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ARTICLE INFO ABSTRACT
Article history: Spermatogenesis is completely dependent on the pituitary hormone follicle-stimulating hormone (FSH)
Available online xxx and androgens locally produced in response to luteinising hormone (LH). This dual control has been
known since the 1930s and 1940s but more recent work, particularly using transgenic mice, has allowed
Keywords: us to determine which parts of the spermatogenic pathway are regulated by each hormone. During the
Follicle-stimulating hormone first spermatogenic cycle after puberty both FSH and androgen act to limit the massive wave of germ cell
Androgen apoptosis which occurs at this time. The established role of FSH in all cycles is to increase spermatogonial
Estrogen . . . . . .
Germ cell and subsequent spermatocyte numbers with a likely effect also on spermiation. Mice lacking FSH or its
Spermatogenesis receptor are fertile, albeit with reduced germ cell numbers, and so this hormone is not an essential reg-
ulator of spermatogenesis but acts to optimise germ cell production Androgens also appear to regulate
spermatogonial proliferation but, crucially, they are also required to allow spermatocytes to complete
meiosis and form spermatids. Animals lacking androgen receptors fail to generate post-meiotic germ
cells, therefore, and are infertile. There is also strong evidence that androgens act to ensure appropriate
spermiation of mature spermatids. Androgen regulation of spermatogenesis is dependent upon action on
the Sertoli cell but recent studies have shown that androgenic stimulation of the peritubular myoid cells
is also essential for normal germ cells development. While FSH or androgen alone will both stimulate
germ cell development, together they act synergistically to maximise germ cell number. The other hor-
mones/local factors which can regulate spermatogenesis include activins and estrogens although their
role in normal physiological regulation of this process needs to be more clearly established. Regulation
of spermatogenesis in primates appears to be similar to that in rodents although the role of FSH may be
greater. While our knowledge of hormone function during spermatogenesis is now well developed we
still lack understanding of the mechanisms by which these hormones act to regulate this process.
© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Development and maintenance of spermatogenesis in the adult
is critically dependent upon the actions of follicle-stimulating hor-
mone (FSH) and androgen. This has been clear since the early
pioneering studies by Smith, Greep and others in the 1920s and
1930s who used hypophysectomy and hormone replacement tech-
niques to identify the pituitary and testicular factors involved [ 1-3].
In the intervening years hormone ablation/replacement techniques
have become more refined but the fundamental story remains the
same and most recently it has been shown that in animals lacking
receptors for both follicle-stimulating hormone (FSH) and andro-
gen only 3% of normal germ cell numbers are present at day 20
[4]. Improved techniques for hormone ablation/replacement and
the development of transgenic models mean that we are now able
to identify the stages of spermatogenic development and mainte-
nance that are affected by each hormone. In addition we can show
how these hormones interact and we are starting to understand the
cellular mechanisms that regulate hormone action on spermatoge-
nesis.

The Sertoli cells are critical for all aspects of spermatogenesis
from maintenance of the spermatogonial stem cell niche to the final
process of spermiogenesis. Indeed, recent studies have shown that
specific ablation of a single protein (Dicer) from the Sertoli cells
will lead to loss of all germ cell types in the adult testis [5]. Both
FSH and androgen act to regulate spermatogenesis through recep-
tors on the Sertoli cells and this appears to be the only way that
FSH directly influences the process. Androgens also act through
peritubular myoid cells (PTMC) to maintain spermatogenesis [6]
although this effect is probably mediated via the Sertoli cells. Total
germ cell numbersin the adult testis are dependent upon Sertoli cell
numbers [7] and, overall, it is clear that the course of spermatogen-
esis is completely dependent on the development and maturation
of the Sertoli cells.

Until recently the main experimental approaches to the study
of FSH and androgen action have been hypophysectomy, treat-
ment with a gonadotrophin-releasing hormone (GnRH) agonist or
antagonist (each followed by hormone replacement), injection of
ethanedimethane sulfonate (EDS) (which ablates Leydig cells) or
immunization against the hormone or receptor. Each has significant
drawbacks: hypophysectomy will clearly disrupt other hormones
(including LH and, thereby, testosterone), GnRH antagonists are not
completely effective, particularly against FSH, EDS is a cytotoxin
which may have off-target effects while immunization also has lim-
ited effectiveness and in many of the older studies is not specific
to FSH (12;13). The field is currently, however, in a second period
of major progress using mouse models which was started ini-
tially by study of the testicular feminised (tfim) mouse which lacks
functional androgen receptors (AR) [8] and the hypogonadal (hpg)
mouse which has a severe deficiency in circulating gonadotrophins
[9]. Study of these natural mutants was then enhanced by the
generation of transgenic mice lacking specific hormones or their
receptors either ubiquitously or on specific cell types. We now
have available animals lacking FSH-receptors (FSHRKO), androgen
receptors (ARKO), androgen receptors specifically on the Sertoli
cells (SCARKO) and androgen receptors specifically on the PTMs
(PTM-ARKO). These models, however, suffer the weakness that
the hormone is lacking throughout development and, therefore,
tell us more about the initiation of spermatogenesis than they do
about normal maintenance. So far there is only one report of an
inducible model of hormone/receptor knockout in the testis [10]
and this review is based largely on what we know from non-
inducible models and from older, interventionist studies in the
rat

2. Gonocyte development

Early gonocyte development in the mouse occurs before for-
mation and functional maturity of the pituitary and so will not be
under regulation by the gonadotrophins. This has been confirmed
by study of hpg and FSHRKO mice [4,11]. The fetal Leydig cells, the
source of testicular androgen, start producing testosterone soon
after testis formation [12,13] but data from the ARKO mouse shows
that germ cell numbers are normal at birth in the absence of andro-
genaction [4]. Similarly, in mice lacking both AR and FSHR gonocyte
numbers are normal at birth [4]. Between the day of birth and day
5 in the mouse there is a marked proliferation of the gonocytes
[11,14] and the cells migrate from the lumen of the seminiferous
tubule to rest on the basement membrane as spermatogonial stem
cells (SSC) and spermatogonia [11,15]. In hpg, ARKO, SCARKO and
FSHRKO mice (and combined FSHRKO.ARKO and FSHRKO.SCARKO
mice) there is a significant (~45%) reduction in testicular germ cells
atday 5 although germ cell migration is normal [4,11]. This suggests
that gonocyte proliferation/survival just prior to SSC development
is hormone-dependent although there is redundancy of action
between the hormones. Platelet-derived growth factor (PDGF) and
NOTCH signalling from the Sertoli cells appear also to be involved in
gonocyte proliferation [16,17]. It is possible that FSH and androgen
act through secretion of PDGF but gonocyte migration and differ-
entiation are also affected in the absence of this factor [16] and
these events appear to hormone-independent. Interpretation of
hormonal effects on gonocyte numbers in this period is complicated
by the simultaneous increase in Sertoli cell number and it is pos-
sible that the increase in gonocyte numbers is, in part, a response
to increased Sertoli cell numbers. Neonatal changes in Sertoli cell
number are androgen-dependent but probably not FSH-dependent
(although there are conflicting data) [11,18,19] which would sug-
gest that effects of FSH on germ cell numbers in this period are
not mediated through Sertoli cell proliferation. An earlier study has
reported that gonocyte/spermatogonial numbers are unaffected by
FSH suppression through passive immunisation during a similar
period in the rat [20]. The reason for this discrepancy with the
mouse data is not clear, it may indicate a species-dependent differ-
ence or it may be due to incomplete FSH suppression in the neonatal
rats.

3. The first wave of spermatogenesis

Spermatogenesis starts soon after SSC differentiation and the
first wave of spermatogenesis completes around day 40-45 in the
rodent [21]. This first wave develops, therefore, in an environment
which differs from subsequent waves in both the structure/activity
of the testis and the hormonal environment. A further difference is a
marked, BAX-regulated surge of apoptosis which occurs in the germ
cells, particularly the pachytene spermatocytes, during the first
wave [22,23]. This apoptotic event appears to be essential for sub-
sequent waves of spermatogenesis, perhaps through synchronising
the Sertoli cell/germ cell ratio [22]. Reduction in FSH levels during
this period causes a marked increase in germ cell death suggesting
that FSH normally acts to limit the apoptotic wave [20,24,25]. It has
been reported that systemic injection of testosterone also inhibits
apoptosis [22] suggesting a role for androgens in this process but
it is not clear from this study whether intratesticular testosterone
levels or circulating FSH were affected. Other evidence, however,
also suggests that androgens will reduce spermatocyte apoptosis in
the pre-pubertal rat consistent with a role for androgens in limiting
apoptosis during the first wave [26]. Recent studies using FSHRKO
and SCARKO mice have shown that there is a significant decrease in
germ cell numbers in both groups at 20 days of age, during the first
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Fig. 1. Role of FSHR and AR in determining germ cell number during development. Total germ cell number per testis was measured in normal, FSHRKO, SCARKO,
FSHRKO.SCARKO, ARKO and FSHRKO.ARKO mice during post-natal development. The data shows that gonocyte numbers are unaffected by loss of hormone action on
day 1 but by day 5, when spermatogonia are present there is a similar loss of germ cells in most groups. By day 20, when spermatocytes are present and shortly before
they enter meiosis, loss of FSHR (FSHRKO) was more marked than loss of AR in the Sertoli cells (SCARKO). Total loss of AR (ARKO) had the most marked effect of the single
knockouts. Double knockouts (FSHRKO.SCARKO and FSHRKO.ARKO) had a greater effect than either knockout alone. A more detailed analysis of adult data is shown in Fig. 4.

Results show the mean + SEM of 3-6 animals per group at each individual age.
Reproduced from [4] and see this reference for analysis details.

spermatogenic wave but before completion of meiosis [4] (Fig. 1).
This is also consistent with the hypothesis that both hormones act
to limit apoptosis although reduced germ cell proliferation is also
likely to contribute to the effects seen. What is interesting from
this data, however, is that there is a more marked loss of germ
cells in the FSHRKO mouse than in the SCARKO mouse while the
greatest loss (not including double knockouts) was in the ARKO
mouse (Fig. 1) This data shows that androgen action is critical at
this age but also that the effects are largely mediated through cells
other than the Sertoli cells-the most likely candidates at this age
being the PTMC [6]. With respect to Sertoli cell-dependent hor-
monal regulation of germ cell development, this appears to be
most sensitive to FSH in the prepubertal period. It is also worth
noting that even before germ cells complete meiosis there is an
additive and, possibly, synergistic effect of both hormones (seen
in the double knockout FSHRKO.SCARKO and FSHRKO.ARKO mice)
[4]. The first wave of spermatogenesis is somewhat unusual, there-
fore, compared to subsequent waves. It has been suggested that
the apoptotic surge may be critical to ensure normal spermato-
genesis in the adult and this may be a contributory cause of the
sub-maximal fertility seen in the adult FSHRKO mouse [27].

4. Spermatogenesis in the adult
4.1. Follicle-stimulating hormone

Until the mid 1990s the general consensus was that FSH is essen-
tial for the initiation of spermatogenesis and that in the adult it
is required to maintain normal quantitative germ cell production
[28,29]. It was contrary to expectations at the time, therefore, when
transgenic mice lacking FSH or its receptor (FSHR) were shown
to be fertile, albeit with a reduced germ cell number [30-34].
Closer study of FSHRKO and FSHBKO mice showed a reduction in
numbers of spermatogonia, spermatocytes and spermatids [30,34]
from which it could be concluded that FSH acts to increase the

number of spermatogonia and the entry of these cells into meiosis.
It was less clear whether FSH would also stimulate completion of
meiosis (ie formation of round spermatids) but comparison with
SCARKO mice showed that even in the presence of normal FSH
levels round spermatids would not form in the absence of AR on
the Sertoli cells [30,35]. Previous studies had shown that injec-
tion of hpg mice with FSH or transgenic expression of FSH in these
animals would increase numbers of spermatogonia and spermato-
cytes and induce round spermatid formation [36-39]. This effect
on spermatid formation was, however, subsequently shown to be
due to stimulation of testicular androgen levels since no effect of
FSH is seen in hpg.SCARKO or hpg.ARKO mice [36]. This also serves
to illustrate another problem when studying hormonal control of
spermatogenesis; the hormones that we now have available do not
suffer from cross contamination, as they once did, but it can be dif-
ficult to isolate the effects of a single hormone as they often affect
levels of other hormones which act on the testis (an interesting
example being stimulation of pituitary FSH secretion by estrogen
in the hpg male [40]).

While FSHRKO and FSHBKO mice show what happens to adult
spermatogenesis when there is lack of FSH action during develop-
ment we cannot be sure that they show the normal adult role of FSH
in maintaining this process. As discussed above, this is because the
hormone or its receptor are missing from the start of reproductive
development and it is not clear how much the adult phenotype
reflects abnormal development of spermatogenesis or abnormal
maintenance of the adult state. Lack of FSH, for example, during
the high apoptotic period of the first spermatogenic wave proba-
bly increases the overall number of cells dying which may have a
knock-on effect on adult spermatogenesis [22]. As yet we are unable
to study the effects of selective FSH ablation in the adult using trans-
genic models since no floxed Fshr animals are available. Previous
studies have achieved selective reductions in FSH levels through
passive immunisation or gonadotrophin ablation (using hypophy-
sectomy, GnRH agonists or enhanced steroid negative feedback)
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with or without androgen replacement. In hypophysectomised rats
treated with androgens, for example, sperm production is signifi-
cantly reduced, presumably because of loss of FSH [41,42], while
FSH immunoneutralisation significantly reduces germ cell num-
bers with a clear effect on spermatogonial survival [43]. Similarly, in
hypophysectomised or GnRH-immunised adult rats FSH-treatment
acts to increase spermatogonial and spermatocyte number but has
a limited and incomplete effect on spermatogenesis [44,45]. While
these results generally agree with the data from FSHRKO mice there
are, however, significant differences. In particular, it was postulated
in two of these studies that FSH acts to promote the completion of
meiosis in rats [41,44], an effect not seen in the transgenic mouse
models (discussed above). This may be a species-dependent differ-
ence or may be related to issues with the particular models used
and, certainly, most studies do not see any clear effect of FSH on for-
mation of post-meiotic cells in the rat. In addition to pre-meiotic
effects, it has been suggested that FSH also plays a role in the normal
completion of spermiogenesis. In FSHRKO mice, study of ejaculated
sperm shows alterations in DNA condensation and an increase in
morphological abnormalities [46,47]. Interpretation of these stud-
ies, however, is complicated by the fact that testosterone levels
are reduced in FSHRKO mice [48]. In addition, the ratio of round
spermatids to mature sperm in the FSHRKO mouse is similar to
control [30,46] which suggests that FSH is not involved in the pro-
cess of spermiogenesis. Similarly, in FSH-treated GnRH-immunised
rats there is little or no progression from round to elongated sper-
matids [44] and no effect of FSH is seen in the hpg mouse [39].
There is evidence that FSH may be involved in the process of sper-
miation (release of mature spermatids from the Sertoli cells) [49]
but androgens also appear to be the more important regulators of
this process [50].

The mechanism of FSH action on spermatogenesis is uncertain
but FSH can alter rates of germ cell apoptosis [25,51] and there is
also evidence that FSH can act to increase spermatogonial differ-
entiation/proliferation [52-54]. A number of studies have shown
that glial cell line-derived neurotrophic factor (GDNF) and fibro-
blast growth factor 2 (FGF2) are important for SSC self-renewal and
survival [55,56] and it has been reported that FSH stimulates GDNF
and FGF2 levels in Sertoli cells [57-60]. This suggests that one effect
of FSH may be at the SSC niche although in a study designed to look
at the effects of FSH on testicular function in the hpg mouse we did
not see any change in Gdnf or Fgf2 levels [61] and effects of FSH at
the niche remain to be confirmed. A further role for FSH in the testis
may be maintenance of Sertoli cell water balance as the cells show
accumulations of fluid in FSHRKO mice [62]. This alters cell mor-
phology and interactions between the germ cells and Sertoli cells
and might be expected to reduce normal spermatogenic efficiency.

4.2. Androgen

The essential role that androgen plays in development and
maintenance of spermatogenesis has been known since the 1930s
[63] and has been emphasised by a recent paper which shows
that precocious expression of ARs in Sertoli cells leads to prema-
ture spermatogenic development [64]. The role of androgens can
also be clearly seen in any animal model in which androgen levels
are severely reduced through hypophysectomy, GnRH-treatment,
EDS-treatment or in gonadotrophin-deficient mice. In each case
there is massive loss of pachytene spermatocytes and round sper-
matids, particularly at stages VII and VIII of the cycle, which can be
reversed by treatment with testosterone [39,65-74]. Similarly, in
mice lacking functional androgen receptors (tfm or ARKO) there is
a significant loss of spermatocytes and failure of these cells to com-
plete meiosis and form round spermatids [4,8,18,35]. The major
effects of androgen on meiosis appear to be ensuring survival of
pachytene spermatocytes, particularly in the mid-spermatogenic

stages, and enabling diplotene spermatocytes to enter into meiotic
division [30,35,39]. As with study of FSH action on spermatoge-
nesis, however, some of the effects of AR ablation in the adult
may be related to changes in the first wave of spermatogenesis
and there is the added complication that tfm and ARKO mice are
cryptorchid which, by itself, will markedly affect spermatogene-
sis. One transgenic approach that can be used to address both of
these questions is that taken by Willems et al. [10] who developed
an inducible ARKO model. Induction of AR ablation in this iARKO
model is through the action of tamoxifen which, unfortunately, has
the potential drawback that, by itself, it can cause marked dis-
ruptive effects on spermatogenesis, albeit at high doses [75]. In
the study by Willems et al. [10] there were significant endocrine
changes and areduction in testis weight associated with the actions
of tamoxifen [10] but the effects of tamoxifen on spermatogenesis
in control animals did not appear marked while there was clearly a
severe loss of spermatocytes and spermatids in iARKO mice (though
not explicitly reported in this study) [10]. Overall, therefore, both
transgenic and non-transgenic animal models show that the major
effects of androgens are to maintain the spermatocytes and to allow
these cells to complete meiosis.

Other effects of androgens on germ cell development are more
complex or more difficult to study. For example, the role that
androgens play in spermiogenesis and spermiation is not clear
from most genetically-modified models of AR ablation since the
germ cells do not reach the spermatid stage. The process can be
studies in androgen-withdrawal models, however, and results indi-
cate that the adhesion between Sertoli cells and spermatids is
androgen-dependent since androgen action is required to prevent
the retention and phagocytosis of mature, elongated spermatids
and the premature release of round spermatids [50,72,73,76,77].
The effects that androgen have on spermatogonial development
are also complex. Hypophysectomy will reduce spermatogonial
cell numbers [78,79] which is reversed by testosterone. It has also
been shown that androgen (DHT) will induce an increase in sper-
matogonial numbers in hpg mice [74,80] but not in hpg.SCARKO
or hpg.ARKO mice [74] (Fig. 2). A similar effect of FSH is also
seen in both of these models, however [36,78], suggesting that
both hormones can stimulate spermatogonial development (dis-
cussed further below). Currently, it remains entirely uncertain how
androgen regulation occurs and there is no evidence at present of
androgenic effects at the germ cell niche.

While it is clear that there is an essential role for andro-
gens in stimulating spermatogenesis it has also been shown in
an interesting series of studies that suppression of testicular
testosterone levels stimulates recovery of spermatogenesis after
irradiation/chemotherapy damage and germ cell transplantation
[81,82]. Suppression of testosterone will also induce spermato-
gonial development in juvenile spermatogonial (jsd) mutant mice
[83,84]. This effect of testosterone suppression on the jsd mice has
been shown to be due to increased testicular temperature in these
animals [85] while the effect on germ cell transplantation may
be due to disruption of the blood-testis barrier allowing the stem
cells to reach the Sertoli cell niche [86]. The mechanism underly-
ing the effect of androgen suppression on the spermatogonial block
induced by irradiation is, however, not clear at present and remains
an important area for study in order to prevent sterility caused by
cancer chemotherapy.

Androgen receptors are expressed in most cell types in the testis,
the major exception being the germ cells themselves and it is
clear that androgen action in the testis is only mediated through
the somatic cell populations [87,88]. The Sertoli cells express AR
soon after birth in rodents [89] and study of the SCARKO mouse
shows that androgens act through the Sertoli cells to regulate
spermatocyte number and progress of these cells through meio-
sis [30,35]. More surprisingly, ablation of AR on the PTMC also
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FSH secretion in all three animal groups [74]. Results show the mean 4+ SEM. Within a particular animal type, groups with different letter superscripts were significantly
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Reproduced from [74].

has a major effect on spermatogenesis with a marked reduction
in numbers of both spermatocytes and spermatids and a progres-
sive loss of spermatogonia [6]. This demonstrates that androgens
must also act through the PTMC to support spermatogenesis. A sim-
ilar effect can be seen when FSHRKO.SCARKO mice are compared
to FSHRKO.ARKO mice at 20 days of age, before normal testicu-
lar descent [4]. Total germ cell numbers in FSHRKO.ARKO mice are
about 15% of those in FSHRKO.SCARKO mice, the main difference
between the animals being that androgens can act through the
PTMC in the FSHRKO.SCARKO animals but not the FSHRKO.ARKO
mice (although an effect on Leydig cells cannot be ruled out).
A similar, though less marked difference is also seen comparing
the ARKO and SCARKO mice [4]. Comparison between hpg mice
and hpg.SCARKO mice treated with androgen for 7 days shows,
however, that androgen action through the PTMC alone does not
stimulate spermatogenesis and that action through the Sertoli cells
is essential (Figs. 2 and 3) [74]. Comparing a number of models
(FSHRKO, hpg + A, Ptm-ARKO, Scarko, hpg.SCARKO +A [4,6,74]) it is
clear that it is only when androgens are acting through both the
Sertoli cells and the PTMC (i.e. normal, FSHRKO and hpg+A) that
androgenic stimulation of spermatogenesis (increased numbers of
spermatogonia, spermatocytes and post-meiotic cells) is seen.
Androgens probably act in diverse ways to stimulate spermato-
genesis and a number of androgenic effects on the Sertoli cell are
becoming clear although we currently have little idea what effect
androgens have on the PTMC. Early studies using the AR-deficient
tfm mouse reported that androgens are essential for formation of
the blood-testis (Sertoli cell) barrier [90] and this has been shown,
more recently, to be linked to altered expression of junctional pro-
teins [91,92]. Interestingly, it has been reported that in SCARKO
mice a barrier does form but formation is delayed and the barrier
is defective [93]. The disruption caused to barrier formation would,
however, be expected to alter the specific tubular environment
required for spermatogenesis [93] and is a likely contributory factor

to the loss of germ cell development in androgen-deficient ani-
mals. Androgens also act on the Sertoli cell to stimulate expression
of the homeobox gene Rhox5 [94] which may act as an interme-
diate transcription factor directing some of the actions of the AR
[95]. Inactivating mutations in Rhox5 have only a limited effect on
spermatogenesis, however, leading to an increase in germ cell apo-
ptosis and reduced sperm number and motility [96]. It is unlikely,
therefore, that Rhox5 is a major factor in androgen regulation of
spermatogenesis. This gene is part of a large family of homeobox
genes, however, and several are expressed in the Sertoli cell so
there may be functional redundancy which reduces the effects of
inactivating Rhox5. Androgens have also been linked to retinoic
acid metabolism/action in the testis [97,98] and since retinoic acid
has been linked to control of meiosis [99] this may be another
route by which androgens control spermatogenesis. Most recently,
a comprehensive list of androgen-regulated transcripts in mouse
Sertoli cells has been identified using RNAseq and the RiboTag
mouse [100]. In total, 938 mRNA transcripts were identified which
are androgen-dependent and predominantly expressed in the Ser-
toli cells and this valuable new resource will undoubtedly help
in identifying the mechanisms by which androgens regulate sper-
matogenesis. Interestingly, it has also been shown that, in addition
to the normal pathway, testosterone can act through a non-classical
pathway which involves AR recruitment of Src kinase and activa-
tion of the epidermal growth factor receptor [101,102]. Co-culture
studies show that androgens act through this pathway to increase
adhesion of spermatocytes and spermatids to Sertoli cells followed
by release of elongated spermatids and mature spermatozoa [103].
For more information on this pathway see xxxxxxxx. Overall, since
androgens have to act on both PTMC and Sertoli cells to regu-
late spermatogenesis, and given the variety of genes shown to
be androgen-dependent, it is likely that a number of different
pathways are involved in androgen regulation of spermatogenesis.
Finally, androgens are also essential for Sertoli cell proliferation
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Fig. 3. Semithin sections showing the effect of androgen on testicular morphology in hpg, hpg.SCARKO, and hpg.ARKO mice. In untreated animals, spermatogenesis was
severely disrupted with only spermatogonia and some spermatocytes present. Treatment with T increased germ cell numbers in all mice, although the effect was most
marked in the hpg group. Treatment with DHT increased germ cell number only in hpg mice. In the hpg.ARKO group the black arrow indicates the presence of a microlith

[146]. Bar=20 pm.
Reproduced from [74].

during fetal and neonatal development [4,18,104] and, as Sertoli
cell number regulates germ cell number [7], androgen stimulation
during pre-pubertal development will also determine final germ
cell numbers in the adult.

4.3. Estrogen

There is no doubt that estrogens can affect spermatogenesis but
the effects are complex and the normal physiological role in the
adult remains unclear. There is, however, good evidence to suggest
that estrogen action is required in the neonate to ensure normal
adult spermatogenesis. The complexity of estrogen action comes
largely from the multiple indirect effects that the hormone has on
the testis through endocrine regulation and through other tissues.
Estrogens will stimulate spermatogenesis, for example, in the adult
hpg mouse [105] but this effect is due to stimulation of FSH release
from the pituitary [40]. On the other hand, exogenous estrogens will
inhibit spermatogenesis in normal adult animals through inhibition
of LH secretion and intratesticular testosterone levels [106]. Never-
theless, the testis has aromatase activity which converts androgens

to estrogens and the testes of some species such as the horse
produce large amounts of estrogens [107,108]. Several cell types
in the testis, including germ cells, also express nuclear estrogen
receptors (ERa and ER[3) as well as the membrane receptor GPR30
[109,110]. More pertinently, a physiological role for estrogens is
suggested by the developing infertility in mice lacking aromatase
(ArKO mice). Young ArKO mice are initially fertile but spermatoge-
nesis degenerates with time with an arrest at early spermiogenesis
and the appearance of multinucleated cells in the tubular lumen
[111]. ERKO mice are also infertile and this appears to be through
both estrogen-dependent and estrogen-independent mechanisms
[112]. Estrogen-independent ERa signalling is required for concen-
trating epididymal sperm through regulation of fluid absorption
by the epididymis [112,113]. Interestingly, estrogen-dependent
ERa signalling is also required during the neonatal period to
ensure normal adult spermatogenesis and fertility [112]. This
effect is probably related to Sertoli cell maturation during this
period although estrogens can increase spermatogonial numbers in
neonatal rats [114]. ERBKO male mice are sterile but this does not
appear to be due to defects in spermatogenesis [115] and GPR30KO
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mice are reported to be normally fertile [116]. With respect to
estrogen action on spermatogenesis, the clearest effects are seen
on spermiogenesis and it has been suggested that acrosome bio-
genesis may be an estrogen-dependent process [117] which would
be consistent with the developing spermatogenic failure seen in
ArKO mice. Interestingly, estrogens will also stimulate spermato-
gonial differentiation following irradiation damage to the testis
[118], an effect thatis not related to testosterone suppression [119].
Thus, there is compelling evidence that estrogen plays a role in the
early development of spermatogenesis (probably through the Ser-
toli cells) and it is clear that estrogens will affect spermatogenesis
but the normal role that estrogens play in this process in the adult
and the mechanisms of action remain to be determined.

4.4. Activin

Activins and activin-related proteins are produced by most tes-
ticular cell types [120] and probably should be described as local
growth factors rather than hormones with respect to spermato-
genesis. They do also act as hormones, however, and as such are
included in this review (the same arguments could of course be
made concerning androgens). Activin receptors have been identi-
fied in Sertoli cells and in germ cells with some receptors showing
a stage-dependent pattern of expression [120]. Activin has been
shown to have effects on SSC, spermatogonia and spermatocytes in
culture [121-123] but the best evidence for a normal role in sper-
matogenesis comes from transgenic models. These can be complex
to analyse since changes in activin/inhibin levels will also affect cir-
culating FSH levels but in double knockout mice lacking FSH and the
activin recptor type 2A (ACVR2A) there is a greater loss of epididy-
mal sperm numbers and spermatogonia than in animals lacking
FSH or ACVR2A alone [124]. There also appears to be a require-
ment for a normal expression pattern of activin secretion since
animals with overexpression of the $A-subunit show progressive
failure of spermatogenesis [ 125]. The activin-related proteins follis-
tatin (FST) and follistatin-like 3 (FSTL3) are activin-binding proteins
which act as antagonists to activin activity. Over-expression of FST,
which would be expected to reduce local activin levels, causes
infertility without clear effects on FSH levels [126]. Conversely, in
mice lacking FSTL3 there is a clear increase in germ cell numbers
although this is probably related mostly to a significant increase in
Sertoli cell numbers [127]. Overall, available evidence suggests that
activins may play a regulatory role in maintaining spermatogenesis
and ensuring normal Sertoli cell development and activity.

4.5. Combined hormone action

While both androgen and FSH will act alone to stimulate sper-
matogenesis, it is clear that both hormones acting together are
essential for full spermatogenesis. The combined effects of both
hormones can be seen clearly in FSHRKO, SCARKO and combined
FSHRKO.SCARKO mice [30] (Figs. 4 and 5). The FSHRKO.SCARKO
mouse provides a baseline model with no direct endocrine stim-
ulation of the Sertoli cells and in these animals there is a marked
failure of spermatocyte development and absence of any cells com-
pleting meiosis [30]. The SCARKO mouse shows the effect of FSH
on this model which is to stimulate spermatogonial and spermato-
cyte numbers while the FSHRKO mouse shows that androgens act
to stimulate completion of meiosis [30]. It is only, however, when
both hormones are present in the control animal that full, normal
spermatogenesis occurs (Figs. 4 and 5). While it is clear that andro-
gens are the main stimulatory factor regulating spermatogenesis,
the two hormones act additively to stimulate entry of the germ
cells into meiosis and synergistic to enhance completion of meio-
sis and entry into spermiogenesis [30]. Similar synergistic effects
of FSH and testosterone are also seen in hpg mice with a marked
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Fig. 4. Morphometric analysis of germ cell types in 8-wk-old testes from control,
FSHRKO, SCARKO, and FSHRKO.SCARKO mice. The results show that in the absence
of FSH or androgen action through the Sertoli cells (FSHRKO.SCARKO mice) tubules
contain largely spermatogonia (see also Fig. 5). In the presence of FSH (SCARKO mice)
there is a significant increase in spermatogonia and spermatocytes while in the pres-
ence of androgen (FSHRKO mice) there is an increase in spermatocytes and round
spermatids. It is only in the presence of both hormones (control), however, that
full spermatogenesis is seen. The mean & SEM of four animals per group is shown.
Groups with different letter superscripts are significantly different. Where there
was a significant interaction between the effects of the two gene knockouts, this is
indicated on the figure.

Adapted from [30].

increase in spermatid numbers in the presence of both hormones
[39]. It has also been reported that in a rat model of suppressed
androgen and/or FSH both hormones act synergistically to support
spermiation [49] with a similar effect seen in the human [128].
Some of the additive effects of FSH and androgen are likely to
be through the action of each hormone on different parts of the
spermatogenic cycle but the mechanisms by which they act syn-
ergistically to increase completion of meiosis are not known. A
number of potential synergistic mechanisms have, however, been
previously described. For example, FSH has been shown to aug-
ment the action of testosterone and help induce tight junction
formation at the Sertoli cell barrier [129]. Similarly, it has been
reported that androgen may act to regulate FSH action on the Sertoli
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Fig. 5. Semithin sections from testes of 8-wk-old normal, FSHRKO, SCARKO, and FSHRKO-SCARKO mice. The FSHRKO mice contained all stages of spermatogenesis, although
germ cell number was reduced. In SCARKOmice, spermatogenesis progressed through meiosis, but there was progressive loss of pachytene spermatocytes, and few secondary
spermatocytes or round spermatids were observed. In FSHRKO.SCARKOmice, the tubules were of a smaller diameter with large numbers of Sertoli cells (black arrowheads)
and smaller numbers of spermatogonia (red arrowheads). Spermatogonia entered meiosis, but development stopped at early pachytene in most cells (yellow arrowhead).

Bar=20 pm.
From Reference [30].

cell through the chromatin modifier metastasis-associated protein
2 (MTA2) [130]. In contrast, FSH has been shown to antagonise
the effects of testosterone on germ cell attachment through the
non-classical pathway [103]. Understanding the synergistic mech-
anisms underlying the action of these two hormones is not likely
to occur, however, until we know how hormones act to regulate
completion of meiosis.

5. Hormonal regulation of spermatogenesis in primates

Consistent with rodent models, spermatogenesis in primates is
dependent upon FSH and androgen. Indeed, the effects of hypophy-
sectomy on primates, including man, is more marked than in
rodents with only Sertoli cells and spermatogonia left in the invo-
luted tubules [131-133]. The phenotype is also more marked than
that seen in the FSHRKO.SCARKO mouse [30] and suggests that
both spermatogonial proliferation and onset of meiosis are more
hormonally sensitive in primates. As with rodents, hypophysec-
tomy and replacement studies show that androgens are essential
for fertility in primates [131,134,135]. This is also demonstrated
by the arrested spermatogenesis seen in individuals with muta-
tions in LHP3 which prevent secretion or receptor binding of the
hormone despite normal testis descent [136,137]. In monkeys,
androgens appear to be required, particularly, for conversion of
type A pale (Ap) spermatogonia to type B, completion of meiosis,
spermiogenesis and for spermiation [138]. The role of FSH in nor-
mal spermatogenesis in primates may be greater than in rodents
but there remains some uncertainty. It has been shown in primates
that unilateral orchiectomy will increase testis size and spermato-
genesis in the remaining testis and this effect is associated with
a long-term increase in circulating FSH levels [139,140]. Similarly,
FSH will increase germ cell production in normal adult monkeys
and humans [52,141], mainly through an increase in Ap spermato-
gonia entering the spermatogenic cycle. Finally, it has also been

reported that FSH is as effective as LH in maintaining spermato-
genesis in normal men with gonadotrophin suppression although
it is not clear whether residual androgen levels in these men may
have contributed to a synergistic effect with FSH [128]. While FSH
will clearly stimulate spermatogenesis in primates, studies on the
effects of inactivating mutations in the human are equivocal about
the pivotal importance of this hormone during maintenance of nor-
mal spermatogenesis. Three separate studies have reported that
inactivating mutations in FSHf3 will cause azoospermia [142-144]
suggesting FSH is critical for germ cell development but a reported
inactivating mutation in FSHR was associated with oligozoosper-
mia [145]. Results from a detailed stereological analysis of the
effects of gonadotrophins in men suggest that FSH acts primarily
to maintain spermatocyte numbers while both FSH and androgen
maintain spermatid numbers [128].

6. Conclusions and future directions

The fundamental roles played by FSH and androgen in control
of spermatogenesis were described over 70 years ago and further
study in the intervening period has served to re-enforce the results
of these early studies and to refine our knowledge of the action of
these hormones. Overall, the primary effects of FSH and androgen
appear to be similar in rodents, primates and other mammals (FSH
acts to stimulate spermatogonial proliferation and entry into meio-
sis and T acts to ensure completion of meiosis and spermiogenesis).
Androgens appear to be critical for spermatogenesis in all species
and, while the relative importance of FSH may vary, it is clear that
optimal spermatogenesis requires the action of both hormones. We
are beginning to understand how FSH and androgen act to regulate
germ cell development at the cellular and molecular level but this
remains an area in which substantial advances are required. Current
transgenic models are excellent for study of early germ cell devel-
opment and the first wave of spermatogenesis but further work
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on the role of FSH and androgen in the adult will require develop-
ment of inducible cell-specific knockouts, preferably not requiring
use of tamoxifen. The critical role that the Sertoli cell plays in sper-
matogenesis has been, and remains, central to our understanding
of spermatogenesis and hormone action. The breakthrough stud-
ies showing that androgens must also act through the PTMCs [6]
illustrates, however, that the cellular regulation of spermatogen-
esis is more complex than previously anticipated and this must
be a priority area for future study. Finally, the role that FSH plays
in human spermatogenesis remains an interesting and important
topic of study and further advances, probably through identifica-
tion of more individuals with inactivating mutations, are awaited
with interest.

Acknowledgement

Parts of the work reported here were supported by a grant from
the Wellcome Trust.

References

[1] Smith PE, Engle ET. Experimental evidence regarding the role of the ante-
rior pituitary in development and regulation of the genital system. American
Journal of Anatomy 1927;40:159-68.

[2] Greep RO, Fevold H. The spermatogenic and secretory function of the gonads
of hypophysectomised adult rats treated with pituitary FSH and LH. Endoci-
nology 1937;21:611-9.

[3] Greep RO, Fevold HL, Hisaw FL. Effects of two hypophyseal gonadotrophic
hormones on the reproductive system of the male rat. Anatomical Record
1936;65:261-70.

[4] O’Shaughnessy PJ, Monteiro A, Abel M. Testicular development in mice lack-
ing receptors for follicle stimulating hormone and androgen. PLoS ONE
2012;7:e35136.

[5] Papaioannou MD, Pitetti JL, Ro S, Park C, Aubry F, Schaad O, et al. Sertoli
cell Dicer is essential for spermatogenesis in mice. Developmental Biology
2009;326:250-9.

[6] Welsh M, Saunders PT, Atanassova N, Sharpe RM, Smith LB. Androgen action
via testicular peritubular myoid cells is essential for male fertility. FASEB
Journal 2009;23:4218-30.

[7] Orth JM, Gunsalus GL, Lamperti AA. Evidence from Sertoli cell-depleted rats
indicates that spermatid number in adults depends on numbers of Sertoli cells
produced during perinatal development. Endocrinology 1988;122:787-94.

[8] Lyon MF, Hawkes SG. X-linked gene for testicular feminization in the mouse.
Nature 1970;227:1217-9.

[9] Cattanach BM, Iddon CA, Charlton HM, Chiappa SA, Fink G. Gonadtrophin
releasing hormone deficiency in a mutant mouse with hypogonadism. Nature
1977;269:338-40.

[10] Willems A, De GK, Deboel L, Swinnen ]V, Verhoeven G. The development
of an inducible androgen receptor knockout model in mouse to study the
postmeiotic effects of androgens on germ cell development. Spermatogenesis
2011;1:341-53.

[11] Baker PJ, O’'Shaughnessy PJ. Role of gonadotrophins in regulating numbers
of Leydig and Sertoli cells during fetal and postnatal development in mice.
Reproduction 2001;122:227-34.

[12] Greco TL, Payne AH. Ontogeny of expression of the genes for steroidogenic
enzymes P450 side chain cleavage, 33-hydroxysteroid dehydrogenase, P450
17a-hydroxylase C17-20 lyase, and P450 aromatase in fetal mouse gonads.
Endocrinology 1994;135:262-8.

[13] Gondos B. Development and differentiation of the testis and male reproduc-
tive tract. In: Steinberger A, Steinberger B, editors. Testicular development,
structure and function. New York: Raven Press; 1980. p. 3-20.

[14] Vergouwen RPFA, Huiskamp R, Bas R, Roepers-Gajadien HL, Davids JAG, de
Rooij DG. Postnatal development of testicular populations in mice. Journal of
Reproduction and Fertility 1993;99:479-85.

[15] Culty M. Gonocytes, the forgotten cells of the germ cell lineage. Birth Defects
Research Part C: Embryo Today 2009;87:1-26.

[16] Basciani S, De LG, Dolci S, Brama M, Arizzi M, Mariani S, et al. Platelet-derived
growth factor receptor beta-subtype regulates proliferation and migration of
gonocytes. Endocrinology 2008;149:6226-35.

[17] Garcia TX, Hofmann MC. NOTCH signaling in Sertoli cells regulates gonocyte
fate. Cell Cycle 2013;12:2538-45.

[18] Johnston H, Baker PJ, Abel M, Charlton HM, Jackson G, Fleming L, et al. Reg-
ulation of Sertoli cell number and activity by follicle-stimulating hormone
and androgen during postnatal development in the mouse. Endocrinology
2004;145:318-29.

[19] Migrenne S, Moreau E, Pakarinen P, Dierich A, Merlet ], Habert R, et al.
Mouse testis development and function are differently regulated by follicle-
stimulating hormone receptors signaling during fetal and prepubertal life.
PLoS ONE 2012;7:e53257.

[20] Meachem SJ, Ruwanpura SM, Ziolkowski ], Ague JM, Skinner MK, Loveland KL.
Developmentally distinct in vivo effects of FSH on proliferation and apoptosis
during testis maturation. Journal of Endocrinology 2005;186:429-46.

[21] de Rooij DG. Stem cells in the testis. International Journal of Experimental
Pathology 1998;79:67-80.

[22] Rodriguez I, Ody C, Araki K, Garcia I, Vassalli P. An early and massive wave of
germinal cell apoptosis is required for the development of functional sper-
matogenesis. EMBO Journal 1997;16:2262-70.

[23] Jahnukainen K, Chrysis D, Hou M, Parvinen M, Eksborg S, Soder O. Increased
apoptosis occurring during the first wave of spermatogenesis is stage-specific
and primarily affects midpachytene spermatocytes in the rat testis. Biology
of Reproduction 2004;70:290-6.

[24] Billig H, Furuta I, Rivier C, Tapanainen ], Parvinen M, Hsueh AJ. Apoptosis in
testis germ cells: developmental changes in gonadotropin dependence and
localization to selective tubule stages. Endocrinology 1995;136:5-12.

[25] Ruwanpura SM, McLachlan RI, Stanton PG, Loveland KL, Meachem SJ. Path-
ways involved in testicular germ cell apoptosis in immature rats after FSH
suppression. Journal of Endocrinology 2008;197:35-43.

[26] Walczak-Jedrzejowska R, Kula K, Oszukowska E, Marchlewska K, Kula
W, Slowikowska-Hilczer ]. Testosterone and oestradiol in concert pro-
tect seminiferous tubule maturation against inhibition by GnRH-antagonist.
International Journal of Andrology 2011;34:e378-85.

[27] Krishnamurthy H, Danilovich N, Morales CR, Sairam MR. Qualitative
and quantitative decline in spermatogenesis of the follicle-stimulating
hormone receptor knockout (FORKO) mouse. Biology of Reproduction
2000;62:1146-59.

[28] Griswold MD. Action of FSH on mammalial Sertoli cells. In: Russell LD, Gris-
wold MD, editors. The Sertoli cell. Clearwater: Cache River Press; 1993. p.
493-508.

[29] Zirkin BR, Awoniyi C, Griswold MD, Russell LD, Sharpe R. Is FSH required for
adult spermatogenesis. Journal of Andrology 1994;15:273-6.

[30] Abel MH, Baker PJ, Charlton HM, Monteiro A, Verhoeven G, De Gendt K,
et al. Spermatogenesis and sertoli cell activity in mice lacking sertoli cell
receptors for follicle-stimulating hormone and androgen. Endocrinology
2008;149:3279-85.

[31] Kumar TR, Wang Y, Lu N, Matzuk MM. Follicle stimulating hormone is
required for ovarian follicle maturation but not male fertility. Nature Genetics
1997;15:201-4.

[32] Abel MH, Wootton AN, Wilkins V, Huhtaniemi I, Knight PG, Charlton HM. The
effect of a null mutation in the follicle-stimulating hormone receptor gene on
mouse reproduction. Endocrinology 2000;141:1795-803.

[33] Dierich A, Sairam MR, Monaco L, Fimia GM, Gansmuller A, LeMeur M, et al.
Impairing follicle-stimulating hormone (FSH) signaling in vivo: targeted dis-
ruption of the FSH receptor leads to aberrant gametogenesis and hormonal
imbalance. Proceedings of the National Academy of Sciences of the United
States of America 1998;95:13612-7.

[34] Wreford NG, Rajendra Kumar T, Matzuk MM, de Kretser DM. Analysis of the
testicular phenotype of the follicle-stimulating hormone beta-subunit knock-
out and the activin type II receptor knockout mice by stereological analysis.
Endocrinology 2001;142:2916-20.

[35] De Gendt K, Swinnen JV, Saunders PT, Schoonjans L, Dewerchin M, Devos A,
et al. A Sertoli cell-selective knockout of the androgen receptor causes sper-
matogenic arrest in meiosis. Proceedings of the National Academy of Sciences
of the United States of America 2004;101:1327-32.

[36] O’Shaughnessy PJ], Monteiro A, Verhoeven G, De Gendt K, Abel MH. Effect
of FSH on testicular morphology and spermatogenesis in gonadotrophin-
deficient hypogonadal (hpg) mice lacking androgen receptors. Reproduction
2009;139:177-84.

[37] Singh ], Handelsman DJ. The effects of recombinant fsh on testosterone-
induced spermatogenesis in gonadotropin-deficient (Hpg) Mice. Journal of
Andrology 1996;17:382-93.

[38] Baines H, Nwagwu MO, Hastie GR, Wiles RA, Mayhew TM, Ebling FJ. Effects
of estradiol and FSH on maturation of the testis in the hypogonadal (hpg)
mouse. Reproductive Biology and Endocrinology 2008;6:4.

[39] Haywood M, Spaliviero ], Jimemez M, King NJ, Handelsman D], Allan CM.
Sertoli and germ cell development in hypogonadal (hpg) mice expressing
transgenic follicle-stimulating hormone alone or in combination with testos-
terone. Endocrinology 2003;144:509-17.

[40] Allan CM, Couse JF, Simanainen U, Spaliviero J, Jimenez M, Rodriguez K,
et al. Estradiol induction of spermatogenesis is mediated via an estrogen
receptor-{alpha} mechanism involving neuroendocrine activation of follicle-
stimulating hormone secretion. Endocrinology 2010;151:2800-10.

[41] Sun YT, Wreford NG, Robertson DM, de Kretser DM. Quantitative cytological
studies of spermatogenesis in intact and hypophysectomized rats: identifi-
cation of androgen-dependent stages. Endocrinology 1990;127:1215-23.

[42] Santulli R, Sprando RL, Awoniyi CA, Ewing LL, Zirkin BR. To what
extent can spermatogenesis be maintained in the hypophysectomized
adult rat testis with exogenously administered testosterone. Endocrinology
1990;126:95-101.

[43] Meachem SJ, McLachlan RI, Stanton PG, Robertson DM, Wreford NG. FSH
immunoneutralization acutely impairs spermatogonial development in nor-
mal adult rats. Journal of Andrology 1999;20:756-62.

[44] McLachlan RI, Wreford NG, de Kretser DM, Robertson DM. The effects
of recombinant follicle-stimulating hormone on the restoration of sper-
matogenesis in the gonadotropin-releasing hormone-immunized adult rat.
Endocrinology 1995;136:4035-43.

Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.02.010

Please cite this article in press as: O’'Shaughnessy PJ. Hormonal control of germ cell development and spermatogenesis. Semin Cell Dev



dx.doi.org/10.1016/j.semcdb.2014.02.010

G Model
YSCDB 1512 1-11

10 P.J. O'Shaughnessy / Seminars in Cell & Developmental Biology xxx (2014) xXx—-Xxx

[45] Russell LD, Corbin TJ, Borg KE, De Franca LR, Grasso P, Bartke A. Recombinant
human follicle-stimulating hormone is capable of exerting a biological effect
in the adult hypophysectomized rat by reducing the numbers of degenerating
germ cells. Endocrinology 1993;133:2062-70.

[46] Krishnamurthy H, Babu PS, Morales CR, Sairam MR. Delay in sexual maturity
of the follicle-stimulating hormone receptor knockout male mouse. Biology
of Reproduction 2001;65:522-31.

[47] Sairam MR, Krishnamurthy H. The role of follicle-stimulating hormone in
spermatogenesis: lessons from knockout animal models. Archives of Medical
Research 2001;32:601-8.

[48] Baker PJ, Pakarinen P, Huhtaniemi IT, Abel MH, Charlton HM, Kumar TR,
et al. Failure of normal leydig cell development in follicle-stimulating hor-
mone (FSH) receptor-deficient mice, but not FSHbeta-deficient mice: role for
constitutive FSH receptor activity. Endocrinology 2003;144:138-45.

[49] Saito K, O’'Donnell L, McLachlan RI, Robertson DM. Spermiation failure is a
major contributor to early spermatogenic suppression caused by hormone
withdrawal in adult rats. Endocrinology 2000;141:2779-85.

[50] O’Donnell L, Nicholls PK, O’Bryan MK, McLachlan RI, Stanton PG. Spermiation:
the process of sperm release. Spermatogenesis 2011;1:14-35.

[51] Ruwanpura SM, McLachlan R, Stanton PG, Meachem §]. Follicle-stimulating
hormone affects spermatogonial survival by regulating the intrinsic apoptotic
pathway in adult rats. Biology of Reproduction 2008;78:705-13.

[52] Simorangkir DR, Ramaswamy S, Marshall GR, Pohl CR, Plant TM. A selective
monotropic elevation of FSH, but not that of LH, amplifies the proliferation
and differentiation of spermatogonia in the adult rhesus monkey (Macaca
mulatta). Human Reproduction 2009;24:1584-95.

[53] Walczak-JedrzejowskaR, Slowikowska-Hilczer], Marchlewska K, Kula K. Mat-
uration, proliferation and apoptosis of seminal tubule cells at puberty after
administration of estradiol, follicle stimulating hormone or both. Asian Jour-
nal of Andrology 2008;10:585-92.

[54] Henriksen K, Kangasniemi M, Parvinen M, Kaipia A, Hakovirta H. In vitro,
follicle-stimulating hormone prevents apoptosis and stimulates deoxyri-
bonucleic acid synthesis in the rat seminiferous epithelium in a stage-specific
fashion. Endocrinology 1996;137:2141-9.

[55] Hofmann MC. Gdnf signaling pathways within the mammalian spermatogo-
nial stem cell niche. Molecular and Cellular Endocrinology 2008;288:95-103.

[56] Goriely A, McVean GA, van Pelt AM, O’'Rourke AW, Wall SA, de Rooij DG, et al.
Gain-of-function amino acid substitutions drive positive selection of FGFR2
mutations in human spermatogonia. Proceedings of the National Academy of
Sciences of the United States of America 2005;102:6051-6.

[57] Simon L, Ekman GC, Tyagi G, Hess RA, Murphy KM, Cooke PS. Common and
distinct factors regulate expression of mRNA for ETV5 and GDNF, Sertoli cell
proteins essential for spermatogonial stem cell maintenance. Experimental
Cell Research 2007;313:3090-9.

[58] DingLJ, Yan GJ, Ge QY, YuF, Zhao X, Diao ZY, et al. FSH acts on the proliferation
of type A spermatogonia via Nur77 that increases GDNF expression in the
Sertoli cells. FEBS Letters 2011;585:2437-44.

[59] Tadokoro Y, Yomogida K, Ohta H, Tohda A, Nishimune Y. Homeostatic
regulation of germinal stem cell proliferation by the GDNF/FSH pathway.
Mechanisms of Development 2002;113:29-39.

[60] Mullaney BP, Skinner MK. Basic fibroblast growth factor (bFGF) gene expres-
sion and protein production during pubertal development of the seminiferous
tubule: follicle-stimulating hormone-induced Sertoli cell bFGF expression.
Endocrinology 1992;131:2928-34.

[61] Abel M, Baban D, Lee S, Charlton H, O’Shaughnessy P. Effects of follicle stim-
ulating hormone on testicular mRNA transcript levels in the hypogonadal
mouse. Journal of Molecular Endocrinology 2009;42:291-303.

[62] Grover A, Sairam MR, Smith CE, Hermo L. Structural and functional modifica-
tions of sertoli cells in the testis of adult follicle-stimulating hormone receptor
knockout mice. Biology of Reproduction 2004;71:117-29.

[63] WalshEL, Cuyler WK, McCullagh DR. The physiologic maintenance of male sex
glands: the effect of androtin on hypophysectomized rats. American Journal
of Physiology 1934;107:508-18.

[64] Hazra R, Corcoran L, Robson M, McTavish K], Upton D, Handelsman D], et al.
Temporal role of Sertoli Cell androgen receptor expression in spermatogenic
development. Molecular Endocrinology 2012.

[65] Pakarainen T, Zhang FP, Makela S, Poutanen M, Huhtaniemi I. Testos-
terone replacement therapy induces spermatogenesis and partially restores
fertility in luteinizing hormone receptor knockout mice. Endocrinology
2005;146:596-606.

[66] Cameron DF, Muffly KE, Nazian SJ. Reduced testosterone during puberty
results in a midspermiogenic lesion. Proceedings of the Society for Experi-
mental Biology and Medicine 1993;202:457-64.

[67] Huang HF, Marshall GR, Rosenberg R, Nieschlag E. Restoration of sper-
matogenesis by high levels of testosterone in hypophysectomized rats after
long-term regression. Acta Endocrinologica 1987;116:433-44.

[68] Sun YT, Irby DC, Robertson DM, de Kretser DM. The effects of exogenously
administered testosterone on spermatogenesis in intact and hypophysec-
tomized rats. Endocrinology 1989;125:1000-10.

[69] Awoniyi CA, Sprando RL, Santulli R, Chandrashekar V, Ewing LL, Zirkin BR.
Restoration of spermatogenesis by exogenously administered testosterone
in rats made azoospermic by hypophysectomy or withdrawal of luteinizing
hormone alone. Endocrinology 1990;127:177-84.

[70] Sharpe RM, Fraser HM, Ratnasooriya WD. Assessment of the role of Leydig
cell products other than testosterone in spermatogenesis and fertility in adult
rats. International Journal of Andrology 1988;11:507-23.

[71] O’Donnell L, Meachem SJ, Stanton PG, Mclachlan RI. Endocrine regulation of
spermatogenesis. In: Neill JD, editor. Knobil and Neill’s Physiology of Repro-
duction. 3rd ed. Amsterdam: Academic Press; 2006. p. 1017-69.

[72] Russell LD, Clermont Y. Degeneration of germ cells in normal, hypophysec-
tomized and hormone treated hypophysectomized rats. Anatomical Record
1977;187:347-66.

[73] Kerr JB, Millar M, Maddocks S, Sharpe RM. Stage-dependent changes in sper-
matogenesis and Sertoli cells in relation to the onset of spermatogenic failure
following withdrawal of testosterone. Anatomical Record 1993;235:547-59.

[74] O’Shaughnessy PJ, Verhoeven G, De Gendt K, Monteiro A, Abel MH. Direct
action through the sertoli cells is essential for androgen stimulation of sper-
matogenesis. Endocrinology 2010;151:2343-8.

[75] D’Souza U]. Tamoxifen induced multinucleated cells (symplasts) and dis-
tortion of seminiferous tubules in rat testis. Asian Journal of Andrology
2003;5:217-20.

[76] O’Donnell L, McLachlan RI, Wreford NG, de Kretser DM, Robertson DM.
Testosterone withdrawal promotes stage-specific detachment of round sper-
matids from the rat seminiferous epithelium. Biology of Reproduction
1996;55:895-901.

[77] Holdcraft RW, Braun RE. Androgen receptor function is required in Sertoli
cells for the terminal differentiation of haploid spermatids. Development
2004;131:459-67.

[78] El Shennawy A, Gates RJ, Russell LD. Hormonal regulation of spermatogenesis
in the hypophysectomized rat: cell viability after hormonal replacement in
adults after intermediate periods of hypophysectomy. Journal of Andrology
1998;19:320-34.

[79] Clermont Y, Morgentaler H. Quantitative study of spermatogenesis in the
hypophysectomized rat. Endocrinology 1955;57:369-82.

[80] Singh ], Oneill C, Handelsman DJ. Induction of spermatogenesis by androgens
in gonadotropin-deficient (Hpg) Mice. Endocrinology 1995;136:5311-21.

[81] Meistrich ML, Kangasniemi M. Hormone treatment after irradiation stimu-
lates recovery of rat spermatogenesis from surviving spermatogonia. Journal
of Andrology 1997;18:80-7.

[82] Shetty G, Weng CC, Meachem S], Bolden-Tiller OU, Zhang Z, Pakarinen P,
et al. Both testosterone and follicle-stimulating hormone independently
inhibit spermatogonial differentiation in irradiated rats. Endocrinology
2006;147:472-82.

[83] Matsumiya K, Meistrich ML, Shetty G, Dohmae K, Tohda A, Okuyama A, et al.
Stimulation of spermatogonial differentiation in juvenile spermatogonial
depletion (jsd) mutant mice by gonadotropin-releasing hormone antagonist
treatment. Endocrinology 1999;140:4912-5.

[84] Tohda A, Matsumiya K, Tadokoro Y, Yomogida K, Miyagawa Y, Dohmae K,
et al. Testosterone suppresses spermatogenesis in juvenile spermatogonial
depletion (jsd) mice. Biology of Reproduction 2001;65:532-7.

[85] Shetty G, Porter KL, Zhou W, Shao SH, Weng CC, Meistrich ML. Andro-
gen suppression-induced stimulation of spermatogonial differentiation in
juvenile spermatogonial depletion mice acts by elevating the testicular tem-
perature. Endocrinology 2011;152:3504-14.

[86] Shetty G, Uthamanthil RK, Zhou W, Shao SH, Weng CC, Tailor RC, et al. Hor-
mone suppression with GnRH antagonist promotes spermatogenic recovery
from transplanted spermatogonial stem cells in irradiated cynomolgus mon-
keys. Andrology 2013;1:886-98.

[87] Lyon MF, Glenister PH, Lamoreux ML. Normal spermatozoa from androgen-
resistant germ cells of chimaeric mice and the role of androgen in
spermatogenesis. Nature 1975;258:620-2.

[88] Johnston DS, Russell LD, Friel P], Griswold MD. Murine germ cells do
not require functional androgen receptors to complete spermatogen-
esis following spermatogonial stem cell transplantation. Endocrinology
2001;142:2405-8.

[89] Willems A, De Gendt K, Allemeersch J, Smith LB, Welsh M, Swinnen ]V, et al.
Early effects of Sertoli cell-selective androgen receptor ablation on testicular
gene expression. International Journal of Andrology 2010;33:507-17.

[90] Fritz IB, Lyon MF, Setchell BP. Evidence for a defective seminiferous tubule
barrier in testes of Tfm and Sxr mice. Journal of Reproduction and Fertility
1983;67:359-63.

[91] Wang RS, Yeh S, Chen LM, Lin HY, Zhang C, Ni ], et al. Androgen receptor in
sertoli cell is essential for germ cell nursery and junctional complex formation
in mouse testes. Endocrinology 2006;147:5624-33.

[92] Meng ], Holdcraft RW, Shima JE, Griswold MD, Braun RE. Androgens
regulate the permeability of the blood-testis barrier. Proceedings of the
National Academy of Sciences of the United States of America 2005;102:
16696-700.

[93] Willems A, Batlouni SR, Esnal A, Swinnen ]V, Saunders PT, Sharpe RM, et al.
Selective ablation of the androgen receptor in mouse sertoli cells affects ser-
toli cell maturation, barrier formation and cytoskeletal development. PLoS
ONE 2010;5:e14168.

[94] Lindsey ]S, Wilkinson MF. Pem: a testosterone-regulated and LH-regulated
homeobox gene expressed in mouse sertoli cells and epididymis. Develop-
mental Biology 1996;179:471-84.

[95] Hu Z, Dandekar D, O’Shaughnessy PJ], De GK, Verhoeven G, Wilkinson MF.
Androgen-induced Rhox homeobox genes modulate the expression of AR-
regulated genes. Molecular Endocrinology 2010;24:60-75.

[96] Maclean JA, Chen MA, Wayne CM, Bruce SR, Rao M, Meistrich ML, et al. Rhox:
a new homeobox gene cluster. Cell 2005;120:369-82.

[97] Eacker SM, Shima JE, Connolly CM, Sharma M, Holdcraft RW, Griswold MD,
et al. Transcriptional profiling of androgen receptor (AR) mutants suggests

Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.02.010

Please cite this article in press as: O’'Shaughnessy PJ. Hormonal control of germ cell development and spermatogenesis. Semin Cell Dev



dx.doi.org/10.1016/j.semcdb.2014.02.010

932
933
934
935
936
937

939
940
941
94Q3
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014

G Model
YSCDB15121-11

P.J. O'Shaughnessy / Seminars in Cell & Developmental Biology xxx (2014) xXx—-Xxx 11

instructive and permissive roles of AR signaling in germ cell development.
Molecular Endocrinology 2007;21:895-907.

[98] O’Shaughnessy PJ, Abel M, Charlton HM, Hu B, Johnston H, Baker PJ. Altered
expression of genes involved in regulation of vitamin a metabolism, solute
transportation, and cytoskeletal function in the androgen-insensitive tfm
mouse testis. Endocrinology 2007;148:2914-24.

[99] Wolgemuth DJ. Making the commitment to meiosis. Nature Genetics
2006;38:1362-3.

[100] De Gendt K, Verhoeven G, Amieux PS, Wilkinson MF. Genome-wide iden-
tification of AR-regulated genes translated in Sertoli cells in vivo using the
ribotag approach. Molecular Endocrinology 2014 [in press].

[101] Fix C, Jordan C, Cano P, Walker WH. Testosterone activates mitogen-activated
protein kinase and the cAMP response element binding protein transcription
factor in Sertoli cells. Proceedings of the National Academy of Sciences of the
United States of America 2004;101:10919-24.

[102] Cheng ], Watkins SC, Walker WH. Testosterone activates mitogen-activated
protein kinase via Src kinase and the epidermal growth factor receptor in
sertoli cells. Endocrinology 2007;148:2066-74.

[103] Shupe J, Cheng ], Puri P, Kostereva N, Walker WH. Regulation of Sertoli-germ
cell adhesion and sperm release by FSH and nonclassical testosterone signal-
ing. Molecular Endocrinology 2011;25:238-52.

[104] Denolet E, De Gendt K, Allemeersch ], Engelen K, Marchal K, Van Hummelen
P, et al. The effect of a Sertoli cell-selective knockout of the androgen receptor
on testicular gene expression in prepubertal mice. Molecular Endocrinology
2006;20:321-34.

[105] Ebling FJ, Brooks AN, Cronin AS, Ford H, Kerr JB. Estrogenic induction of sper-
matogenesis in the hypogonadal mouse. Endocrinology 2000;141:2861-9.

[106] Hunt DM, Saksena SK, Chang MC. Effects of estradiol-17 beta on reproduction
in adult male rats. Archives of Andrology 1979;2:129-33.

[107] Zondek B. Mass excretion of oestrogenic hormone in the urine of the stallion.
Nature 1934;133:209-10.

[108] Dorrington JH, Fritz IB, Armstrong DT. Control of testicular estrogen synthesis.
Biology of Reproduction 1978;18:55-64.

[109] Carreau S, Bouraima-Lelong H, Delalande C. Estrogen, a female hormone
involved in spermatogenesis. Advances in Medical Sciences 2012;57:31-6.

[110] Chimento A, Sirianni R, Delalande C, Silandre D, Bois C, Ando S, et al. 17
beta-estradiol activates rapid signaling pathways involved in rat pachytene
spermatocytes apoptosis through GPR30 and ER alpha. Molecular and Cellular
Endocrinology 2010;320:136-44.

[111] Robertson KM, O’Donnell L, Jones ME, Meachem SJ, Boon WC, Fisher CR, et al.
Impairment of spermatogenesis in mice lacking a functional aromatase (cyp
19) gene. Proceedings of the National Academy of Sciences of the United States
of America 1999;96:7986-91.

[112] Sinkevicius KW, Laine M, Lotan TL, Woloszyn K, Richburg JH, Greene GL.
Estrogen-dependent and -independent estrogen receptor-alpha signaling
separately regulate male fertility. Endocrinology 2009;150:2898-905.

[113] Hess RA, Bunick D, Lee K-H, Bahr JTJA, Korach KS, Lubahn DB. A role for
oestrogens in the male reproductive system. Nature 1997;390:509-12.

[114] Li H, Papadopoulos V, Vidic B, Dym M, Culty M. Regulation of rat
testis gonocyte proliferation by platelet-derived growth factor and estra-
diol: identification of signaling mechanisms involved. Endocrinology
1997;138:1289-98.

[115] Antal MC, Krust A, Chambon P, Mark M. Sterility and absence of histopatho-
logical defects in nonreproductive organs of a mouse ERbeta-null mutant.
Proceedings of the National Academy of Sciences of the United States of
America 2008;105:2433-8.

[116] Wang C, Dehghani B, Magrisso 1], Rick EA, Bonhomme E, Cody DB, et al. GPR30
contributes to estrogen-induced thymic atrophy. Molecular Endocrinology
2008;22:636-48.

[117] Cacciola G, Chioccarelli T, Fasano S, Pierantoni R, Cobellis G. Estrogens and
spermiogenesis new insights from Type 1 cannabinoid receptor knockout
mice. International Journal of Endocrinology 2013;2013:501350.

[118] Shetty G, Weng CC, Bolden-Tiller OU, Huhtaniemi I, Handelsman DJ, Meistrich
ML. Effects of medroxyprogesterone and estradiol on the recovery of sper-
matogenesis in irradiated rats. Endocrinology 2004;145:4461-9.

[119] Porter KL, Shetty G, Shuttlesworth GA, Weng CC, Huhtaniemi I, Pakarinen
P, et al. Estrogen enhances recovery from radiation-induced spermatogonial
arrest in rat testes. Journal of Andrology 2009;30:440-51.

[120] Hedger MP, Winnall WR. Regulation of activin and inhibin in the adult testis
and the evidence for functional roles in spermatogenesis and immunoregu-
lation. Molecular and Cellular Endocrinology 2012;359:30-42.

[121] Hakovirta H, Kaipia A, Soder O, Parvinen M. Effects of activin-A, inhibin-A,
and transforming growth factor-beta 1 on stage-specific deoxyribonu-
cleic acid synthesis during rat seminiferous epithelial cycle. Endocrinology
1993;133:1664-8.

[122] Mather JP, Attie KM, Woodruff TK, Rice GC, Phillips DM. Activin stimulates
spermatogonial proliferation in germ-Sertoli cell cocultures from immature
rat testis. Endocrinology 1990;127:3206-14.

[123] Nagano M, Ryu BY, Brinster CJ, Avarbock MR, Brinster RL. Maintenance
of mouse male germ line stem cells in vitro. Biology of Reproduction
2003;68:2207-14.

[124] Kumar TR, Varani S, Wreford NG, Telfer NM, de Kretser DM, Matzuk MM.
Male reproductive phenotypes in double mutant mice lacking both FSHbeta
and activin receptor IIA. Endocrinology 2001;142:3512-8.

[125] Tanimoto Y, Tanimoto K, Sugiyama F, Horiguchi H, Murakami K, Yagami
K, et al. Male sterility in transgenic mice expressing activin betaA sub-
unit gene in testis. Biochemical and Biophysical Research Communications
1999;259:699-705.

[126] Guo Q, Kumar TR, Woodruff T, Hadsell LA, DeMayo FJ, Matzuk MM. Overex-
pression of mouse follistatin causes reproductive defects in transgenic mice.
Molecular Endocrinology 1998;12:96-106.

[127] Oldknow K], Seebacher ], Goswami T, Villen ], Pitsillides AA, O’'Shaughnessy
PJ, et al. Follistatin-like 3 (FSTL3) mediated silencing of transforming growth
factor beta (TGFbeta) signaling is essential for testicular aging and regulating
testis size. Endocrinology 2013;154:1310-20.

[128] Matthiesson KL, McLachlan RI, O'Donnell L, Frydenberg M, Robertson DM,
Stanton PG, et al. The relative roles of follicle-stimulating hormone and
luteinizing hormone in maintaining spermatogonial maturation and sper-
miation in normal men. Journal of Clinical Endocrinology and Metabolism
2006;91:3962-9.

[129] McCabe M]J, Allan CM, Foo CF, Nicholls PK, McTavish K], Stanton PG. Androgen
initiates Sertoli cell tight junction formation in the hypogonadal (hpg) mouse.
Biology of Reproduction 2012;87:38.

[130] Zhang S, Li W, Zhu C, Wang X, Li Z, Zhang ], et al. Sertoli cell-specific
expression of metastasis-associated protein 2 (MTA2) is required for tran-
scriptional regulation of the follicle-stimulating hormone receptor (FSHR)
gene during spermatogenesis. Journal of Biological Chemistry 2012;287:
40471-83.

[131] Smith PE. Maintenance and restoration of spermatogenesis in hypophysec-
tomized rhesus monkeys by androgen administration. Yale Journal of Biology
and Medicine 1944;17:281-7.

[132] MacLeod ], Pazianos A, Ray B. The restoration of human spermatogenesis and
of the reproductive tract with urinary gonadotropins following hypophysec-
tomy. Fertility and Sterility 1966;17:7-23.

[133] FrancaLR, Parreira GG, Gates R], Russell LD. Hormonal regulation of spermato-
genesis in the hypophysectomized rat: quantitation of germ-cell population
and effect of elimination of residual testosterone after long-term hypophy-
sectomy. Journal of Andrology 1998;19:335-40.

[134] Verhoeven G, Willems A, Denolet E, Swinnen ]V, De Gendt K. Androgens
and spermatogenesis: lessons from transgenic mouse models. Philosophi-
cal Transactions of the Royal Society of London, Series B: Biological Sciences
2010;365:1537-56.

[135] Marshall GR, Wickings EJ, Ludecke DK, Nieschlag E. Stimulation of spermato-
genesis in stalk-sectioned rhesus monkeys by testosterone alone. Journal of
Clinical Endocrinology and Metabolism 1983;57:152-9.

[136] Weiss ], Axelrod L, Whitcomb RW, Harris PE, Crowley WF, Jameson JL.
Hypogonadism caused by a single amino acid substitution in the B-
subunit of luteinizing hormone. New England Journal of Medicine 1992;326:
179-83.

[137] Valdes-Socin H, Salvi R, Daly AF, Gaillard RC, Quatresooz P, Tebeu PM, et al.
Hypogonadism in a patient with a mutation in the luteinizing hormone beta-
subunit gene. New England Journal of Medicine 2004;351:2619-25.

[138] McLachlan RI, O'Donnell L, Meachem SJ, Stanton PG, de Kretser DM, Pratis
K, et al. Identification of specific sites of hormonal regulation in spermato-
genesis in rats, monkeys, and man. Recent Progress in Hormone Research
2002;57:149-79.

[139] Medhamurthy R, Suresh R, Paul SS, Moudgal NR. Evidence for follicle-
stimulating hormone mediation in the hemiorchidectomy-induced compen-
satory increase in the function of the remaining testis of the adult male bonnet
monkey (Macaca radiata). Biology of Reproduction 1995;53:525-31.

[140] Medhamurthy R, Aravindan GR, Moudgal NR. Hemiorchidectomy leads to dra-
matic and immediate alterations in pituitary follicle-stimulating hormone
secretion and the functional activity of the remaining testis in the adult
male bonnet monkey (Macaca radiata). Biology of Reproduction 1993;49:
743-9.

[141] Selice R, Ferlin A, Garolla A, Caretta N, Foresta C. Effects of endogenous FSH on
normal human spermatogenesis in adults. International Journal of Andrology
2011;34:e511-7.

[142] Lindstedt G, Nystrom E, Matthews C, Ernest I, Janson PO, Chatterjee K. Fol-
litropin (FSH) deficiency in an infertile male due to FSHbeta gene mutation. A
syndrome of normal puberty and virilization but underdeveloped testicles
with azoospermia, low FSH but high lutropin and normal serum testos-
terone concentrations. Clinical Chemistry and Laboratory Medicine 1998;36:
663-5.

[143] Phillip M, Arbelle JE, Segev Y, Parvari R. Male hypogonadism due to a mutation
in the gene for the beta-subunit of follicle-stimulating hormone. New England
Journal of Medicine 1998;338:1729-32.

[144] Layman LC, Porto AL, Xie J, da Motta LA, da Motta LD, Weiser W, et al. FSH beta
gene mutations in a female with partial breast development and a male sibling
with normal puberty and azoospermia. Journal of Clinical Endocrinology and
Metabolism 2002;87:3702-7.

[145] Tapanainen JS, Aittomaki K, Min J, Vaskivuo T, Huhtaniemi IT. Men homozy-
gous for an inactivating mutation of the follicle-stimulating hormone (FSH)
receptor gene present variable suppression of spermatogenesis and fertility.
Nature Genetics 1997;15:205-6.

[146] O’Shaughnessy PJ, Monteiro A, Verhoeven G, De Gendt K, Abel MH. Occur-
rence of testicular microlithiasis in androgen insensitive hypogonadal mice.
Reproductive Biology and Endocrinology 2009;7:88.

Biol (2014), http://dx.doi.org/10.1016/j.semcdb.2014.02.010

Please cite this article in press as: O’'Shaughnessy P]. Hormonal control of germ cell development and spermatogenesis. Semin Cell Dev

1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098


dx.doi.org/10.1016/j.semcdb.2014.02.010

	Hormonal control of germ cell development and spermatogenesis
	1 Introduction
	2 Gonocyte development
	3 The first wave of spermatogenesis
	4 Spermatogenesis in the adult
	4.1 Follicle-stimulating hormone
	4.2 Androgen
	4.3 Estrogen
	4.4 Activin
	4.5 Combined hormone action

	5 Hormonal regulation of spermatogenesis in primates
	6 Conclusions and future directions
	Acknowledgement
	References




