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background: In humans, as well as in other higher primates, the infantile testis is exposed to an adult-like hormonal milieu, but sperm-
atogenesis is not initiated at this stage of primate development. In the present study, we examined the molecular basis of this intriguing
infertile state of the primate testis.

methods: The integrity of androgen receptor (AR) and FSH receptor (FSHR) signaling pathways in primary cultures of Sertoli cells (Scs)
harvested from azoospermic infant and spermatogenic pubertal monkey testes were investigated under identical in vitro hormonal conditions.
In order to synchronously harvest Scs from early pubertal testis, the activation of testicular puberty was timed experimentally by prematurely
initiating gonadotrophin secretion in juvenile animals with an intermittent infusion of gonadotrophin-releasing hormone.

results: While qRT–PCR demonstrated that AR and FSHR mRNA expression in Scs from infant and pubertal testes were comparable,
androgen-binding and FSH-mediated cAMP production by infant Scs was extremely low. Compromised AR and FSHR signaling in infant Scs
was further supported by the finding that testosterone (T) and FSH failed to augment the expression of the T responsive gene, claudin 11,
and the FSH responsive genes, inhibin-bB, stem cell factor (SCF) and glial cell line-derived neurotrophic factor (GDNF) in Scs harvested at this
stage of development.

conclusion: These results indicate that compromised AR and FSHR signaling pathways in Scs underlie the inability of the infant primate
testis to respond to an endogenous hormonal milieu that later in development, at the time puberty, stimulates the initiation of spermato-
genesis. This finding may have relevance to some forms of idiopathic infertility in men.
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Introduction
The quiescence of the testis in juvenile monkeys and children is guar-
anteed by the relative hypogonadotropism that exists between late
infancy and puberty (Plant and Witchel, 2006). Infancy, in higher pri-
mates, is associated with high levels of circulating gonadotrophin con-
centrations and testicular testosterone (T) secretion resembling those

found pubertally and post-pubertally (Plant and Witchel, 2006). Intri-
guingly, in spite of this adult-like hormonal milieu to which the testis of
the infantile male primate is exposed, spermatogenesis is not initiated,
but rather the activity of the seminiferous epithelium at this stage of
development is limited to proliferation of Sertoli cells (Scs) and undif-
ferentiated type A spermatogonia (Simorangkir et al., 2003, 2005;
Plant and Witchel, 2006).
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Spermatogenesis is initiated only at puberty, which typically occurs
some 3–4 and 10–12 years after birth in monkeys and humans, re-
spectively, when gonadotrophin secretion is reactivated and testicular
T production rises in the adult range (Plant and Witchel, 2006). The
initiation of spermatogenesis at this stage of development is the
result of a combined action of the elevations in circulating FSH and tes-
ticular T levels. It is also to be noted that spermatogenesis may be
initiated prematurely in the juvenile monkey by the administration of
exogenous gonadotrophins or by precocious activation of endogenous
LH and FSH release as a result of pulsatile GnRH treatment (Marshall
and Plant, 1996; Devi et al., 2006): a finding that indicates the resist-
ance of the seminiferous epithelium of the infantile testis to hormonal
stimulation is lost sometime during subsequent juvenile development
(Plant et al., 2005).

Since the action of T and FSH to initiate spermatogenesis at puberty
is indirect and mediated by activation of respective signaling pathways
in Scs (Plant and Marshall, 2001), it is reasonable to propose that
failure of the seminiferous epithelium in the infant primate to
respond to a pubertal-like gonadotrophin stimulus is related to ‘imma-
turity’ of the Scs at this stage of development (Sharpe et al., 2003).
Furthermore, we hypothesize that the post-natal acquisition of Sc
competence to support spermatogenesis is most likely correlated
with the development of androgen receptor (AR) and/or FSH re-
ceptor (FSHR) signaling pathways in this somatic testicular cell.
FSHR is a G protein-coupled receptor, which upon binding to FSH
is activated and stimulates adenylyl cyclase-mediated production of
cAMP (Simoni et al., 1997). This second messenger activates a se-
quence of transcriptional events that elicit the biological actions of
the gonadotrophin. AR is a ligand-inducible transcription factor
that binds to specific DNA sequences initiating androgen-dependant
transcriptional events (Roy et al., 1999). AR expression in Scs, as
determined by immunohistochemistry, has been reported to be
low during early post-natal development in marmosets, rhesus
monkeys and humans as compared with later maturational stages
(McKinnell et al., 2001; Berensztein et al., 2006; Chemes et al.,
2008; Rathi et al., 2008; Boukari et al., 2009; Rey et al., 2009).
However, developmental differences in the primate Sc AR activity
in terms of ligand binding and the modulation of gene expression
have not yet been demonstrated.

As a first step to study the cell biology that underlies the matur-
ation of the primate Scs during juvenile development, AR and FSHR
signaling pathways were compared in primary cultures of Scs har-
vested from infant and ‘pubertal’ testes. The ‘pubertal’ testis was
generated by prematurely activating endogenous gonadotrophin se-
cretion in juvenile monkeys with an intermittent intravenous infusion
of GnRH (Marshall and Plant, 1996; Devi et al., 2006). The induced
pubertal model enabled us to (i) dictate precisely the timing of the
onset of spermatogenesis and the duration of gonadotrophin expos-
ure in order to match, in the juvenile testis, the in situ hormonal
milieu of the infant testes and (ii) readily harvest Scs from ‘pubertal’
testes before the appearance of large numbers of advanced germ
cells. The integrity of AR and FSHR signaling pathways were then
investigated in these cells cultured under identical hormonal
conditions, i.e. in the presence of both T and FSH to mimic the
in vivo situation of infancy. Additionally, the action of individual hor-
mones (T or FSH) on Scs was also investigated to fully exploit the
culture system.

Materials and Methods

Animals and tissue collection
Eight juvenile (18–22 months old) and 6 infant (3–4 months old) male
rhesus monkeys (Macaca mulatta) were used. Monkeys were obtained
from the Primate Research Centre of the National Institute of Immunology
(NII) where they were housed according to the guidelines of the Commit-
tee for the Purpose of Control and Supervision of Experiments on Animals
(CPCSEA), under a 12:12 h light:dark cycle with food and water provided
ad libitum. The juvenile monkeys were surgically implanted with indwelling
venous catheters and maintained in remote infusion withdrawal cages as
previously described (Marshall and Plant, 1996; Devi et al., 2006). Blood
samples from these monkeys were collected via the catheters every
week for measurement of T at 5 min before, and at 20, 40, 60 and
120 min after, a GnRH pulse. In the infants, a single estimate of T was
obtained from a blood sample collected by the femoral vein venepuncture
�12 h before castration. Bilateral castration was performed as previously
described (Devi et al., 2006). Experimental protocols were approved by
the Institutional Animal Ethics Committee of NII and CPCSEA.

Reagents
The recombinant monkey (rm) FSH (AFP6940), GnRH and an anti-cAMP
antibody (Lot CV-27) were obtained from the National Hormone and
Peptide Program (NHPP), NIH (Torrance, CA, USA). A polyclonal anti-
body to T (T3-125) was purchased from Endocrine Sciences Laboratories
(Calabasas, CA, USA) and used for the radioimmunoassay of this steroid.
All other reagents were obtained from Sigma Chemical Co. (St. Louis,
MO, USA) unless stated otherwise.

Iodination of 5 mg of rm FSH (iodination grade) was carried out with
50 mCi of 125I-Na by the iodogen method (Dahia and Rao, 2006).

Induction of precocious puberty
Puberty was triggered precociously in the juvenile monkeys by eliciting pre-
mature endogenous gonadotrophin secretion with an intermittent i.v. infu-
sion of GnRH (0.15 mg/min for 2 min every 3 h) administered for 4–5
weeks as previously described (Marshall and Plant, 1996; Devi et al.,
2006). Plasma T concentrations tracked in weekly samples from these
monkeys reached peak levels by 4 weeks of GnRH treatment that were com-
parable to those observed in the infants (Supplementary Fig. S1 and Supple-
mentary Table SI), and similar to those previously reported for pubertal male
rhesus monkeys (Plant, 1985). In the monkey, circulating concentrations of
LH and T are tightly correlated (Plant, 1981) and serum T therefore provides
a reliable and sensitive bioassay for LH secretion under the experimental
conditions employed here. In previous studies of infants and of GnRH-
stimulated juvenile monkeys, increases in circulating FSH levels have paral-
leled those in LH (Plant, 1985; Majumdar et al., 1995; Majumdar et al.,
1997). For the foregoing reasons, it is reasonable to propose that gonado-
trophin levels in the infant and GnRH-stimulated (pubertal) monkeys were
comparable. Scs from the testes of the GnRH-stimulated juveniles are sub-
sequently referred to as ‘pubertal’ Scs. This model of puberty was employed
because it enabled the testes from different monkeys to be harvested at a
synchronized stage of development before the appearance of a large
number of advanced germ cells, which are known to interfere with the iso-
lation of Scs (Majumdar et al., 1998; Devi et al., 2006). During spontaneous
puberty in the monkey, the precise timing of the initial activation of testicular
function is neither predictable nor reliably identifiable.

Isolation and culture of Scs
Scs from infant and pubertal monkeys were isolated by sequential enzyme
digestion with collagenase and pancreatin, as described by us previously
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(Devi et al., 2006). The cells were then suspended in the Dulbecco modi-
fied eagle medium/nutrient mixture F-12 HAM containing 1% fetal calf
serum. Equal numbers of cell clusters (0.5 × 104 clusters/well) were
seeded in each well of a 24-well culture plate (Day 1) and cultures were
kept at 348C in a 5% CO2 incubator. On Day 2, cells were washed and
maintained in the media containing serum replacement factors (sodium
selenite, 5 mg/ml; insulin, 10 mg/ml; transferrin, 5 mg/ml and epidermal
growth factor, 2.5 ng/ml). Media were replaced every 24 h. The testes
of each infant generated a sufficient number of cells to seed one 24-well
plate, in contrast to 5–6 such plates seeded from the testes of a pubertal
monkey. We have previously reported that the cultured monkey Scs main-
tain hormone responsiveness for 5–6 days with serum replacement
factors (Majumdar et al., 1998; Devi et al., 2006).

Treatments
Since germ cells in the culture influence the behavior of primate Scs (Fou-
cault et al., 1994), residual germ cells were removed by hypotonic shock
on Day 4 of culture (Galdieri et al., 1983). At 24 h post-hypotonic shock,
one set of cultured Scs were treated with TRIZOL and stored at 2808C
for extraction of RNA to determine the basal levels of gene expression
(0 h). For clarity, the experimental flow chart is presented in Supplemen-
tary Table SII. Cells in the remaining wells were exposed for 24 h to T
(100 nM) and rmFSH (5 ng/ml), either alone, or in combination, or to
media alone, all in the presence of isobutyl-methyl-xanthine (IBMX,
0.1 mM). The dose of rmFSH was that found in preliminary studies to
be bioactive in cultures of monkey Scs (Devi et al., 2006). At the end of
culture, Scs were washed with calcium-free buffer and then dissociated
using trypsin-EDTA. After washing, cells were lyzed in TRIZOL and
stored at 2808C before the extraction of RNA. The extracted RNA
was treated with DNase I to remove trace DNA contamination, and
DNase I was removed using a DNase I inactivation solution (Ambion
Inc., Austin, TX, USA). In a separate experiment, cultured Scs were
treated for 0.5 h with either rmFSH (5 ng/ml) or Cholera toxin (1 IU/
ml) or media alone in the presence of IBMX (0.1 mM). At the end of
culture, media were collected for estimating cAMP levels.

Cytochemical evaluation of cultured cells
On Day 5 of culture, cell viability was determined by trypan blue exclusion.
Leydig cell contamination was evaluated by cytochemical staining for
3b-hydroxysteroid dehydrogenase (3b-HSD) activity (Klinefelter et al.,
1987). A crude preparation of monkey Leydig cells, which was obtained
while isolating Scs from testis of pubertal monkeys, was used as a positive
control to detect 3b-HSD activity. Peritubular cells and Scs were identified
by staining for alkaline phosphatase activity and Oil Red-O, respectively
(Chapin et al., 1987).

Ligand-binding ability of AR
Androgen binding to Scs was assayed as previously described (Fix et al.,
2004). Briefly, cells were incubated for 4 h with either 100 nM radioactive
T ([3H] specific activity 115 Ci/mmol; Perkin Elmer, Inc., MA, USA) in the
presence or absence of cold T (10000 nM) or with 5 nM radioactive
R1881 ([3H], specific activity 82 Ci/mmol; Perkin Elmer, Inc.) in the pres-
ence or absence of cold R1881 (5000 nM). R1881 is non-aromatizable
androgen.

After incubation, cells were washed five times with ice cold PBS, and the
bound ligand was extracted by treating cells with 1 ml of ethanol for
30 min at room temperature. Radioactivity in an aliquot of ethanol
(0.9 ml) was measured in a liquid scintillation counter. The remaining
ethanol was evaporated and the cells were treated with cell lysis buffer
for protein estimation.

Ligand-binding ability of FSHR
FSH binding to Scs was assayed as described previously (Dahia and Rao,
2006). On Day 5 of culture, Scs were dislodged and washed, then 1
million Scs from each age group were suspended in PBS containing 100
000 cpm of 125I-rm-FSH in the presence or absence of 1000-fold excess
of cold rm FSH for 2 h at 348C. Scs were then washed and specifically
bound FSH (in cpm/million Scs) was calculated.

Cyclic AMP and T assay
cAMP concentrations in the culture medium were determined by radio-
immuno assay (RIA) using 125I-cAMP-TME (2-0′ monosuccinyl cAMP tyro-
sine methyl ester) and anti-cAMP antibody in accordance with instructions
provided by NHPP, USA and circulating levels of T were measured by RIA
as described previously (Devi et al., 2006).

Quantitative real-time-PCR analyses
Quantitative real-time-PCR (q-PCR) amplifications were performed in a
96-well plate in a RealplexS PCR machine (Eppendorf, Germany) in a
total volume of 10 ml [1 or 2 ml of cDNA (depending upon the abundance
of the transcripts), 0.5 mM of each primer and 5 ml of Power SYBR Green
Master Mix (Applied Biosystems)]. Primers for each gene (Supplementary
Table SIII) were independently validated by a standard curve calculated
from the serial dilutions of the cDNAs. The Ct values for each sample
were plotted against the log of the mRNA concentration present in
each cDNA dilution. The efficiency of reaction was derived from the
slope [efficiency ¼ 10(1/2slope)]. Primers with an efficiency of 1+0.2
were considered. The q-PCR reaction was initiated with melting of
cDNA at 958C for 15 min, followed by 40 amplification cycles (15 s at
958C, 45 s at 608C and 45 s at 658C). Melting curve analyses for each
gene were performed immediately after the amplification to detect the
specific amplification peak for each gene. Basal expression (0 h, i.e.
before initiation of treatment) of mRNA of the target genes [FSH-R,
AR, inhibin-bB, claudin 11, stem cell factor (SCF) and glial cell line-derived
neurotrophic factor (GDNF)] was determined by the efficiency-corrected
DCt method [quantity ¼ (efficiency + 1)2Ct] as described before (Wood
and Walker, 2009). For each sample, the relative quantity of each target
gene was calculated by normalization with the relative quantity of the en-
dogenous control 60S ribosomal protein L32 (RPL32): a housekeeping
gene, reported in monkeys to be superior to that of other popular house-
keeping genes, in part, because its expression remains uniform throughout
different developmental stages (Ahn et al., 2008). Hormone-mediated aug-
mentation of FSHR, AR, inhibin-bB, claudin 11, SCF and GDNF mRNAs
were calculated by the traditional 2(2DDCt) method as described before
(Viswanathan et al., 2009). Briefly, DCt was calculated for each sample
(DCt ¼ treated 2 control). The DDCt was calculated by comparing
each sample with the RPL32 according to the following equation:
DDCt ¼ DCttarget gene 2 DCtRPL32. The fold change was then calculated
relative to the reference according to the following formula: fold
change ¼ 2(2DDCt). For each gene, the mean+ SEMs of at least three
individual experiments (i.e. three animals in each of the two age groups)
were determined for each treatment group.

Presentation of data and data analysis
Mean values of the relative mRNA levels were derived from at least three
independent cultures (from each of three monkeys) for each age group.
For determination of androgen-binding activity and cAMP production,
each treatment for a given monkey was examined in at least triplicate
wells. The average values for replicate wells were calculated and used to
determine the overall mean for that infant or pubertal monkey (n ¼ 3
or more monkeys for each age group). Means of triplicates for a given
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treatment (for each monkey) were used to compare the differences from
other treatments in that particular monkey. Such means from at least three
different infant or pubertal monkeys were used for determining the stand-
ard error within a particular developmental age group. For gene expres-
sion studies, a paired t-test was used for determining significant changes.
P , 0.05 was considered as significant. Multiple measures of one-way
ANOVA followed by Dunnett’s post-test using InStat version 3.0 statistical

program (Graphpad Software, Inc. San Diego, CA, USA) was employed
for the evaluation of cAMP production as reported by us earlier (Devi
et al., 2006) to determine the significance of differences between means.

Results

Preparation of pubertal monkeys
As was to be expected, plasma T levels in GnRH-treated juvenile
monkeys increased significantly after 4 weeks of GnRH stimulation
and were similar to those found during infancy and puberty (see
section Materials and Methods for detail). Testicular weight increased
�4-fold at the end of GnRH treatment. A histological analysis of such
pubertal testes revealed the enlargement of seminiferous tubules and
initiation of Gc differentiation as reflected by the presence of abundant
type B spermatogonia and occasionally primary spermatocytes (Sup-
plementary Fig. S2A–C).

Viability and purity of Sc cultures
As previously described (Majumdar et al., 1998; Devi et al., 2006),
infant and pubertal Scs in culture formed confluent monolayers with
purities .95% as indicated by oil Red O staining. Viability of cells
on Day 5 of culture was .98%. Although peritubular cell-specific
alkaline phosphatase activity was present occasionally, contamination
of peritubular cells was ,2%. Leydig cells were absent, as indicated
by the lack of 3b-HSD activity in the cultured cells (Supplementary
Fig. S3A–E).

Basal AR mRNA levels and androgen binding
activity
Basal AR mRNA levels determined at time 0 h (i.e. before initiation of
treatment) were not significantly different in Scs isolated from infant or
pubertal monkeys (Fig. 1A). In contrast, androgen-binding ability as
reflected by both aromatizable and non-aromatizable ligands (T and
R1881, respectively) was 4- or 5-fold higher (P , 0.05) in pubertal
Scs as than those in infant Scs (Fig. 1B and C).

Basal FSHR mRNA levels, FSH binding ability
and cAMP production
Basal FSHR mRNA levels (at time 0 h i.e. before initiation of treat-
ment) in infant and pubertal Scs were indistinguishable (Fig. 2A), as
was FSH binding (Fig. 2B). FSH stimulation for 30 min, however,
resulted in about 10-fold increase in cAMP production by pubertal
Scs, while in infant Scs this treatment was only marginally effective in
augmenting cAMP production (Fig. 2C and D). Treatment with
cholera toxin (CT), which is known to augment cAMP production
by an action on GaS distal to FSHR, elicited a robust response in
both infant and pubertal Scs (Fig. 2C and D).

Basal levels of mRNAs coding for inhibin-bB,
SCF, claudin11 and GDNF
Basal levels (at time 0 h i.e. before initiation of treatment) of the
mRNA coding for inhibin-bB and SCF were elevated significantly in
pubertal Scs compared with infant Scs (Fig. 3A and B). However,
the basal levels of claudin11 mRNA in infant and pubertal monkey
Scs were comparable (Fig 3C). Although basal GDNF mRNA levels

Figure 1 Basal AR mRNA levels and androgen-binding activity in
Scs isolated from testes of infant (open histograms) and pubertal
(closed histograms) monkeys. (A) Basal AR mRNA evaluated by
q-RT–PCR using RPL32 as an internal control. (B) Specifically
bound T and (C) specifically bound R1881. For all three parameters,
the means+ SEM of at least three independent experiments for each
age group were analyzed and statistical significance (P , 0.05) is indi-
cated by asterisks.
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were higher in pubertal Scs (Fig 3D), there was considerable
animal-to-animal variation and hence this developmental difference
was not significant.

Effects of hormone treatment on AR mRNA
levels
The relative fold changes in the expression of AR mRNA in Scs from
either infant or pubertal monkeys during stimulation for 24 h with FSH
and T, either alone or in combination, were similar (data not shown).

Effects of hormone treatment on FSHR
mRNA levels
After 24 h of stimulation with either FSH (Fig. 4A) or T (Fig. 4B), the
expression of FSHR mRNA was significantly higher in Scs from puber-
tal animals as compared with those from infants. Combined stimula-
tion for 24 h with FSH and T also resulted in a significantly greater
increase in FSHR mRNA in the pubertal Scs (Fig. 4C).

Effects of hormone treatment on inhibin-bB,
claudin11, SCF and GDNF mRNA level
Treatment with FSH for 24 h resulted in the expression levels of
inhibin-bB (Fig. 5A), SCF (Fig. 5B) and GDNF (Fig. 5C) mRNAs that
were 5- to 10-fold higher (P , 0.05%) in Scs isolated from pubertal
monkeys than those from infant monkeys. However, FSH stimulation
failed to augment claudin 11 mRNA expression at 24 h in either devel-
opmental groups (data not shown).

Treatment with T for 24 h resulted in an expression of claudin 11
mRNAs that was 7-fold higher (P , 0.05%) in Scs isolated from puber-
tal monkeys than those from infant monkeys (Fig 5D). However, T
treatment did not augment inhibin-bB, SCF and GDNF mRNA
expression at 24 h in either developmental groups (data not shown).

Combined FSH and T treatment for 24 h augmented inhibin-bB

(Fig. 6A), claudin 11 (Fig. 6B), SCF (Fig. 6C) and GDNF (Fig. 6D) to
significantly higher mRNA levels in pubertal Scs compared with
those in infants Scs.

Figure 2 FSHR mRNA expression, FSH-binding activity and cAMP generation in Scs isolated from testes of infant (open histograms) and pubertal
(closed histograms) monkeys. (A) Basal levels of FSHR mRNA were evaluated by q-RT–PCR using RPL32 as an internal control. (B) Iodinated
rm-FSH-binding activity in cultured Scs obtained from infant and pubertal monkeys. (C) and (D) Production of cAMP by Scs cultured from infant
and pubertal Scs, respectively. C, control; FSH, rm-FSH (5 ng/ml); CT, cholera toxin (1 IU/ml). In all cases, the mean+ SEM of at least three inde-
pendent experiments for each age group was analyzed and statistical significance (P , 0.05) is indicated by an asterisk.
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Figure 3 Basal levels of mRNAs coding for inhibin-bB, claudin 11, SCF and GDNF in Scs isolated from testes of infant (open histograms) and
pubertal monkeys (closed histograms). On Day 5 of culture, the basal level of (A) inhibin-bB, (B) SCF, (C) claudin 11 and (D) GDNF mRNA
were evaluated by q-RT–PCR with RPL32 as an internal control. Means of at least three individual monkeys for each age group were used for statistics.
Statistical significance (P , 0.05) is indicated by an asterisk.

Figure 4 Hormonal regulation of FSH-R mRNA in infant (open histograms) and pubertal (closed histograms) monkey Scs. Hormone-mediated
expression of FSHR mRNA was evaluated by q-RT–PCR. The augmentation of FSH-R mRNA by (A) FSH (5 ng/ml), (B) T (100 nM) and (C)
FSH and T in combination was evaluated at 24 h. Each bar represents the mean+ SEM from at least three individual monkeys. Statistical significance
(P , 0.05) is indicated by an asterisk.
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Discussion
The present study examined the hypothesis that, in primates,
restricted AR and/or FSHR signaling by the infant Scs underlies the
azoospermia of the testis at this stage of development in the face of
adult-like levels of T and FSH in the circulation. For this purpose,
androgen and FSH signaling pathways in Scs from infant or pubertal
monkey testis were interrogated in vitro and the results then compared
to identify any deficits in signaling in infant Scs that might underlie the
immaturity of the seminiferous epithelium that is reflected by the
failure of the testis to support germ cell differentiation at this stage
of development. For the preparation of pubertal Scs cultures, we har-
vested these cells from animals in which puberty had been prematurely
induced by the administration of an intermittent i.v. infusion of GnRH
that leads to elevated secretion of endogenous LH and FSH. The
reason for using an experimentally induced puberty rather than spon-
taneous puberty was that gonadotrophin-induced initiation of testicu-
lar activation in the juvenile monkey may be synchronized and
precisely timed, whereas the timing of spontaneous puberty is quite
variable and difficult to pinpoint. As anticipated, plasma T concentra-
tions increased and testicular growth accelerated over the 4–5-week
period of GnRH stimulation indicating that precocious pubertal activa-
tion of both the interstitial and seminiferous compartments of the

testis had been achieved (Devi et al., 2006). It is recognized at the
outset of this discussion that in spite of employing Scs that had
been harvested from monkeys in which the initiation of puberty had
been experimentally synchronized, considerable variability between
individual animals was observed. In this regard it should be remem-
bered that, in contrast to studies reported for rats where each
culture typically consisted of Scs pooled from several animals (Devi
et al., 2006; Wood and Walker, 2009), in the present series of experi-
ments each Scs culture was derived from a single monkey: an experi-
mental design that probably accounts for the greater variability in the
present monkey data.

The critical importance of AR expression in Scs for the regulation of
spermatogenesis has been elegantly shown in transgenic mice with a
Sc-specific AR knock-out (Chang et al., 2004; De Gendt et al.,
2004; Holdcraft and Braun, 2004). These mice display normal urogeni-
tal tract development and testicular descent, but spermatogenesis is
arrested during meiosis at the diplotene premeiotic stage. AR signaling
is also generally recognized to be obligatory for the initiation and main-
tenance of spermatogenesis in primates including man (Plant and Mar-
shall, 2001; McLachlan et al., 2002). Moreover, defective AR is
speculated to be one of the potential causes of infertility in 20–30%
of infertile patients who are not hypoandrogenic but do not
respond to T or gonadotrophin treatment (Lombardo et al., 2005).

Figure 5 FSH-mediated augmentation of levels of mRNAs coding for inhibin-bB, SCF, GDNF and T-mediated augmentation of claudin 11 mRNA in
Scs isolated from testes of infant (open histograms) and pubertal (closed histograms) monkeys. The effect of rm-FSH (5 ng/ml) on Sc genes was eval-
uated by q-RT–PCR. FSH-mediated augmentation of (A) inhibin-bB mRNA, (B) SCF mRNA and (C) GDNF mRNA was evaluated at 24 h. T
(100 nM) mediated augmentation of (D) claudin 11 mRNA was evaluated by q-RT–PCR. Each bar represents the mean+ SEM from at least
three individual monkeys. Statistical significance (P , 0.05) is indicated by an asterisk.
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For the foregoing reasons, the finding of restricted androgen binding
and an associated unresponsiveness of infant Scs to androgen, in spite
of basal expression of AR mRNA during this stage of development
that is comparable to that at puberty, is of particular interest.
Together, the observations suggest that in Scs of the infant testis,
either translation of AR mRNA is compromised or appropriate con-
formation of the translated receptor required for ligand binding
(Keller et al., 1996) does not occur. That translation or appropriate
post-translational conformation is limited in infant Scs is suggested
by previous immunohistochemical studies that have shown low
levels of AR in Scs from infant (4–6 weeks of age) marmosets (McKin-
nell et al., 2001), infant (3 and 6 months old) rhesus monkeys (Rathi
et al., 2008) and infant boys (Berensztein et al., 2006; Chemes
et al., 2008; Boukari et al., 2009).

Claudin 11 is an AR-regulated Scs gene (Florin et al., 2005; Kaitu’u-
Lino et al., 2007) and a major component of the blood testes barrier
(Morrow et al., 2010). Although the basal expression of claudin 11
mRNA was found to be similar in infant and pubertal Scs, the expres-
sion of this gene was significantly augmented by 24 h of T treatment
(either alone or in combination with FSH) only at the later stage of
development. This finding is consistent with the androgen-binding
data and provides compelling evidence for the view that AR bioactivity

is extremely low in infant Scs. Since the blood–testis barrier is a ne-
cessary prerequisite for initiation of spermatogenesis at puberty
(Wong and Cheng, 2005), it may also be inferred from these data
that establishment of the blood–testis barrier at puberty is likely acti-
vated due to up-regulation of claudin 11 in response to androgen at
this stage of development. We also recognize that the deficits in AR
signaling in the infant Scs revealed by the present study does not
exclude the potential for deficiencies in AR signaling in other
somatic cells of the testis at this stage of development.

The finding that cAMP production, an early event in the FSHR sig-
naling pathway (Walker and Cheng, 2005), was markedly lower fol-
lowing FSH treatment in infant Scs than that in pubertal Scs is
consistent with an earlier observation suggesting that FSH signaling
may not be fully operational in the infant monkey Scs (Lee et al.,
1983), as is also the case in 5-day old rat Scs (Crepieux et al.,
2001). It is unlikely, however, that FSHR signaling is completely
absent in infant monkey Scs, as cAMP production by Scs at this
stage of development was augmented, albeit minimally, in response
to FSH. It is likely that such FSH stimulation is necessary at this
stage of primate development for the optimal proliferation of Scs
(Simorangkir et al., 2003; Plant et al., 2005). That FSH driven Scs pro-
liferation during infancy is mediated through the activation of the MAP

Figure 6 FSH- and T-mediated augmentation of levels of mRNAs coding for inhibin-bB, claudin 11, SCF and GDNF in Scs isolated from testes of
infant (open histograms) and pubertal (closed histograms) monkeys. Effects of rm-FSH (5 ng/ml) and T (100 nM) on Sc genes were evaluated by
q-RT–PCR. FSH- and T-mediated augmentation of (A) inhibin-bB mRNA, (B) claudin 11 mRNA, (C) SCF mRNA and (D) GDNF mRNA was eval-
uated at 24 h. Each bar represents the mean+ SEM from at least three individual monkeys. Statistical significance (P , 0.05) is indicated by an asterisk.
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kinase pathway, instead of the cAMP-mediated pathway as shown in
rats (Crepieux et al., 2001), is also possible and this notion merits in-
vestigation in primates.

Although FSHR activity was greater in pubertal Scs, basal levels of
FSHR mRNA and ligand binding of FSHR at the two developmental
stages were indistinguishable. Our observation that FSHR is expressed
during infancy is consistent with the earlier demonstration of specific
high affinity binding of radiolabeled FSH in homogenates of near term
fetal rhesus monkey testes (Huhtaniemi et al., 1987). In addition, a
recent study demonstrated that FSHR mRNA is expressed from 28
weeks of gestational age in human and levels of expression of this
mRNA remain unaltered up to adulthood (Boukari et al., 2009). In the
present study, CT significantly augmented cAMP production by infant
Scs suggesting that the GaS subunit of FSHR is operational in infant
Scs, and that defective transduction of the signal through the transmem-
brane domain of FSHR underlies the limited cAMP response during
infancy. Since, we used IBMX in our cultures, we eliminated the possibil-
ity of interference by endogenous phosphodiesterases, the expression
of which in rat Scs is developmentally regulated (Levallet et al., 2007).

In rat Scs, FSH-induced cAMP production triggers a sequence of
signal transduction events, which leads to increased expression of
FSH-inducible genes (Walker and Cheng, 2005), such as inhibin-bB

(Najmabadi et al., 1993), SCF (Yan et al., 1999), GDNF (Tadokoro
et al., 2002), FSHR (Viswanathan et al., 2009) and claudin 11 (Kaitu’u-
Lino et al., 2007). Inhibin-bB, SCF, GDNF and FSHR mRNA levels
were all significantly (P , 0.05) augmented in the presence of FSH
(alone or with T) in pubertal Scs, but not in infant Scs. This finding
is consistent with the cAMP data and further demonstrates an
enhanced FSH activity in pubertal Scs compared with that in infant
Scs. However, FSH alone failed to up-regulate claudin 11 expression
in pubertal Scs as compared with those of infants. Although the
expression of claudin 11 has been shown to be up-regulated by FSH
in prepubertal (20-days-old) rat Scs (Kaitu’u-Lino et al., 2007), such
may not be the case in primates.

While the present study demonstrates that FSH responsiveness
in the monkey Scs is spontaneously acquired somewhere between
3–4 and 18–22 months of age, the precise point in this developmen-
tal continuum at which this switch occurs remains to be determined.
Studies by Dobrinski et al., however, shed some light on this problem,
as this group found that when gonadotrophin stimulation of the infant
monkey testis was sustained beyond 3 months of age by xenografting
infant monkey testis into recipient adult mice, Sc maturation in the
grafted testis was initiated before 10 months of age (Rathi et al.,
2008). Interestingly, in two infant boys with congenital hypogonado-
tropic hypogonadism, FSH responsiveness of the testes, as reflected
by robust increases in inhibin B and anti-Mullerian hormone secretion
in response to 6 months of treatment with recombinant human FSH
and LH, was evident when the boys were 7 and 10 months of age
(Bougneres et al., 2008).

Estrogens via their receptors on Scs and germ cells are also consid-
ered to play a role in spermatogenesis (Carreau and Hess, 2010).
Moreover, studies with human Scs at various stages of development
(Foucault et al., 1992; Pereyra-Martinez et al., 2001) and with pubertal
monkey Scs (Devi et al., 2006) have demonstrated high endogenous
aromatase activity in these cells, which is independent of FSH or
cAMP (Foucault et al., 1992; Devi et al., 2006). Thus, the possibility
that deficits in intratesticular estrogen receptor signaling in infant Scs

may contribute to the azoospermia of the testis at this stage of devel-
opment cannot be excluded.

In summary, the present study provides substantial evidence for the
view that limited AR activity in the Scs is a major factor underlying the
azoospermia of the infant primate testis, which at this stage of develop-
ment is exposed to an adult-like hormonal (T and FSH) milieu.
FSH-induced augmentation of cAMP production was also found to be
limited in infant Scs. The ability of the primate Scs to respond fully to an-
drogen and FSH is not acquired until later in prepubertal development,
by which time circulating gonadotrophin levels are low thereby guaran-
teeing that spermatogenesis is not initiated until puberty, when there is a
resurgence in the secretion of LH and FSH (Plant and Witchel, 2006).
The mechanisms underlying the switch from hormonal resistance
of the Scs during infancy to hormone responsiveness later during pre-
pubertal development are of considerable interest because it is reason-
able to predict that if this switch fails to occur in Scs before puberty,
infertility will prevail in spite of hormonal support (Fisher et al., 2003).
Further studies for identifying the molecular bases of this switch
might therefore be of interest and pave the way for novel treatment
modalities for certain forms of male idiopathic infertility.
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