesis, and spermiation all take place in a specialized
microenvironment in the adluminal compartment behind the BTB [71].

Therefore, the passage across the Sertoli cell barrier is a remarkable achieve-
ment, because the spermatocytes are no single cells, but form syncytia in which the
cells are connected through cytoplasmic bridges [90].

Smith and Braun have provided critical insights of the molecular mechanism
underlying this process. They revealed that an intermediate compartment enclosing
the migrating spermatocytes was formed by “new” and “old” TJs above and below
the spermatocytes, respectively [91].

Claudin-3 was transiently incorporated into the new tight junctions (TJs) and
then replaced by claudin-11. Dissolution of the old TJs released the spermatocytes
into the adluminal compartment. Also, when the syncytium moves toward the
adluminal compartment, the BTB is opened on the adluminal side and is simul-
taneously closed on the basal side, at all to prevent the barrier from becoming
leaky [91].

Therefore, BTB barrier created to protect germ cells undergoing meiosis from
autoimmune reaction. The blood testes barrier was identified as a major barrier
between the germinal epithelium and the interstitium of the testis. Also, this
barrier established an immune privileged environmental with the seminiferous
tubules [23, 42, 92].
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By dividing the seminiferous epithelium, the BTB selectively inhibits the passage
of many substances included in the general circulation [39, 93].

However, as a barrier, TJs restrict free passage of water, solutes, and ions. As a
fence, TJs divide the plasma membrane into basolateral and apical regions, which
confers cell polarity [94-96].

Nevertheless, during spermiogenesis, less than 25% of haploid spermatids
become spermatozoa and at spermiation, could be liberated into the tubule lumen.
The other portion of spermatids undergoes apoptosis [61, 97].

4. Spermatogenesis

Spermatogenesis is a very well-organized temporal process. It included different
steps leading to a chronological evolution from totipotent, primitive stem cells (sper-
matogonial stem cells, SSCs) to a spermatogonium transformed to a specialized cell:
Spermatozoon. Also, spermatogenesis is a highly organized process in which the germ
cells go through several divisions and intricate differentiation steps, resulting in the
production of the spermatozoa (Figure 3) [80].

4.1 Germ cell migration and development

Germ cell development is a lengthy and complex process that starts with specifi-
cation in the early embryo and proceeds through stages of migration, proliferation,
epigenetic reprogramming, sex differentiation, and gametogenesis to ultimately
produce mature oocyte or sperm [98].

Therefore, Germ cells have a pivotal role in development by transmitting genetic
information to the next generation. During germ cell development, epigenetic
marks are erased and subsequently re-established during gametogenesis [99].

Embryonic bipotent primordial germ cells (PGCs) are among the first lineages
established in early embryonic development, and the successful passage of these
dedicated precursors from their birthplace to the developing gonad (gonad primor-
dia) ensures an adequate supply of gametes for reproduction in the adult [100-102].

In the embryo, PGCs migrate from the proximal epiblast to the gonadal ridge,
where they are enclosed by Sertoli and peritubular myoid cells, forming the semi-
niferous cords. In the developing seminiferous cords, the PGCs become gonocytes,
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Different steps of spermatogenesis leading from spermatogonia to spermatozoon.
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which home to the basement membrane of the seminiferous tubules, where they
differentiate into spermatogonial stem cells (SSCs) and initiate self-renewing divi-
sions [103].

In other words, Primordial germ cells (PGC) take up residence at the testicular
tubules during embryonic development, and undergo mitotic proliferation and
differentiation, to become the spermatogonial stem cells which stand at the basis of
spermatogenesis, starting at the onset of puberty [103]. By the end of PGC migra-
tion, around 5% of migratory cells remain outside the gonad and later undergo
apoptosis [104].

During their migration however, heterogeneity of cellular behavior is
observed due to change in cellular morphology from the time of specification to
colonization [100].

SSCs, precursors originate from the PGCs, are usually located in a distinct posi-
tion inside the seminiferous epithelium, referred to as the spermatogonial stem cell
niche [105, 106].

SSCs within their niche either self-renew, remain quiescent, or generate sper-
matogonia committed to differentiation [4, 51, 107, 108].

Immature (fetal/neonatal) SSC precursors are commonly referred to as gono-
cytes or prospermatogonia, which are considered quiescent from the time of
colonizing the seminiferous cords. This quiescence continues until they re-enter
the cell cycle, migrate to the basement membrane, and undergo maturation and
differentiation, either to constitute the SSC pool or differentiate into spermatogonia
that will later become sperm [109-111].

Therefore, spermatogonial stem cells (SSCs) are the basis of spermatogenesis
and maintain the continuous sperm production required for male fertility [107, 112].

More than a decade is required for prepubertal testis development and gonadal
maturation in humans, generally characterized by the existence of a juvenile pause
and an extended time span of prepubertal development [113-115].

Testicular tissue reactivation at the puberty, called gonadarche (earliest gonadal
changes), occurs between 9 and 13 years in human. Before gonardache, there is a
period of gonadal dormancy, characterized by low gonadotropin secretion, minimal
testosterone secretion, discontinued Sertoli cell proliferation, and variable mitotic
activity of germ cells human [116-118].

In humans, the neonatal maturation of the testis in mammals is commonly
characterized by an early testosterone peak. The testosterone peak occurs after
several months [119, 120].

It is associated with the movement of gonocytes to the basement membrane.
Hence, this migration toward the basement membrane can take up to nine months
[121]. Some studies have reported some spermatogonial heterogeneity neonatally
and the appearance of differentiating spermatogonia prior to puberty [103].

4.2 Spermatogonial stage

The first phase in spermatogenesis is the proliferation and differentiation of
spermatogonia.

The fetal spermatogonia develop first into transitional spermatogonia and
then to spermatogonial stem cells forming the spermatogonial stem cell niche and
located in the basal compartment of seminiferous tubule. These are classified into
three categories: dark type (Agark), pale type (Ap,le) and type B spermatogonia [55].

Type Adark Spermatogonia reproduce via mitosis to generate both dark and pale
spermatogonia. Throughout adult live, undifferentiated A,j. Spermatogonia (Ap;e)
periodically divide, giving rise to B spermatogonia (B). The Ay, spermatogonia
(Agark) are quiescent reserve cells [80].
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Another proliferative spermatogonia type include type A isolated spermatogonia
(Ajsolated) Which divided to form the type Ap,ireq spermatogonia (Apaired) . After 4
mitotic divisions, 16 cells of type A aligned spermatogonia (A,jigneq) are formed will
differentiate into A; spermatogonia to be followed by 6 mitotic divisions to form
1024 preleptotene spermatocytes [1].

However, some of type A spermatogonia transform to differentiated type A
spermatogonia (Al, A2, A3, A4), intermediate spermatogonia (In) and then type B
spermatogonia (B) (Figure 3) [1, 112].

It is important to mention that during the different stages of spermatogenesis,
the spermatogonia remain connected by intercellular bridges to ensure the synchro-
nization of the germ cell maturation and the biochemical interactions [122].

Besides, it is not yet clear if all cells within the type A spermatogonia pool
are true spermatogonial stem cells because different studies have found counts
that were significantly lower than the ones originally disclosed. Approximately
1/12-1/15 of the pool appears to be composed of true spermatogonial stem
cells [51, 123].

4.3 Spermatocytogenesis

Spermatocytogenesis phase include the meiotic phase, in which primary
spermatocyte in the basal compartment undergo meiosis I and meiosis II to give
rise to haploid spermatids that are released from the seminiferous epithelium at
spermiation area [77, 124].

Mitosis involves the proliferation and maintenance of spermatogonia. 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. The
tight junction barrier supports an early spermatocyte within the basal compartment
and all subsequent germ cells within the adluminal compartment.

Type B spermatogonia undergo mitosis to produce primary spermatocytes,
secondary spermatocytes, and spermatids. At stage VII of the epithelial cycle,
type B spermatogonia differentiate into preleptotene, followed by leptotene sper-
matocytes, which are the primary diploid spermatocytes that cross the BTB while
differentiating into zygotene spermatocytes at stages VIII-IX [125, 126].

Once in the adluminal compartment, spermatocytes undergo two consecutive
rounds of meiosis at stage XIV. During the first meiotic division (reduction divi-
sion), the primary spermatocytes divided to form secondary spermatocytes. The
spermatocyte needs almost 26 days to be mature. Spermatocytes type I undergoes
along prophase in the first division, therefore they have the longest life span. The
prophase of the second meiotic division is very short, thus secondary spermatocytes
have a short life span [80].

4.4 Spermiogenesis

To obtain a hydrodynamic sperm head and to protect the paternal genome from
any modifications during his journey through the male and female reproductive
tracts, the human sperm DNA, in early spermiogenic phases, undergoes major
cellular and nuclear changes [97].

Spermiogenesis is the process of differentiation of the spermatids into sperma-
tozoa with fully compacted chromatin. A process of metamorphosis occurs from a
round cell with typical organelles to a highly specialized, elongated cell. Later, the
spermatid undergoes a series of morphological changes (Head, midpiece and tail)
and their chromatin structure and function change [97].
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The spermatid undergoes the Golgi phase, which is marked by the formation of
the polarity. The head is at one end covered by Golgi apparatus developed later to
acrosome and contain the synthesized proteolytic enzyme. The midpiece is at the
other end, in which the mitochondria accumulates and one of the centriole pair
elongates to form the tail or flagellum [97].

The post meiotic phase, progressive condensation of the chromatin occurs with
inactivation of the genome. 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 con-
sists of two successive divisions to yield four haploid spermatids from one diploid
primary spermatocyte. After the first meiotic division (reduction division), each
daughter cell contains one partner of the homologous chromosome pair, and they
are called secondary spermatocytes (2n). These spermatids are haploid with (22,
X) or (22,Y) chromosome and undergo complete differentiation/morphogenesis
known as Spermiogenesis [127].

During this process, morphological changes, chromatin structural and func-
tional modifications occur once the process of meiosis is completed (Figure 4).

4.5 Chromatin remodeling during spermatogenesis

Sperm cells are remarkably different from somatic cells in their chromatin
structure. During spermatogenesis, the majority of histones replace transi-
tion proteins and protamine (small highly basic proteins bound to the sperm
DNA) [128].

So, in early spermiogenic phases, a major chromatin packaging takes place.

The nucleosome-bound DNA configuration will be first destabilized by hyper-
acetylation of the canonical histones, which will neutralize the positive charge of
lysine, reducing their affinity for DNA and by the DNA topoisomerase II (topo II),
which will cause double and single DNA strands breaks to reduce the tension of the
DNA [129].

The chromatin in the elongated nucleus became ten times more compacted than
the chromatin in the nucleus of a somatic cell through progressive modifications
(Figure 5) [130].

Post-translational modifications of the proteins facilitated the transition
histone-protamine: Acetylation, ubiquitination, and phosphorylation of histone
H4, phosphorylation and dephosphorylation of the transition proteins. (Adapted
from Braun [130]).

Sperm chromatin is tightly packaged by protamines, while up to 15% of the
histones remain in the mature human spermatozoa [131], these retained histones
within the sperm nucleus possibly have a contribution on sperm function [132].
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Figure 4.
Developmental changes in the spermatid [127].
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A representation of the difference in the chromatin packaging between a somatic cell (left) and a sperm
(right). The chromatin converted from a nucleo-histone structure (solenoid loop) into nucleo-protamine
structure (toroid: Doughnut loop).

It concerns mainly the transcription sites of genes in sperms that are important for
the preservation of the paternal genome epigenetics for their later expression during
the early embryonic development [133]. The regulatory sequences [134], microRNA
clusters, Transcription factors, paternally imprinted genes [132], the centromeric and
telomeric DNA [135], retroposons [136], matrix associated regions [137], genes that
produces rRNA, are transcribed at the final stages of spermatogenesis [138].

In fact, there are imprinted genes in the male genome, epigenetic changes in the
DNA and nucleoproteins that edit the chromatin to make it ready for the control of
the embryonic growth and development [139] and step by step the chromatin will
be genetically silenced in the spermatozoa [140].

Also, after spermatocytogenesis, the chromatin structural changes will be more
obvious when two smaller more basic proteins (10-20% lysine and arginine) named
“Transition proteins” TP1 and TP2 are synthesized and deposed at the mid-stage of
spermatids formation (Figure5).

TP2 (13KDa) appears in step 1 and TP1 (6,2KDa) appears in step3. At this time,
most of the core histones are eliminated, and the chromatin structure becomes
more condensed. As their name indicate these proteins stay only for a short period
of time attached to the DNA [141].

The transition proteins are then replaced by sperm-specific nuclear basic pro-
teins (protamines), which are a synthesis in the last spermatid stage and play a vital
role in the condensation and stabilization of sperm chromatin [142].

Humans sperm contain two protamines, protamine 1 (P1) and protamine 2
(P2), both are expressed in roughly similar quantities with a mean P1/P2 ratio of
approximately 1.0 [143].
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The sperm protamine 1 (P1) (51 AA) is the first to be synthesized as a mature
protein [144]. The protamine 2 (P2) is formed as a precursor which is twice size as
P1 (101 residues) and undergoes cleavage by proteolysis after its deposition onto
sperm DNA to eliminate a short fragment of peptide [145]. Nanassy et al. sug-
gested a clinical value of the protamine ratio between 0.54 and 1.43 for a fertile,
normozoospermic man [146]. Any change in the ratio P1/P2 or between histone
and protamines in the human sperm will be associated with the low compaction of
human chromatin, which results in DNA fragmentation, lower fertilization rates,
and reduced pregnancy rates [143, 147, 148]. Finally, a mature spermatid frees itself
from the Sertoli cells and in a process called spermiation and enters the seminifer-
ous tubule as a spermatozoon.

4.6 Hormone regulation of spermatogenesis

Spermatogenesis is controlled through several hormones. The first control is
through a neurological pathway; the gonadotrophin-releasing hormone (GnRH)
secreted by the hypothalamus stimulate the adenohypophysis to secret the luteiniz-
ing hormone (LH) and the follicle-stimulating hormone (FSH). The LH stimulates
the Leydig cells to produce the Testosterone, and the FSH assists the Sertoli cells to
support the spermatozoa during the different phases of spermatogenesis. Beside
FSH and LH there are other hormones which plays crucial roles during spermato-
genesis like the prolactin, and the growth hormone (Figure 6) [80].

Besides, anti-Mullerian hormone (AMH), which promotes the regression of
Miiller’s ducts as the male foetus develops produced by Sertoli cells [149, 150].
In addition, inhibin and activin secreted by Sertoli cells, Activin increases the
FSH levels needed for semen production. Whereas Inhibin regulate FSH secre-
tion by the hypothalamus and helps maintain testicular homeostasis [149].
Sertoli cells only syndrome is characterized by the exclusive presence of Sertoli
cells (without germ cells) in seminiferous tubules, making spermatogenesis
impossible [151].

Furthermore, Leydig and Sertoli cells produce reproductive steroid hormones.
Leydig cells secrete several different types of androgens, including dihydrotes-
tosterone and testosterone, which modulate the development and maturation of
spermatozoa [152].
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Hormonal regulation of spermatogenesis.

15



Male Reproductive Anatomy

Author details

Amor Houda', Shelko Nyaz”, Bakry Mohamed Sobhy’,

Almandouh Hussein Bosilah?, Micu Romeo*, Jankowski Peter Michael!

and Hammadeh Mohamad Eid"*

1 Department of Obstetrics and Gynaecology, Saarland University, Germany

2 Community Health Department, Technical College of Health, Sulaimani
Polytechnic University, and Medical Laboratory Science, College of Health Science,
University of Human Development, Kurdustan, Iraq

3 Obstetrics and Gynecology, Medical Faculty, Fayoum University, Egypt

4 Obstetrics and Gynecology Department, University of Medicine and Pharmacy,
Cluj-Napoca, Romania

*Address all correspondence to: mehammadeh@yahoo.de;
mohamad.eid.hammadeh@uks.eu

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

16



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

References

[1] Hess RA, De Franca LR.
Spermatogenesis and cycle of the
seminiferous epithelium. Adv Exp Med
Biol [Internet]. 2008 [cited 2021 May
15];636:1-15. Available from: https://
link.springer.com/chapter/10.1007/
978-0-387-09597-4_1

[2] Robaire B, Hinton BT. The Epididymis.
In: Knobil and Neill's Physiology of
Reproduction: Two-Volume Set. Elsevier
Inc.; 2015. p. 691-771.

[3] Kemal H, Giilkesen T, Erdoéru C,
Figen S!, Karpuzoélu G. Expression of
extracellular matrix proteins and
vimentin in testes of azoospermic man:
an immunohistochemical and
morphometric study.

[4] Oatley JM, Brinster RL. The Germline
Stem Cell Niche Unit in Mammalian
Testes. Physiol Rev [Internet]. 2012
[cited 2021 May 15];92:577-95. Available
from: www.prv.org

[5] Davis JR, Langford GA. Response of
the testicular capsule to acetylcholine and
noradrenaline [25] [Internet]. Vol. 222,
Nature. Nature; 1969 [cited 2021 May 13].
p- 386-7. Available from: https://pubmed.
ncbi.nlm.nih.gov/5782120/

[6] Setchell BP, Davies R V, Gladwell RT,
Hinton BT, Main SJ, Pilsworth L,

Waites GMH. The movement of fluid in
the seminiferous tubules and rete testis.

[7] Siu MKY, Cheng Y, Cheng CY. Mini
rev i ew Extracellular Matrix: Recent
Advances on Its Role in Junction
Dynamics in the Seminiferous Epithelium
During Spermatogenesis 1. Biol Reprod.
2004;71:375-91.

[8] Harvey SJ, Perry J, Zheng K, Chen D,
Sado'Y, Jefferson B, Ninomiya Y,

Jacobs R, Hudson BG, Thorner PS.
Sequential expression of type IV
collagen networks: Testis as a model and

relevance to spermatogenesis. Am ]
Pathol. 2006 May 1;168(5):1587-97.

17

[9] Richardson LL, Kleinman HK,
Dym M. Altered Basement Membrane
Synthesis in the Testis After Tissue
Injury. Vol. 19, Journal of Androtogy.

[10] Potter SJ, Defalco T. PROOF ONLY
REPRODUCTION Role of the testis
interstitial compartment in spermato-
gonial stem cell function. 2017; Available
from: www.reproduction-online.org

[11] Albrecht M. Insights into the nature
of human testicular peritubular cells.
Vol. 191, Annals of Anatomy. Urban &
Fischer; 2009. p. 532-40.

[12] Davidoff MS, Breucker H,

Holstein AF, Seidl K. Cellular
architecture of the lamina propria of
human seminiferous tubules. Cell Tissue
Res [Internet]. 1990 Nov [cited 2021 May
13];262(2):253-61. Available from:
https://link.springer.com/article/10.1007/
BF00309880

[13] Chen LY, Willis WD, Eddy EM.
Targeting the Gdnf Gene in peritubular
myoid cells disrupts undifferentiated
spermatogonial cell development. Proc
Natl Acad Sci U S A [Internet]. 2016 Feb
16 [cited 2021 May 12];113(7):1829-34.
Available from: https://pubmed.ncbi.
nlm.nih.gov/26831079/

[14] DeFalco T, Potter SJ, Williams A V,,
Waller B, Kan MJ, Capel B. Macrophages
Contribute to the Spermatogonial Niche
in the Adult Testis. Cell Rep [Internet].
2015 Aug 18 [cited 2021 May 15];12(7):
1107-19. Available from: https://pubmed.
ncbi.nlm.nih.gov/26257171/

[15] Jones RE, Lopez KH. Human
Reproductive Biology. Fourth Edi.
Academic Press; 2014.

[16] Prante BC, Garman KL, Sims BN,
Lindsey JS. Matrix-coated transwell-
cultured TM4 sertoli cell testosterone-
regulated gene expression mimics in
vivo expression. Vitr Cell Dev Biol



Male Reproductive Anatomy

- Anim [Internet]. 2009 Dec 23 [cited
2021 May 15];44(10):434-43. Available
from: https://link.springer.com/
article/10.1007/s11626-008-9135-8

[17] Smith LB, Walker WH. The
regulation of spermatogenesis by
androgens [Internet]. Vol. 30, Seminars
in Cell and Developmental Biology.
Elsevier Ltd; 2014 [cited 2021 May 16].
p. 2-13. Available from: https://pubmed.
ncbi.nlm.nih.gov/24598768/

[18] Ishida H, Isurugi K, Aso,
Takayasu H, Tamaoki BI. Endocrine

studies in Sertoli cell only syndrome. J
Urol. 1976 Jul 1;116(1):56-8.

[19] Schlatt S, Ehmcke J. Regulation of
spermatogenesis: An evolutionary
biologist’s perspective [Internet]. Vol.
29, Seminars in Cell and Developmental
Biology. Elsevier Ltd; 2014 [cited 2021
May 15]. p. 2-16. Available from: https://
pubmed.ncbi.nlm.nih.gov/24685618/

[20] Holstein AF. Human spermatogenesis:
Basic research and clinical issues. Ann
Anat. 1999 Sep 1;181(5):427-36.

[21] Cheng CY, Mruk DD. A local
autocrine axis in the testes that regulates
spermatogenesis [Internet]. Vol. 6,
Nature Reviews Endocrinology. Nature
Publishing Group; 2010 [cited 2021 May
12]. p. 380-95. Available from: https://
www.nature.com/articles/nrendo.2010.71

[22] de Kretser DM, Loveland K,
O’Bryan M. Spermatogenesis. In:
Endocrinology: Adult and Pediatric.
Elsevier Inc.; 2015. p. 2325-2353.€9.

[23] Franga LR, Hess RA, Dufour JM,
Hofmann MC, Griswold MD. The Sertoli
cell: One hundred fifty years of beauty
and plasticity. Andrology [Internet].
2016 Mar 1 [cited 2021 May 15];4(2):189-
212. Available from: https://pubmed.
ncbi.nlm.nih.gov/26846984/

[24] LaraN de L e. M, Costa GM],
Figueiredo AFA, de Franca LR. The

18

Sertoli cell: What can we learn from
different vertebrate models? In: Animal
Reproduction [Internet]. Brazilian
College of Animal Reproduction; 2018
[cited 2021 May 15]. p. 81-92. Available
from: http://www.ncbi.nlm.nih.gov/
pubmed/33299481

[25] Martins Lara NL, Avelar GF,

Costa GM]J, Santos Nassif Lacerda SM,
Hess RA, Franga LR. Cell-cell
interactions-structural. In: Encyclopedia
of Reproduction. Elsevier; 2018. p. 68-75.

[26] Sharpe RM, McKinnell C, Kivlin C,
Fisher JS. Proliferation and functional
maturation of Sertoli cells, and their
relevance to disorders of testis function
in adulthood. Vol. 125, Reproduction.
Journals of Reproduction and Fertility
Ltd; 2003. p. 769-84.

[27] Tarulli GA, Stanton PG, Loveland KL,
Meyts ER-D, McLachlan RI, Meachem §J.
A survey of Sertoli cell differentiation in
men after gonadotropin suppression and

in testicular cancer. Spermatogenesis.
2013 Jan;3(1):€24014.

[28] Griswold MD. 50 years of
spermatogenesis: Sertoli cells and their
interactions with germ cells [Internet].
Vol. 99, Biology of Reproduction.
Oxford University Press; 2018 [cited
2021 May 15]. p. 87-100. Available from:
https://academic.oup.com/biolreprod/
article/99/1/87/4862466

[29] Skinner MK, Griswold MD. Sertoli
Cell Biology. Sertoli Cell Biology.
Elsevier Inc.; 2005.

[30] Puglisi R, Montanari M, Chiarella P,
Stefanini M, Boitani C. Regulatory role of
BMP2 and BMP?7 in spermatogonia and
Sertoli cell proliferation in the immature
mouse. Eur ] Endocrinol [Internet]. 2004
Oct [cited 2021 May 17];151(4):511-20.
Available from: https://pubmed.ncbi.
nlm.nih.gov/15476453/

[31] Lucas TF, Nascimento AR,
Pisolato R, Pimenta MT, Lazari MFM,



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

Porto CS. Receptors and signaling
pathways involved in proliferation and
differentiation of Sertoli cells.
Spermatogenesis [Internet]. 2014 Jan
[cited 2021 May 17];4(1):e28138.
Available from: https://pubmed.ncbi.
nlm.nih.gov/25225624/

[32] Kelly CW, Janecki A, Steinberger A,
Russell LD. Structural characteristics of
immature rat sertoli cells in vivo and in
vitro. AmJ Anat [Internet]. 1991 Oct 1
[cited 2021 May 17];192(2):183-93.
Available from: https://onlinelibrarywiley.
com/doi/full/10.1002/aja.1001920207

[33] Risley MS, Tan IP, Farrell J. Gap
junctions with varied permeability
properties establish cell-type specific
communication pathways in the rat
seminiferous epithelium. Biol Reprod
[Internet]. 2002 Sep 1 [cited 2021 May
17];67(3):945-52. Available from: http://
www.biolreprod.org

[34] Steger K, Wrobel K-H. Anatomy and
Erhbryology Immunohistochemical
demonstration of cytoskeletal proteins
in the ovine testis during postnatal
development. Vol. 189, Anat Embryol.
1994.

[35] Erkan M, Sousa M. Fine structural
study of the spermatogenic cycle in Pitar
rudis and Chamelea gallina (Mollusca,
Bivalvia, Veneridae). Tissue Cell. 2002
Aug 1;34(4):262-72.

[36] Johnston DS, Wright WW,
DiCandeloro P, Wilson E, Kopf GS,
Jelinsky SA. Stage-specific gene
expression is a fundamental characteristic
of rat spermatogenic cells and Sertoli
cells. Proc Natl Acad Sci U S A [Internet].
2008 Jun 17 [cited 2021 May 17];105(24):
8315-20. Available from: www.pnas.org/
cgi/content/full/

[37] Wright WW. Stage-specific gene
expression by Sertoli cells. In: Sertoli
Cell Biology. Elsevier; 2015. p. 273-306.

[38] Domke LM, Rickelt S, Dorflinger Y,
Kuhn C, Winter-Simanowski S,

19

Zimbelmann R, Rosin-Arbesfeld R,
Heid H, Franke WW, Franke WW,
Domke LM, Kuhn C, Rosin-Arbesfeld R.
The cell-cell junctions of mammalian
testes: I. The adhering junctions of the
seminiferous epithelium represent

special differentiation structures. Tissue
Res. 2014;357:645-65.

[39] Li MWM, Xia W, Mruk DD,

Wang CQF, Yan HHN, Siu MKY,

Lui WY, Lee WM, Cheng CY. Tumor
necrosis factor o reversibly disrupts the
blood-testis barrier and impairs Sertoli-
germ cell adhesion in the seminiferous
epithelium of adult rat testes. ]
Endocrinol [Internet]. 2006 Aug [cited
2021 May 15];190(2):313-29. Available
from: www.endocrinology-journals.org

[40] Eskild W, Trgen G, Blaner WS,
Nilsson A, Hansson V. Evidence for
independent control at the mRNA and
protein levels of cellular retinol binding

protein 1 in rat Sertoli cells. ] Reprod
Fertil. 2000;119(1):101-9.

[41] Mruk DD, Cheng CY. Sertoli-Sertoli
and Sertoli-Germ Cell Interactions and
Their Significance in Germ Cell
Movement in the Seminiferous
Epithelium during Spermatogenesis.
2004; Available from: http://www.
endo-society.org

[42] Figueiredo AFA, Franca LR,

Hess RA, Costa GMJ. Sertoli cells are
capable of proliferation into adulthood in
the transition region between the
seminiferous tubules and the rete testis
in Wistar rats. Cell Cycle [Internet]. 2016
Sep 16 [cited 2021 May 15];15(18):2486-
96. Available from: https://www.
tandfonline.com/action/journallnformat
ion?journalCode=kecy20

[43] Kulibin AY, Malolina EA. Only a
small population of adult Sertoli cells
actively proliferates in culture.
Reproduction [Internet]. 2016 Oct 1
[cited 2021 May 15];152(4):271-81.
Available from: https://europepmc.org/
article/med/27512121



Male Reproductive Anatomy

[44] Aiyama Y, Tsunekawa N, Kishi K,
Kawasumi M, Suzuki H,

Kanai-Azuma M, Kurohmaru M,

Kanai Y. A Niche for GFRa1-Positive
Spermatogonia in the Terminal
Segments of the Seminiferous Tubules
in Hamster Testes. Stem Cells [Internet].
2015 Sep 1 [cited 2021 May
12];33(9):2811-24. Available from:
http://www.emdmillipore.com

[45] Osman DI, Pléen L. The Terminal
Segment of the Seminiferous Tubules
and the Blood-Testis Barrier Before and
After Efferent Ductule Ligation in the
Rat. Int ] Androl. 1978;1(1-6):235-49.

[46] Nykdnen M. Fine structure of the
transitional zone of the rat seminiferous
tubule. Cell Tissue Res [Internet]. 1979
May [cited 2021 May 17];198(3):441-54.
Available from: https://link.springer.
com/article/10.1007/BF00234189

[47] Hayrabedyan S, Todorova K,
Pashova S, Mollova M, Fernandez N.
Sertoli Cell Quiescence - New Insights
[Internet]. Vol. 68, American Journal of
Reproductive Immunology. John Wiley
& Sons, Ltd; 2012 [cited 2021 May 17].
p- 451-5. Available from: https://
onlinelibrarywiley.com/doi/full/
10.1111/j.1600-0897.2012.01137.x

[48] Haverfield JT, Stanton PG,
Meachem SJ. Adult Sertoli cell
differentiation status in humans. In:
Sertoli Cell Biology. Elsevier; 2015.
p. 409-36.

[49] Malolina EA, Kulibin AY. Rete testis
and the adjacent seminiferous tubules
during postembryonic development in
mice. Russ ] Dev Biol [Internet]. 2017
Nov 1 [cited 2021 May 15];48(6):385-92.
Available from: https://link.springer.
com/article/10.1134/S1062360417060029

[50] Phillips BT, Gassei K, Orwig KE.
Spermatogonial stem cell regulation and
spermatogenesis [Internet]. Vol. 365,
Philosophical Transactions of the Royal
Society B: Biological Sciences. Royal

20

Society; 2010 [cited 2021 May 17]. p.
1663-78. Available from: https://
royalsocietypublishing.org/

[51] Yoshida S, Sukeno M, Nabeshima YI.
A vasculature-associated niche for
undifferentiated spermatogonia in the
mouse testis. Science (80- ) [Internet].
2007 Sep 21 [cited 2021 May 16];
317(5845):1722-6. Available from: http://
science.sciencemag.org/

[52] Caires K, Broady J, Mclean D.
REVIEW Maintaining the male
germline: regulation of spermatogonial
stem cells. ] Endocrinol [Internet].
2010;133-45. Available from: www.
endocrinology-journals.org

(53] Heinrich A, DeFalco T. Essential
roles of interstitial cells in testicular
development and function [Internet].
Vol. 8, Andrology. Blackwell Publishing
Ltd; 2020 [cited 2021 May 15]. p. 903-14.
Available from: https://onlinelibrary.
wiley.com/doi/full/10.1111/andr.12703

[54] Oatley MJ, Racicot KE, Oatley JM.
Sertoli Cells Dictate Spermatogonial
Stem Cell Niches in the Mouse Testis 1.
Biol Reprod [Internet]. 2011;84:639-45.
Available from: http://www.biolreprod.
org

[55] De Rooij DG. The spermatogonial
stem cell niche [Internet]. Vol. 72,
Microscopy Research and Technique.
John Wiley & Sons, Ltd; 2009 [cited
2021 May 15]. p. 580-5. Available from:
www.interscience.

[56] Chen SR, Liu YX. Regulation of
spermatogonial stem cell self-renewal
and spermatocyte meiosis by Sertoli cell
signaling [Internet]. Vol. 149,
Reproduction. BioScientifica Ltd.; 2015
[cited 2021 May 12]. p. R159-67.
Available from: https://pubmed.ncbi.
nlm.nih.gov/25504872/

[57] Chen L-Y, Willis WD, Eddy EM.
Targeting the Gdnf Gene in peritubular
myoid cells disrupts undifferentiated



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

spermatogonial cell development. Proc
Natl Acad Sci U S A [Internet]. 2016 Feb
16 [cited 2021 May 17];113(7):1829-34.
Available from: http://www.ncbi.nlm.
nih.gov/pubmed/26831079

[58] Johnston DS, Olivas E, DiCandeloro P,
Wright WW. Stage-specific changes in
GDNF expression by rat sertoli cells: A
possible regulator of the replication and
differentiation of stem spermatogonia.
Biol Reprod [Internet]. 2011 Oct 1 [cited
2021 May 15];85(4):763-9. Available from:
http://www.biolreprod.org

[59] Franga LR, Ogawa T, Avarbock MR,
Brinster RL, Russell LD. Germ cell
genotype controls cell cycle during
spermatogenesis in the rat. Biol Reprod
[Internet]. 1998 Dec 1 [cited 2021 May
171;59(6):1371-7. Available from: https://
academic.oup.com/biolreprod/
article/59/6/1371/2740926

[60] Russell LD, Chiarini-Garcia H,
Korsmeyer SJ, Knudson CM. Bax-
dependent spermatogonia apoptosis is
required for testicular development and
spermatogenesis. Biol Reprod
[Internet]. 2002 Apr 1 [cited 2021 May
17];66(4):950-8. Available from: http://
www.biolreprod.org

[61] Shaha C, Tripathi R, Prasad Mishra D.
Male germ cell apoptosis: Regulation and
biology [Internet]. Vol. 365, Philosophical
Transactions of the Royal Society B:
Biological Sciences. Royal Society; 2010
[cited 2021 May 17]. p. 1501-15. Available
from: https://royalsocietypublishing.org/
doi/abs/10.1098/rstb.2009.0124

[62] Aitken R], Curry BJ. Redox regulation
of human sperm function: From the
physiological control of sperm
capacitation to the etiology of infertility
and DNA damage in the germ line.
Antioxidants Redox Signal [Internet].
2011 Feb 1 [cited 2021 May 12];14(3):
367-81. Available from: https://www.
liebertpub.com/doi/abs/10.1089/
ars.2010.3186

21

[63] Murphy CJ, Richburg JH.
Implications of Sertoli cell induced germ
cell apoptosis to testicular pathology.
Spermatogenesis [Internet]. 2014 Mar 4
[cited 2021 May 15];4(2):€979110.
Available from: https://doi.org/10.4161/
21565562.2014.979110

[64] Wong EWP, Cheng CY. Chapter 7
Polarity Proteins and Cell-Cell
Interactions in the Testis. Vol. 278,
International Review of Cell and
Molecular Biology. Academic Press;

2009. p. 309-53.

[65] Ramaiah M, Wilkinson MF.
MicroRNAs and Sertoli cells. In: Sertoli
Cell Biology. Elsevier; 2015. p. 307-32.

[66] Yang Q-E, Oatley JM. Early
postnatal interactions between Sertoli
and germ cells. In: Sertoli Cell Biology.
Elsevier; 2015. p. 81-98.

[67] Yan Cheng C, Mruk DD.
Biochemistry of Sertoli cell/germ cell
junctions, germ cell transport, and
spermiation in the seminiferous
epithelium. In: Sertoli Cell Biology.
Elsevier; 2015. p. 333-83.

[68] de Rooij DG. Proliferation and
differentiation of spermatogonial stem
cells [Internet]. Vol. 121, Reproduction.
Journals of Reproduction and Fertility
Ltd; 2001 [cited 2021 May 15]. p. 347-54.
Available from: https://rep.bioscientifica.
com/view/journals/rep/121/3/347.xml

[69] Russell L. Movement of
spermatocytes from the basal to the
adluminal compartment of the rat testis.
Am ] Anat [Internet]. 1977 Mar 1 [cited
2021 May 15];148(3):313-28. Available
from: https://anatomypubs.online
librarywiley.com/doi/full/10.1002/
2j2.1001480303

[70] Meistrich ML, Hess RA. Assessment
of Spermatogenesis Through Staging of
Seminiferous Tubules. In Humana Press,
Totowa, NJ; 2013 [cited 2021 May 15]. p.
299-307. Available from: https://link.



Male Reproductive Anatomy

springer.com/protocol/10.1007/978-
1-62703-038-0_27

[71] Yan Cheng C, Mruk DD. The
blood-testis barrier and its implications
for male contraception. Pharmacol Rev
[Internet]. 2012 Jan [cited 2021 May
12];64(1):16-64. Available from: https://
pubmed.ncbi.nlm.nih.gov/22039149/

[72] Kidder GM, Cyr DG. Roles of
connexins in testis development and
spermatogenesis. Vol. 50, Seminars in
Cell and Developmental Biology.
Academic Press; 2016. p. 22-30.

[73] Pointis G, Gilleron J, Carette D,
Segretain D. Physiological and
physiopathological aspects of connexins
and communicating gap junctions in
spermatogenesis [Internet]. Vol. 365,
Philosophical Transactions of the Royal
Society B: Biological Sciences. Royal
Society; 2010 [cited 2021 May 15]. p.
1607-20. Available from: https://
royalsocietypublishing.org/doi/
abs/10.1098/rstb.2009.0114

[74] Defamie N, Berthaut I, Mograbi B,
Chevallier D, Dadoune JP, Fénichel P,
Segretain D, Pointis G. Impaired gap
junction connexin43 in Sertoli cells of
patients with secretory azoospermia: A
marker of undifferentiated Sertoli cells.
Lab Investig [Internet]. 2003 Mar 1
[cited 2021 May 15];83(3):449-56.
Available from: https://pubmed.ncbi.
nlm.nih.gov/12649345/

[75] HELLER, CG. Kinetics of the
germinal epithelium. Recent Prog Horm
Res [Internet]. 1964 [cited 2021 May
16];20:545-745. Available from: http://
ci.nii.ac.jp/naid/10013446938/en/

[76] Amann RP. The cycle of the
seminiferous epithelium in humans: A
need to revisit? [Internet]. Vol. 29,
Journal of Andrology. John Wiley &
Sons, Ltd; 2008 [cited 2021 May 17]. p.
469-87. Available from: https://
onlinelibrarywiley.com/doi/full/10.2164/
jandrol.107.004655

22

[771 RUSSELL, D. L. Form, dimensions
and cytology of mammalian Sertoli
cells. Sertoli Cell [Internet]. 1993 [cited
2021 May 16];1-37. Available from:
http://ci.nii.acjp/naid/10026669432/en/

(78] Franga LR, Godinho CL. Testis
Morphometry, Seminiferous Epithelium
Cycle Length, and Daily Sperm
Production in Domestic Cats (Felis catus).
Biol Reprod [Internet]. 2003 [cited 2021
May 15];68:1554-61. Available from:
http://www.biolreprod.org

[79] Silber S]. Reproductive Infertility
Microsurgery in the Male and Female.
Baltimore: Williams & Wilkins; 1984.
296 p.

[80] Sharma R, Agarwal A. Spermato-
genesis: An Overview. In: Sperm
Chromatin. Springer New York; 2011.
p. 19-44.

[81] Chiquoine AD. Observations on the
early events of cadmium necrosis of the
testis. Anat Rec [Internet]. 1964 May 1
[cited 2021 May 17];149(1):23-35.
Available from: https://anatomypubs.
onlinelibrarywiley.com/doi/full/10.1002/
ar.1091490104

[82] Cheng CY, Mruk DD. Regulation of
blood-testis barrier dynamics by focal
adhesion kinase (FAK): An unexpected
turn of events [Internet]. Vol. 8, Cell
Cycle. Taylor and Francis Inc.; 2009
[cited 2021 May 17]. p. 3493-9. Available
from: https://www.tandfonline.com/
action/journallnformation?journalC
ode=kccy20

(83] Lie PPY, Cheng CY, Mruk DD.
Signalling pathways regulating the
blood-testis barrier. Vol. 45, International
Journal of Biochemistry and Cell Biology.
Elsevier Ltd; 2013. p. 621-5.

[84] Pelletier RM. The blood-testis
barrier: The junctional permeability, the
proteins and the lipids. Vol. 46, Progress
in Histochemistry and Cytochemistry.
Urban & Fischer; 2011. p. 49-127.



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

[85] Stanton PG. Regulation of the
blood-testis barrier [Internet]. Vol. 59,
Seminars in Cell and Developmental
Biology. Academic Press; 2016 [cited
2021 May 16]. p. 166-73. Available from:
https://pubmed.ncbi.nlm.nih.gov/
27353840/

[86] Li G, Xu A, Sim S, Priest JR, Tian X,
Khan T, Quertermous T, Zhou B, Tsao PS,
Quake SR, Wu SM. Transcriptomic
Profiling Maps Anatomically Patterned
Subpopulations among Single Embryonic
Cardiac Cells. Dev Cell. 2016 Nov
21;39(4):491-507.

[87] Xiao X, Mruk DD, Wong CKC, Yan
Cheng C. Germ cell transport across the
seminiferous epithelium during
spermatogenesis [Internet]. Vol. 29,
Physiology. American Physiological
Society; 2014 [cited 2021 May 16]. p.
286-98. Available from: www.
physiologyonline.org

[88] Vogl AW, Young ]S, Du M. New
Insights into Roles of Tubulobulbar
Complexes in Sperm Release and
Turnover of Blood-Testis Barrier. In:
International Review of Cell and
Molecular Biology. Elsevier Inc.; 2013.
p- 319-55.

[89] Miething A. Local desynchronization
of cellular development within
mammalian male germ cell clones. Ann
Anat. 2010 Aug 20;192(4):247-50.

[90] KRESTER D, M. D. The cytology of
the testis. Physiol Reprod [Internet]. 1994
[cited 2021 May 16]; Available from:
http://ci.nii.acjp/naid/10020906012/en/

[91] Smith BE, Braun RE. Germ cell
migration across sertoli cell tight
junctions. Science (80- ) [Internet].
2012 Nov 9 [cited 2021 May 16];
338(6108):798-802. Available from:
https://pubmed.ncbi.nlm.nih.
gov/22997133/

[92] Francavilla F, Barbonetti A,
Francavilla S. Naturally-occurring

23

antisperm antibodies in men: Interference
with fertility and clinical implications. An
update Testicular Cacer in infettive men
View project. 2007 [cited 2021 May 15];
Available from: https://www.
researchgate.net/publication/6346681

[93] Kato R, Maeda T, Akaike T, Tamai I.
Nucleoside transport at the blood-testis
barrier studied with primary-cultured
sertoli cells. ] Pharmacol Exp Ther
[Internet]. 2005 Feb 1 [cited 2021 May
15];312(2):601-8. Available from: https://
jpet.aspetjournals.org/content/312/2/601

[94] Shin K, Fogg VC, Margolis B. Tight
junctions and cell polarity [Internet].
Vol. 22, Annual Review of Cell and
Developmental Biology. Annu Rev Cell
Dev Biol; 2006 [cited 2021 May 16]. p.
207-35. Available from: https://pubmed.
ncbi.nlm.nih.gov/16771626/

[95] Anderson JM, Van Itallie CM. Tight
junctions [Internet]. Vol. 18, Current
Biology. Curr Biol; 2008 [cited 2021 May
12]. Available from: https://pubmed.
ncbi.nlm.nih.gov/18957244/

[96] Furuse M. Molecular basis of the
core structure of tight junctions.
[Internet]. Vol. 2, Cold Spring Harbor
perspectives in biology. Cold Spring
Harb Perspect Biol; 2010 [cited 2021
May 15]. Available from: https://
pubmed.ncbi.nlm.nih.gov/20182608/

[97] O’Donnell L, Nicholls PK,

O’Bryan MK, McLachlan RI, Stanton PG.
Spermiation. Spermatogenesis
[Internet]. 2011 Jan [cited 2021 May
15];1(1):14-35. Available from: https://
doi.org/10.4161/spmg.1.1.14525

[98] Ewen KA, Koopman P. Mouse germ
cell development: From specification to
sex determination. Vol. 323, Molecular
and Cellular Endocrinology. Elsevier;
2010. p. 76-93.

[99] Sasaki H, Matsui Y. Epigenetic
events in mammalian germ-cell
development: Reprogramming and



Male Reproductive Anatomy

beyond [Internet]. Vol. 9, Nature
Reviews Genetics. Nat Rev Genet; 2008
[cited 2021 May 15]. p. 129-40. Available
from: https://pubmed.ncbi.nlm.nih.
gov/18197165/

[100] Richardson BE, Lehmann R.
Mechanisms guiding primordial germ
cell migration: strategies from different
organisms. 2010; Available from: www.
nature.com/reviews/molcellbio

[101] Wong T-T, Collodi P. Inducible
Sterilization of Zebrafish by Disruption
of Primordial Germ Cell Migration.
2013; Available from: www.plosone.org

[102] Barton L], LeBlanc MG,

Lehmann R. Finding their way: themes
in germ cell migration [Internet]. Vol.
42, Current Opinion in Cell Biology.
Elsevier Ltd; 2016 [cited 2021 May 12].
p. 128-37. Available from: https://
pubmed.ncbi.nlm.nih.gov/27484857/

[103] Guo J, Grow EJ, Mlcochova H,
Mabher GJ, Lindskog C, Nie X, Guo Y,
TakeiY, Yun ], Cai L, Kim R, Carrell DT,
Goriely A, Hotaling JM, Cairns BR. The
adult human testis transcriptional cell
atlas. Cell Res [Internet]. 2018 Dec 1
[cited 2021 May 15];28(12):1141-57.
Available from: https://doi.org/10.1038/
s41422-018-0099-2

[104] Canttd A V,, Laird DJ. A pilgrim’s
progress: Seeking meaning in
primordial germ cell migration. Stem
Cell Res. 2017 Oct 1;24:181-7.

[105] Costa GM]J, Avelar GF, Rezende-Neto
J V., Campos-Junior PHA, Lacerda SMSN,
Andrade BSC, Thomé RG, Hofmann MC,
Franca LR. Spermatogonial Stem Cell
Markers and Niche in Equids. PLoS One
[Internet]. 2012 Aug 28 [cited 2021 May
13];7(8). Available from: https://pubmed.
ncbi.nlm.nih.gov/22937157/

[106] Chiarini-Garcia H, Raymer AM,
Russell LD. Non-random distribution of
spermatogonia in rats: Evidence of

niches in the seminiferous tubules.
Reproduction. 2003;126(5):669-80.

24

[107] De Rooij DG. The nature and
dynamics of spermatogonial stem cells
[Internet]. Vol. 144, Development
(Cambridge). Company of Biologists
Ltd; 2017 [cited 2021 May 15]. p.
3022-30. Available from: https://
pubmed.ncbi.nlm.nih.gov/28851723/

[108] Hofmann MC. Gdnf signaling
pathways within the mammalian
spermatogonial stem cell niche. Mol Cell
Endocrinol [Internet]. 2008 Jun 25
[cited 2021 May 15];288(1-2):95-103.
Available from: https://pubmed.ncbi.
nlm.nih.gov/18485583/

[109] Culty M. Gonocytes, the forgotten
cells of the germ cell lineage [Internet].
Vol. 87, Birth Defects Research Part C

- Embryo Today: Reviews. Wiley-Liss
Inc.; 2009 [cited 2021 May 13]. p. 1-26.
Available from: www.interscience.
wiley.com

[110] Yoshida S, Sukeno M, Nakagawa T,
Ohbo K, Nagamatsu G, Suda T,
Nabeshima YI. The first round of mouse
spermatogenesis is a distinctive program
that lacks the self-renewing spermato-
gonia stage. Development. 2006 Apr
15;133(8):1495-505.

[111] Law NC, Oatley JM. Developmental
underpinnings of spermatogonial stem
cell establishment. Vol. 8, Andrology.
Blackwell Publishing Ltd; 2020. p. 852-61.

[112] ROOIJ] DG DE, RUSSELL LD. All
You Wanted to Know About
Spermatogonia but Were Afraid to Ask.
J Androl [Internet]. 2000 Nov 12 [cited
2021 May 15];21(6):776-98. Available
from: https://onlinelibrarywiley.com/
doi/full/lO.1002/j.1939—4640.2000.
tb03408.x

[113] Wu X, Schmidt JA, Avarbock MR,
Tobias JW, Carlson CA, Kolon TF,
Ginsberg JP, Brinster RL. Prepubertal
human spermatogonia and mouse
gonocytes share conserved gene
expression of germline stem cell
regulatory molecules. Proc Natl Acad



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

Sci U S A [Internet]. 2009 Dec 22 [cited
2021 May 16];106(51):21672-7. Available
from: www.pnas.org/cgi/content/full/

[114] Grumbach MM. The neuroendo-
crinology of human puberty revisited. In:
Hormone Research [Internet]. Karger
Publishers; 2002 [cited 2021 May 15].

p. 2-14. Available from: www.karger.
comwww.karger.com/journals/hre

[115] Lara N de L e. M, Costa GM]J,
Avelar GF, Guimardes DA, Franga LR.
Postnatal testis development in the
collared peccary (Tayassu tajacu), with
emphasis on spermatogonial stem cells
markers and niche. Gen Comp
Endocrinol. 2019 Mar 1;273:98-107.

[116] Masliukaite I, Hagen JM,
Jahnukainen K, Stukenborg JB,
Repping S, van der Veen F, van Wely M,
van Pelt AMM. Establishing reference
values for age-related spermatogonial
quantity in prepubertal human testes: a
systematic review and meta-analysis.
Fertil Steril. 2016 Dec 1;106(7):
1652-1657.e2.

[117] Makela JA, Koskenniemi JJ,
Virtanen HE, Toppari J. Testis
Development [Internet]. Vol. 40,
Endocrine Reviews. Endocrine Society;
2019 [cited 2021 May 15]. p. 857-905.
Available from: https://academic.oup.
com/edrv

[118] Sharma S, Wistuba J, Pock T,
Schlatt S, Neuhaus N. Spermatogonial
stem cells: updates from specification to
clinical relevance. Hum Reprod Update
[Internet]. 2019;25(3):275-97. Available
from: https://academic.oup.com/
humupd/article/25/3/275/5366160

[119] Picut CA, Ziejewski MK,
Stanislaus D. Review Article
Comparative Aspects of Pre-and
Postnatal Development of the Male
Reproductive System. Birth Defects Res.
2018;110:190-227.

[120] Foster DL, Hileman SM. Puberty in
the Sheep. In: Knobil and Neill’s

25

Physiology of Reproduction: Two-Volume
Set. Elsevier Inc.; 2015. p. 1441-85.

[121] Drumond AL, Meistrich ML,
Chiarini-Garcia H. Spermatogonial
morphology and kinetics during testis
development in mice: A high-resolution

light microscopy approach. Reproduction.
2011 Jul;142(1):145-55.

[122] Dym M, Fawcett DW. The blood-
testis barrier in the rat and the
physiological compartmentation of the
seminiferous epithelium. Biol Reprod
[Internet]. 1970 Dec 1 [cited 2021 May
15];3(3):308-26. Available from: https://
academic.oup.com/biolreprod/
article/3/3/308/2768522

[123] Nakagawa T, Nabeshima Y ichi,
Yoshida S. Functional Identification of
the Actual and Potential Stem Cell
Compartments in Mouse Spermato-
genesis. Dev Cell. 2007 Feb 1;12(2):
195-206.

[124] Setchell BP. Sermatogenesis. In:

The mammalian testis. London, UK:
Paul Elek.; 1978. p. 181-232.

[125] Parvinen M. Regulation of the
seminiferous epithelium. Endocr Rev
[Internet]. 1982 Oct 1 [cited 2021 May
15];3(4):404-17. Available from: https://
academic.oup.com/edrv/article/3/4/
404/2548759

[126] Russell L. Movement of
spermatocytes from the basal to the
adluminal compartment of the rat testis.
Am ] Anat [Internet]. 1977 Mar 1 [cited
2021 May 16];148(3):313-28. Available
from: https://anatomypubs.onlinelibrary.
wiley.com/doi/full/10.1002/aja.10014
80303

[127] Publikationen der UdS: Impact of
Tobacco smoking on sperm nuclear
proteins genes : H2BFW'T, TNP1, TNP2,
PRM1, and PRM2 and its influence on
male infertility [Internet]. [cited 2021
May 17]. Available from: https://
publikationen.sulb.uni-saarland.de/
handle/20.500.11880/31318



Male Reproductive Anatomy

[128] Balhorn R. The protamine family
of sperm nuclear proteins [Internet].
Vol. 8, Genome Biology. Genome Biol;
2007 [cited 2021 May 12]. Available
from: https://pubmed.ncbi.nlm.nih.
gov/17903313/

[129] Laberge R-M, Boissonneault G. On
the Nature and Origin of DNA Strand
Breaks in Elongating Spermatids 1. Biol
Reprod [Internet]. 2005 [cited 2021 May
15];73:289-96. Available from: http://
www.biolreprod.org

[130] Braun RE. Packaging paternal
chromosomes with protamine [Internet].
2001 [cited 2021 May 12]. Available from:

www.array.ucsd.edu

[131] Wykes SM, Krawetz SA. The
structural organization of sperm
chromatin. ] Biol Chem. 2003 Aug
8;278(32):29471-7.

[132] Hammoud SS, Nix DA, Zhang H,
Purwar J, Carrell DT, Cairns BR.
Distinctive chromatin in human sperm
packages genes for embryo development.
Nature [Internet]. 2009 Jul 23 [cited
2021 May 15];460(7254):473-8.
Available from: https://www.nature.
com/articles/nature08162

[133] Ihara M, Meyer-Ficca ML, Leu NA,
Rao S, Li F, Gregory BD, Zalenskaya IA,
Schultz RM, Meyer RG. Paternal Poly
(ADP-ribose) Metabolism Modulates
Retention of Inheritable Sperm Histones
and Early Embryonic Gene Expression.
PLoS Genet [Internet]. 2014 [cited 2021
May 15];10(5):1004317. Available from:
www.plosgenetics.org

[134] Castillo J, Amaral A, AzpiazuR,
Vavouri T, Estanyol JM, Ballesca JL,
Oliva R. Genomic and proteomic
dissection and characterization of the
human sperm chromatin. Mol Hum
Reprod [Internet]. 2014 May 28 [cited
2021 May 17];20(11):1041-53. Available
from: https://academic.oup.com/
molehr/article/20/11/1041/2459854

26

[135] Zalenskaya IA, Zalensky AO.
Non-random positioning of
chromosomes in human sperm nuclei.
Chromosom Res [Internet]. 2004 [cited
2021 May 17];12(2):163-73. Available
from: https://link.springer.com/
article/10.1023/B:CHRO.0000013166.
04629.97

[136] Pittoggi C, Renzi L, Zaccagnini G,
Cimini D, Degrassi F, Giordano R,
Magnano AR, Lorenzini R, Lavia P,
Spadafora C. A fraction of mouse sperm
chromatin is organized in nucleosomal
hypersensitive domains enriched in
retroposon DNA. J Cell Sci [Internet].
1999 Oct 15 [cited 2021 May 15];112(20):
3537-48. Available from: https://journals.
biologists.com/jcs/article/112/20/3537/
25843/A-fraction-of-mouse-sperm-
chromatin-is-organized

[137] Ward WS. Function of sperm
chromatin structural elements in
fertilization and development
[Internet]. Vol. 16, Molecular Human
Reproduction. Oxford Academic; 2009
[cited 2021 May 16]. p. 30-6. Available
from: https://academic.oup.com/
molehr/article/16/1/30/1056814

[138] Sillaste G, Kaplinski L, Meier R,
Jaakma U, Eriste E, Salumets A. The
Authors ISSN 1470-1626 (paper).
2017;1741-7899. Available from: www.
reproduction-online.org

[139] Canovas S, Ross PJ. Epigenetics in
preimplantation mammalian
development [Internet]. Vol. 86,
Theriogenology. Elsevier Inc.; 2016
[cited 2021 May 12]. p. 69-79. Available
from: https://pubmed.ncbi.nlm.nih.
gov/27165992/

[140] Ren X, Chen X, Wang Z, Wang D.
Is transcription in sperm stationary or
dynamic? ] Reprod Dew.
2017;63(5):439-43.

[141] Steger K, Klonisch T, Gavenis K,
Drabent B, Doenecke D, Bergmann M.
Expression of mRNA and protein of



Seminiferous Tubules and Spermatogenesis
DOI: http://dx.doi.org/10.5772/intechopen.98917

nucleoproteins during human
spermiogenesis. Mol Hum Reprod
[Internet]. 1998 Oct 1 [cited 2021 May
17];4(10):939-45. Available from:
https://academic.oup.com/molehr/
article/4/10/939/1037678

[142] Balhorn R. Sperm Chromatin: An
Overview. In: A Clinician’s Guide to
Sperm DNA and Chromatin Damage
[Internet]. Springer International
Publishing; 2018 [cited 2021 May 12].
p- 3-30. Available from: https://link.
springer.com/chapter/10.1007/978-
3-319-71815-6_1

[143] Oliva R. Protamines and male
infertility. Human Reproduction
Update. 2006.

[144] Queralt R, Adroer R, Oliva R,
Winkfein R]J, Retief JD, Dixon GH.
jouR.A o MOLECULAR [EVOLUTION
Evolution of Protamine P1 Genes in
Mammals. Vol. 40, ] Mol Evol. 1995.

[145] Green GR, Balhorn R, Poccia DL,
Hecht NB. Synthesis and processing of
mammalian protamines and transition
proteins. Mol Reprod Dev [Internet].
1994 Mar 1 [cited 2021 May 15];37(3):
255-63. Available from: https://
onlinelibrarywiley.com/doi/full/10.1002/
mrd.1080370303

[146] Nanassy L, Liu L, Griffin ], T.
Carrell D. The Clinical Utility of the
Protamine 1/Protamine 2 Ratio in Sperm.
Protein Pept Lett. 2012 Oct 30;18(8):
772-7.

[147] Garcia-Peir6 A, Martinez-Heredia ],
Oliver-Bonet M, Abad C, Amengual MJ,
Navarro J, Jones C, Coward K, Gosdlvez ],
Benet J. Protamine 1 to protamine 2 ratio
correlates with dynamic aspects of DNA
fragmentation in human sperm. Fertil
Steril. 2011 Jan 1;95(1):105-9.

[148] Simon L, Castillo ], Oliva R,

Lewis SEM. Relationships between
human sperm protamines, DNA damage
and assisted reproduction outcomes.

27

Reprod Biomed Online [Internet]. 2011
Dec [cited 2021 May 16];23(6):724-34.
Available from: https://pubmed.ncbi.
nlm.nih.gov/22036908/

[149] Kim E, Mobley III ], Stewart A,
Moss J. Sertoli-Cell-Only Syndrome.
Medscape Ref [Internet]. 2015; Available
from: http://emedicine.medscape.com/
article/437884-overview.

[150] Anniballo R, Brehm R, Steger K.
Recognising the Sertoli- cell- only (SCO)
syndrome: A case study. Andrologia
[Internet]. 2011 Feb [cited 2021 May
12];43(1):78-83. Available from: https://
pubmed.ncbi.nlm.nih.gov/21219389/

[151] Paulis G, Paulis L, Romano G,
Concas C, Di Sarno M, Pagano R, Di
Filippo A, Di Petrillo ML. Pregnancy
and live birth after follicle-stimulating
hormone treatment for an infertile
couple including a male affected by
sertoli cell-only syndrome. Res Reports
Urol [Internet]. 2017 Oct 30 [cited 2021
May 15];9:203-8. Available from: /pmc/
articles/PMC5669790/

[152] Umehara T, Kawashima I, Kawai T,
Hoshino Y, Morohashi KI, Shima,
Zeng W, Richards JS, Shimada M.
Neuregulin 1 regulates proliferation of
leydig cells to support spermatogenesis
and sexual behavior in adult mice.
Endocrinology [Internet]. 2016 Dec 1
[cited 2021 May 16];157(12):4899-913.
Available from: https://academic.oup.
com/endo/article/157/12/4899/2758443



