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Background & objectives: Chapekar established a model of ovarian tumourigenesis in mice by splenic
transplantation of ovaries, resulting in sustained luteinizing hormone (LH) levels because of absence
of feedback inhibition. There is increasing evidence of the differential response to LH or hCG under
various experimental conditions. The effect of sustained hormonal stimulation in long term cultures is
sparsely investigated. The study is aimed to determine the role of hCG and LH stress on caprine ovarian
granulosa cells and their downstream signaling in short and long term cultures.

Methods: To study the response of hCG and LH stress and downstream signaling, short term cultures
were set up by exposing goat ovarian granulosa cells in primary cultures to hCG and LH stress (levels
beyond their physiological doses) for 5 days (P0). Cells were sub-cultured at sixth day and subjected to
prolonged LH/ hCG stress for two weeks in passage 1(P1) (long term cultures). Downstream cell signaling
molecules were assessed. Intracellular cAMP was estimated by ELISA. For PKA and PKC, activity
assays were performed. pERK protein expressions in short term cultures were assessed by Western blot
and flowcytometry; in long term cultures, pERK expression was analyzed by flowcytometry.

Results: Differential effects on cell proliferation were observed in long term cultures, where the untreated
and hCG exposed cells showed markedly reduced cell proliferation after second week of exposure while
LH treated cells continued to proliferate. Different levels of cAMP, PKA, PKC and phosphorylated
ERK1/2 were observed on short term and long term LH stimulation. On sustained hormonal stimulation,
cAMP levels were significantly (P<0.05) higher in hCG treated cultures as compared to controls and LH
treated cultures. LH led to maximal elevation of ERK in long term cultures.

Interpretation & conclusions: As pERK1/2 promotes cellular proliferation, activation of ERK1/2 in LH
treated cultures may be responsible for sustained growth. Prolonged LH treatment promoted growth
and proliferation in caprine ovarian granulosa cells whereas prolonged exposure to hCG led to elevated
levels of cAMP and decreased the rate of proliferation. Defining the signals and second messengers that
act as survival or apoptotic mediators may help in elucidation of the mechanisms controlling proliferation
or programmed cell death in granulosa cells.
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Luteinizing hormone (LH) stimulates production of
estrogen and progesterone, which play a role in ovarian
function and control of reproductive cycle. There is
increasing evidence linking granulosa cell proliferation
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and malignancy to ovarian hyperstimulation. Existing
reports suggest that although LH and human chorionic
gonadotropin (hCG) bind and activate the same
G-protein coupled hormone receptor, these hormones
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can cause distinct responses in their target cells'.
Earlier studies reported different binding sites for hCG
and LH on the same receptor, which might result in
activation of different protein kinases following signal
transduction via Gs, Gi or Gq proteins*®. The most
important signaling pathway activated by hCG and
LH is the protein kinase A (PKA) pathway controlling
functions such as progesterone secretion by the cells
in the corpus luteum?’. Another kinase activated by
hCG and LH stimulation of granulosa cells is protein
kinase C (PKC)3. An increase in the concentration of
cyclic AMP is demonstrated in human corpus luteum
stimulated in vitro by LH and hCG. The increase
by both the hormones in short time cultures (day 3)
in human granulosa cells was comparable’. Crucial
factors in gonadotrophin mediated signaling in the
ovary include members of the mitogen activated protein
kinase (MAPK) family (ERK 1/2) that are shown to
be activated in response to gonadotrophins in both
porcine and rat granulosa cells'*!?. LH and hCG rapidly
increase ERK1/2 activation in human granulosa cells,
as also observed in porcine granulosa cells and a rat
granulosa cell line. There are no documented studies to
determine the effect of sustained hormonal stimulation
in long term cultures.

To assess the effect of prolonged exposure of
ovarian cells to LH stress, Chapekar established a
model of ovarian tumourigenesis in mice by bilateral
ovariectomy and splenic transplantation of ovaries,
leading to sustained LH levels due to the absence of
feedback inhibition'?. Further, an in vitro model was
set up by subjecting primary goat ovarian granulosa
cells to LH stress. After the 8" passage, cultures
became independent of LH and eventually developed
into a cell line (AIMS/GRXII)". The cell line grew for
35 passages and its growth and functional parameters
were studied in detail'*. After the 14™ passage, one of
the culture flasks revealed transformed cells, which
were named AIMS/GRXVIII"Y. These transformed
cells were characterized and these developed tumours
in hamster cheek pouch.

Pilot studies conducted earlier on primary cultures
of goat ovarian granulosa cells have shown that
hCG treated cultures grew only up to passage 3'°.
The differential response and signaling mediated by
LH and hCG, which form the basis of LH induced
proliferation in caprine ovarian granulosa cells, need
to be assessed.

The present study is aimed at assessing the role
of LH or hCG stress on primary cultures of goat

(caprine) ovarian granulosa cells both in short term
(5 days) and long term (2 wk) cultures, and their
downstream signaling pathways. Granulosa cells
from secondary follicles were chosen for the studies
since cells at this stage are least exposed to LH in
vivo.

Material & Methods

Reagents: Ovine luteinizing hormone (LH), human
chorionic gonadotrophin (hCG), Hank’s balanced
salt solution (BSS), minimum essential medium
(MEM), trypsin, trypan blue and foetal calf serum
(FCS) were obtained from Sigma, USA. Amphotericin
B (Amfocare, 50 mg) was bought from Medispec
Pharmaceuticals Pvt. Ltd. Gentamicin (80 mg in 2
ml) was procured from Elder Pharmaceuticals (India).
MOPS, p-glycerol phosphate, sodium fluoride,
dithiothreitol (DTT), benzamidine were purchased from
Merck, USA. Sodium vanadate, EGTA, EDTA, NP40,
phenylmethanesulphonylfluoride (PMSF), leupeptin
and aprotinin were purchased from Calbiochem, USA.
Total ERK1/2 antibody and pERK1/2 antibody were
procured from Cell Signaling Technology, USA. Goat
anti-rabbit secondary antibody was purchased from
Cell Signaling Technology, USA.

Granulosa cell cultures: The study was conducted in
the Department of Biochemistry, All India Institute of
Medical Sciences (AIIMS), New Delhi. Goat ovaries
were obtained from a local abattoir. Granulosa cells
from medium sized follicles were collected for all
the experiments as described earlier'”'s. The cells
were thoroughly washed with Hank’s balanced salt
solution (HBSS) containing antibiotics, 8 ug/ml
gentamicin and 5 pg/ml amphotericin B. The ovaries
were transferred to fresh sterile flasks and thoroughly
washed three times, with HBSS containing antibiotics.
The medium sized follicles were punctured gently
using sterile cataract knife to release granulosa cells in
a petridish containing MEM with 8 pg/ml gentamicin.
Pooling cells only from medium sized follicles
(minimally exposed to LH) ensured homogeneity of
granulosa cells. Cells were resuspended in culture
medium [MEM + 10% FCS + gentamicin (4 pg/
ml)] and equal numbers of cells (2x10°cells/ml) were
plated in either 6-well plates or tissue culture flasks
(25 cm?). The cells were incubated at 37°C under a
gas phase of 5 per cent CO, in humidified air in a CO,
incubator. Eight hours after explantation, the cultures
were washed twice with HBSS containing antibiotics
to remove debris and unattached cells, fed with fresh
culture medium and maintained for growth in a
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5 per cent CO, incubator. The granulosa cells were
treated with LH/hCG from 8 h onwards after explantation.

Hormone regimen for establishment of short term
cultures of ovarian granulosa cells: The response of
granulosa cells (in terms of cell proliferation-established
by counting cells in Neubauer haemocytometer, and
progesterone secretion) to different doses of LH and
hCG was determined and dose response curves plotted
(data not shown). The dosage of LH that induced
maximum cell proliferation and progesterone secretion
(functional response of the cells) was 3.57x10° Units/ml
(3 pg/ml) and that of hCG was 25 Units /ml similar to
earlier reports'>!6. These doses were used subsequently
for treating the short and long term cultures.

Cells were treated with LH or hCG respectively,
starting from 8 h after explantation of ovarian granulosa
cells in 6 well plates. With every change of medium,
the cells were fed with culture medium containing LH/
hCG at 48, 72 and 96 h, respectively.

Hormone regimen for establishment of long term
cultures of ovarian granulosa cells: For cells grown up
to 4 wk, media changes were done every fifth day and
supplemented with the respective hormones at the same
dosage as used for short term cultures. For estimation
of levels of secreted progesterone, intracellular cAMP,
and activity of PKA and PKC, cells were grown in 6-
well plates and analysis was done at 5" day and two
weeks. For Western blot and flowcytometric analysis,
cells were augmented in 25 cm? culture flasks.

Measurement of progesterone secretion and levels
of intracellular cAMP formation: Progesterone
secreted in the culture supernatant was estimated
by progesterone ELISA kit (Cayman Chemicals,
USA). To estimate intracellular levels of cAMP,
primary culture was done and equal number of cells
were plated in 6-well plates and treated with culture
medium/culture medium containing hCG/culture
medium containing LH, eight hours after explantation
and estimation was done in both short (Passage 0,
PO, 5" day) and long term cultures (Passagel, P1,
subculture was done after first week of primary
culture and the estimation was done at two wk).
Cells were treated with or without hormone in serum
free medium at different time points. Reactions
were terminated by adding 0.IN HCI. ELISA for
estimation of intracellular cAMP was performed as
described in the kit (Cayman Chemicals, USA). The
intra- and inter-assay variations in the estimation of
progesterone were 5 and 11 per cent, respectively

while that for the estimation of cAMP was 3 and 7
per cent, respectively.

Protein kinase A (PKA) and protein kinase C (PKC)
activity assays: Primary culture of granulosa cells
was done and equal number of cells were plated
in 6-well plates and treated with culture medium/
culture medium containing hCG/culture medium
containing LH, eight hours after explantation and
estimation was done in both short (Passage 0, PO,
5% day) and long term cultures (Passage 1, PI,
two weeks). For PKA and PKC assay, cells were
treated with serum free media for 2 h (to get rid
of the effect of FCS) followed by treatment with
or without hormone (LH or hCG) at different time
points in serum free medium (Figs 3 a-d). Media
was removed from the plates. Plates were washed
with 1X ice-cold PBS (1M, pH 7.4) and then 1ml
of lysis buffer [20 mM MOPS, 50 mM B-glycerol
phosphate, 50 mM sodium fluoride, 1 mM sodium
vanadate, 5 mM EGTA, 2 mM EDTA, 1% NP40,
1 mM dithiothreitol (DTT), 1 mM benzamidine,
1 mM PMSF and 10 pg/ml leupeptin and aprotinin]
was added to the tissue culture plates and allowed to
stand for 10 min on ice. After a 10 min incubation
period, cells were scraped using a cell scraper and
the cell lysate was centrifuged at 15,000 g for 15
min and cytosolic fraction was obtained. Protein
concentration was determined using BCA method
[Bicinchoninic acid (BCA) kit, Banglore Genei,
India] for protein estimation and equal amount of
protein was taken and PKA and PKC assays were
performed using kits as per the protocol (Assay
Designs, USA). For PKA assay, intra- and inter-
assay variations were 5 and 8 per cent, respectively.
For PKC assay, intra- and inter-assay variations were
6 and 12 per cent, respectively.

Immunoblot analysis: Cells from short and long term
cultures were treated with serum free media for two
hours followed by treatment with or without hormone
(LH or hCG) at different time points in serum free
medium. All incubations were carried in serum free
MEM. After treatment, the cells were rinsed with ice
cold PBS (pH 7.4) and lysed with cell lysis buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl,
I mM EDTA, 1 mM EGTA, 1 per cent Triton
X-100, 1 mM B-glycerol phosphate, 1 mM sodium
vanadate (Na;VO,), 1 pg/ml leupeptin and 1mM
PMSEF. Proteins within aliquots of whole cell lysates
(20 pg/lane) were resolved ina 10 per cent SDS-PAGE
and transferred to nitrocellulose membrane using
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Western blotting apparatus (Bio Rad Laboratories,
Inc., USA). Ponceau (Sigma, USA) stain was used to
visually assess the complete transfer of protein from
the gel to the membrane. The non-specific binding
sites on the membrane were blocked with 1xTBS, 0.1
per cent Tween-20 with 5 per cent w/v nonfat dry milk
at room temperature for 1 h. Next, the membrane was
incubated with the primary antibody [Phospho p44/42
MAP Kinase (Thr202/Tyr204)] rabbit polyclonal IgG
(1:1000) or MAP Kinase antibody rabbit polyclonal
IgG (1:1000) or B-actin antibody overnight at 4°C,
followed by two washing with TBS-Tween 20 twice.
It was then incubated with secondary antibody (HRP-
conjugated, 1:2000) for 1 h at room temperature.
Finally, the membrane was incubated with 10 ml
LumiGLO® (0.5 ml 20X LumiGLO®, 0.5 ml 20X
Peroxide and 9.0 ml Millie-Q Water, Cell signaling)
with gentle agitation for 1 min at room temperature
and developed.

Flowcytometric analysis: Granulosa cells were
pooled on the fifth day of primary culture and after
subculture at passage 1 (P1, 2 wk), incubated with
medium containing LH or hCG or hormone free
medium for 30 min (because maximal elevation in
pERK1/2 was observed at that time point in western
blot), washed with ice cold PBS and analyzed by
intracellular staining and flowcytometry. Cells were
collected by centrifugation and the supernatant was
aspirated. 0.7 million cells were resuspended in
0.5-1 ml PBS. Formaldehyde was added to a final
concentration of 2 per cent and cells were fixed for
10 min at 37°C. Tubes were chilled on ice for 1 min.
Cells were permeabilized by adding ice-cold 100
per cent methanol slowly to pre-chilled cells, while
gently vortexing, to a final concentration of 90 per
cent methanol and incubated for 30 min on ice, 2 ml
incubation buffer was added to each tube and rinsed
by centrifugation. Cells were resuspended in 100 pl
incubation buffer per assay tube. Blocking was done in
the incubation buffer for 10 min at room temperature.
Phospho p44/42 MAP kinase (Thr202/Tyr204) rabbit
polyclonal IgG (1:100) or MAP kinase antibody rabbit
polyclonal IgG (1:25) was added to the assay tubes,
incubated for 1 h at room temperature and rinsed in
incubation buffer by centrifugation. Cells were then
incubated with FITC-conjugated secondary goat anti
rabbit antibody (1:100) (Santa Cruz, USA) diluted in
incubation buffer for 30 min at room temperature and
rinsed in incubation buffer by centrifugation. Finally,
cells were resuspended in 0.5 ml PBS and analyzed in
a flow cytometer.

Statistical analysis: Statistical analysis was carried out
using unpaired t-test (Graph Pad Prism Version 5 for
Windows, Graph Pad Software, San Diego, California
USA). All values are given as mean + SEM.

Results

A distinct morphology of the granulosa cells
subjected to LH stress was observed, which differed
from that of the hCG and untreated cell controls,
respectively. Both hCG and LH treated cells in short
term (5 day) cultures exhibited similar functional
characteristics, assessed by their progesterone secretion
(Fig. 1a). A distinct differential response of the ovarian
granulosa cells was observed in both short (passage
0, PO, 5" day) and long term cultures (passage 1, P1,
two wk) on subjecting these to sustained LH and hCG
stimulation, respectively. Cell counts from day 0 to 4
revealed no significant difference in cell number after
treatment with LH and hCG (Fig. 1b). Granulosa cells
in primary cultures on sustained stimulation with LH
began to proliferate and continued to grow at the same
rate with subsequent subculture (P1-P3 passages) and
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Fig. 1a. Effect of LH and hCG on progesterone secretion in
granulosa cells. Values are mean = SEM (n=3).
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Fig. 1b. Effect of LH and hCG on cell proliferation and growth rate
of granulosa cells in short term culture. Data expressed as mean +
SEM.
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Fig. 2a. Effect of LH/hCG on intracellular cAMP in granulosa cells in short term culture after hormonal stimulation. Data expressed as
mean + SEM. **P<0.001 compared to controls and LH cultures. b. Effect of LH/hCG on levels of intracellular cAMP in granulosa cells in
long term culture subjected to prolonged hormonal stimulation (2 wk). Data expressed as mean + SEM (n=3). *P<0.05 compared to LH.
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Fig. 3a. LH and hCG increased PKA activity in a time dependent manner in short term cultures of granulosa cells (day 5). Data expressed as
mean £ SEM (n=3). Increase in PKA activity is seen after stimulation with LH as well as hCG, with maximum elevation seen in LH treated
cultures. **P<0.001. b. LH and hCG increased PKA activity in a time dependent manner in long term cultures of granulosa cells (2 wk).
Data expressed as mean = SEM (n=3). *P<0.05 compared to LH treated cultures in a time dependent manner.c. LH and hCG stress increased
PKC activity in a time dependent manner in short term cultures of granulosa cells (day 5). Data is expressed as mean+SEM. Increase in
PKC activity in a time dependent manner is seen after stimulation with LH or hCG (*P<0.05). d. PKC activity is more in untreated cells as
compared to hCG treated and LH treated cultures after long term stimulation (2 wk). Data expressed as mean + SEM. Increase in PKC activity
is maximum in untreated cells (P=ns).
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were monitored up to 8 wk. On the other hand, granulosa
cells in primary culture when subjected to hCG stress,
on subculture, became slow growing after P1 as the
number of days taken to become confluent increased.
The untreated cells also became slow growing after
subculture (P1 & P2) and began to degenerate after the
P2 stage (data not shown). Since the cells subjected
to hCG stress and untreated cells decreased in number
in the long term cultures, further studies to assess the
short term and long term effect of sustained hormonal
stimulation on the downstream signaling molecules
were conducted in 2 wk old (long term, P1) cultures
and on day 5 of the primary culture (short term, P1) of
granulosa cells.

The effects of LH and hCG stress on the activation
of cAMP, PKA and PKC and the downstream molecule
ERK1/2 were assessed. The salient findings were the
differences observed in the downstream signaling
molecules mediated by sustained LH and hCG stress,
between short term and long term granulosa cell
cultures. Time kinetic studies were conducted under
three different conditions (LH treated, hCG treated
and untreated granulosa cells) in short term cultures
at five days and in long term cultures (two wk). In
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short term cultures, maximally elevated cAMP levels
at 15 min of hormone stimulation (LH & hCG) were
observed, after which the cAMP levels declined at 4
h. cAMP levels were highest (P<0.001) in LH treated
cells as compared to the other two groups (Fig. 2a).
In long term cultures, cAMP levels were minimal in
the LH treated cells as compared to that in hCG and
untreated cells (Fig. 2b). Maximally elevated activity
of PKA was observed in LH treated cells at 60 min
(P<0.001) as compared to that in hCG and untreated
cells at 5th day (Fig. 3a). On sustained stimulation with
the gonadotrophins (in two wk old, long term cultures),
the PKA activity was maximum in hCG treated cells at
60 min, as compared to LH treated and untreated cells
(Fig. 3b). This is in concordance with the alterations in
the levels of intracellular cAMP levels in these cells.

We studied the expression of total and
phosphorylated ERK in the untreated hCG and LH
treated cells by Western blot (Fig. 4 a, b) and flow
cytometry (Fig. 4 c-f). A similar increase was observed
in phosphorylated ERK 1/2 (activation) in granulosa
cells on hCG or LH stress in the cells in short term
cultures by flow cytometry (Fig. 4 d). The expression
of pERK1/2 was similar in hCG treated and LH treated
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Figs. 4a and 4b. Western blot of total ERK1/2 (4a) and pERK1/2 (4b) in untreated, hCG treated and LH treated cultures at different time
points. hCG and LH treated cultures show similar expression whereas there is no expression of pERK1/2 in untreated cultures at 0 and 40 min
(L-ladder, C-positive control). Anti-f} actin antibody was used to ensure equal loading.
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Untreated hCG treadted LH treadted
cultures in short term cultures as shown by Western
blot (Fig. 4 b). At two wk (long term culture), however,
the activation of ERK 1/2 was maximum in LH treated
cells as compared to those in hCG treated and untreated
control cells on flow cytometric analysis, as shown
in Fig. 4 g. Protein kinase C activity was found to be
significantly (P<0.05) higher in LH treated cultures as
compared to hCG treated short term cultures at 60 min
of hormonal treatment. However, at 0 and 15 min, there
was no difference in control or the treated groups (Fig.
3c). Both hCG and LH suppressed PKC expression in
the long term cultures (Fig. 3 d).

Discussion

The present study, conducted on short and long
term primary cultures of goat ovarian granulosa cells

exposed to LH and hCG stress showed differential
modulation of the signaling molecules subjected to
sustained stimulation with LH and hCG. In short
term cultures, both LH and hCG stress supported cell
growth and proliferation; in long term cultures, LH
stress continued to promote sustained cell proliferation
and survival, while hCG did not. There were also
significant differences in molecules like cAMP and
ERK which are important for signal transduction.
Maximum elevation of cAMP levels was observed in
granulosa cells at two wk (long term) on sustained
hCG stimulation; these cells, in contrast to LH treated
cells, became slow growing with decreased cell
proliferation and increased doubling time. Prolonged
hCG stimulation via elevation of cAMP may be
leading to decreased proliferation of these cells. In
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at two weeks, cAMP levels declined in comparison to
hCG and untreated cells thereby probably supporting
cell proliferation and growth. Gene transcripts to
phosphodiesterase 4D, cAMP specific (PDNHD)
have been found to be upregulated by LH, which
may contribute to LH mediated reduction in the
levels of cAMP™. It is known that the gonadotrophins
transmit survival signals to the follicular tissue in part
through elevation of intracellular cAMP levels?*?!,
However, excessive cAMP levels in mature rat and
human granulosa cells, obtained from preovulatory
follicles, led to an opposite effect, that is accelerated
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Figs. 4e, 4f and 4g. Flowcytometric analysis of total (4e) and
phosphorylated ERK (4 f) after sustained stimulation with LH
or hCG. Expression of phosphorylated ERK in LH treated culture
is significantly higher as compared to hCG treated cultures (4 g).
Values given as mean + SEM of 3 observations. *P<0.05 compared
to untreated control cells.

apoptosis under in vitro conditions, especially upon
serum deprivation?>?*.  Gonadotrophins activate
the hormone sensitive adenylyl cyclase for a very
limited period, which is immediately followed by
a refractory period, where levels of cAMP decline
dramatically. In contrast, forskolin or 8-Br-cAMP
which produce persistently raised intracellular cAMP
levels might be harmful to the cells and might lead
to activation of the apoptotic process*. Apoptosis is
shown to be induced in vitro, in primary granulosa
cell cultures, by serum deprivation and by induction
of high intracellular levels of cAMP?* which may be
the cause of decreased number of cells in the hCG
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treated cultures in our study. The expression of pERK
in both hCG and LH treated short term cultures was
comparable. On sustained hormonal stimulation,
expression of pERK was highest in LH treated
long term cultures as compared to the hCG treated
or untreated cells. Maximal elevation of pERK1/2
in LH treated long term cultures may be promoting
cell proliferation and survival. ERK activation can
repress BIM mRNA levels (proapoptotic proteins)*
and on the other hand is reported to increase the
expression of pro-survival BCL-2 proteins®. ERK1/2
is also known to upregulate survivin which increases
cell proliferation and survival?. These studies are
in consonance with our finding of sustained LH
stimulation supporting the granulosa cell proliferation
in long term cultures. Increase in levels of pERK1/2
has been reported previously in granulosa cell
tumours?’. Silencing of ERK1/2 led to complete
suppression of tumour cell proliferation?. Tt is well
established that ERK1/2 pathway increases tumour
survival®®. Sustained hormonal stimulation in ovaries
is associated with certain pathological conditions
like polycystic ovarian syndrome and granulosa cell
tumours, which are associated with high levels of LH.
There are independent reports suggesting the role of
elevated LH in granulosa cell tumourigenesis. Post-
menopausal women with high levels of LH represent
the largest cohort of patients with granulosa cell
tumour®. Hyper secretion of LH in transgenic mice
led to granulosa cell tumour®. Our results indicated
that sustained hCG stimulation failed to support the
proliferation of the granulosa cells and eventually led
to decreased cell growth.

In conclusion, the present study demonstrated the
differential response of goat ovarian granulosa cells
subjected to LH or hCG stress at different stages in
culture. LH stress promoted sustained proliferation of
ovarian granulosa cells in long term cultures while
hCG stress failed to do so. Defining the signals and
second messengers that can act as survival or apoptotic
signals may further elucidate the possible mechanisms
controlling proliferation or programmed cell death in
both the normal and transformed granulosa cells and
the precise role of hormones in carcinogenesis.
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