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Cyclic adenosine monophosphate (cAMP)-related intracellular mechanisms can be
important in the control of reproductive processes. The aim of the present study was to
examine possible hormonal and intracellular mechanisms mediating the action of cAMP on
ovarian cell functions, in particular the mechanisms of stimulatory action of dbcAMP on rabx
and caspase 3), plasma level of progesterone and estradiol, and release of progesterone,
testosterone and estradiol by isolated ovarian fragments, as well as the response of these
fragments to hormonal regulators of ovarian steroidogenesis – FSH, IGF-I and ghrelin (all at
doses of 100 ng/ml). Release of hormones was assessed by RIA. The expression of markers of
proliferation and apoptosis was evaluated by electrophoresis-Western blotting.
Administration of dbcAMP resulted in a reduction of the estradiol level, but not progesterone
level in rabbit plasma, as well as in progesterone and estradiol release, but not testosterone
release, by isolated ovarian fragments. Additions of FSH, IGF-I and ghrelin to culture
medium reduced the release of progesterone and increased testosterone and estradiol output
by fragments isolated from control animals. The release of all these hormones was increased
by fragments isolated from dbcAMP-treated animals. Both dbcAMP injections and addition
of FSH, IGF-I and ghrelin to culture medium promoted the accumulation of proliferation and
apoptosis markers in cultured ovarian fragments, whilst dbcAMP increased the stimulatory
effects of hormones on these markers. The present observations (1) confirm involvement of
peptide hormones FSH, IGF-I and ghrelin in the control of ovarian cell proliferation,
apoptosis and steroid hormone release; (2) demonstrate the involvement of cAMP-dependent
intracellular mechanisms in promotion of rabbit ovarian cell proliferation, apoptosis and in
regulation of ovarian steroidogenesis; (3) suggest the involvement of cAMP-dependent
mechanisms in mediating and/or promoting the effect of peptide hormones FSH, IGF-I and
ghrelin on ovarian cell proliferation, apoptosis, but not on steroidogenesis; (4) suggest that
the stimulatory action of dbcAMP on rabbit reproduction could be due to dbcAMP-induced
changes in ovarian cell proliferation, apoptosis, steroid hormone release and the response of
these processes to hormonal regulators.
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The study and application of intracellular regu-
lators of reproduction may be important for the
control of animal and human fecundity. Cyclic nu-

cleotide adenosine monophosphate (cAMP) can
be involved in the control of reproductive pro-
cesses. It was shown that pharmacological regula-
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tors of cAMP and its effector, cAMP-dependent
protein kinase A (PKA), can control ovarian cell
proliferation (PELUSO et al. 1993; GRAWES &
LAWRENCE 1996; HSUEH 1996; HILLIER & TET-
SUKA 1997; CHEADLE et al. 2008; VIEGAS et al.
2008; SIROTKIN et al. 2010a), apoptosis (VIEGAS
et al. 2008; SIROTKIN et al. 2010a; SPACZYNSKI et
al. 2005; AMSTERDAM et al. 2003) and ovarian
follicle development (FRANKS et al. 2000). The in-
volvement of cAMP/PKA in control of ovarian
functions can be practically used for control of re-
productive processes. For example, synthetic in-
hibitors of cAMP-specific phosphodiesterase
(PDE, cyclic nucleotide degrading enzyme) in-
creased cAMP accumulation in ovarian cells, as
well as the number of ovulations, embryos and born
pups in gonadotropin-stimulated rats (MCKENNA
et al. 2005). The cAMP- and cGMP-specific PDE
inhibitor, 3-isobutyl-methyl-xanthine (IBMX) stimu-
lated rabbit ovarian folliculogenesis, affected
ovarian and oviduct cell proliferation, apoptosis
and release of hormones (SIROTKIN et al. 2010a)
and increased ovarian luteinization, number of ovu-
lations and embryo yield in rabbits (SIROTKIN et al.
2010 a; SIROTKIN et al. 2008a). Similar effects on
rabbit reproduction (increase in number of ovula-
tions, corpora lutea, oocyte and embryo yield) was
achieved by a more specific pharmacological acti-
vator of cAMP-dependent intracellular mecha-
nism – synthetic cAMP cell-permeable analogue,
N6,2’-dibutyryladenosine 3’5’-cyclic monophos-
phate (dbcAMP) by CHRENEK et al. (2012).
dbcAMP was shown to stimulate the release of
rabbit ovarian hormones (CHRENEK et al. 2010).
These findings indicate that activators of cAMP--
dependent signalling pathways, including dbcAMP,
may promote ovarian functions.

The mechanisms of action of cAMP regulators
on ovarian functions have been studied insuffi-
ciently. One such mechanism may include repro-
ductive hormones. Involvement of FSH, IGF-I,
ghrelin, steroid and other hormones in control of
ovarian functions in rabbits (CHRENEK et al. 2010;
SIROTKIN et al. 2008b; SIROTKIN et al. 2009) and
in other mammals (HILLIER 2001; SIROTKIN
2005; PELUSO 2006) are well-known. First, cAMP
can affect hormonal regulators of reproduction:
cAMP is a potent promoter of GnRH (POON et al.
2008), whilst pharmacological regulators of
cAMP are able either to promote or to suppress the
release of steroid and peptide hormones by ovarian
cells in vitro (HILLIER & TETSUKA 1997; SIROT-
KIN et al. 2010a; AMSTERDAM et al. 2003; SIROT-
KIN 2005; PELUSO 2006; SCHAEFFER & SIROTKIN
1995; MAKAREVICH et al. 2004a; PIERRE et al.
2004). Second, cAMP can affect hormone recep-
tion. Analogues of cAMP can either decrease
(MURPHY & DOBIAS 1999) or increase (NAKA-
MURA et al. 1995; TANO et al. 1997) the expres-

sion of FSH receptors and its mRNA, whilst PDE
inhibitor can reduce expression of LH receptors
(PEEGEL et al. 2005). Third, cAMP can be a post-
receptor mediator of action of hormones pro-
moting ovarian functions and, therefore, either en-
hance or suppress the action of these hormones on
the ovary. Pharmacological regulators of cAMP/PKA
can modify the response of ovarian cells to LH-RH
(SIROTKIN et al. 1994; RAMAKRISHNAPPA et al.
2005), gonadotropins (HILLIER & TETSUKA 1997;
MCKENNA et al. 2005; CHRENEK et al. 2010;
HILLIER 2001; POON et al. 2008; SIROTKIN et al.
1994; HUA et al. 2008), GH (SIROTKIN 2005;
MAKAREVICH & SIROTKIN 2000), IGF-I (CHRE-
NEK et al. 2010; MAKAREVICH & SIROTKIN
2000), oxytocin (SIROTKIN 1996; MAKAREVICH
et al. 2004b), ghrelin (CHRENEK et al. 2010), bone
morphogenetic protein-4 (PIERRE et al. 2004) and
progestins (PELUSO 2006). Thus, pharmacologi-
cal activation of the cAMP/PKA system could al-
ter either the release or reception and action of the
key hormonal regulators of reproductive pro-
cesses.

Although regulators of cAMP/PKA are able to
affect the hormonal stimulators of reproduction
listed above and their effects, the available knowl-
edge concerning the direct action of cAMP on
ovarian hormones is insufficient and contradic-
tory. Some authors observed stimulatory action of
cAMP agonists and inhibitory action of cAMP an-
tagonists on the release of progesterone, estradiol
and IGF-I by porcine ovarian cells (MAKAREVICH
et al. 2004a; MAKAREVICH & SIROTKIN 2000)
and a stimulatory action of a cAMP agonist on es-
tradiol release by rat granulosa cells (PELUSO et al.
1993). On the contrary, some authors (PIERRE et al.
2004) reported that both PDE inhibitor and
dbcAMP suppress the release of ovarian proges-
terone in sheep granulosa cells, whilst other stud-
ies failed to demonstrate any action of cAMP/PKA
blocker on progesterone release by rabbit granu-
losa cells (MAKAREVICH et al. 2000) or inhibin se-
cretion by mouse ovaries (HUA et al. 2008). As
concerns cAMP action on hormone reception and
action, the effects of regulators of cAMP on action
of gonadotropins and IGF-I have been insuffi-
ciently studied and their influence on ghrelin ac-
tion on mammalian ovaries was not examined yet.
The ability of cAMP regulators to modify the ac-
tion of hormones on rabbit ovaries has not been in-
vestigated at all.

Besides hormones, cAMP/PKA can control re-
productive functions affecting proliferation and/or
apoptosis of ovarian cells. There is evidence that
cAMP/PKA can either up- (SPACZYNSKI et al.
2005; AMSTERDAM et al. 2003; SIROTKIN et al.
2010b) or down (VIEGAS et al. 2008) – regulate
rat, human and rabbit ovarian cell apoptosis.
Moreover, cAMP/PKA was shown to be either an
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inhibitor (PELUSO et al. 1993; GRAWES & LAW-
RENCE 1996; HSUEH et al. 1996; HILLIER & TET-
SUKA 1997) or stimulator (CHEADLE et al. 2008;
VIEGAS et al. 2008; SIROTKIN et al. 2010b) of pro-
liferation of these cells. In our recent experiments
on rabbits (CHRENEK et al. 2012), dbcAMP ad-
ministration resulted in an increase of ovarian fol-
licular atresia, but increased ovarian mass, indicat-
ing that cAMP/PKA can stimulate both ovarian
cell apoptosis and proliferation in this species.
This hypothesis requires direct confirmation be-
cause the influence of pharmacological regulators
of cAMP on markers of proliferation and apoptosis
in rabbit ovaries has not been studied yet.

Therefore, the available information concerning
the action of cAMP regulators on release of steroid
hormones, their ability to modify effects of hormo-
nal regulators of ovarian functions, as well as on
ovarian cell proliferation and apoptosis remain in-
sufficient, inconsistent and contradictory. In addi-
tion, previous data concerning the role of
cAMP-dependent intracellular mechanisms in
control of reproduction were obtained mainly in
in-vitro experiments, therefore they require con-
firmation by in-vivo data. On the other hand, the
few results obtained in previous in-vivo experi-
ments (CHRENEK et al. 2012) provide no evidence
on mechanisms of cAMP action.

The aim of our present study was to examine
possible hormonal and intracellular mechanisms
mediating the action of cAMP/PKA on ovarian
cell functions, in particular the mechanisms of
stimulatory action of dbcAMP on rabbit ovarian
growth, folliculogenesis, and oocyte and embryo
production observed previously (CHRENEK et al.
2012). For this purpose, we examined the influ-
ence of administration of dbcAMP, a cAMP ana-
logue, on basic ovarian functions in rabbits –
proliferation (expression of proliferation-related
antigen, PCNA) (MAGA & HUBSCHER 2003),
apoptosis (expression of apoptosis-related pro-
teins, bax and caspase 3) (HARADA & GRANT
2003; DEGLI ESPOSTI 2004), plasma level of ster-
oid hormones (progesterone and estradiol), release
of steroid hormones (progesterone, testosterone
and estradiol) by isolated ovarian fragments, as
well the response of these fragments to some
known hormonal regulators of ovarian steroido-
genesis – FSH, IGF-I and ghrelin.

Material and Methods

Manipulations with animals

The induction of the ovarian cycle by using
gonadotropins and gonadotroiously (CHRENEK et al.
2012). Briefly, female rabbits 4 months of age were

kept in cages under standard conditions in Animal
Production Research Centre, Nitra, Slovak Repub-
lic, were treated three days before mating with
pregnant mare serum gonadotropin (PMSG, Wer-
faser, Alvetra und Werfft AG., Vienna, Austria,
100 IU/animal) followed after 72 h by human cho-
rionic gonadotropin (hCG, Werfachor, Alvetra
und Werfft AG, 200 IU/animal). Control animals
were i.m injected only with these gonadotropins
(in 0.7 ml saline per animal), whilst experimental
females received gonadotropins together with
dbcAMP (Biolog Life Science Institute, Bremen,
Germany, 5 or 50 �g/animal, all in 0.7 ml saline
per animal). All substances were injected intra-
muscularly. At 19-20 h after insemination, all fe-
males were killed by decapitation, blood was
collected, centrifuged at 400xg, and the separated
plasma frozen at -18oC to await RIA. The ovaries
were weighed and collected for subsequent cul-
ture. All experiments were carried out with the ap-
proval of a local ethical commission in accordance
to Slovak and EU regulations concerning animal
experiments. Concentrations of both progesterone
and estradiol in plasma samples collected from
rabbits treated with dbcAMP at doses 5 or 50
�g/animal was analysed. The ability of dbcAMP
to stimulate rabbit reproductive efficiency when
administrated at this but not at lower doses was
demonstrated previously CHRENEK et al. 2012).
The plasma level of progesterone and estradiol, as
well as the release of progesterone, testosterone
and estradiol by ovarian fragments isolated from
rabbits treated and not treated with dbcAMP and
cultured with and without exogenous hormones
(see below) were examined by RIA. Expression of
markers of both proliferation and apoptosis in
these fragments were evaluated by Western blot-
ting.

Preparation, culture and processing of ovarian
cells

Ovaries were processed and cultured as described
previously (SIROTKIN et al. 2008b). Briefly, ova-
ries were washed in PBS with 1% antibiotic-
antimycotic solution (Sigma, St. Louis, USA),
placed in 100 mm diameter culture dishes (Gama,
Èeské Budejovice, Czech Republic) and dissected
using a blade knife, and the resulting 1/8 of ovaries
(3-4 mg pieces) were washed 3 times in sterile
PBS. Fragments of ovaries were cultured in Falcon
24-well plates (Becton Dickinson, Lincoln Park,
USA, 2 randomly selected fragments/well/2ml
medium) in sterile culture medium (DMEM/F-12
1:1 mixture supplemented with 10% bovine fetal
serum and 1% antibiotic-antimycotic solution, all
from Sigma) at 37oC and 5% CO2in humidified air.
Ovarian fragments in both control animals and
animals treated with dbcAMP (50 ìg/animal) were
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cultured with and without pFSH (Sigma), recom-
binant human IGF-I (Sigma) and human recombi-
nant ghrelin 1-18 (Peptides International Inc.,
Louisville, Kentucky, USA). All hormones were
of research grade, all were dissolved in incubation
medium immediately before experiments at con-
centration 100 ng/ml medium each. No pre-culture
of fragments without hormones was performed.
After 2 days of culture, the medium from the plate
wells was aspirated and frozen at -18oC to await
RIA. The ovarian fragments were lysed by 3 cy-
cles of freezing (at -70oC) – thawing (at room
temperature) and vigorous pipetting in ice-cold
electrophoretic buffer (0.0625M Tris-base, 2%
SDS, 10% glycerol, 0.5% 2-mercaptoethanol,
0.003% bromophenol blue, all from Sigma, 25
�l/sample). The supernatant was separated from
cellular membranes by centrifugation for 10 min at
200 x g and frozen at -18oC to await electrophoresis
and Western immunoblotting.

Immunoassay

Concentrations of progesterone, testosterone
and estradiol were determined in 25 of incubation
medium and blood plasma by RIA kits for proges-
terone and estradiol from DSL (Webster, Texas,
USA) and RIA kit for testosterone from Immuno-
tech (Marseille, France) according to the manufac-
turer’s instructions. The RIAs were validated for
use in samples of culture medium.

The applied progesterone antiserum cross-
reacted less than 0.001% to cortisol, corticoster-
one, androstenediol, pregnenolone, estradiol and
testosterone. Sensitivity of the assay was 0.12 ng/ml,
intra- and inter-assay coefficients of variation did
not exceed 13.1% and 8.0%, respectively.

Testosterone antiserum had less than 0.001%
cross-reactivity with DHEA, progesterone, estra-
diol and other related molecules. Sensitivity of the
assay was 0.025 ng/ml, intra- and interassay coef-
ficients of variation were below or equal to 14.8%
and 15.0%, respectively.

The cross-reactivity of antiserum against estra-
diol was less than 0.01% to DHEA, progesterone,
cortisol, androsterone, testosterone, corticosterone
and cortisone. Sensitivity of the E2 was 6.5 ng/ml,
maximal intra- and inter-assay coefficients were
19.2% and 9.4%, respectively.

Protein gel electrophoresis and Western immuno-
blotting

Lysates of ovarian tissue were mixed 1:1 with
electrophoretic buffer (0.0625M Tris-base, 2% SDS,
10% glycerol, 0.5% 2-mercaptoethanol, 0.003%
bromophenol blue; all from Sigma), boiled at 95oC
for 3 min and subjected to SDS-polyacrylamide

gel electrophoresis in 4% and 10% stacking and
resolving gels, respectively, at 25 mA constant
current according to Laemmli (1970). The samples
were then transferred to Porablot PVDF mem-
branes (Macherey-Nagel, Duren, Germany) using
a semi-dry trans-blotter (Bio-Rad Labs, Rich-
mond, USA). Endogenous peroxidase in samples
was quenched by incubation in 3% H2O2 for 15 min.
Non-specific binding of antiserum was prevented
by incubation in 5% blot-qualified BSA (Amer-
sham plc, Little Clafton, UK) in TTBS (20 nM
Tris-base, 137 nM NaCl, 0.1% Tween-20). Blocked
membranes were probed with mouse monoclonal
antibodies against PCNA, caspase 3, bax and
housekeeping protein GAPDH (binds correspond-
ing antigens of human, mouse and rat origin; dilu-
tion 1:250; all from Santa Cruz Biotechnology,
Inc., Santa Cruz, USA). Membranes were then in-
cubated with secondary horseradish peroxidase-
conjugated porcine anti-mouse IgG antibody (Se-
vac, Prague, Czech Republic) and visualized using
Super-Signal West-Pico luminescent substrate
(Pierce, Rockford, Il, USA) and ECL Hyper-film
(Amersham) according to the instructions of the
manufacturer. Incubation medium without cells
was used as a negative (blank) control. Molecular
weights of fractions were evaluated using a mo-
lecular weight calibration kit (18, 24, 45 and
67 kD; ICN Biomedicals Inc, Irvine, USA).

Statistics

Each experiment was performed on 6 control
animals and 6 animals treated with dbcAMP. Ani-
mals from each group were killed to collect blood
and ovaries for subsequent analysis. Each experi-
ment was performed 6 times. Each in vitro experi-
mental group was represented by four culture
wells. The data shown are means of values ob-
tained in 4 separate experiments using different
animals and their ovaries. After RIA, the values of
blank controls (medium incubated without cells)
were subtracted from the specific values deter-
mined in cell-conditioned medium to exclude any
non-specific background (less than 15% of total
values). The rates of substance secretion were cal-
culated per mg tissue/day. The samples intended
for RIA were analysed separately, whilst the sam-
ples intended for SDS PAGE-Western blotting
(total 6 samples/treatment obtained in 6 experi-
ments) were pooled before processing. Significant
differences between the treatments were evaluated
by using two-way ANOVA followed by paired t-
tests or by Duncan’s tests (Sigma Plot 11.0 statisti-
cal software, Systat Software, GmbH, Erkrath,
Germany). Differences from control at P<0.05
were considered as significant.
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Results

RIA detected the presence of both progesterone
and estradiol in rabbit blood plasma (Fig. 1), as well as
the accumulation of progesterone, testosterone and
estradiol in medium conditioned by cultured ovar-

ian fragments (Fig. 2). Electrophoresis-Western
immunoblotting demonstrated the presence of pro-
liferation-related substance PCNA and apoptosis-
related substances caspase 3 and bax in cultured ovar-
ian tissue. PCNA and caspase 3 were represented
by two fractions of similar molecular weight (Fig. 3).

Fig. 1. Effect of dbcAMP injections (5�g/animal and 50 �g /animal) on the plasma level of (a) progesterone and (b) estradiol in
rabbit plasma. RIA data. Values are means+S.E.M., * – significant (P<0.05) differences with control (no dbcAMP treatment).

Fig. 2. Effect of dbcAMP (50 �g/animal) injections in vivo on the subsequent ability of rabbit ovarian fragments cultured with
and without FSH, IGF-I and ghrelin (all at 100 ng/ml medium) to release (a) progesterone, (b) testosterone and (c) estradiol in
vitro. RIA data. Left – fragments of ovaries isolated from control rabbits, right – fragments of ovaries isolated from rabbits
treated with dbcAMP. Values are means+S.E.M., a – effect of hormone addition: significant (P<0.05) differences between
ovarian fragments cultured with and without hormones, b – effect of administration of dbcAMP: significant (P<0.05)
differences between corresponding groups of fragments of ovaries isolated from rabbits treated and not treated with dbcAMP.
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A comparison of hormone level in blood plasma
of rabbits treated and not treated with dbcAMP
(at dose 50 �g/animal) did not show a substantial
difference in progesterone level (Fig. 1a). Nevertheless,
administration of dbcAMP resulted in a significant
decrease in plasma estradiol level (Fig. 1b).

Tissue isolated from ovaries of rabbits treated by
dbcAMP (50 �g/animal) and cultured without ex-
ogenous hormones released significantly less pro-
gesterone than tissue from rabbits not treated with
dbcAMP. Addition of FSH, IGF-I or ghrelin to the
culture medium significantly reduced the proges-
terone output by ovarian fragments of control rab-
bits. In ovarian tissue isolated from animals treated
with dbcAMP, FSH or IGF-I, but not ghrelin,
stimulated progesterone release (Fig. 2a).

No significant differences in basal testosterone
release between ovarian tissue isolated from con-
trol and dbcAMP-treated rabbits were found. In
ovarian fragments isolated from control animals,
the addition of FSH and ghrelin, but not IGF-I, sig-
nificantly promoted testosterone output. Testos-
terone release was stimulated by additions of all
tested hormones in ovarian fragments of
dbcAMP-treated animals (Fig. 2b).

Basal estradiol release was significantly lower in
ovarian tissue isolated from dbcAMP-treated ani-
mals than from control rabbits. In both groups es-
tradiol release was significantly increased under
the influence of additions of IGF-I and ghrelin, but
not of FSH (Fig. 2c).

Accumulation of PCNA in ovarian tissue iso-
lated from rabbits treated with dbcAMP was much

higher than in control animals. Addition of FSH,
IGF-I and ghrelin to culture medium increased ac-
cumulation of this proliferation-related peptide in
ovaries of control animals. In cultured ovarian tis-
sue of dbcAMP-treated rabbits, FSH and IGF-I did
not affect PCNA accumulation, and addition of
ghrelin reduced it.

Ovaries isolated from dbcAMP-treated rabbits
were characterized by much higher accumulation
of caspase 3 than ovaries of control animals. Addi-
tion of hormones to culture medium increased ex-
pression of caspase 3 in ovarian fragments isolated
from either the control group (caspase increased
after addition of IGF-I and ghrelin) and from
dbcAMP-treated group (caspase increased after
addition of FSH and ghrelin).

The administration of dbcAMP also resulted in a
substantial increase in accumulation of bax. In
control ovaries, this index also increased after the
addition of IGF-I and ghrelin. In the dbcAMP-
treated group, addition of each hormone induced a
decrease in bax accumulation (Fig. 3).

Discussion

The presence of steroid hormones in rabbit
blood, their release by cultured ovarian tissue, as
well as the expression of proliferation- and
apoptosis-related substances in rabbit ovaries are
in line with our previous observations (SIROTKIN
et al. 2010b; CHRENEK et al. 2010; SIROTKIN et al.
2008b; SIROTKIN et al. 2009; MAKAREVICH et al.
2000).

The visible increase in PCNA accumulation ob-
served in dbcAMP-treated rabbit ovarian cells
(Fig. 3) is the first evidence that dbcAMP is a
stimulator of rabbit ovarian cell proliferation. This
observation is in agreement with previous reports
on stimulating (CHEADLE et al. 2008; VIEGAS et
al. 2008; SIROTKIN et al. 2010b) but not on inhibit-
ing (PELUSO et al. 1993; GRAWES & LAWRENCE
1996; HSUEH et al. 1996; HILLIER & TETSUKA
1997) action of cAMP/PKA on proliferation of
ovarian cells in other species. These observations
are in line with previous reports on involvement of
cAMP-dependent intracellular mechanisms in
up-regulation of ovarian follicular growth in rat
(MCKENNA et al. 2005) and rabbit (SIROTKIN et
al. 2008a; CHRENEK et al. 2012; SIROTKIN et al.
2010c). Nevertheless, this is the first evidence that
cAMP-induced rabbit ovarian follicular growth
can be due to promotion of cell proliferation. It is
less probable that cAMP-induced stimulation of
ovarian functions is due to a decrease in apoptosis
because the administration of dbcAMP did not in-
hibit, but rather stimulated the accumulation of cy-
toplasmic apoptosis markers caspase 3 and bax.

Fig. 3. Effect of dbcAMP injections (50 �g/animal) in vivo on
the subsequent expression of PCNA, caspase 3, bax and
housekeeping protein GAPDH in rabbit ovarian fragments
cultured with and without FSH, IGF-I and ghrelin (all at
100 ng/ml medium). Data from electophoresis-Western
immunoblotting. Molecular weights are indicated in
kilodaltons (kD).
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Our observations correspond to reports on the abil-
ity of cAMP/PKA to stimulate ovarian cell apopto-
sis (SPACZYNSKI et al. 2005; AMSTERDAM et al.
2003; SIROTKIN et al. 2010b), but not to its anti-
apoptotic role (VIEGAS et al. 2008) in ovaries in
other species. This is the first data on the action of
dbcAMP on rabbit ovarian apoptosis. Our obser-
vations correspond to the increase in morphologi-
cal signs of atresia observed in rabbit ovaries after
administration of PDE inhibitor (SIROTKIN et al.
2010c) or dbcAMP (CHRENEK et al. 2012). The
dbcAMP-induced accumulation of both prolifera-
tion- and apoptosis-related substances suggest that
dbcAMP administration can promote cellular
turnover (replacement) in rabbit ovaries.

Administration of dbcAMP was able to reduce
the release of steroid hormones by rabbit ovarian
cells both in vivo and in vitro. This observation
corresponds to a previous report on the ability of
cAMP regulators to affect rat (HILLIER & TET-
SUKA 1997; AMSTERDAM et al. 2003; PELUSO
2006), human (AMSTERDAM et al. 2003) and por-
cine (SIROTKIN et al. 2010a; SIROTKIN 2005;
MAKAREVICH et al. 2004a) ovarian steroidogene-
sis. Previously we failed to detect the influence of a
cAMP/protein kinase A blocker, Rp-cAMP, on
rabbit ovarian progesterone release in vitro
(MAKAREVICH et al. 2000). On the other hand, our
present observations are in line with a previous re-
port on the influence of dbcAMP on rabbit ovarian
secretory activity (CHRENEK et al. 2010). The
physiological significance of dbcAMP-induced
reduction in estradiol secretion in vivo, as well as
of progesterone and estradiol release in vitro is not
understood. Furthermore, direct or possible feed-
back mechanisms of cAMP-induced changes in
steroid hormones remain unknown. Nevertheless,
the importance of these hormones in the control of
ovarian folliculo- and oogenesis, atresia, prolifera-
tion and apoptosis (HILLIER & TETSUKA 1997;
HILLIER 2001; PELUSO 2006) and oviduct functions
(ORIHUELA et al. 2003; DOUGHERTY & SANDERS
2005) suggest that changes in these processes in-
duced by promoters of cAMP-dependent intracel-
lular mechanisms reported previously could be me-
diated by changes in production of steroid hormones
and/or their regulators. Similarity of the main
dbcAMP effects in vivo and in vitro demonstrate
that ovarian cells may be the main site of dbcAMP
action, although some differences in in vivo and in
vitro effects observed in our experiments also sug-
gest the involvement of cyclic nucleotide in con-
trol of upstream regulators of ovarian functions.

The action of FSH, IGF-I and ghrelin on the re-
lease of steroid hormones and on the accumulation
of proliferation and apoptosis markers in ovarian
cells observed in our in vitro experiments confirm
previous data in rabbits (CHRENEK et al. 2010;
SIROTKIN et al. 2008b; SIROTKIN et al. 2009) and

in other mammals (HILLIER 2001; SIROTKIN
2005; PELUSO 2006). Furthermore, the similar
stimulatory action of dbcAMP, FSH and ghrelin
on accumulation of PCNA, caspase 3 and bax, and
similar inhibition of dbcAMP and hormones on
progesterone release observed in our experiments
may indicate that the action of these hormones on
proliferation, apoptosis and progestogen release
by rabbit ovarian cells could be mediated by
cAMP-dependent intracellular mechanisms.

Moreover, in our experiments, administration of
dbcAMP promoted the action of hormones on the
accumulation of visible proliferation- and
apoptosis-associated substances. This suggests
that dbcAMP can increase the response of ovarian
cells to hormonal stimulators. This increased re-
sponse could be due to a cAMP-induced increase
in hormone receptor expression reported previ-
ously (NAKAMURA 1995; TANO 1997). On the
other hand, administration of dbcAMP did not pro-
mote the action of hormones on the release of ster-
oids: it did not modify the effect of hormones on
estradiol release and even inverted the action of
hormones on progesterone and testosterone re-
lease from stimulatory to inhibitory. This observa-
tion suggests that cAMP does not mediate or
support the action of peptide hormones on steroid
hormones.

Taken together, our observations (1) confirm in-
volvement of peptide hormones FSH, IGF-I and
ghrelin in control of ovarian cell proliferation,
apoptosis and steroid hormone release; (2) demon-
strate the involvement of cAMP-dependent intra-
cellular mechanisms in up-regulation of rabbit
ovarian cell proliferation, apoptosis and in down-
regulation of ovarian steroidogenesis; (3) suggest
the involvement of cAMP-dependent mechanisms
in mediating and/or promoting the effects of peptide
hormones FSH, IGF-I and ghrelin on ovarian cell
proliferation, apoptosis, but not on steroidogenesis;
(4) suggest that the stimulatory action of dbcAMP
on rabbit reproduction could be due to dbcAMP-
induced changes in ovarian cell proliferation,
apoptosis, steroid hormone release and in the re-
sponse of these processes to hormonal regulators.
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