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From cyst to tubule: innovations
in vertebrate spermatogenesis

Shosei Yoshida™

Although vertebrates share many common traits, their germline development and
function exhibit significant divergence. In particular, this article focuses on their
spermatogenesis. The fundamental elements that constitute vertebrate spermato-
genesis and the evolutionary changes that occurred upon transition from water
to land will be discussed. The life-long continuity of spermatogenesis is supported
by the function of stem cells. Series of mitotic and meiotic germ cell divisions are
‘incomplete” due to incomplete cytokinesis, forming syncytia interconnected via
intercellular bridges (ICBs). Throughout this process, germ cells are supported
by appropriate microenvironments established primarily by somatic Sertoli cells.
In anamniotes (fish and amphibians) spermatogenesis progresses in cysts, in which
developing germ cell syncytia are individually encapsulated by Sertoli cells.
Accordingly, Sertoli cells undergo turnover with germ cells that they nourish. This
mode of cystic spermatogenesis is also observed in nonvertebrates as insects. In
amniotes (reptiles, birds, and mammals), however, Sertoli cells do not turn over
but comprise a persistent structure of seminiferous tubules. Sertoli cells nourish
different stages of germ cells simultaneously in distinct regions of their surface. This
function of Sertoli cells is spatiotemporally orchestrated, and the seminiferous epi-
thelial cycle and spermatogenic wave make the seminiferous tubules a high-
throughput factory for sperm production. Furthermore, contrary to the organized
differentiating cells, undifferentiated spermatogonia that comprise the stem cell
compartment exhibit active motion over the basal layer of seminiferous tubules
and the frequent breakdown of ICBs. Thus, amniote seminiferous tubules represent
a typical facultative (or open) niche environment without a stem cell tethering
anatomically defined niche. ©2015 The Authors. WIREs Developmental Biology published by Wiley
Periodicals, Inc.
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INTRODUCTION

his article from the WIREs Developmental Biology
review series describes the male germline in verte-
brates. Vertebrates include fish, amphibians, reptiles,
birds, and mammals, which share a number of proper-
ties such as vertebrae (a backbone), a closed circulatory
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system with red blood, and a central nervous system
containing the brain and spinal cord encased in bone.
In contrast to the high similarity in the development
and function of these common traits, a large diversity
is found in the germline among vertebrate species.
This article will begin with a brief overview of
both the common and divergent features of vertebrate
germline development. Then, the main emphasis will be
on the process of spermatogenesis in the adult testes,
which highlights dramatic evolutionary innovations
that occurred during the history of vertebrates. The
transition of vertebrates to land was accompanied by
important changes in their reproductive strategy. This
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is often described with respect to the egg and embryo-
genesis. The invention of watertight eggs and embry-
onic membranes, which eventually led to the
evolution of placenta, characterize the group known
as amniotes (including reptiles, birds, and mammals).
However, the testicular anatomy and the process of
spermatogenesis also clearly differentiate amniotes
from anamniotes (fish and amphibians).

Figure 1 illustrates the common pathway of ver-
tebrate germline development. Primordial germ cells
(PGCs) are born outside of the gonads, which develop
from a portion of the intermediate mesoderm. The
divergent process of PGC establishment has drawn par-
ticular interest." PGCs translocate into the gonads
through active migration in the developing embryo in
many species, while they reach the gonads via the blood
stream in birds and some reptiles."* PGCs determine
their sex under a strong induction signal from the sex-
ually differentiated somatic gonadal cells, although
PGCs may show cell-autonomous sexual differences
before reaching the gonads.” When PGCs enter the
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female pathway in embryonic ovaries, they initiate
meiosis in earlier stages than in males. Male germ cells
continue to mitotically proliferate for an extended
period.

In the developing testis, the mitotic germ cells
become the foundation for long-lasting spermatogene-
sis. In general, the entire process of spermatogenesis is
established during the period of sexual maturation
(puberty), wherein stem cells also appear to be estab-
lished. The ontogeny of stem cells is interesting but still
largely remains to be elucidated. In mice, like Drosoph-
ila, the first round of spermatogenesis bypasses the
stage of self-renewing stem cells and originates directly
from the progenitor population, called gonocytes.**
Spermatogenesis commonly comprises the phases of
mitotic expansion, meiotic divisions, and the transfor-
mation of haploid spermatids to spermatozoa (sper-
miogenesis) before mature spermatozoa are released
(spermiation).®™® Here germ cell division usually occurs
incompletely because of incomplete cytokinesis,
through which the resultant daughter cells remain
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FIGURE 1 | General outline of vertebrate germline development, see text for details. Processes in the red-dotted line appear to be lost in
mammals. *The process of stem cell establishment in females (in fish or amphibians) has not been clearly elucidated.
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interconnected via intercellular bridges (ICBs) to form
syncytia (Figure 2). This germline-specific trait is
widely conserved across animals. The aforementioned
process of spermatogenesis is thoroughly supported by
testicular somatic cells. In particular, Sertoli cells are
the primary supporting cells in the testis that make inti-
mate contact with germ cells and nourish them. Thus,
stem cells, incomplete divisions (incomplete cytokine-
sis), and Sertoli cells are the fundamental elements that
characterize vertebrate spermatogenesis.

Based on these common elements, vertebrate
spermatogenesis exhibits significant divergence. The
testicular architecture changed from the ancestral cys-
tic form of anamniotes to an acystic form that occurs in
seminiferous tubules of amniote testes. This is not a
simple rearrangement of cells. Rather, this is a compos-
ite of several significant innovations including
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Innovations in vertebrate spermatogenesis

functional changes of Sertoli cells and the development
of the seminiferous epithelial cycle and the wave of
spermatogenesis, which together ensure the high pro-
ductivity and continuity of amniote spermatogenesis.
In addition to that, a significant change also occurred
in the regulation of sperm stem cells. In seminiferous
tubules, the constraint that the stem cells receive from
the tissue appears to be dramatically reduced, making
vertebrate spermatogenesis a typical open mniche-
supported stem cell system.

In this article, descriptions will inevitably be
made primarily on the basis of knowledge derived from
a limited number of fish and mammalian species (espe-
cially mice) whose germ cell development has been
investigated to a much larger extent than others. The
statements herein are not necessarily representative
for the entirety of these animal groups.
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FIGURE 2 | Incomplete division in spermatogenesis. In general, spermatogenic differentiation accompanies incomplete mitotic and meiotic
divisions, in which incomplete cytokinesis leaves the daughter cells interconnected through intercellular bridges. The number of premeiotic mitotic
divisions varies between species. (Modified with permission from Ref 9. Copyright 1975 Saunders)
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FUNDAMENTAL ELEMENTS
OF SPERMATOGENESIS

Stem Cells: The Persistence of

Sperm Production

Over 60 years ago, Clermont and LeBlond analyzed rat
spermatogenesis and arrived at the theory of stem cell
renewal.'? The fact that this historic study was
achieved in the study of mammalian spermatogenesis
eloquently illustrates that vertebrate spermatogenesis
harbors active and robust stem cell systems, supporting
the continuity of sperm production.'!~!*

In some fish species, particularly in medaka,
mitotically active stem cells have been identified in both
male and female gonads. These are found as small sub-
populations of spermatogonia or oogonia, which are
defined as mitotic stages of germ cells that have entered
male or female programs that eventually produce
sperm or eggs, respectively.'” A series of innovative
intersexual transplantation experiments in trout,
which have been corroborated in other fish species,
indicated that both spermatogenic and oogenic stem
cells in the testes and ovaries, respectively, retain sexual
plasticity. Otherwise, they may remain in a sexually
undifferentiated state.'®'”

In mammalians, the female and male germline
show much larger differences with regard to their stem
cells (Figure 1). PGCs enter meiosis shortly after the
female program has been initiated in the developing
ovaries. Therefore, it remains unclear whether ‘oogo-
nia’ can be defined unambiguously in mammals. The
syncytial formation of early female germ cells in embry-
onic mammalian ovaries'® may result from the mitotic
expansion of oogonia, or it may indicate the inherited
interconnection of sexually undifferentiated PGCs (see
the next section for the nature of the interconnection).
Classically, it has been thought that all female mamma-
lian germ cells enter meiosis in embryonic gonads
and that no mitotic germ cells persist into the adult
stage. Recent controversy surrounds the presence
of mammalian female germline stem cells, while
emerging data appear not to support this notion. On
the other hand, mammalian males clearly harbor
active stem cell populations that support life-long
spermatogenesis.*®!!

Symmetric Incomplete Cell Division:

The Formation of Syncytia

Like other animals, mitotic and meiotic divisions of
vertebrate spermatogenesis often proceed incom-
pletely due to the process of incomplete cytokinesis
(Figure 2). This results in the interconnection of
mitotic sister cells and meiosis-derived haploid cells
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via cytoplasmic connections termed ICBs, the counter-
part of the ring canals in Drosophila.®'® Incomplete
cytokinesis is typically observed in the transit-
amplifying divisions of spermatogonia originated by
the stem cells and in subsequent meiotic divisions.
However, some other germ cell divisions are also
found incomplete, including the first round of sper-
matogenesis derived directly from gonocytes, the
progenitors.

Interconnected spermatogonia in a single syncy-
tia are synchronized not only in their mitotic divisions
but also in their progression of meiosis. Through mei-
osis, each cell (now called a spermatocyte) gives rise to
four haploid spermatids, which remain connected. In
the male program of spermatogenesis, both mitosis
and meiosis occur symmetrically; that is, all the com-
posite cells of a syncytia equally mature into sperm
(Figure 2). This is in contrast to the female program,
in which germ cells often develop asymmetrically into
eggs. In mice, syncytia of early oocytes break down
and a small number of surviving singly isolated oocytes
enter the process of maturation.”*! More dramati-
cally, female meiotic divisions, which sometimes take
place after fertilization, occur in a highly asymmetric
manner and give rise to a large oocyte and tiny polar
bodies.

The incomplete cytokinesis and resultant inter-
connection of cells derived from the same clonal origin
may be fundamental for the germline, given its evolu-
tionary conservation across sexes and species. To the
best of my knowledge, this phenomenon is observed
in all the animal species that have been examined. Using
mice, it was shown that the interconnection between
postmeiotic genetically haploid spermatids made these
cells phenotypically diploid by means of sharing gene
products from the haploid genomes of individual sper-
matids. These include the gene products from the X and
Y chromosomes, which comprise a number of genes
required for cell survival and spermatogenesis, respec-
tively.?> However, other consequences of the intercon-
nection of cells remain largely unknown, especially for
earlier stages. Indeed, ICBs of early mouse spermatogo-
nia break rather frequently®® (see below). In accord-
ance with this, in Tex14 mutant mouse testes in
which ICBs are not established and all germ cells are
singly isolated, the development of spermatogonial
stages does not appear to be severely affected.
Rather, in this mutant, male germ cells initiate but do
not complete meiosis for unknown reasons.** In female
Tex14 mutants, similarly, ICBs are not observed
between oocytes in embryonic and neonatal ovaries.
Although the number of maturing oocytes is reduced,
however, apparent problems are not observed in their
fertility.?
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Sertoli Cells: The Supporting Somatic Cells
Sertoli cells are the male counterpart of the female gran-
ulosa cells, which surround and nourish the oocytes in
developing gonads. Sexually undifferentiated common
progenitor cells are specified to become Sertoli cells by
the cell-autonomous functions of sex-determination
and sex-differentiation genes such as the SRY or
DMRT genes. In addition to directing the sex of germ
cells, Sertoli cells also act as the center of systemic sex
differentiation.*®~%® Further, in adult testes Sertoli cells
are found as the primary cell type that nourish the germ
cells undergoing spermatogenic differentiation.?*>*°
In general, Sertoli cells form epithelia with promi-
nent tight junctions and provide microenvironments
appropriate for germ cell differentiation. Detailed below,
anamniotes and amniotes have a marked difference in
both the function of Sertoli cells and the testicular tissue
architecture. Indeed, the grand design of fish gonads
looks more similar to that of Drosophila than that of
mammals. This narrates the magnitude of the innova-
tions that occurred in the evolution of vertebrate testes.

CYSTIC SPERMATOGENESIS
IN ANAMNIOTES

In fish and amphibians, spermatogenesis proceeds inside
a cyst of Sertoli cells (Figure 3). Each cyst surrounds a
group of germ cells that comprise a single syncytium that
synchronously divides (incompletely) and differenti-
ates.®>13% Although the properties of spermatogenic
stem cells of fish and amphibians are still largely
unknown, those of medaka have been identified and
found to be tightly linked to a somatic, cord-like struc-
ture.'® Generally, in fish species, the most primitive enti-
ties of spermatogonia are singly isolated and often called
‘type A spermatogonia,” which presumptively contain
both the stem cells and the youngest progenitors. Differ-
entiating germ cells then undergo a series of incomplete
divisions forming syncytia and are eventually sper-
miated. Intriguingly, germ cells are already encapsulated
by Sertoli cells from the stage of ‘type A spermatogonia,’
and their specific link appears to persist until they differ-
entiate to mature spermatozoa and are released® (Figure 3).

Attuned to the progression of germ cell differen-
tiation, Sertoli cells progressively change their gene
expression and support the corresponding stages of
germ cells, as schematically shown by different colors
in Figure 3. In anamniotes, Sertoli cells develop tight
junctions beyond the spermatid stage. This mode of
cystic spermatogenesis is commonly observed over a
range of animals other than anamniotes, including
Drosophila and other insects, in which supporting
somatic cells are designated as cyst cells.® 1133 In the
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testes of particular fish (those showing so-called tubular
spermatogenesis) the developmental order of spermato-
genic cysts is spatially recapitulated in the testes, similar
to that found in the Drosophila testes. Such a spatial
arrangement is often unclear in other fish species.®>

In cystic spermatogenesis, Sertoli cells turn over
in coordination with the germ cells. This strongly sug-
gests the presence of ‘Sertoli stem cells,” although no
direct evidence has been found to the best of our knowl-
edge. The identity and regulation of both spermato-
genic and (presumptive) Sertoli stem cells and their
interplay in fish testes warrants future investigation.
To address these important questions, findings from
Drosophila gonads, in which germline and cyst stem
cells appear to both be controlled by somatic hub
cells,®*>* may be insightful. Given that the spermato-
gonium is already wrapped at its single-cell stage, their
spermatogenic stem cells would be under strong con-
straints both anatomically and functionally from the
gonadal somatic cells.

SEMINIFEROUS TUBULES
IN AMNIOTES

Architecture of Seminiferous Tubules
Amniotes have an acystic spermatogenic process that
occurs in seminiferous tubules.>' Seminiferous tubules
are long and convoluted tubular structures forming
loops out of the rete testes, the common outlet of the
sperm (Figure 4(a)). During active spermatogenesis,
seminiferous tubules are roughly 0.2 mm in diameter
regardless of species, but they demonstrate a high diver-
gence in length among species.® An average human testis
is comprised of over 200 m of long seminiferous tubules
in total. The tubules are rarely branched in mammals,
but they are highly branched in birds forming a mesh-
work structure.” The following description is based on
findings obtained in mice, unless otherwise specified.
The seminiferous epithelium, the building block
of seminiferous tubules, is primarily composed of Ser-
toli cells and germ cells (Figure 4(b)). Very tall and
highly polarized Sertoli cells form an epithelium that
harbors a basement membrane and a prominent net-
work of tight junctions, the anatomical basis of the
‘blood—testis barrier.”®*” The tight junctions separate
the tubule into basal and adluminal compartments.
The former is the gap between the junction and the
basement membrane, which plasma components can
freely reach, while the latter is ‘insulated’ from plasma
and immune cells. Spermatogonia, the mitotic germ
cells including the stem cells and differentiation-
destined amplifying cells, are located in the basal com-
partment. Upon entering meiosis, they (now called
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FIGURE 3 | Schematic drawing of cystic spermatogenesis observed in fish and amphibians. In anamniote testes, a cyst of Sertoli cells
surrounds each germ cell syncytium. Sertoli cells share their fate with the developing germ cell syncytium that they nourish, and eventually degrade
when germ cells mature and spermiate. Such a turnover of both germ cells and Sertoli cells suggests the presence of self-renewing stem cells for
both cell types. While germline stem cells are identified in some fish species, the Sertoli stem cells remain hypothetical. Tight junctions are established
between Sertoli cells that cover haploid spermatids and more advanced germ cells. The spatial organization of cysts within the testis varies highly
between species. They are aligned in the order of development in some fish, while others do not have such a polarized organization.

(@)  Epididymis (d)
Rete testes ' .

Seminiferous tubules

Apical

Elongating spermatids

Round spermatids

Sertoli cells Spermatocytes

Tight junction

Spermatogonia
Basement membrane

FIGURE 4 | Spermatogenesis in seminiferous tubules in amniotes. (a) In amniote testis, seminiferous tubules loop out of the rete testes connected to
the epididymis. (Reprinted with permission from Ref 35. Copyright 2006 University of Tokyo Press) (b) In seminiferous tubules, different steps of germ cells
are found among Sertoli cells, which are quiescent in their cell cycle and comprise single-layered epithelium inside the tubules. (c) Each Sertoli cell
simultaneously nourishes different (typically four) steps of germ cells in different areas of their plasma membrane (illustrated by colors; from basal to the
apical side). Germ cells turn over as they mature on the surface of Sertoli cells, which in contrast never turn over during adulthood. (d) A diagram of a
single rat Sertoli cell, showing its columnar shape (approximately 90 pm in height) and numerous processes of cytoplasmic sheets that form crypts for
different stages of germ cells, as indicated by the same colors as in (c). (Modified with permission from Ref 36. Copyright 1983 John Wiley & Sons Ltd.)
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spermatocytes) translocate to the adluminal compart-
ment. This is followed by two rounds of meiotic divi-
sions to form haploid spermatids, which are
eventually released into the lumen after maturing into
spermatozoa (Figure 4(b)). Intriguingly, Sertoli cells
that have already terminated their cell cycle before
puberty expand their plasma membrane to an extreme
degree and simultaneously ‘hold’ germ cells of all four
stages (spermatogonia, spermatocytes, round sperma-
tids and elongating spermatids) at different areas of
their plasma membrane (Figure 4(c) and (d)).®*° Thus,
a single Sertoli cell provides various microenviron-
ments appropriate for the different stages of germ cell
differentiation, allowing the germ cells to progressively
differentiate from the basal to the apical side.

Tight junctions between Sertoli cells are impor-
tant for providing the meiotic and haploid cells with
a specially insulated microenvironment (adluminal
compartment). Interestingly, junctions remain func-
tional while spermatocytes translocate from the basal
to the adluminal compartments. This mystery has been
recently elucidated; it occurs by the transient formation
of an intermediate compartment in which the young
spermatocytes are sandwiched by upper and lower
junctions similar to an ‘airlock.”®”

The Seminiferous Epithelial Cycle

An undifferentiated population of spermatogonia
located in the basal compartment harbors the stem cell
function. These cells supply the differentiating cell types
(beginning with A; spermatogonia in mice) that subse-
quently differentiate in close association with Sertoli
cells (Figure 5(a)). Of note, differentiation starts in a
periodic manner, showing a species-specific interval
(e.g., 8.6 days in mice and 16 days in humans).® Regard-
less of species, it takes four times longer than this interval
period for germ cells to complete spermatogenesis and
leave the seminiferous epithelium. This explains why
four layers of germ cells at different stages (differentiat-
ing spermatogonia, spermatocytes, and round or elon-
gating spermatids) are always observed in addition to
the undifferentiated population of spermatogonia.

As can be seen in Figure 5(a), these layers exhibit
routine associations with particular cell types. As these
cells progressively differentiate, the initial associations
are observed again after one interval period (8.6 or 16
days) when individual cells have shifted to the next
layer.>®3? Thus, the observed germ cell combination
changes periodically. This is called the ‘seminiferous
epithelial cycle’ and was first discovered in rat testes.*’
The seminiferous epithelial cycle is divided into stages I
through XII in mice.®*' Along with the cycle, Sertoli
cells periodically change their morphology, function,
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and underlying gene expression profiles.””** Here, Ser-
toli cells are similar to a university that persists for dec-
ades or centuries. The university welcomes freshmen
(spermatogonia) every year (cycle), educates them as
they become sophomores (spermatocytes), juniors
(round spermatids), and then seniors (elongated sper-
matids). After four years (cycles), the university eventu-
ally graduates the students (as spermatozoa). In
addition, it has an annual cycle and delivers different
lectures every season according to the students’ grade
levels, like the periodic change of Sertoli cells during
a cycle of seminiferous epithelium.

Spermatogenic Wave

Perhaps more amazingly, in addition to the local syn-
chronization of the seminiferous epithelial cycle in a par-
ticular region of the tubules, the temporal order of stages
is spatially recapitulated on the seminiferous epithelium.
In rodents, synchronicity is observed all around the cir-
cumference and the phase of the cycle shifts along the
axis of the tubule. As a result, the entire process of sper-
matogenesis travels along the tubule length. This is
designated as the ‘spermatogenic wave,’® which is some-
times explained by an analogy of the ‘wave’ in a football
stadium (Figure 5(b)). The wave pattern differs between
species. In some primates including humans and birds
such as quail, the pattern of the wave is complex and
not fully determined. Although classically described to
be spiral, it remains controversial.”**~* In any case, this
wave ensures the constant production of fresh sperm in a
particular portion of the seminiferous tubules. Thus, the
seminiferous epithelial cycle and the spermatogenic
wave make the seminiferous tubules a high-throughput
factory for sperm production.

Despite its interesting properties, little is known
about how the cycle and the wave are generated and
maintained. Studies using rats and mice suggest that
retinoic acid (RA) plays a crucial role in these processes
by triggering the differentiation of spermatogonia and
adjusting the Sertoli cells’ cycle. For readers interested
in this issue, please refer to the referenced
literature.?%-3%%¢

SPERM STEM CELLS AND
THEIR REGULATION IN
SEMINIFEROUS TUBULES

Stem Cells Become Freed in

Seminiferous Tubules

As described, the relationship between germ cells and
Sertoli cells experienced a significant change between
anamniotes and amniotes. Seminiferous tubules are a
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FIGURE 5 | Seminiferous epithelial cycle and spermatogenic wave. (a) A schematic explanation of the seminiferous epithelial cycle in mice. The
self-renewing pool gives rise to the first step of differentiating cells perlodlcally with a particular interval (8.6 days in mice), which corresponds to
the length of one seminiferous epithelial cycle. The differentiating germ cells subsequently differentiate into sperm after periods of four cycles, which is
how four different steps of germ cells are simultaneously nourished by a single Sertoli cell. A cycle is divided into different stages on the basis of
the combination of germ cell types. Duration of a cycle and the number of stages in a cycle is species-specific. See text for details. (b) A diagram
showing the spermatogenic wave in mice. Roman numerals indicate the local stages of a seminiferous epithelial cycle. The areas where
spermiation occurs (in particular those in stages VIl and VIIl in mice) are colored. Over time, the stages of the seminiferous epithelial cycle progress
periodically, as indicated for two positions by circles. Because the temporal order of the stages is recapitulated by the spatial order along the tubules,
the area of spermiation progressively shifts along the tubules like a wave (leftward in this scheme). The pattern of the wave is simple in mice but varies
among species. See text for details.
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imaging has shown that A, spermatogonia and short
syncytia of ‘undifferentiated spermatogonia’ actively
migrate between immotile Sertoli cells***?(Figure 6
(a)). On transition into the scheduled differentiation,

uniform-looking tissue composed of epithelial sheets of
postmitotic Sertoli cells. Unlike the medaka testes, no
specific structure reminiscent of the stem cell tethering
hub in the Drosophila testes has been found in amniote

seminiferous tubules.'"*” In Drosophila testes, singly
isolated cells (germline stem cells and differentiation-
destined gonialblasts) and cysts of two, four, eight,
and more cells are spatially arranged in order. A similar
polarity is observed in the testes of some fish (those with
so-called ‘tubular’ spermatogenesis).® However, in the
basal compartment of mouse seminiferous tubules, sin-
gly isolated spermatogonia (termed ‘A’ or ‘Agingle’ in
rodents) are irregularly intermingled with variable
lengths of syncytia.>>**=! Significantly, direct live

126 © 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.

in harmony with the seminiferous epithelial cycle, they
become evenly distributed over the tubules and less
motile.’*>3 This process is similar to high school stu-
dents who choose the universities to enter and become
freshmen. Once admitted, they would stay in the same
universities (Sertoli cells) until graduation (unless with-
drawal through apoptotic death).’*

Thus, seminiferous tubules provide the stem cells
with a typical open niche environment.>>>° In stark
contrast to the advanced germ cell types whose
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differentiation is exquisitely synchronized with its
neighbors to form the ‘cycle’ and the ‘wave’ (i.e., differ-
entiating spermatogonia, spermatocytes, and round or
elongating spermatids), undifferentiated populations
of spermatogonia appear to receive minimal constraint
from the tissue. It is interesting to point out that the
stem cells appear to be much less constrained and
behave more freely, than their differentiating progeny.
This may sound quite different from the general notion
that the stem cells are tightly tethered to a discrete area
while differentiating cells appear to become free from
the constraint by the stem cell niche. We will close this
article with recent knowledge and discussions related
to mouse sperm stem cells.

Sperm Stem Cell Behavior in Mice

The identity of mouse sperm stem cells has long
been a focus of discussion.!?”'*7 Classically, it was
postulated that A cells are the self-renewing stem
cells, while Ay, and longer syncytia are committed for
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differentiation’®~°° (Figure 6(c)). This hypothesis, con-

sistent with the behavior of germline stem cells in
Drosophila gonads, has become prevalent and is
known as ‘the A; model.

It has been experimentally established that ‘undif-
ferentiated spermatogonia’ (including A and short
syncytia of up to approximately 16-cell long chains)
have major responsibility for the stem cell function sup-
porting long-lasting steady-state spermatogenesis.
Among them, the GFRa1-positive (GFRa1+) subpopu-
lation appears to be the most important. However, a
differentiation-destined GFRal-negative (GFRal-)
subset of undifferentiated spermatogonia also retains
stem cell potential, which becomes apparent in
regeneration following tissue damage or in colony for-
mation following transplantation.”*"**>* Morphologi-
cally, the GFRal+ population is comprised of A, A,
(Apaired> two-cell syncytia), and fewer A, (Auiigneds
mostly comprised of four cells, some containing eight
cells as well as few ‘odd numbers’ of three, five, and
six cells) spermatogonia,>>*7=51:63

@ |

(© |

Pool of undifferentiated population

T
. RBTRS

E \,:_.\
- ¢ -
v vV \
Differentiation pathway
(b)
—3p Cell division

—Jp Fragmentation
- - -=» Differentiation

FIGURE 6 | Behavior of undifferentiated populations of spermatogonia in mouse seminiferous tubules. (a) Seemingly random migration of
GFRa1-positive (GFRa1+) spermatogonia observed by intravital live imaging: the trajectories of 11 spermatogonia for 48 h are shown. Blood
vessels running between the tubules are observed in black. (b) The GFRa1+ spermatogonia weave their way (black trajectory for 21 h)
between immotile Sertoli cells (colored trajectories). Bars indicate 50 pm. (a, b: Reprinted from Ref 23.) (c) Continual interconversion between
singly isolated and syncytial GFRa1+ spermatogonia in adult mice is schematically shown on the basis of live imaging observations.
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Recently, some genes have been reported to be
expressed in a subset of GFRal+ spermatogonia, with
particular enrichment to A, cells, including Erbb3, Id4,
Pax7 and Bmil.°**” Accordingly, the authors of these
studies hypothesized that stem cell activity may be lim-
ited to a subset of GFRa1+ A, cells that show character-
istic gene expression. Although these genes do not
appear to be expressed in the same cells, these scenarios
extend the classic idea of the A model (Figure 6(c)). On
the other hand, recent intravital live imaging demon-
strated that, in most cases, GFRal+ A, spermatogo-
nium divide incompletely and give rise to an A,.>* It
was also demonstrated that GFRal+ Ay, and A, fre-
quently fragment through the breakdown of ICBs
and replenish the lost A, cells.”> Combined with the
clonal fate analysis of pulse-labeled GFRa1+ spermat-
ogonia and biophysical modeling studies, it is further
suggested that the entire population of GFRal+ sper-
matogonia comprises a single stem cell pool. Within
this pool, cells continually interconvert between mor-
phologically distinct states of A, and syncytia via sym-
metrical incomplete divisions and fragmentation®’
(Figure 6(c)). Thus, the identity and dynamics of the
mouse sperm stem cells in seminiferous tubules is cur-
rently surrounded by some controversy. However,
I believe that researchers will eventually reach a full
understanding of this long-held question using func-
tional experimentation that has become available in
the last few decades.'?

Regardless of the identity of the stem cells, early
stages of mouse spermatogonia flexibly interconvert
between the single and syncytial states while moving
around the open environment of seminiferous tubules.
Although it remains to be elucidated whether such free-
dom is also given to the sperm stem cells of fish, the tes-
ticular morphology and, more importantly, the
presumptive necessity of coordination with ‘Sertoli
stem cells’ should constrain their behavior.

Unresolved Problems Related to

Stem Cell Regulation

However, stem cells do not appear to be completely free
in mouse seminiferous tubules. Although irregularly
scattered in mouse seminiferous tubules, the average
density (number per unit tubule length) of the presump-
tive stem cells (GFRa1+ cells) has been found to be con-
stant. % In a closed niche-supported system, the
physical area of the niche determines the size of the stem
cell pool.***> What mechanism determines the stem
cell pool size in seminiferous tubules? This is one of
the biggest problems that should be addressed to under-
stand the functionality of seminiferous tubules.
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In support of understanding the control of the
stem cell pool by the seminiferous tubules, a clue has
been provided by the observation that an increase in
the number of Sertoli cells causes an increase of trans-
plantable stem cells,®® showing the significance of Ser-
toli cells. However, the answer appears to be more
complex given that the number of GFRal+ spermato-
gonia is much smaller than that of Sertoli cells, and
these spermatogonia are in constant motion changing
their contact with the Sertoli cells.?® Of particular note,
while migrating over the basal compartment, undiffer-
entiated spermatogonia show a biased localization
to areas adjacent to the blood vessels (in particular
arterioles and venules, which accompany the intersti-
tial cells) running between the tubules.**>>%¢%"° Char-
acterization of this area of the basal compartment
may also provide important information to address
this issue.

PERSPECTIVES

Many anamniotes undergo external fertilization in
water, producing large numbers of eggs and sperms
in a well-timed manner. Thus, sexual difference in their
gamete production is relatively small. Amniotes have
attained watertight eggs, in which embryonic mem-
branes compartmentalize the developing embryo,
nutrient, and the waste matter, enabling the transition
from water to land. This increased the amount of
maternal resources invested to each single egg and
largely decreased the number of ovulated eggs and off-
spring. Moreover, brooding of eggs (birds) and preg-
nancy (mammals) as well as nursing (including
lactation in mammals) significantly limit the window
of females for copulation. Making a stark contrast to
this, amniote males came to regularly produce a huge
number of sperm, greatly enlarging the sexual differ-
ence. Even the seasonally breeding mammalians and
birds exhibit continuous spermatogenesis in their
breeding season. A speculation may be that the contin-
ual production of sperm, which makes amniote males
always ready for mating, has enabled the females to
concentrate on the small number of eggs and kids.
The continual mass-production of sperm in seminifer-
ous tubules may be a given treasure of amniotes, includ-
ing ourselves.

The cyst-to-tubule transformation that vertebrate
testes have undergone during evolution is not simply
a morphological change. Sertoli cell function has
diverged significantly. Like operating software, the
processes of ‘cycle’ and ‘wave’ make tubules similar
to high-throughput factories. Furthermore, germ cells,
including stem cells, had to develop new modes of
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action. Each of these events appears to have been
required simultaneously to achieve functional seminif-
erous tubules. How could such an innovation have

ACKNOWLEDGMENTS

The author would like to thank Dr Eric Wieschaus and Dr Allan Spradling for providing this opportunity and the
office of Wiley Interdisciplinary Reviews Developmental Biology for editorial support. The author also thanks
his colleagues, collaborators, and laboratory members for their contributions to the results included in this article.
Instructions from Goro Yoshizaki, Yayoi Obata, and Tokuko Iwamori are appreciated. Funding by a Grant-in-Aid
for Scientific Research (KAKENHI) from the Ministry of Education, Culture, Sports, Science, and Technology
(MEXT), Japan, and the Japan Society for the Promotion of Science (JSPS), and by Precursory Research for Embry-
onic Science and Technology (PRESTO) from Japan Science and Technology Agency (JST) and other agencies, and
institutional support from the National Institute for Basic Biology (NIBB) are also appreciated.

REFERENCES

1.

10.

11.

Volume 5, January/February 2016

Gilbert S. Developmental Biology. 10th ed. Sunderland,
MA: Sinauer Associates, Inc.; 2013.

. Kuwana T. Migration of avian primordial germ-cells

toward the gonadal anlage. Dev Growth Differ 1993,
35:237-243.

. Nishimura T, Herpin A, Kimura T, Hara I, Kawasaki T,

Nakamura S, Yamamoto Y, Saito TL, Yoshimura J,
Morishita S, et al. Analysis of a novel gene, Sdgc, reveals
sex chromosome-dependent differences of medaka germ
cells prior to gonad formation. Development 2014,
141:3363-3369.

. Yoshida S, Sukeno M, Nakagawa T, Ohbo K, Naga-

matsu G, Suda T, Nabeshima Y. The first round of mouse
spermatogenesis is a distinctive program that lacks the
self-renewing spermatogonia stage. Development 2006,
133:1495-1505.

. Asaoka M, Lin H. Germline stem cells in the Drosophila

ovary descend from pole cells in the anterior region of the
embryonic gonad. Development 2004, 131:5079-5089.

. Russell L, Ettlin R, Sinha Hikim A, Clegg E. Histological

and Histopathological Evaluation of the Testis. Clearwa-
ter, FL: Cache River Press; 1990.

. Jones RC, Lin M. Spermatogenesis in birds. Oxf Rev

Reprod Biol 1993, 15:233-264.

. Schulz RW, de Franca LR, Lareyre JJ, Le Gac F, Chiarini-

Garcia H, Nobrega RH, Miura T. Spermatogenesis
in fish. Gen Comp Endocrinol 2010, 165:390-411.

. Bloom W, Don WF. Textbook of Histology. 10th ed.

Philadelphia, PA: Saunders; 1975.

Clermont Y, Leblond CP. Renewal of spermatogonia in
the rat. Am | Anat 1953, 93:475-501.

Spradling A, Fuller MT, Braun RE, Yoshida S. Germline
stem cells. Cold Spring Harb Perspect Biol 2011, 3:
a002642. doi:10.1101/cshperspect.a002642.

Innovations in vertebrate spermatogenesis

occurred? Further investigations in amphibians and
reptiles, as well as comparative studies at the molecular
level, will shed light on this important issue.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

© 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.

Yoshida S. Elucidating the identity and behavior of

spermatogenic stem cells in the mouse testis. Reproduc-
tion 2012, 144:293-302.

de Rooij DG, Russell LD. All you wanted to know about
spermatogonia but were afraid to ask. | Androl 2000,
21:776-798.

Meistrich ML, van Beek ME. Spermatogonial stem cells.
In: Desjardins C, Ewing LL, eds. Cell and Molecular Biol-
ogy of the Testis. New York, NY: Oxford University
Press; 1993, 266-295.

Nakamura S, Kobayashi K, Nishimura T, Higashijima S,
Tanaka M. Identification of germline stem cells in the
ovary of the teleost medaka. Science 2010,
328:1561-1563.

Okutsu T, Suzuki K, Takeuchi Y, Takeuchi T, Yoshizaki
G. Testicular germ cells can colonize sexually undifferen-
tiated embryonic gonad and produce functional eggs in
fish. Proc Natl Acad Sci USA 2006, 103:2725-2729.

Yoshizaki G, Ichikawa M, Hayashi M, Iwasaki Y, Miwa
M, Shikina S, Okutsu T. Sexual plasticity of ovarian
germ cells in rainbow trout. Development 2010,
137:1227-1230.

Pepling ME, Spradling AC. Female mouse germ cells
form synchronously dividing cysts. Development 1998,
125:3323-3328.

Greenbaum MP, Iwamori T, Buchold GM, Matzuk
MM. Germ cell intercellular bridges. Cold Spring Harb
Perspect Biol 2011, 3:a005850.

Pepling ME, de Cuevas M, Spradling AC. Germline
cysts: a conserved phase of germ cell development?
Trends Cell Biol 1999, 9:257-262.

Lei L, Spradling AC. Mouse primordial germ cells
produce cysts that partially fragment prior to meiosis.
Development 2013, 140:2075-2081.

129



Focus Article

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

130

Braun RE, Behringer RR, Peschon JJ, Brinster RL, Palmi-
ter RD. Genetically haploid spermatids are phenotypi-
cally diploid. Nature 1989, 337:373-376.

Hara K, Nakagawa T, Enomoto H, Suzuki M, Yama-
moto M, Simons BD, Yoshida S. Mouse spermatogenic
stem cells continually interconvert between equipotent
singly isolated and syncytial states. Cell Stem Cell
2014, 14:658-672.

Greenbaum MP, Yan W, Wu MH, Lin YN, Agno JE,
Sharma M, Braun RE, Rajkovic A, Matzuk MM.
TEX14 is essential for intercellular bridges and fertility
in male mice. Proc Natl Acad Sci USA 2006,
103:4982-4987.

Greenbaum MP, Iwamori N, Agno JE, Matzuk MM.
Mouse TEX14 is required for embryonic germ cell inter-
cellular bridges but not female fertility. Biol Reprod
2009, 80:449-457.

Tanaka M. Vertebrate female germline--the acquisition
of femaleness. WIREs Dev Biol 2014, 3:231-238.

Morrish BC, Sinclair AH. Vertebrate sex determination:
many means to an end. Reproduction 2002,
124:447-457.

Sekido R, Lovell-Badge R. Sex determination and SRY:
down to a wink and a nudge? Trends Genet 2009,
25:19-29.

Hess R, Franca L. Structure of the sertoli cells. In: Skinner
M, Griswold M, eds. Sertoli Cell Biology. San Diego, CA
and London, UK: Elsevier Academic Press; 2005, 19-40.

Skinner MK, Griswold MD. Sertoli Cell Biology. San
Diego, CA and London, UK: Elsevier Inc.; 2005.

Lombardi J. Gametes and their production. In: Compar-
ative Vertebrate Reproduction. New York, NY: Springer
Science + Business Media New York; 1998, 109-153.

McClusky LM. Coordination of spermatogenic pro-
cesses in the testis: lessons from cystic spermatogenesis.
Cell Tissue Res 2012, 349:703-715.

de Cuevas M, Matunis EL. The stem cell niche: lessons
from the Drosophila testis. Development 2011,
138:2861-2869.

Davies EL, Fuller MT. Regulation of self-renewal and
differentiation in adult stem cell lineages: lessons from
the Drosophila male germ line. Cold Spring Harb Symp
Quant Biol 2008, 73:137-145.

Tanaka H, Nishimune Y. Spermatogenesis-related genes
and their specific expression (translated from a Japanese
title). In: Mohri H, Hoshi M, Morisawa M, Hoshi K,
Okabe M, eds. Spermatology New Edition. Tokyo,
Japan: University of Tokyo Press; 2006.

Wong V, Russell LD. Three-dimensional reconstruction
of a rat stage V Sertoli cell: I. Methods, basic configura-
tion, and dimensions. Am | Anat 1983, 167:143-161.
Smith BE, Braun RE. Germ cell migration across Sertoli
cell tight junctions. Science 2012, 338:798-802.

Sugimoto R, Nabeshima Y, Yoshida S. Retinoic acid
metabolism links the periodical differentiation of germ

© 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

wires.wiley.com/devbio

cells with the cycle of Sertoli cells in mouse seminiferous
epithelium. Mech Dev 2012, 128:610-624.

Hogarth CA, Griswold MD. The key role of vitamin A in
spermatogenesis. | Clin Invest 2010, 120:956-962.

Leblond CP, Clermont Y. Definition of the stages of the
cycle of the seminiferous epithelium in the rat. Ann N'Y
Acad Sci 1952, 55:548-573.

Oakberg EF. Duration of spermatogenesis in the mouse
and timing of stages of the cycle of the seminiferous epi-
thelium. Am | Anat 1956, 99:507-516.

Hasegawa K, Saga Y. Retinoic acid signaling in Sertoli
cells regulates organization of the blood-testis barrier
through cyclical changes in gene expression. Develop-
ment 2012, 139:4347-4355.

Wistuba J, Schrod A, Greve B, Hodges JK, Aslam H,
Weinbauer GF, Luetjens CM. Organization of seminifer-
ous epithelium in primates: relationship to spermato-
genic efficiency, phylogeny, and mating system. Biol
Reprod 2003, 69:582-591.

Amann RP. The cycle of the seminiferous epithelium in
humans: a need to revisit? | Androl 2008, 29:469-487.

Lin M, Jones RC. Spatial arrangement of the stages of the
cycle of the seminiferous epithelium in the Japanese
quail, Coturnix coturnix japonica. | Reprod Fertil
1990, 90:361-367.

Griswold MD, Bishop PD, Kim KH, Ping R, Siiteri JE,
Morales C. Function of vitamin A in normal and syn-
chronized seminiferous tubules. Ann N Y Acad Sci
1989, 564:154-172.

Fuller MT, Spradling AC. Male and female Drosophila
germline stem cells: two versions of immortality. Science
2007, 316:402-404.

De Rooij DG, Janssen JM. Regulation of the density of
spermatogonia in the seminiferous epithelium of the Chi-
nese hamster: 1. Undifferentiated spermatogonia. Anat
Rec 1987, 217:124-130.

Hofmann MC, Braydich-Stolle L, Dym M. Isolation of
male germ-line stem cells; influence of GDNF. Dev Biol
20095, 279:114-124.

Grasso M, Fuso A, Dovere L, de Rooij DG, Stefanini M,
Boitani C, Vicini E. Distribution of GFRA1-expressing
spermatogonia in adult mouse testis. Reproduction
2012, 143:325-332.

Nakagawa T, Sharma M, Nabeshima Y, Braun RE,
Yoshida S. Functional hierarchy and reversibility within
the murine spermatogenic stem cell compartment.
Science 2010, 328:62-67.

Yoshida S, Sukeno M, Nabeshima Y. A vasculature-
associated niche for undifferentiated spermatogonia in
the mouse testis. Science 2007, 317:1722-1726.

De Rooij DG, Lok D. Regulation of the density of sper-
matogonia in the seminiferous epithelium of the Chinese
hamster: II. Differentiating spermatogonia. Anat Rec
1987, 217:131-136.

Volume 5, January/February 2016



.+ WIREs Developmental Biology

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Volume 5, January/February 2016

Huckins C. The morphology and kinetics of spermatogo-
nial degeneration in normal adult rats: an analysis using
a simplified classification of the germinal epithelium.
Anat Rec 1978, 190:905-926.

Stine RR, Matunis EL. Stem cell competition: finding bal-
ance in the niche. Trends Cell Biol 2013, 23:357-364.

Morrison SJ, Spradling AC. Stem cells and niches:
mechanisms that promote stem cell maintenance
throughout life. Cell 2008, 132:598-611.

Oatley JM, Brinster RL. Regulation of spermatogonial
stem cell self-renewal in mammals. Annu Rev Cell Dev
Biol 2008, 24:263-286.

Huckins C. The spermatogonial stem cell population in
adult rats. I. Their morphology, proliferation and matu-
ration. Anat Rec 1971, 169:533-557.

Oakberg EF. Spermatogonial stem-cell renewal in the
mouse. Anat Rec 1971, 169:515-531.

de Rooij DG. Spermatogonial stem cell renewal in the
mouse. I Normal situation. Cell Tissue Kinet 1973,
6:281-287.

Nakagawa T, Nabeshima Y, Yoshida S. Functional iden-
tification of the actual and potential stem cell compart-
ments in mouse spermatogenesis. Dev Cell 2007,
12:195-206.

Barroca V, Lassalle B, Coureuil M, Louis JP, Le Page F,
Testart J, Allemand I, Riou L, Fouchet P. Mouse differ-
entiating spermatogonia can generate germinal stem cells
in vivo. Nat Cell Biol 2009, 11:190-196.

Suzuki H, Sada A, Yoshida S, Saga Y. The heterogeneity
of spermatogonia is revealed by their topology and
expression of marker proteins including the germ cell-

64.

65.

66.

67.

68.

69.

70.

© 2015 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc.

Innovations in vertebrate spermatogenesis

specific proteins Nanos2 and Nanos3. Dev Biol 2009,
336:222-231.

Chan F, Oatley MJ, Kaucher AV, Yang QE, Bieberich
CJ, Shashikant CS, Oatley JM. Functional and molecular
features of the Id4+ germline stem cell population in
mouse testes. Genes Dev 2014, 28:1351-1362.

Aloisio GM, Nakada Y, Saatcioglu HD, Pena CG, Baker
MD, Tarnawa ED, Mukherjee J, Manjunath H, Bugde A,
Sengupta AL, et al. PAX7 expression defines germline
stem cells in the adult testis. | Clin Invest 2014,
124:3929-3944.

Komai Y, Tanaka T, Tokuyama Y, Yanai H, Ohe S,
Omachi T, Atsumi N, Yoshida N, Kumano K, Hisha
H, et al. Bmil expression in long-term germ stem cells.
Sci Rep 2014, 4:6175.

Abid SN, Richardson TE, Powell HM, Jaichander P,
Chaudhary J, Chapman KM, Hamra FK. A-single sper-
matogonia heterogeneity and cell cycles synchronize
with rat seminiferous epithelium stages VIII-IX. Biol
Reprod 2014, 90:32.

Oatley MJ, Racicot KE, Oatley JM. Sertoli cells dictate
spermatogonial stem cell niches in the mouse testis. Biol
Reprod 2011, 84:639-645.

Chiarini-Garcia H, Hornick JR, Griswold MD, Russell
LD. Distribution of type A spermatogonia in the mouse
is not random. Biol Reprod 2001, 65:1179-118S5.

Chiarini-Garcia H, Raymer AM, Russell LD. Non-
random distribution of spermatogonia in rats: evidence
of niches in the seminiferous tubules. Reproduction
2003, 126:669-680.

131



	 From cyst to tubule: innovations in vertebrate spermatogenesis
	INTRODUCTION
	FUNDAMENTAL ELEMENTS OF SPERMATOGENESIS
	Stem Cells: The Persistence of Sperm Production
	Symmetric Incomplete Cell Division: The Formation of Syncytia
	Sertoli Cells: The Supporting Somatic Cells

	CYSTIC SPERMATOGENESIS IN ANAMNIOTES
	SEMINIFEROUS TUBULES IN AMNIOTES
	Architecture of Seminiferous Tubules
	The Seminiferous Epithelial Cycle
	Spermatogenic Wave

	SPERM STEM CELLS AND THEIR REGULATION IN SEMINIFEROUS TUBULES
	Stem Cells Become Freed in Seminiferous Tubules
	Sperm Stem Cell Behavior in Mice
	Unresolved Problems Related to Stem Cell Regulation

	PERSPECTIVES
	ACKNOWLEDGMENTS
	REFERENCES


