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This  review  describes  the  regulation  of  spermatogenesis  taking  into  consideration  the
hypothalamic–pituitary  gonadal  axis,  the  male  reproductive  organs  and  the  endocrine  and  paracrine
factors  involved  in  the  control  of  sperm  production  and  the  release  of androgens.  Instead  of  detailed
descriptions  of many  hormones  and  growth  factors,  we  attempt  to provide  an  integrative  and  evo-
lutionary  view  by comparing  different  species  and  considering  their  specific  needs  for  successful
male  reproduction.  The  review  focuses  on  species  specific  differences  in the  structural  organization  of
spermatogenesis  and  indicates  that the  crucial  regulatory  mechanisms  controlling  sperm  output  are
targeted  toward  differentiating  spermatogonia  when  they  initiate  clonal  expansion.  We  argue  that
the  further  differentiation  of germ  cells  is  following  a  highly  coordinated  and strictly  predetermined
morphogenetic  cascade  widely  independent  of  hormonal  control.  We  propose  a  hypothetical  “ancient”
model.  Spermatogenesis  and steroidogenesis  are  controlled  by a master  switch  (GnRH  pulse  gener-
perm ator)  under  whose  control  two  separate  feedback  systems  provide  independent  control  of androgen
(LH–testosterone)  and  sperm  production  (FSH–inhibin).  This  scenario  offers  high flexibility  and  has
seen  uncountable  adaptions  to optimize  the  specific  needs  of  different  species.  Models  for  the  hormonal
regulation  in  hamsters,  laboratory  rodents  and primates  are  presented  to illustrate  the  species  specific
diversity.

©  2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction

Male fertility in mammals depends on the continuous daily
roduction of millions of spermatozoa. The process of spermato-

changing intercellular interactions, all overseen by an extraordi-
nary interplay of autocrine, paracrine, and endocrine factors. The
histology of spermatogenesis has been described in detail [1–4] and
the endocrine regulation of spermatogenesis has been a long stand-
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

enesis is one of exquisite complexity, requiring 6–9 weeks for
ompletion, and involves a coordinated series of mitotic and mei-
tic divisions, elaborate cyto-differentiative steps, and constantly

∗ Corresponding author. Tel.: +49 251 8356099.
E-mail address: stefan.schlatt@ukmuenster.de (S. Schlatt).

ttp://dx.doi.org/10.1016/j.semcdb.2014.03.007
084-9521/© 2014 Elsevier Ltd. All rights reserved.
ing scientific topic which has been debated in many research areas
e.g. developmental biology, veterinary and clinical medicine, and
cell biology. Due to the importance of hormones for testicular func-
permatogenesis: An evolutionary biologist’s perspective. Semin

tion and the knowledge of the hypothalamus-pituitary gonadal axis
described in the 1960s the discussion was dominated by views from
endocrinologists. A PubMed search (dated November 2013) with
the term “Regulation of spermatogenesis” returned 622 review

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 1. Complexity of factors involved in e
eprint with permission from Weinbauer et al. [17].

rticles published since 1971. This indicates that this topic has
nriched many textbooks and journals. The field was  originally
ominated by analysis of the actions of gonadotropins (follicle stim-
lating hormone (FSH), and luteinizing hormone (LH)) and steroids.
owever, the range of themes covered in the hundreds of reviews
n the regulation of spermatogenesis illustrates a highly versa-
ile and translational research field. Many different animal models
ere applied to study physiological aspects of spermatogenesis

rom invertebrates to primates. In vitro studies using testicular
issue and specific somatic cells generated knowledge on cellu-
ar mechanisms primarily in the signal transduction mechanisms
f hormones and growth factors. A variety of control mechanisms
f spermatogenesis and steroidogenesis were described which are
equired to adjust testicular function to naturally occurring changes
n order to optimize reproductive outcome (e.g. seasonality, stress,
utrition). Manipulations of the endocrine control axes were per-

ormed to explore associated changes of sperm production. Our
nowledge of the endocrine regulation of spermatogenesis arises
rom numerous studies suppressing and replacing endocrine fac-
ors and then examining the ensuing effects on testicular function
nd spermatogenesis in rodents and primates [5–14]. These stud-
es have been particularly focussed on elucidating the role of
ormones in adult spermatogenesis. Also, recent gene knock-
ut studies and the creation of mice congenitally deficient in
onadotropin subunits, steroid hormone biosynthetic enzymes or
ormone receptors have been invaluable in revealing which factors
re crucial for the initiation of testis function and have provided
mportant clues as to their cellular sites of action (see [15,16] for
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

eviews).
Translational aspects range from potential treatment options

or infertile patients up to the development of hormone based
ale contraceptive strategies. Naturally occurring or induced
ine and paracrine regulation of the testis.

disturbances of spermatogenesis were elucidated to specific genes
or endocrine/paracrine factors. As a consequence, it is reasonable
to say that we  have a good understanding of the endocrine fac-
tors involved in the regulation of spermatogenesis; at least we
understand which hormones are required for spermatogenesis
and how we  can impair or restore spermatogenesis via hormonal
stimulation or withdrawal.

On the other hand after many years of research the field gener-
ated a long list of hormones and growth factors controlling many
specific aspects of spermatogenesis. A variety of signaling cascades
and intracellular signal transduction pathways were postulated to
be involved in the control of testicular functions. The large num-
ber of endocrine, paracrine, intracrine and juxtacrine factors and
mechanisms of action for control of testis function generated a
sometimes confusing scenario (Fig. 1).

The introduction of molecular analytical procedures generating
expression patterns of thousands of gene products has only helped
to a certain degree to enlighten the supposedly complex regula-
tory networks. The evaluation of these complex networks is greatly
facilitated by the availability of in vitro culture systems providing
access to pure somatic cells and specific germ cell stages. However,
these systems are not yet fully established and do not yet generate
strong strategies for stringent experimental research [18]. Poten-
tially these systems will facilitate the in vitro manipulation under
well-defined experimental conditions providing an opportunity
to correlate distinct physiological changes with specific changes
of mRNA expression covering thousands of genes. Unfortunately
strategies for enrichment of specific germ cell stages and the cre-
permatogenesis: An evolutionary biologist’s perspective. Semin

ation of valid co-culture system for somatic and germ cells presents
still a significant hurdle. Breakthroughs in expanding spermato-
gonia in culture are promising and may  help to overcome this
problem [19]. Innovative approaches to induce spermatogenesis

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 2. Generalized schematic drawing depicting

n the culture dish create novel research strategies for future male
erm cell research [18]. Currently the known regulatory networks
an serve as a foundation to build physiologically relevant models
hat include both the endocrine and paracrine control of spermato-
enesis under different physiological and pathological contexts.

This introduction delineates that the testis-specific multi-
ompartmental organization of the testis, the synchronous
ifferentiation of large germ cell cohorts and the many testis spe-
ific cellular processes require a unique regulation. On the other
and many previous studies have revealed a highly robust species-
pecific organization and kinetics of spermatogenesis contrasting
ith the postulated abundance of factors assumed to control sper-
atogenesis. Throughout evolution the process of spermatogenesis
as crucial for maintaining any species and any fatal deviation
ould have led to immediate extinction. The importance of a robust

egulation of male reproduction removes quickly any failure prone
ontrol mechanism.

In this review we will present a zoological perspective on the
ndocrine regulation of testis function. At first we will focus on the
lonal expansion as a principle of male germ cell differentiation.

e  will introduce germ line stem cells and their niches as crucial
ellular differentiation processes at the starting point of spermato-
enesis. Depending on the species germ cell expansion occurs
n different anatomical arrangements as cysts or multi-layered
eminiferous epithelia. We  will introduce the relevant hormones
s constituents of the hypothalamic–pituitary gonadal axis and
ay attention to hormonal feedback systems and major paracrine
echanisms. Finally we will discuss species-specific modifica-

ions of regulatory mechanisms which are implemented to adapt
ale germ cell development to species-specific needs. In doing

o, we focus on evolutionary and comparative aspects. We  follow
he concept that the highly conserved processes of meiosis and
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

permiohistogenesis are rather autonomous morphogenetic series
f differentiation steps whereas the initial entry of male germ cells
nto differentiation may  or may  not be regulated depending on the
eeds of the species.
ammalian testicular anatomy and cell biology.

2. Structural and functional compartmentalization of the
testis

When comparing different families of vertebrates, it becomes
apparent that the anatomy, relative size, and location of the testes
differ greatly, sometimes even between closely related species. In
fish and amphibians, the testes present as dual elongated lobes
stretched along both sides of the abdominal cavity. These are
attached to the dorsal mesenterium. A species dependent number
of efferent ductules connect each testicular lobe to a distinct cranial
part of the adjacent kidney (Pars sexualis) to facilitate sperm trans-
port via specialized ducts of the original renal systems. In contrast,
the mammalian testis is generally of elliptical shape and can be
located either permanently in the abdominal cavity (e.g. elephants
and marine mammals) or in the scrotum (e.g. man). Latter location
provides a cooler environment compared to core body tempera-
ture. In homeothermic species specialized blood supply involving
testicular arteries and veins and/or retraction by the cremaster
muscle toward or away from the warmer body cavity creates an
unusual and efficient temperature control system stabilizing the
testis core temperature at 1–2 ◦C below body core temperature.
The mammalian testis is enclosed by a fibrous capsule, the Tunica
albuginea which is connected with the retracting muscles and is
highly vascularized.

The mammalian testis is a bicompartmental organ consisting of
seminiferous tubules (approx. 90% of adult mass) and an intersti-
tium (approx. 10% of adult mass) as depicted in Fig. 2. The tubular
wall consists of a basement membrane with underlying contractile
peritubular cells [20]. The tubules are home to the sperm generat-
ing compartment, the seminiferous epithelium. The seminiferous
epithelium is a unique and exquisitely complex epithelium, with
both germ cells and Sertoli cells undergoing major structural and
permatogenesis: An evolutionary biologist’s perspective. Semin

morphological changes during the spermatogenic process. Irre-
spective of testicular size or anatomical arrangement the testicular
interstitium contains the steroidogenically active Leydig cells as a
second testis specific somatic cell type [21]. The interstitium is also

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 3. Left panel: micrograph showing immature rhesus monkey testis tissue containing only Sertoli cells and spermatogonia (arrowhead). Right panel: micrograph of adult
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hesus monkey testicular tissue containing a full complement of differentiating ger

opulated by many more cell types including fibroblasts, immune
ells and blood vessels.

Sertoli cells present the first testis-specific cell type during onto-
enesis. Male sexual differentiation of the indifferent gonad relies
n appearance and subsequent aggregation of pre-Sertoli cells. This
rocess is the initial event for tubulogenesis as a first indication of
ale gonadal differentiation. Sertoli cells undergo intense morpho-

ogical changes to assume a terminally differentiated state capable
f supporting germ cell development [22]. Sertoli cells divide in
he fetal and neonatal period in rodents. The end of the prolife-
ative period is around day 15 in rats [23]. Species undergoing
uberty show accelerated periods of Sertoli cell proliferation during
he postnatal period and during early puberty. In the prepuber-
al period Sertoli cells are relatively quiescent and seminiferous
ubules grow slowly. Exposure to factors that potentiate Sertoli cell
roliferation [24,25] or interfere with their maturation [26,27] gen-
rate changes in testicular size and spermatogenic potential of the
dult. Since Sertoli cell are capable of supporting a finite number
f germ cells the final number of Sertoli cells established during
uberty determines the postpubertal spermatogenic potential of
he testis.

When testicular organogenesis terminates during puberty, Ser-
oli cells form a syncytium-like epithelial monolayer in which germ
ells are embedded. Tight and gap junctions between Sertoli cells
enerate an effective division of the epithelium into subcompart-
ents. This epithelial barrier is known as blood–testis barrier and

reates a basal and an adluminal compartment hindering regula-
ory molecules like protein hormones and growth factors to freely
iffuse across the seminiferous epithelium. Transition of germ cells
hrough the blood–testis barrier depends on testis-specific cellu-
ar processes. The timed establishment of new junctions between
ertoli cells and their appropriate removal guarantees an always
ntact epithelial barrier which renders only germ cells in the basal
ompartments accessible for protein hormones or growth factors.
he blood testis barrier and epithelial sub-compartmentalization
vokes a unique mode of intraepithelial secretion. Basolateral fac-
ors can control mitotic phases of germ cell development whereas
dluminal secretions reach and influence meiotic and postmeiotic
erm cell differentiation [28,29].

This special feature of the seminiferous epithelium renders it
emanding to analyze regulatory mechanisms by standard in vitro
ulture of Sertoli cells. Since the barrier function is usually not
stablished in monolayers of cultured Sertoli cells the detection of
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

rotein or mRNA in cultured cells or conditioned medium cannot
eveal a directed secretion into the one or the other epithelial sub-
ompartment which may  be of relevance for the action of factors
n the intact seminiferous epithelium.
s including elongated spermatids (arrow).

At the completion of spermatogenesis, mature spermatids are
released from the seminiferous epithelium into the seminiferous
tubule lumen and proceed through the excurrent duct system,
known as the rete testis, until they enter the epididymis via the
efferent ducts. In smaller mammalian testes (e.g. rodents) the semi-
niferous tubules are attached to the superficial rete testis and extend
throughout the entire testis. A fine network of arterial and venous
blood vessels extends within the interstitial space between the
seminiferous tubules. Larger testes (e.g. carnivores, primates) are
divided into several lobes of which each is supported by blood ves-
sels via fibrous septae. Here the seminiferous tubules are attached
to a central intratesticular rete testis which extends into the initial
segment as an external part of the rete testis.

The seminiferous epithelium consists of Sertoli cells and germ
cells. The number of germ cells varies with the status of spermato-
genesis. In the immature period or during testicular recrudescence
the only germ cell types are spermatogonia populating the base-
ment membrane in close contact with Sertoli cells (Fig. 3). At this
developmental stage, germ cells represent only 5–10% of the semi-
niferous epithelium. During periods of active spermatogenesis this
ratio changes and germ cells become very abundant making up 90%
of the tubular mass. Within the seminiferous tubules differentiat-
ing germ cells form intimate associations with Sertoli cells, which
have numerous cup-shaped processes that encompass the various
germ cell types [30].

Gametogenesis and generation of sex steroids were originally
different tasks occurring in different organs. Throughout evolution
of vertebrates the endocrine cells specializing on sex steroid pro-
duction and the gamete producing tissues were combined into one
bifunctional organ [31,32]. In the female the gonad developed into
ovaries and in the male into testes. A close association of androgen
releasing endocrine cells and gamete producing tissue components
enables intricate endocrine and paracrine crosstalk between both
compartments providing options for an often useful synchroniza-
tion of the endocrine and gametogenic output. Although combining
both functions into one organ the seminiferous epithelium and
the steroidogenic cells of the testis remained compartmentally
separated: the seminiferous tubules with Sertoli cells as somatic
constituents became the site of spermatogenesis. Leydig cells in the
interstitial compartment became the site of androgen production.

The bicompartmental testicular organization is a striking differ-
ence to the ovary. Steroid generating granulosa cells are structurally
and functionally associated with the maturation of eggs in the ovar-
permatogenesis: An evolutionary biologist’s perspective. Semin

ian follicles. In the testis, but not in the ovary, sex steroid production
is spatially separated and is therefore in principle independent of
gamete production. However, due to the close proximity of Ser-
toli and Leydig cells only negligible diffusion barriers exist and

dx.doi.org/10.1016/j.semcdb.2014.03.007
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ous tubules. In (a) the situation in the mouse is shown as a representative example
of  a species showing a single seminiferous epithelial stage arrangement. All germ
cells in a cross-section of a seminiferous tubules are in developmental synchrony
and  reveal identical morphological features. In (b) the situation of man is shown
representing species with mixed seminiferous epithelial stages. Germ cells at dif-
ferent stages of development can be recognized in each tubular cross-section. For
both species the longitudinal extension of the premeiotic germ cell cohorts attached
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transforms, without further division, into the specialized elongated
o  the basement membrane area are schematically indicated. In mice the cohorts of
erm  cells are much larger compared to primates.

oluble factors released into the interstitium facilitate rapid and
ntense paracrine communication between the two  testicular com-
artments.

In mammals, during periods of active spermatogenesis large
umbers of germ cells are embedded into the epithelium in concen-
ric layers. The premeiotic diploid germ cells are the spermatogonia
hich are arranged either as single cells, small interconnected

ohorts or small chains in the basal compartment in contact with
he basement membrane. Incomplete cytokinesis during mitotic
nd meiotic divisions generates expanding germ cell cohorts. Cells
n interconnected cohorts show synchrony of all subsequent steps
uring the differentiation process. All meiotic (spermatocytes)
nd postmeiotic (spermatids) germ cells are located in the adlu-
inal compartment. They present large interconnected cohorts
ith up to several thousand cells in species with numerous pre-
eiotic divisions (Fig. 4). Only after removal of the spermatid

ytoplasm during elongation germ cells are considered individual
ells.
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

The various steps of germ cell development from spermatogonia
o elongated spermatids can be separated and staged using mor-
hological criteria. These were for the first time described in rats
 PRESS
lopmental Biology xxx (2014) xxx–xxx 5

[33,34]. The most immature germ cells, the spermatogonia, include
type A (denoted A1–4), intermediate (found only in rodents), and
type B forms, the latter being considered to be committed to dif-
ferentiation into meiosis [1,35]. The actual stem cell pool for the
germ cell line is considered to be a subset of the type A spermato-
gonia population, yet the identity of the “true” stem cell cannot
unequivocally be discerned on the basis of morphology [1,35] nor
as yet by biochemical markers. However, techniques such as the
transplantation of germ cells can discern stem cells from differen-
tiating germ cells and provided new information on the biology of
spermatogonial stem cells [36,37].

Three models are currently proposed to describe the spermato-
gonial renewal kinetics in rodents [38]. In the As model, one Asingle
cell divides to become either two new separate As (stem) cells, or to
become two  joined Apair (differentiating) cells. In the A0/A1 model,
the As and Apr cells are considered A0 cells with putative stem cell
characteristics, and the A1–4 spermatogonia are considered A1 dif-
ferentiating stermatogonia, with the Aaligned not being assigned to
one of the groups specifically. The clone fragmentation model is a
variation of the As model, in which the formation of Apr out of As

is considered the commitment toward differentiation. But in this
last model, all cells within a group of Apr or Aal are considered a
clone, because it is comprised of daughter cells. This model takes
into account the existence of groups of cells with numbers different
than 2n, because clone fragmentation can take place at any existing
intracellular bridge between daughter cells.

In the monkey and human, there are two morphologically dis-
tinct type A spermatogonia; Adark (Ad) and Apale (Ap), as well as
type B spermatogonia (1). Ap spermatogonia divide to give rise to
type B spermatogonia as well as to renew their own  population,
whereas Ad spermatogonia are considered to be the nonprolif-
erative reserve spermatogonial population [39–42]. Indeed, Ad
spermatogonia have been suggested to be able to undergo tran-
sition to Ap following testicular insult, allowing repopulation of the
testis in times of injury or insult [41,42]. Ap spermatogonia (or a
subset of) have been suggested to be the “true” stem cell of the
testis, because Ap (not Ad) spermatogonia are seen in humans after
radiation therapy [43] and in the postpubertal cryptorchid testes
[44]. Various studies have suggested that Ap spermatogonia can
undergo transition without division into Ad [41,42,45,46].

In all mammals, both type A and B spermatogonia undergo a
series of mitotic divisions to produce germ cell cohorts that enter
into meiosis. Thus the size of the spermatogonial population and
the extent of premeiotic expansion is a key determinant of the
number of mature sperm eventually produced. The size of this
population is likely controlled by a balance of proliferation and
anti-apoptotic events [35].

Meiosis is initiated by the production of preleptotene sperma-
tocytes from type B spermatogonia. During the prophase of the
first meiotic division, germ cells undergo morphological transitions
that can be classified on the basis of nuclear size and morphol-
ogy [1–3]. DNA is replicated in the preleptotene phase and pairing
of homologous chromosomes occurs in the zygotene phase. Cells
with completely paired chromosomes are termed pachytene sper-
matocytes. The pachytene spermatocyte phase takes some weeks
and as such these cells are seen frequently within the seminiferous
epithelium [1,3]. A brief diplotene phase follows in which the chro-
mosome pairs partially separate. The cells then undergo the first
meiotic division to yield secondary spermatocytes, which quickly
progress through a second meiotic division to yield haploid round
spermatids.

Spermiogenesis is the process by which the round spermatid
permatogenesis: An evolutionary biologist’s perspective. Semin

spermatid via a series of complex cytodifferentiative steps. Nine-
teen defined steps of spermiogenesis have been categorized in the
rat [33]. These steps involve the formation and development of the

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 5. Testicular histology of an adult testis from Ambystoma mexicanum with cystic arrangement of spermatogenesis. (a) Image of one entire testis. Note that the testis of
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his  two-year old individual is composed of two  distinct lobes, one cranial (upper p
ross-section (hematoxylin staining) of one lobe of an adult Axolotl. Note that each 

ysts  on the left side, elongated spermatids in the center, and spermatozoa on the r

crosome and flagellum, condensation of the chromatin, reshaping
nd elongation of the nucleus and removal of the cytoplasm prior
o release of the spermatid during spermiation [3,34]. An important
hysiological consideration during spermiogenesis is that the sper-
atid nucleus becomes incapable of transcription as it condenses,

nd thus round spermatids transcribe high levels of messenger
ibonucleic acids (mRNAs) that are subject to translational delay
ntil translation of protein is required during elongation [47]. Sper-
iation is the final step of spermatogenesis, and involves removal

f spermatid cytoplasm to yield the streamlined spermatozoon
apable of motility, retraction of the Sertoli cell away from the
permatid and, finally, the release of the mature spermatid into
he tubule lumen [4,30].

In other vertebrate species, such as fish or amphibians, differen-
iating germ cells are also developing as large cohorts. However, in
hese species differentiating germ cells are organized as spermato-
enic cysts instead of layers of germ cells as in mammals (Fig. 5).
ach cyst is surrounded by somatic cells forming a lining. A sper-
atogenic cyst contains one interconnected clone of germ cells

oing through the differentiation process in complete synchrony.
he gonad consists of many cysts with the most primitive ones
ontaining A-spermatogonia and premeiotic germ cells at the api-
al zone. Expanding cysts contain differentiating spermatogonia,
permatocytes and finally spermatids. The cysts are sequentially
rranged throughout the lobes up to the distal tip of the gonad
here cysts containing mature sperm rupture and are released.

n cystic arrangements it is obvious that the number of premeiotic
erm cell divisions determines the size of germ cell cysts. Assuming
o germ cells die during differentiation, each additional premeiotic
ivision leads to a doubling of final cell numbers in the synchro-
ized germ cell cohorts and therefore also a doubling in the size
f the cyst. Spermatogenic cyst sizes differ greatly between species
ndicating different numbers of mitotic divisions during premeiotic
tages of spermatogenesis.

In a seminiferous epithelium of a mammal  the cohorts of germ
ells are principally also arranged as cysts. However, instead of
ound cysts located vertically in the testicular lobe the germ
ell cohorts in mammals are arranged in horizontal layers of an
pithelium. The cysts are flattened and spread out as expanded
nterconnected single or dual layer cohorts in the epithelium
Fig. 6). Several such monolayers are packed on top of each other.
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

he basement membrane is populated by individual stem cells
r small clones of undifferentiated spermatogonia among larger
hains of differentiating spermatogonia with highly synchronous
ell cycles (Fig. 6). The cells pass the blood testis barrier as clones
 the image) and a larger caudal (lower part of the image) lobe. (b) Micrograph of a
ontains only one germ cell type, with spermatogonia and spermatocytes present in
ide of the image.

and populate the adluminal compartment as expanded cohorts of
spermatocytes and spermatids. Depending on the species a vari-
able number of premeiotic divisions lead to the presence of small
to very large synchronized germ cell clones stretching along the
seminiferous tubules for several hundred micrometers in mice and
rats.

Albeit anatomical and histological differences are obvious
between cystic and epithelial arrangements of spermatogenesis,
the basic organizational features of germ cells is similar. In all
species male germ cell differentiation is initiated with a differ-
entiating mitotic division of duplets or small chains (2–16 cells)
of undifferentiated A-spermatogonia which are created by incom-
plete cytokinesis. The subsequent differentiation steps are highly
synchronized. Ongoing incomplete mitotic and meiotic divisions
maintain intercellular cytoplasmic bridges creating expanding
cohorts of interconnected germ cells.

The continuous progression of postmeiotic germ cell develop-
ment can be subjectively subdivided into developmental stages
according to morphological criteria. Fig. 7 reveals an anatomist’s
description of 14 discernible stages of spermiogenesis of macaques
from the appearance of round spermatids until spermiation [40].
Germ cell development is highly synchronized within the seminif-
erous epithelium. Since the fully active epithelium contains several
generations of germ cells the developmental synchrony leads to
the appearance of defined associations of germ cells. Since the
developmental progression occurs in synchrony large germ cell
cohorts with specific morphological features can be recognized in
cross-sections of the seminiferous epithelium. The changes in germ
cell associations occur as a consecutive wave. In many species the
wave is longitudinally arranged along the seminiferous tubule. The
stages of the seminiferous epithelial cycle are primarily defined
by morphological features of round spermatids. Other morpho-
logical features can also be used for staging like the presence of
residual bodies or specific germ cell types (Fig. 7). The initial appear-
ance of round spermatids following the second meiotic division
is always defined as stage I of the seminiferous epithelial cycle.
Roman numerals are used to denote the different spermatogenic
stages. The completion of one series of stages is known as one cycle
of the seminiferous epithelium [3]. In the macaque Clermont [40]
subdivided the seminiferous epithelial cycle into 12 stages. In sub-
sequent years unique staging systems were proposed for a large
permatogenesis: An evolutionary biologist’s perspective. Semin

number of species [1,48,33,34]. For example 12 stages of the sem-
iniferous epithelial cycle are described for the mouse, 14 for the
rat, 12 in monkeys [40,49]. Only 6 stages are differentiated in man
[3].

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 6. Schematic representation of the arrangement of germ cells in testes with cystic (upper image; Mexican Axolotl, Ambystoma mexicanum) or epithelial spermatogenesis
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lower  image, human, Homo sapiens) testes. Black arrows show the direction of germ
permatids; orange: elongated spermatids; yellow: sperm.

In some species (e.g. marmoset, man) spermatogenesis is
rranged in stages that are intertwined and do not present a strict
ongitudinal pattern [2]. The synchronized germ cell cohorts in
hese species are smaller and therefore cover less space (Fig. 4).
hen a single tubular cross section contains several germ cell asso-
iations at different stages of the seminiferous epithelial cycle
endering it more difficult to determine stages of the seminifer-
us epithelial cycle and discern individual germ cells to specific
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

ssociations [50–52].
It always needs to be considered that the characterization of

orphological features in developing germ cells is influenced by
xation, embedding and staining techniques. Since the stages of
evelopmental progression. Blue: spermatogonia; green: spermatocytes; red: round

germ cell development (and consequently the seminiferous epithe-
lial cycle) are postulated using subjective criteria, the staging
system is a man  made artificial, highly useful experimental tool
to dissect the continuous process of germ cell development (and
the long time period of the seminiferous epithelial cycle) into
well-defined subunits. The definition of spermatogenic stages has
greatly helped to describe specific processes at defined develop-
mental stages during spermatogenesis. However, spermatogenic
permatogenesis: An evolutionary biologist’s perspective. Semin

stages should not be considered as functional definitions. In the
coming years molecular markers of germ cell development need
to be defined to functionally enrich the morphology based staging
system.

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 7. The 12 stages of the seminiferous epithelial cycle in rhesus monkeys (modified from [40]). Morphological features of round spermatids, in particular the shape of the
acrosome (red box) are used to define spermatogenic stages. In addition mitotic activities in spermatogonia and the presence of specific germ cell types (B-spermatogonia,
preleptotene spermatocytes, green boxes) are used as additional criteria. Note that the early stages are characterized by the presence of round and elongating spermatids
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blue  circles). Stage frequencies can be evaluated as relatives values enabling calcu
ote:  Clermont refers to the Adark as A1, and to the Apale as A2 cells.

The kinetics of spermatogenesis differs between species but
s highly stable for a given species: after initiation of sper-

atogonial differentiation in the mouse spermiation occurs after
pproximately 35 days whereas in man  it takes approximately
4 days [3,53]. The differentiation of germ cells appears to be
n autonomous species-specific morphogenetic series of events.
enogeneic germ cell transplantation experiments revealed that

he kinetics of germ cell development is inherited in germ cells
54,55]. For example rat germ cells transplanted into the mouse
estis developed with the rat specific kinetics inside the mouse sem-
niferous epithelium. Since the morphogenetic program in male
erm cells appears highly stable the exact timing of the initial event
s of utmost importance to initiate and maintain the high synchrony
nside the seminiferous epithelium. The somatic environment does
herefore not dictate the progression of germ cell development but

ay  be involved in the timing of the initial event. It is known from
he embryonic and fetal testis that testicular somatic cells show
yclic patterns of gene expression [56].

. Spermatogonial differentiation and
xpansion/proliferation

Spermatogonia are located at the basal membrane of the
eminiferous compartment [57,58]. A small subpopulation of sper-
atogonia functions as unipotent stem cells to generate exclusively
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

perm. In contrast to other adult stem cells in the organism, sper-
atogonial stem cells show additional unique features. As progeny

rom primordial germ cells and constituents of the germ line they
re theoretically immortal. Mouse spermatogonia have indeed a
of the time each stage is present (see results and calculation from [49]; black box).

very long lifespan as was  shown by studies using serial germ cell
transplantation [59,60]. Spermatogonia inherit the germline of the
species at a critical point when germ cells need to mitotically
expand prior to meiosis. A very high number of sperm is needed to
maintain fertility of males. Therefore stem cell spermatogonia must
maintain DNA-integrity against the accumulation of replication
errors and exposure to environmental mutagens. Spermatogonial
stem cells have therefore a key position in controlling balanced
evolutionary changes of the genome.

Based on histological studies it has been postulated that
spermatogonia do not undergo unequal divisions. Thus, each
spermatogonial division generates two identical daughter cells
[61,62,40]. On a biomolecular level, however, the two daughter
cells do not share the same complement of proteins [63,64]. There-
fore, two  histologically “identical” daughter cells might still show
different biomolecular fingerprints. Biomolecular markers of sper-
matogonia have been studied in order to establish a molecular
“fingerprint” for each different subpopulation of spermatogonia
both in primates and in rodents [65–73]. One of the main goals
has been the identification of the “real” spermatogonial stem cells
[74–79]. Several studies in the recent past had some success in pin-
pointing spermatogonial markers and relate a specific marker to
a particular spermatogonial subpopulation, slowly advancing our
knowledge on spermatogonial markers [79–81]. However, it is still
unresolved if a fixed subpopulation of “true” spermatogonial stem
permatogenesis: An evolutionary biologist’s perspective. Semin

cells exist or whether rapidly changing and stochastically selected
subfractions of spermatogonia act as stem cells at any given time
as was  proposed using three-dimensional modeling in the mouse
[82].

dx.doi.org/10.1016/j.semcdb.2014.03.007
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ig. 8. Modified from [85]: scheme of male germ cell differentiation in mouse, r
ntermediate; B, B-spermatogonium; Spc, spermatocyte; RS, round spermatid; S, sp

In rodents spermatogonial stem cells are morphologically rec-
gnized as a small subpopulation of single spermatogonia which
arely divide [83,84,48]. During initial expansion spermatogonia
orm pairs or chains of up to 16 cells known as Apaired or Aaligned
permatogonia. The divisions of these small cohorts are synchro-
ized with the spermatogenic wave and the cells show already the
rst markers of differentiation. In rodents, the clonal expansion of
erm cells is intense and in theory leads to 4096 spermatids arising
rom one stem cell division (Fig. 8).

In primates, at least two distinct types of undifferentiated
permatogonia exist. These two spermatogonial subtypes are –
hroughout life – commonly named Adark and Apale spermatogo-
ia [61,62,85–89,40]. Adark spermatogonia are considered reserve
tem cells which are only proliferatively active during pubertal
xpansion [90] and following depletion of spermatogonia due to
rradiation or toxic exposure [41,42]. In contrast, Apale spermato-
onia are considered self renewing progenitors which proliferate
egularly during each spermatogenic cycle [77,78]. The limited
umber of premeiotic spermatogonial divisions has strong impli-
ations, as in contrast to rodents where one stem cell division gives
ise to several thousand germ cells, in man  a maximum number
f 32 spermatids can be created from one stem cell division [91].
hese species-specific differences in spermatogonial physiology of
odents and in primates are summarized in Fig. 8 (modified from
85]).

Primates are in need of either a higher number or a higher expan-
ion of spermatogonial stem cells. In the rhesus monkey cohorts
f pairs or quadruplets of spermatogonia proliferate twice during
ach seminiferous epithelial cycle resulting in replenishment of the
pale-population and creation of the differentiating population of B-
permatogonia [77,78]. A similar model can be proposed for man
91]. Our model reveals several significant differences between
rimates and rodents as no unequal division of any of the premei-
tic germ cells is involved and a large population of self-renewing
rogenitors (Apale) exist generating appropriate numbers of differ-
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

ntiating progeny in the absence of efficient mitotic expansion in
rimates [91].

As yet the existence of a testicular stem cell niche is well docu-
ented but its cellular and molecular function is poorly understood
 monkey and man. Spermatogonial subtypes: As, Asingle; Apr, Apair; Aal, Aaligned; I,

[92]. In the mouse, primordial germ cells isolated from the embry-
onic epiblast or teratocarcinoma cells have the potential to function
as germ line stem cells when transplanted into the testicular
niche [93,94]. These findings indicate that the testicular microen-
vironment offers a unique microenvironment to germ cells at any
developmental stage. Testicular stem cell niches may  not be ran-
domly distributed along the seminiferous tubules as regions with
preference for stem cells or differentiating spermatogonia have
been described [95,96]. The exact cellular and molecular details
of the niche microenvironment have not yet been elucidated and
may  be species dependent. However, settlement and colonization
of testicular stem cells from a large number of species after infu-
sion into the mouse testis reveals that stem cell recognition and
settlement are highly conserved between species [55].

The number of sperm produced depends primarily on testicular
size. Great variability exists in respect to relative testis weight
with some species like hamsters showing very large testes while
other species like whales showing comparatively small testes in
relation to their body mass. In active adult mammalian testes
seminiferous tubules make up 75–90% of the testicular weight.
When the testes are fully active all species show a tubule diam-
eter of 300–400 �m accommodating the fully active seminiferous
epithelium and the tubular lumen. As the tubule diameter is fixed
testicular size depends on the extent of longitudinal outgrowth of
seminiferous tubules. The exact mechanisms controlling testicular
size are unknown. However, FSH and thyroxin are known to affect
Sertoli cell expansion and testicular size.

In many species spermatogenic output correlates with Sertoli
cell numbers. This is true when the number of differentiating germ
cells shows no modulations as is observed in many rodents. In
these species the efficiency of sperm output is usually running at
a maximum capacity. Other species show a modulation of sperm
output and the germ cell load of the epithelium can be controlled
by hormonal stimulation. The regulatory mechanisms do, however,
not affect the efficiency of germ cell development as all analyzed
permatogenesis: An evolutionary biologist’s perspective. Semin

species show a comparable transit efficiency from differentiating
spermatogonia to spermatids. This finding indicates that modula-
tions in the efficiency of germ cell production are not dependent on
survival of differentiating germ cells. As a consequence the number

dx.doi.org/10.1016/j.semcdb.2014.03.007
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Fig. 9. Schematic diagram illustrating a “hypothetical ancient” model for hormonal
control of testicular function. The two gonadotropic axes are fully separated pro-
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f A-spermatogonia transiting into differentiating spermatogonia
s the limiting step for the extent of sperm production.

In light of this the number of stem cell niches and the ratio of
tem cell niches occupied by actively proliferating stem cells are the
wo critical parameters to determine sperm output. In many species
ncluding rodents only small undifferentiated A-spermatogonia are
equired due to high expansion of germ cells during premeiotic
tages. Therefore a reliable low level production of germ cell pre-
ursors is managed by a well functioning autonomous stem cell
ystem relying on rare stem cells (As) and numerous subsequent
ivisions (Apr, Aal). Clonal splitting maintains a pool of undiffer-
ntiated spermatogonia but most undifferentiated spermatogonia
ransit into spermatogenic differentiation as A1 spermatogonia as

 or 16 cell clones.

. Hormonal control of the testis by feedback mechanisms

The two gonadotropic hormones FSH and LH are the central
ctors in the HPG-axis. Their release from pituitary gonadotropes
s controlled by GnRH. The GnRH pulse generator in the hypothal-
mus is considered the master ON/OFF switch of the reproductive
xis. A wide range of information e.g. age, nutrition, social status
nd stress are used to create a decision that reproductive functions
f an individual should be (re)initiated or halted. The GnRH pulse
enerator is a master switch as it controls the entire reproductive
ystem by affecting both gonadotropins. Fig. 6 depicts a hypo-
hetical model of hormonal regulation in which the GnRH master
witch controls two fully independent regulatory feedback loops
hich are either responsible for spermatogenesis (FSH–inhibin) or

teroidogenesis (LH–testosterone). FSH acts specifically on Sertoli
ells regulating the sperm output of the seminiferous epithelium
y controlling the expansion of premeiotic germ cells. Inhibin B
unctions as endocrine signal for the integrity and activity of the
tem cell system providing a signal to the pituitary on the capacity
f sperm production. LH acts on Leydig cells stimulating the release
f androgens which induce or maintain a male phenotype, stimu-
ate sexual organs and androgen controlled actions in the periphery.
t the same time androgens function as feedback hormone at the
ypothalamic level. In this scenario both gonadotropins have sep-
rate functions and independent regulatory feedback loops: The
SH and inhibin axis controlling the production of sperm and the
H–testosterone axis the androgenization of the organism. We  will
ater discuss species specific modifications of this basic model.

Changes in the photoperiod are perceived as stable indicators
f seasonal changes. The duration of daylight is transduced via
he retina and the pineal organ into melatonin patterns which are
erceived by the hypothalamus to switch the GnRH pulse generator

nto on or off mode [97]. Length of the photoperiod can therefore
e registered as one of the most important environmental factors.
he GnRH master switch can use this information to control activ-
ty of the reproductive organs in synchrony with seasonal changes.
epending on the species shortening (short day breeders) in fall or

engthening (long day breeders) of photoperiods in spring induces
he activity of the GnRH pulse generator. This promotes the birth
f offspring at favorable seasonal conditions and provides a clear
dvantage to species living in habitats with seasonal changes.

In most circumstances spermatogenesis and steroidogenesis are
ynchronously controlled via the GnRH pulse generator by seasonal
ignals as only in combination do gamete production and sexual
ctivity guarantee reproductive success. As the master switch acts
n both gonadotropins, GnRH cannot separately modulate sper-
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
Cell Dev Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.03.007

atogenesis or steroidogenesis. Under specific circumstances FSH
nd LH stimulation need to be dissociated to some extent. Varia-
ions in pulse frequency and amplitude of GnRH can modulate the
esponse of gonadotropic cells enabling the preferential release of
viding independent feedback control for spermatogenesis (FSH–inhibin axis) and
steroidogenesis (LH–testosterone axis).

either FSH or LH. The LH–testosterone axis functions as a negative
feedback loop (Fig. 9). LH acts on Leydig cells promoting the release
of androgens after activation of various intracellular signaling
cascades. Serum levels of androgens are controlled by balanced
stimulatory action of LH on Leydig cells versus inhibitory actions of
androgens in parts of the brain reducing the release of LH from
gonadotropes. In the male testosterone is the dominant steroid
hormone communicating to all peripheral organs that sex differ-
entiation has been directed toward male gonadal differentiation.
In some fish showing gender transformation during life the infor-
mation on sexual differentiation may  need to be modified several
times during life. However, in mammals sexual differentiation is
genetically determined and gender transformation is naturally not
observed. The most significant androgen actions occur only once
and incur irreversible anatomical changes usually during embryo-
genesis (e.g. induction of sexual accessory and copulatory organs,
male differentiation of brain areas) or at puberty (e.g. increase in
body mass, male muscle and hair growth patterns, growth of lar-
ynx or teeth, modified organogenesis of skin inducing marking or
sex glands, modified teeth, horn or antler development). Due  to
these anatomical and usually irreversible actions of testosterone
many species-specific features occur during sex differentiation and
render the appearance of male and female vertebrates different.

In addition to irreversible anatomical sex-specific features dur-
ing development, androgens control reversible short and long
term changes which may  be needed to adapt males to recur-
ring changes in the environment. It is intriguing that diurnal
and seasonal fluctuations of androgens control many circadian
physiological features. Peripheral testosterone levels in men  for
example are usually increased at nighttime and affect many func-
tions like brain activity and secretory actions of glands well
as sexual activities (morning erections). Seasonal fluctuations of
androgens limit sexual activities to mating seasons. In mam-
mals the seasonal testosterone-dependent parameters usually
affect sexual accessory organs but also secondary characteristics
(e.g. body mass, antler growth, activity of marking glands). Non-
mammalian species developed an even wider and versatile range
permatogenesis: An evolutionary biologist’s perspective. Semin

of androgen-controlled parameters. In fish and birds androgen-
controlled seasonal features affect body color or contours by
specific overgrowth of pigmented cells, fins or feathers. In general

dx.doi.org/10.1016/j.semcdb.2014.03.007
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igh androgen serum levels in vertebrates promotes aggressive-
ess.

Albeit stringent control mechanisms for establishment of ade-
uate serum levels of testosterone are mandatory, the androgen
erum patterns differ greatly between species. The release of andro-
ens is always pulsatile. Every LH pulse evokes a testosterone
elease. In species like mice which do not have binding globu-
ins the resulting androgen peaks are brief and of high amplitude.
n contrast species with serum binding globulins show extended
eaks with lower amplitudes and more elevated basal serum lev-
ls. Studies on androgen effects in mice are therefore very tedious
s determination of testosterone in normal adult mice is difficult.
owever, the determination of androgen dependent parameters

ike seminal vesicle or prostate weight presents a more reliable
ioassays to determine the overall androgen status in mice.

The pulsatile release of LH is centrally controlled by the GnRH
ulse generator and androgens show circadian rhythms as well
s seasonal and age related variations. Albeit the abundance of
eydig cells in the testis shows great variability between species
nder normal conditions their number seems not to be critical as
eduction by 50% through hemicastration has no major impact on
erum testosterone levels [98]. Mice carrying testicular xenografts
99,100] in the absence or presence of one or both of their own
estes revealed no change in androgen levels confirming a central
ontrol of testosterone release which is unrelated to the number
f Leydig cells present in the animal. It is, however, remarkable
hat xenografts from different species in mice provoke a different
evel of androgens indicating that the target tissue plays a role to
efine the setpoint of androgen levels in the feedback control loop
101].

In all thus far analyzed vertebrate species androgens play an
mportant paracrine role during testicular differentiation as well
s in the initiation and maintenance of spermatogenesis. The
dvantage of this paracrine action is that spermatogenesis and
teroidogenesis can be synchronized. However, when the paracrine
ction of testosterone becomes dominant spermatogenesis and
teroidogenesis can no longer be separately modulated. We  will
xplore diverse species-specific needs and resulting variations of
ndocrine control of testis functions later in this chapter.

In contrast to the LH–testosterone axis the role of the second
onadotropin is less obvious at least in rodents and appears much
ore versatile in different species. Albeit showing some degree of

ubfertility male mice lacking the gene encoding the FSH� sub-
nit (FSH�KO) have normal sexual development and are fertile.
here is normal progression of germ cells through spermatogen-
sis although fewer germ cells are present [102–104]. Leydig cell
teroidogenesis pathways were altered in adult FSH�KO mice as
he levels of mRNAs encoding 17�HSD and StAR were increased
105]. Transgenic mice that express FSH but not LH permitted the
upport of spermatogenesis through the completion of meiosis but
ack completion of germ cell maturation [106]. Knock out of the
SH receptor in mice (FSHRKO) results in delayed spermatogenesis
nd sexual maturity plus the sperm produced are aberrant with
educed fertilizing capability. Although neither spermatogenesis
or steroidogenesis are fully normal and these mice have small
estes they are fertile [104,107–111]. Experiments on hpg mice
howed that FSH-mediated expansion of the germ cell population
ccurs independently of androgen action through the Sertoli cell
r any other androgen responsive cell. FSH stimulated the devel-
pment of germ cells to round spermatids but only to about 5% of
ormal levels. However, FSH was unable to generate spermatids in
he absence of androgen action [112–114]. Taking these data into
Please cite this article in press as: Schlatt S, Ehmcke J. Regulation of s
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onsideration it was postulated that FSH is not essential to maintain
ertility in mice (reviewed in [115]).

This situation is totally different in other species. The Djun-
arian hamster is a rodent contrasting the mouse as a highly
 PRESS
lopmental Biology xxx (2014) xxx–xxx 11

FSH-dependent species. This hamster needs to adapt to extreme
environmental conditions with very long and intense Siberian
winters providing only few months per year for reproduction.
This has evoked a very stringent seasonal control of reproduction
[116]. Testis weights in these hamsters fluctuate between 30 mg
under inhibitory photoperiods and 400 mg  under stimulatory pho-
toperiods. When photoperiods expand the GnRH pulse generator is
activated. The activation also occurs spontaneously under extended
exposure to short photoperiods for more than 12 weeks [117].
Administering FSH to photoinhibited adult animals restores sper-
matogenesis in the absence of testosterone [118]. The FSH-only
induced sperm have full fertilizing capabilities [119]. During spon-
taneous recrudescence an increase of FSH several weeks prior to
reactivation of the LH–testosterone axis re-induces testis growth
and spermatogenesis [117]. FSH stimulates Sertoli cell prolifera-
tion and junctional organization in photoregressed adult hamsters.
While these processes are irreversible and occur once during post-
natal development in mice, they are reversible in hamsters and
remain under control of FSH even in adulthood [120]. In conclusion
the Djungarian hamster provides a model whose spermatogenic
function is primarily controlled by FSH.

In most other animals FSH synergizes with testosterone to
increase the efficiency of spermatogenesis. In primates FSH recep-
tors are specifically expressed in Sertoli cells [121] and FSH appears
to be crucial for quantitatively normal spermatogenesis. However,
whether or not FSH is essential to maintain fertility in primates
has been debated for more than a decade (reviewed in [122]).
In men, there is evidence for FSH being essential for fertility as
homozygous inactivating mutations in the gene encoding the FSH-
� subunit result in infertility [123–127]. Three examples of FSH-�
subunit mutations have been described in men. Small testes and
azoospermia result from each of the C100R, Y94X and V79X FSH-�
mutations [123–125]. In contrast to men  having FSH-� mutations, 4
of 5 men  having the only reported homozygous inactivating muta-
tion of human FSH receptor (A181V) remained fertile, although all
had testes that were smaller than normal and 4 of the men had
oligospermia. Only one example has been characterized for a male
having an activating mutation in the FSH receptor in the absence of
systemic FSH. Testis volume and spermatogenesis of the affected
individual were within normal parameters [128]. In primates FSH
targets premeiotic germ cells via Sertoli cells and controls their
expansion. FSH deprivation in monkeys inhibits spermatogonial
proliferation and their transition to spermatocytes [129]. The num-
ber of spermatogonia increased after FSH stimulation of in intact as
well as FSH depleted monkeys [130,7,131]. FSH treatment of prepu-
bertal monkeys increased the number of Sertoli cells and initiated
spermatogenesis resulting in the production of spermatogonia and
spermatocytes [132–134]. Taking together the role of FSH for reg-
ulation of testicular function is highly diverse and appears to be
highly adaptable to the needs of any species.

In contrast to the LH–testosterone feedback loop the feedback
mechanism for FSH is less obvious albeit inhibin B is generally
considered the feedback hormone for FSH in the male (for review
[122]). In principle only species modulating sperm output are
in need to establish a fine-tuned regulatory feedback system for
control of spermatogenic output. The activity of the seminiferous
epithelium in rodent testes is usually maintained at a 100% level
which creates no need for regulatory mechanisms. Autonomous
cellular processes guarantee an always efficient germ cell load of
the seminiferous epithelium. In the absence of any modulations of
sperm output FSH lost its function as modulator of spermatogenic
efficiency. Therefore rodents are inappropriate models to explore
permatogenesis: An evolutionary biologist’s perspective. Semin

FSH feedback mechanisms. However, those species with variable
sperm output need to know the maximal level of sperm produc-
tion to then adapt the hormonal stimulation to the desired level of
sperm production. For estimation of the maximal capacity of sperm
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Fig. 10. Schematic drawings illustrating species-specific models for hormonal
control of testicular function which present modifications from the “hypothetical
ancient” model depicted in Fig. 9. In all three species the two feedback loops
are not fully independent. Testosterone exerts positive paracrine effects by
stimulating sperm production via Sertoli cells. (a) shows a model for the Djungar-
ian hamster which shows a subsequent activation of the FSH and LH axis during
 PRESS
lopmental Biology xxx (2014) xxx–xxx

production the most relevant information is the number of stem cell
niches occupied by spermatogonial stem cells and their activity sta-
tus. Inhibin B functions as a readout of functional stem cell niches in
the primate testis. It is well known that primate spermatogenesis is
not running at maximal capacity [135]. Strong evidence and a phys-
iological model for an FSH–inhibin feedback had been presented by
Plant and Marshall already in 2001 [122]. In primates the level of
inhibin B depends on the amount of testicular tissue since hemi-
castration leads to a rapid and persistent 50% reduction of serum
inhibin B levels [99]. In addition inhibin B levels in monkeys are
influenced by both gonadotropins [136]. However, inhibin B is not
just constitutively released by each Sertoli cell. Experimental germ
cell depletion by testicular irradiation in primates is followed by
a rapid reduction of inhibin B [137,138]. Already few days after
irradiation when all A-spermatogonia are depleted but the more
differentiating germ cells are still present, inhibin B levels are low.
During subsequent recovery of spermatogenesis when stem cells
slowly colonize the germ cell deficient tubules inhibin B levels rise.
The levels of inhibin B correlate well with A-spermatogonia declin-
ing rapidly during their depletion and recovering slowly during
recolonization. It is therefore obvious that inhibin B levels indi-
cate the integrity and activity of the testicular stem cell system
and provide an endocrine signal for the number of functional testi-
cular stem cells. The inhibin level therefore can be perceived by the
brain as a marker for the maximal potential of sperm production.
Depending on the number of functional units the release of more
or less FSH can control the total sperm output. At least in male pri-
mates inhibin B functions therefore as a feedback hormone for FSH
as it is can be perceived centrally as a marker for the capacity of
sperm production (Fig. 10b).

5. Species-specific variability of endocrine control
mechanisms of testis functions

Every species has adapted its reproductive needs to the
environmental conditions to guarantee maximal reproductive suc-
cess. Endocrine mechanisms provide flexible options to control
spermatogenesis and steroidogenesis and to adapt reproduc-
tive strategies to the species-specific needs. Fig. 10 depicts
three different species-specific scenarios for the regulation of
spermatogenesis and steroidogenesis. As outlined in the hypo-
thetical model depicted in Fig. 9 in principle both processes
could be controlled independently since they are located in sep-
arate compartments and the hormones controlling each process
are associated with specific target cells. In reality this extreme
scenario with two  completely separated feedback loops con-
trolling spermatogenesis and steroidogenesis independently has
not been described for any species. In the following three plots
several adaptations and modifications of the regulatory control
system is shown. Fig. 10a reveals the situation in the Djungarian
hamster, a photoperiod-sensitive species in which temporal asyn-
chrony of spermatogenesis and steroidogenesis is observed. Both
gonadotropic axes are maintained and can independently activate
permatogenesis: An evolutionary biologist’s perspective. Semin

spermatogenesis or steroidogenesis. During recrudescence FSH is
first released to initiate the spermatogenic process while the ani-
mal  is still sexually inactive. LH is secreted several weeks later to
stimulate sexual functions and mating behavior. Testosterone has

photorecrudescence. Inhibin plays no major role since spermatogenic output is not
hormonally modulated. (b) reveals the primate situation. While both gonadotropic
axes are active the FSH–inhibin axis functions as modulator of the spermatogenic
output. The mouse or rat situation is depicted in (c). The LH axis is dominant.
Steroidogensis and spermatogenesis are activated synchronously via paracrine
action of testosterone. As in hamsters inhibin plays no major role as spermato-
genic efficiency is not hormonally modulated. In adulthood the role of FSH is widely
diminished.

dx.doi.org/10.1016/j.semcdb.2014.03.007
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timulatory paracrine function in order to support an efficient sper-
atogenic output during mating season. As hamsters like other

odents do not modulate the sperm output inhibin B may  be of less
elevance for this species. The following plot (Fig. 10b) depicts the
cenario in primates. Both gonadotropic axes are synchronously
ctive. The FSH–inhibin B axis controls an adequate sperm out-
ut at the stem cell and premeiotic germ cell stage. Germ cell
xpansion may  not be maximally stimulated and the capacity of
he seminiferous epithelium is not always reached. The degree of
SH stimulation is modulated centrally via input from the brain.
he LH–testosterone axis controls the peripheral androgenization
tatus. Testosterone has relevant paracrine activity in the primate
estis stimulating many aspects the efficiency of germ cell sur-
ival. Fig. 10c reveals the situation in mice and rats. Both species
re prepared for maximal reproductive success throughout life and
he seminiferous epithelium is loaded permanently with a max-
mal number of germ cells creating a constant non-modulated
ptimal sperm output. As no modulation of sperm production is
eeded, the inhibin B feedback role is diminished. Since sperm
utput is constant and therefore FSH modulation is not required
ynchronous activation of steroidogenesis and spermatogenesis is
ufficient and the LH–testosterone axis controls both, the periph-
ral androgenization status via endocrine action and the activity of
he seminiferous epithelium via paracrine actions. The role of FSH
s diminished.

These three models reveal a high diversity of gonadotropic reg-
lation of testis function. However, despite of a high degree of
odulations a complete loss of the one or the other gonadotropic

xis has not been observed in any species. The loss of a complete
xis may  lead to a decline of adaptive options which may  eliminate
ecessary modifications of reproductive strategies when changes

n environmental conditions occur.
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