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a b s t r a c t

Follicle Stimulating Hormone (FSH) acts via FSH-Receptor (FSH-R) by employing cAMP as the dominant
secondary messenger in testicular Sertoli cells (Sc) to support spermatogenesis. Binding of FSH to FSH-R,
results the recruitment of the intracellular GTP binding proteins, either stimulatory Gas or inhibitory Gai
that in turn regulate cAMP production in Sc. The cytosolic concentration of cAMP being generated by
FSH-R thereafter critically determines the downstream fate of the FSH signalling. The pleiotropic action
of FSH due to differential cAMP output during functional maturation of Sc has been well studied.
However, the developmental and cellular regulation of the Ga proteins associated with FSH-R is poorly
understood in Sc. In the present study, we report the differential transcriptional modulation of the Ga
subunit genes by FSH mediated cAMP signalling in neonatal and pubertal rat Sc. Our data suggested that
unlike in neonatal Sc, both the basal and FSH/forskolin induced expression of Gas, Gai-1, Gai-2 and Gai-3
transcripts was significantly (p < 0.05) up-regulated in pubertal Sc. Further investigations involving
treatment of Sc with selective Gai inhibitor pertussis toxin, confirmed the elevated expression of Gi
subunits in pubertal Sc. Collectively our results indicated that the high level of Gai subunits serves as a
negative regulator to optimize cAMP production in pubertal Sc.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

Testicular Sertoli cells (Sc) regulate the division and differenti-
ation of male germ cells (Gc) to sperm [1,2]. During the neonatal/
infantile period, immature Sc are incapable of supporting the
robust differentiation of Gc [3]. However, functional maturation of
Sc attained during puberty is concomitant with the spermatogenic
onset [4,5]. Follicle Stimulating Hormone (FSH) and testosterone (T)
are the major endocrine regulators orchestrating the maturation of
Sc and spermatogenesis [6]. Although gene knock-out studies have
demonstrated FSH to be dispensable for male fertility [7e9], a
al Biotechnology, India.
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m (I. Bhattacharya), subeer@
mutated FSH Receptor (Fshr) has recently been shown to restore
complete male fertility in LH deficient mice without any support
from T [10]. Similarly, experimental depletion of circulating FSH by
hCG in adult men leads to poor sperm counts, which has been
shown to be restored upon FSH supplementation alone [11]. Such
studies indicate critical role of FSH in male fertility and suggest the
urgent need of further research on FSH mediated regulation of
spermatogenesis [12,13].

FSH mediates its effects on Sc by binding to its receptor- FSH-R.
FSH-R, a G-protein coupled receptor (GPCR), undergoes a confor-
mational change upon ligand (FSH) binding which results in the
activation of the intracellular GTP binding proteins (G-proteins)
associated with the receptor [12]. G proteins are of many different
types and the presence of stimulatory Gas (coded by Gnas) or
inhibitory Gai (coded by Gnai1, Gnai2 & Gnai3) in Sc has been re-
ported previously [14]. Dual coupling of Gas or Gai to FSH-R
differentially modulates the activity of adenyly cyclase (AC) to
regulate FSH induced cAMP production within Sc [12,14]. The
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concentration of cAMP subsequently directs the multiple down-
stream signalling cascades such as canonical Protein Kinase A (PKA)
or other (PKC, PI3K, Akt/PKB and ERK1/ERK2) pathways high-
lighting the pleiotropic effects of FSH in Sc [15,16]. The robust cAMP
response in Sc results in the activation of PKA which in turn
phosphorylates (thereby activates) cAMP Response Element Bind-
ing protein (CREB) to induce the transcription of genes such as Kitlg,
Gdnf, Abp, Transferrin et cetera, that play an indispensable role in
regulating spermatogenic progression [15]. Interestingly, cAMP has
been shown to induce the expression of phosphodiesterases (PDEs)
in Sc; PDEs cleave cAMP to yield AMP, attenuating the cAMP
dependent PKA pathway. Induction of PDEs by cAMP constitutes an
important negative feedback mechanism, regulating cAMP medi-
ated signal transduction within the cell [17,18].

FSH shows its pleiotropic effects during Sc maturation without
any apparent change in the expression of FSH-R [19e21]. FSH acts
as a mitogen in fetal and neonatal/infantile Sc via the ERK-MAPK
pathway favoured by low concentrations of cAMP, whereas dur-
ing the onset of puberty the proliferation of Sc ceases with a
dominant cAMP-dependent PKA signalling [22e24]. We have pre-
viously reported that a developmental shift in FSH response occurs
around 12-days of postnatal age in maturing rat Sc due to an
elevated binding ability of FSH to FSH-R with high cAMP produc-
tion leading to the rapid transition of spermatogonia A to B [19].On
the other hand, unlike infancy, the upregulated expression and
activity of Gas has been suggested to be critical for determining the
robust cellular cAMP response in pubertal primate Sc [21,25].
Despite such information on FSH mediated signal transduction
during Sc maturation, the molecular mechanisms regulating the
expression of G proteins associated with FSH-R in Sc are not clearly
defined. In the present study, we report the role of FSH mediated
cAMP signalling in regulating the expression of Gas/Gai subunits in
rat Sc.

2. Materials and methods

2.1. Animals and reagents

Wistar rats (Rattus norvegicus) were housed and used as per the
national guidelines provided by the Committee for the Purpose of
Control and Supervision of the Experiments on Animals (CPCSEA).
Ovine (o) FSH and anti-cAMP antibody were obtained from Na-
tional Hormone and Pituitary Program (NHPP), National Institutes
of Health (NIH; Torrance, CA). All other reagents, unless stated
otherwise, were procured from Sigma Chemical Co. (St. Louis, MO).

2.2. Isolation of Sc

Testes were obtained from 5-day (neonatal) and 19-day old
(pubertal) rats. Sc were isolated using a sequential enzymatic
digestion as described previously [19]. For freshly isolated Sc (FrSc),
isolated cell-clusters were exposed to 20 mM Tris-HCl (pH 7.4) for
3e5 min (min) to remove Gc and saved in Trizol before storing
at �80 �C for subsequent RNA extraction.

2.3. Long term culture

Isolated Sc clusters were seeded in 24-well plates and were
cultured in DMEM/nutrient mixture Ham F-12 (DMEM/F12 HAM)
media containing 1% Fetal Calf Serum (FCS) for 24 h (hr) in a hu-
midified 5% CO2 incubator at 34 �C. The next day, cells werewashed
with pre-warmed media and cultured further in serum replace-
ment growth factor media (GF media) containing 5 mg/ml sodium
selenite, 10 mg/ml insulin, 5 mg/ml transferrin, and 2.5 ng/ml
epidermal growth factor. On 3rd day, residual Gc, if any, were
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removed by hypotonic shock with 20 mM Tris-HCl (pH 7.4) for
3e5 min at 34 �C. Sc were then washed twice to remove dead Gc
and the culture was continued further in GF media. On 4th day, one
portion of Sc of each age group was treated with Trizol and stored
in �80 �C for RNA extraction (0 h) and the rest were given various
treatments [19].

2.4. In vitro treatments for gene expression

On day 4 of culture, Sc were treated with i) GF media alone i.e.
vehicle as Control (C) ii) vehicle with 50 ng/ml of o-FSH and iii)
vehicle with 10 mM forskolin (FORSK) for 24hr at 34 �C. On day 5 of
culture, the treatment was terminated and the cells were saved in
Trizol and stored at �80 �C for mRNA analysis [19].

2.5. Reverse transcription and quantitative real time PCR (RT-q-
PCR)

Total mRNAwas extracted from Trizol samples and cDNAs were
prepared by reverse transcription (Promega, USA). Quantitative
Real-time PCR (q-PCR) amplifications were performed by RealplexS

(Eppendorf, Germany) using Power SYBR Green Master Mix
(Applied Biosystems, USA)]. Primers for each gene (target gene as
well as internal control 18S rRNA) were validated by a standard
curve calculated from the Ct values of real time amplification from
serial dilutions of the cDNAs. Primers with an efficiency of 1 ± 0.2
were used. The RT-q-PCR reaction involved melting of cDNA at
95 �C for 15 min, followed by 40 amplification cycles (30 s at 95 �C,
45 s at 60 �C and 45 s at 65 �C). Melting curve analyses for each gene
were performed to detect the specific amplification peak for each
gene. The expression of mRNA for the target genes were evaluated
by the efficiency-corrected DCt method [quantity ¼ (Effi-
ciencyþ1)eCt] as described previously [26]. The mean (±SEMs) of at
least 3 individual experiments was evaluated for each treatment
group for the target gene. Primers used in the study are detailed in
Supplemental Table SI.

2.6. Cyclic AMP assay

On day 4 of culture, Sc were pre-incubated with GF media
containing 0.1 mM IBMX and 100 ng/ml of PT for 2 h followed by
treatment with i) GF media containing 0.1 mM IBMX (vehicle)
considered as Control (C), ii) vehicle containing o-FSH (50 ng/ml)
for 24 h at 34 �C. For all the cultures, Sc conditionedmediawas used
to determine cAMP by radio-immuno-assay (RIA) as reported by us
previously [21].

2.7. Data representation and statistical analysis

One treatment group comprised of 3 wells, within one culture
set. At least 3 such sets of cultures for each age group (performed on
different calendar dates) were used to analyse and interpret the
data. Testes from about 25 to 30male rats were pooled for 5-days of
age and 6e10 male rats from 19-days of age for Sc cultures. Sta-
tistical analysis was performed using Graph Pad Prism 5.0 software.
Details of the statistical tests are provided in the figure legends.

3. Results and discussion

The present study investigated the molecular mechanisms un-
derlying the differential regulation of Ga subunits associated with
FSH-R during post-natal development of rat Sc. The transition of Sc
from a proliferative, immature state to a functionally mature state
occurs during the onset of puberty and is associated with a
remarkable shift in FSH signalling in these cells [3,6]. FSH induced
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cAMP signalling in pubertal Sc is critical for the robust initiation of
Gc differentiation, leading to the progression of the first sper-
matogenic wave [27]. In the present study, we demonstrated the
differential expression of Ga subunits in neonatal and pubertal rat
Sc and have established the role of FSHmediated cAMP signalling in
regulating the expression of these genes in Sc.

3.1. Differential expression of G-protein subunits in neonatal and
pubertal rat Sc

Our results suggested that the basal level mRNA expressions of
Gas (coded by Gnas), Gai1, Gai2 and Gai3 transcripts (coded by
Gnai1, Gnai2 and Gnai3) were up-regulated in pubertal Sc (both FrSc
and cultured cells) as compared to that found in neonatal Sc (Fig. 1
e I&II). These intracellular GTP binding proteins are recruited by
FSH-bound FSH-R to modulate the activity of adenylyl cyclase (AC)
thereby regulating production of cAMP in Sc [14]. There are mul-
tiple sub-types of such GTP binding proteins, like Gas, Gai, Ga0, Gaq/
11 and Ga12/13 which have been reported to be associated with
various GPCRs including FSH-R [16,28]. Since testicular Sc do not
Fig. 1. Relative Expression of Ga subunit genes in neonatal (5-day) and pubertal (19-
day) rat Sc
RT-q-PCR analyses of Gnas, Gnai1, Gnai2 or Gnai3 expression in neonatal (5-day, 5 d)
and pubertal (19-day, 19 d) rat Sc. Freshly isolated (FrSc) Sc from 5-day and 19-day old
rat testes (I); 5-day and 19-day old Sc cultured for 4 days in-vitro at 0 h (II). The shown
data (mean ± SEM) is representative of at least three independent experiments. Un-
paired Student's t-test was used for assessing statistical significance between the two
age groups. P < 0.05 was considered to be statistically significant.
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express either Ga0 (known to induce Kþ ion channels) or Gaq/11
(activates the phospholipase-C b enzyme) [29], FSH-R mainly gets
differentially coupled with either cholera toxin (CT) sensitive
stimulatory Gas or pertussis toxin (PT) sensitive inhibitory Gai
proteins [30]. Locking of Gas with FSH-R induces cAMP generation,
whereas coupling with Gai inhibits cAMP production [14,16]. FSH-R
coupled with both Gas or Gai, has been shown to induce ERK-MAPK
mediated Sc proliferation in fetal and neonatal/pre-pubertal testes
or to activate the cAMP-dependent canonical PKA pathway leading
to the cessation of Sc proliferation during puberty [23]. Although
the elevated expression of Gas mRNA and protein have been re-
ported in maturing rat testis and pubertal primate Sc [21,25,31], the
pubertal rise in the expression of Gai mRNA in mature rat Sc
observed in the present study is a novel finding. Interestingly,
despite such significant (p<0.05%) developmental differences in the
m RNA expression of Gas, Gai1, Gai2 and Gai3 transcripts observed
between neonatal and pubertal Sc (Fig.1. I and II), we found that the
expression of these transcripts remained similar within Sc of a
particular age (5-day or 19-day) group (Fig S1 A-B).

3.2. Induction of Gas/Gai mRNA expression by cAMP in Sc

As the expression of the G protein subunits was found to be
elevated in pubertal Sc, we hypothesized a role of FSH mediated
cAMP signalling in regulating the expression of these genes in these
cells. To this end, neonatal and pubertal Sc were treatedwith FSH or
the adenyly cyclase activator, forskolin (FORSK) and the expression
of the Gas/Gai transcripts was evaluated. A significant (p<0.05%)
increase in the expression of Gnas, Gnai1, Gnai2 and Gnai3 tran-
scripts was observed in response to FSH in pubertal Sc as compared
to that in neonatal Sc (Fig. 2A-D). Moreover, the effect of FSH on the
expression of these genes was mimicked by treatment of Sc with
FORSK, indicating a role of cAMP mediated signalling in regulating
G-protein expression in Sc. Importantly, unlike in pubertal Sc, FSH
failed to induce the expression of Gas/Gai transcripts in neonatal Sc.
This can be attributed to the lack of FSHmediated cAMP dependent
PKA pathway in neonatal Sc, as has been described previously
[19,23]. However in contrast to FSH, treatment of neonatal Sc with
FORSKwhich directly activates AC by bypassing FSH-R, significantly
(p<0.05%) augmented the expression of Gas Gai1, Gai2 and Gai3
mRNAs in neonatal Sc, indicating the competence of the down-
stream signalling proteins [e.g. PKA or CREB (cAMP response
element binding protein) etc [32]] to induce a pubertal like tran-
scriptional pattern in immature Sc (Fig. 2A-D). Cyclic-AMP sup-
plementation has been reported to augment the expression of Gas
and Gai-2 mRNAs in cultured astroglial cells, thyroid follicles
[33e35] and S49 mouse lymphoma cell lines [36]. Furthermore,
treatment of pubertal Sc with a combination of FSH and T has been
reported to transiently down-regulate the expression of Gai-1, Gai-2
mRNAs and up-regulate Gai-3 mRNA at 6 h, whereas such expres-
sion profiles get recovered to the basal level at 24 h [37]. It is to be
noted that the Ga subunit gene expression patterns in neonatal and
pubertal rat Sc observed in the present study are different from
what has been previously reported by us in primates [21]. For
instance, the expression pattern of Gnai2 remains uniform in infant
and pubertal monkey Sc and FSH down regulates Gnai2 in pubertal
monkey Sc in a cAMP independent manner [21]. These observed
variations may be due to the species-specific regulation of G pro-
teins in rodent and primate Sc.

The increase in the levels of Gai transcripts in pubertal Sc upon
treatment with FSH or FORSK appeared to be counterintuitive to
the established role(s) of elevated cAMP in orchestrating Sc
maturation. In order to determine if the increase in the transcript
levels of Gai genes was reflected at the protein level as well,
neonatal and pubertal rat Sc were treated with pertussis toxin (PT)



Fig. 2. Effect of FSH and forskolin (FORSK) on the expression of Gnas, Gnai1, Gnai2 and Gnai3 genes in neonatal (5-day) and pubertal (19-day) rat Sc.
RT-q-PCR analyses of Gnas, Gnai1, Gnai2 or Gnai3 gene expression in neonatal and pubertal rat Sc treated with ovine FSH (50 ng/ml) or adenylyl cyclase activator forskolin (10 mM),
for 24 h (AeD). Data (mean ± SEM) is representative of at least three independent experiments. One-way ANOVA followed by Tukey's multiple comparison testwas used for assessing
statistical significance. P < 0.05 was considered to be statistically significant.
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to inactivate Gai protein in Sc, followed by assessment of FSH
mediated cAMP induction in the cells. It was observed that the
selective inactivation of Gai subunits by PT (100 ng/ml) supple-
mentation resulted in a significant (p<0.05%) rise in FSH induced
cAMP production in neonatal and pubertal Sc (Fig. 3A-B). However,
the fold rise in FSH induced cAMP production after PT pre-
incubation was much higher in pubertal Sc as compared to
neonatal Sc (Fig. 3A-B). This observation was concordant with the
gene expression data and indirectly indicated the presence of
elevated levels of Gai sub-units in pubertal Sc as compared to
neonatal Sc.

Our data further revealed an auto-regulatory mechanism of FSH
mediated cAMP signalling, by which cAMP concentration is opti-
mized in pubertal Sc via two parallel feedback loops, positive
feedback by augmenting expression of stimulatory Gas and nega-
tive feedback via inducing expression of inhibitory Gai1, Gai2 and
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Gai3 subunits (Fig. 4A-B). FSH/FORSK mediated increase in the
expressions of Gai mRNAs in pubertal Sc is indicative of such
negative regulation (Fig. 4B). Such negative regulatory mechanisms
for cAMP signalling have been reported in Sc previously. For
instance, cAMP directly induces the transcription of cAMP
degrading enzyme PDE (isoform-PDE-4D, in particular for Sc and
testis) to down-regulate its own concentration [17,18] or at stage II-
VI of adult rat testes, FSH induced PKC selectively inhibits FSH-R-
Gas mediated cAMP response [38,39].

To conclude, the present study has demonstrated for the first
time, the regulation of Ga subunits by FSH mediated cAMP sig-
nalling in rat Sc. Our results further indicated the existence of a
possible negative feedback loop involving the induction of Gai
subunits by FSH dependent cAMP signalling, whichmay potentially
maintain the optimal cAMP concentration in pubertal Sc, ensuring
proper spermatogenic progression. However, future studies are



Fig. 3. Effect of Gai inhibition on FSH mediated cAMP production by neonatal (5-day) and Pubertal (19-day) rat Sc.
Pre-Incubation (2hr) with Gai inhibitor pertussis toxin (100 ng/ml PT) increased both the basal and FSH induced cAMP production in neonatal (A) and Pubertal (B) Sc at 24 h,
(�) ¼ without PT, (þ) ¼ with PT. One-way ANOVA followed by Tukey's multiple comparison test was used for assessing statistical significance between the treatment groups.

Fig. 4. Cartoon showing a diagrammatic representation of the differential regulation of
G-proteins by cAMP signalling in neonatal (5-day) and pubertal (19-day) rat Sc.
Neonatal Sc express few FSH-R on the membrane-surface, thereby limiting the gen-
eration of cAMP inside the cell. Weak cAMP stimulation results in a moderate
expression of Gas and Gai mRNAs and proteins in these cells (A). Pubertal Sc express
higher number of FSH-Receptors on the membrane-surface, leading to a robust cAMP
output with higher expression of Gas and GaimRNAs and proteins in these cells. As per
this model depicted above, the increase in the levels of Gai-subunits in response to
cAMP establishes a negative feedback loop that keeps a check on FSH mediated cAMP
in these cells (B). Pointed arrows with green positive (þ) signs and closed line with red
negative (�) sign represent the augmenting and antagonizing feedback loops
respectively, regulating FSH-R signalling in pubertal Sc. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this
article.)
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required to investigate the cross-talk between FSH and T signalling
and their role(s) in regulating G-protein expression and activity in
pubertal Sc.
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