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Abstract

The aim of this study was to investigate the actions of insulin-like growth factor I (IGF-I) on the secretory and proliferative
functions of rabbit ovarian cells and on early embryogenesis. It was found that addition of IGF-I at a lower concentration (1

ng/ml) stimulated progesterone secretion by cultured rabbit granulosa cells, whilst higher concentrations of IGF-I (10, 100 ng/
ml) were inhibitory. IGF-I had no e�ect on estradiol secretion. Cyclic AMP secretion was slightly increased after addition of
IGF-I at 10 ng/ml, but not by higher concentrations. Cyclic GMP secretion was stimulated by IGF-I at 100 ng/ml only. A

blocker of protein kinase A, Rp-cAMPS, did not alter progesterone and estradiol secretion but did prevent the action of IGF-I
on progesterone secretion. An immunocytochemical study demonstrated that IGF-I signi®cantly increased the proportion of
proliferating cell nuclear antigen-positive (PCNA-positive) cells. Rp-cAMP did not change cell proliferation but partially

prevented the proliferation-stimulating e�ect of IGF-I. IGF-I (100 ng/ml) signi®cantly increased the proportion of divided
zygotes and the number of embryos reaching the morula/blastocyst stage. Blockers of PKA, Rp-cAMPS and KT5720, reversed
the e�ects of IGF-I on zygote cleavage and embryo development. Addition of IGF-I (100 ng/ml) signi®cantly increased MAPK
within the cells (proportion showing immunoreactivity to ERK-1 and ERK-3 antibodies and intensity of a 42 kDa band related

to ERK-2). Rp-cAMPS suppressed the basal ERK-2 immunoreactivity but not that of ERK-1 or ERK-3. It completely inhibited
the IGF-I-induced activation of ERK-3 but not that of ERK-1 or ERK-2. This in vitro study demonstrates that IGF-I is a
potent stimulator of ovarian secretion, proliferation and embryogenesis in rabbit. Its e�ects are mediated by cAMP/PKA- and,

probably by, MAPK-dependent intracellular mechanisms. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Recent studies show that growth factors can play a
key role in the control of reproduction. The ovary is a
site of both production and action of insulin-like
growth factor I (IGF-I) [1]. The growth factor may be

involved in autocrine and paracrine control of ovarian

steroidogenesis, proliferation and di�erentiation[2±4].

IGF-I is a potent stimulator of progesterone biosyn-

thesis and secretion in cultured bovine [5], porcine [6]

and ovine [7] granulosa cells, although it has no such

e�ect on hen [8] or human [9] cells or on the perfused

rabbit ovary [10]. Data concerning the e�ects of IGF-I

on ovarian estrogen production are incomplete. Thus,

IGF-I stimulated estradiol production by cultured por-

cine [11], rat [12,13] and human [9] ovarian cells and

by perfused rabbit ovaries [10] but not by hamster
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proestrous follicles [14]. Both stimulatory [15] and in-
hibitory [16] e�ects have been reported with bovine
granulosa cells. The e�ects of IGF-I on progesterone
and estradiol release by rabbit granulosa cells, have
not been fully studied.

IGF-I is a recognized stimulator of oocyte matu-
ration and embryogenesis in mouse [17], bu�alo [18],
pig [19], cattle [20] and rabbit [21]. It stimulates pro-
liferation in ovine [7] and bovine [5] granulosa cells.
Moreover, opposite interrelationship between apopto-
sis in early embryos and their proliferation was found
[21].

The precise mechanisms of growth factor action in
the reproductive system are still unclear. It was
observed that IGF-I action on ovarian function was
associated with the activation of tyrosine kinase
(human [22], rat [23], bovine [24]), cAMP/protein
kinase A (mouse [25]; pig [26]) or protein kinase C
(bovine [24]). The e�ects of IGF-I on other kinases
(MAP etc.) within the ovary have not yet been studied.
There is no direct evidence that protein kinases A, C
and MAP are the putative mediators of IGF-I action
but such evidence could be obtained by studying the
ability of kinase blockers to prevent IGF-I action.

The aims of this study were to investigate the e�ects
of IGF-I on secretory and proliferative functions of
cultured rabbit ovarian granulosa cells and on embryo-
genesis, and to determine which protein kinases med-
iate these e�ects. The e�ects of IGF-I and PKA
blockers on (a) progesterone, estradiol, cAMP and
cGMP secretion, (b) proliferation by and presence of
MAP kinase in granulosa cells, and (c) on preimplan-
tation embryo development, were studied.

2. Experimental

2.1. Isolation, culture and analysis of rabbit ovarian
granulosa cells and zygotes

Periovulatory ovaries from New Zealand White rab-
bits, 4 months of age, were transported to the labora-
tory at ambient temperature in a glass container
within 1 h of slaughter at a local rabbit farm. They
were washed in Dulbecco's PBS (D'PBS) with 1%
antibiotic±antimycotic solution (Sigma, St.Louis,
USA), placed in 100 mm diameter culture dishes
(Gama, C° eskeÂ Budejovice, Czech Republic) and dis-
sected using a multiblade knife. The tissue suspension
was passed through a steel sieve to separate large
pieces and cellular fragments. The cell ®ltrate was
washed three times in D'PBS solution and granulosa
cells were puri®ed from cell debris and blood cells by
centrifugation in a gradient of Percoll (Sigma). Granu-
losa cells were aspirated from the Percoll fraction and
rinsed twice in sterile incubation medium. After the

®nal centrifugation, the cells were resuspended in the
incubation medium DME/F12 supplemented with 10%
fetal calf serum (FCS, University of Veterinary Medi-
cine, Brno, Czech Republic) and 1% antibiotic±anti-
mycotic solution. The cell concentration was
determined with a haemocytometer and then adjusted
to 1� 106 cells/ml by dilution with incubation med-
ium. Cell viability was determined by Trypan blue
staining and found to be in the range of 65±80%. Two
millilitre aliquots of granulosa cell suspension �1� 106

cells/ml) intended for RIA or Western immunoblotting
were cultured in Falcon 24-well plates (Becton Dickin-
son, Lincoln Park, USA), whilst 300 ml aliquots of cell
suspension intended for immunocytochemical analysis
were incubated in Lab-Tek chamber-slides (Nunc,
Naperville, USA) at 378C and 5% CO2 in humidi®ed
air until a 70% con¯uent monolayer was formed.

After 2±3 days, the medium was replaced with fresh
serum-free medium of the same composition, sup-
plemented with recombinant human IGF-I (>97%
purity by SDS-PAGE, at 0, 1, 10, 100, 1000 ng/ml
medium; Calbiochem Lucerne, Switzerland) either
alone or in combination with a PKA blocker Rp-
cAMPS at 50 nM. In our pre-experimental study this
concentration was showed to be enough to suppress
PKA in cultured cells in situ (immunocytochemistry
using antibodies against R- and C-subunits), as well as
in cell lyzates (Western-blotting using antiserum
against PKA C-subunit) (data not shown). A phospho-
diesterase inhibitor (3-isobutyl-1-methylxanthine; Cal-
biochem; 1 mg/ml) was added to cultures intended for
cyclic nucleotide analysis. After 2 days culture, the
medium from plate wells was gently aspirated and fro-
zen at ÿ188C to await RIA. Cultured cells in 24 well
plates were rinsed twice in serum-free D'PBS, lyzed by
adding ice-cold kinase lysis bu�er (1% Triton X-100,
0.5% Igepal NP-40, 5 mM EDTA, 20 mg/ml phenyl-
methylsulfonyl ¯uoride, 10 mg/ml aprotonin, 10 mg/ml
leupeptin, 5 mg/ml pepstatin, 10 mM sodium ortovana-
date in PBS, pH 7.5, all from Sigma, 50 ml/well) and
frozen at ÿ188C to await gel electrophoresis and
immunoblotting. Chamber-slides were washed three
times in PBS, ®xed overnight at ÿ58C with a pure
acetone (Lachema, Brno, Czech Republic), air-dryed
and kept at 48C to await immunocytochemical analy-
sis.

Zygotes were isolated from the oviducts of New
Zealand White, 4 months of age, superovulated with
i.m. injection of 80IU PMSG (Sergon, Bioveta, Ivano-
vice na Hane, Czech Republic). Seventy-two hours
after PMSG treatment, they were mated twice with a
male of proven fertility and immediately injected i.v.
with 160 IU HCG (Praedyn, Lec° iva, Praha, Czech
Republic). Zygotes were recovered from the oviducts
of slaughtered animals at 19 h after mating by ¯ushing
with 1 � D'PBS, containing 5% FCS. Parthenogenetic
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zygotes were excluded after visual inspection of the
presence of both pronuclei. Selected zygotes were put
into four well culture dishes (Nunc, Roskilde, Den-
mark) at 20±30 zygotes per 50 ml drop of DME/F12
nutrient mixture (Sigma) supplemented with 1% BSA
concentrate (ICP, Auckland, New Zealand) and treat-
ments (described below) and cultured under a para�n
oil at 398C and 5% CO2.

The following treatment additions were made:

1. Recombinant human IGF-I (100 ng/ml; Calbio-
chem);

2. IGF-I (100 ng/ml) in combination with PKA block-
ers (Rp-cAMPS, 50 nmol or KT5720, 5 mg/ml; Cal-
biochem);

3. PKA blockers alone at the above concentrations.

Stages of embryogenesis at 96 h of culture were evalu-
ated according to the number and position of blasto-
meres, using a light microscope. To exclude
fragmented zygotes and embryos, cells were ®xed in
methanol±acetic acid (3:1 v/v) and stained with
Giemsa dye (Sigma) according to Tarkowski [27] to
detect the presence and quality of nuclei within each
blastomere.

All chemicals used were of research grade and, with
the exception of KT5720, were ®nally dissolved in the
incubation medium just prior to use. KT5720 was in-
itially dissolved in a small volume of DMSO (Serva,
Heidelberg, Germany) to a concentration 100 mg/ml;
this stock solution was then gradually dissolved in the
culture medium under conditions of subdued direct
light. Simultaneously, the same volume of DMSO
without KT5720 was dissolved in the culture medium
and added to the control group. The ®nal DMSO con-
tent in the medium did not exceed 0.01%.

2.2. Radioimmunoassays (RIA)

Concentrations of growth factor, steroid hormones

and cyclic nucleotides were determined in duplicate
25±100 ml samples of ovarian cell-conditioned media.
IGF-I (after acid±ethanol extraction) and estradiol
were analysed using commercial IRMA/RIA kits from
DSL (Webster, Texas, USA). Progesterone, cyclic
AMP and cyclic GMP (after succinylation) were
measured using RIA kits from Immunotech (Marseille,
France). Assay characteristics are summarized in
Table 1. Cross-reactivity of Rp-cAMPS and KT5720
with each speci®c antiserum was non-detectable.

2.3. SDS-PAGE and Western immunoblotting

Frozen-thawed lysates of granulosa cells were mixed
1:1 with electrophoretic bu�er (0.0625 M Tris-base,
2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.003% bromophenol blue, pH 6.8; all from Sigma),
boiled at 95oC for 3 min and electrophoresed in 4%
(stacking gel) and 10% (resolving gel) polyacrylamide
at 25 mA constant current according to Laemmli [28].
The samples from the gel were transferred to nitrocel-
lulose membranes (ECL Hybond, Amersham Inter-
national, Little Chalfont, UK) using a semi-dry trans-
blotter (Bio-Rad Labs, Richmond, USA) for 1 h at 0.8
mA/cm2 of membrane. Endogenous peroxidase in
samples was quenched by incubation in 3% H2O2 for
15 min. Non-speci®c binding of antiserum was blocked
by incubation in 5% blot-quali®ed BSA (Amersham)
in TTBS (20 nM Tris-base, 137 nM NaCl, 0.1%
Tween-20, pH 7.5). Blocked membranes were probed
for 1 h with mouse monoclonal antibody against the
ERK-2 (IgG 2b, clone 33, Transduction Laboratories,
Lexington, USA, dilution 1:4000). This antibody
recognizes the active form of ERK-2 in human, dog,
rat, mouse, chick, frog and rabbit cells, but shows
slight cross-reactivity to ERK-1. Membranes were then
incubated with secondary horseradish peroxidase-con-
jugated anti-mouse IgG antiserum, and positive signals
were visualized using ECL detection reagents and ECL

Table 1

Characteristics of RIAs/IRMAs used in the study

Assay Cross-reactivity of antiserum Sensitivity of assay Coe�cient of variation (%)

Intraassay Interassay

IGF-I < 0.01% to IGF-II, insulin, proinsulin and GH 27 pg/ml < 3.4 < 8.2

Progesterone < 0.04% to cortizol, danazol, cortizone, estradiol, estriol

DHEA; <1% to pregnenolone, androstenedione,

dihydroprogesterone

0.03 ng/ml < 8 <15.6

Estradiol < 0.01% to DHEA, progesterone, cortisol, danazol,

androsterone, testosterone, androstene-dione, corticosterone,

cortisone

6.5 pg/ml < 9.4 < 19.2

Cyclic AMP With ScAMP Ð 1, cAMP Ð 15, cGMP Ð 4� 104, 5 'AMP

Ð 7� 104, ATP Ð 7� 103, ScGMP Ð 2� 104,

0.2 nM/tube < 11 < 16

Cyclic GMP

(succinylated)

Succinyl cGMP Ð 100%, succinyl cAMP Ð 0.003%, cyclic

GMP Ð 1.9%, cyclic AMP Ð 0.0001%

10 pM/tube Data not

provided

Data not

provided
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Hyper-®lm (all from Amersham). A human ®broblast
cell lysate (Transduction Laboratory), at 10 mg/10 ml,
containing signi®cant amounts of ERK-2, was used as
a positive control. The molecular weights of fractions
were evaluated using a molecular weight calibration kit
(14.4±94.0 kD; Serva, Heidelberg, Germany).

2.4. Immunocytochemical analysis

Cell proliferation was detected immunocytochemi-
cally [29] in granulosa cells plated in the chamber-
slides, using mouse monoclonal antibody Ab-1, clone
PC10 (Oncogene Research Products, Cambridge, MA,
USA) against proliferating cell nuclear antigen
(PCNA) at a dilution of 1: 40. The presence of ERK-1
and ERK-3 in the cells was detected using mouse
monoclonal antibodies IgG1, clone MK12 (1:500) and
IgM clone 30 (1:250), respectively. The activity and
speci®city of these antibodies at these dilutions were
con®rmed prior to experiment by Western blotting
(data not shown). For the visualization of the binding
sites of primary antibodies, a secondary polyclonal
horseradish peroxidase-conjugated antiserum against
mouse IgG (Sevac, Prague, Czech Republic; dilution
1:500) and DAB-reagent (Boehringer Mannheim
GmbH, Mannheim, Germany; 0.1% in PBS) were
used. Cells treated with secondary antibody and DAB,
omitting primary antibodies, were used as a negative
control. The presence of PCNA and ERKs immunor-
eactivity in the cells was evaluated by light mi-
croscopy.

2.5. Statistics

Each experimental group was represented by four
culture wells or chambers of cultured granulosa cells
and by 55±100 rabbit zygotes. Proportions of cells
containing PCNA and ERK immunoreactivity were
calculated on the basis of inspection of a minimum
1000 cells per group. The data shown are means of
values obtained in four to six separate experiments
performed on di�erent days using separate pools of
cells, each obtained from 20±40 animals. In RIA, the
values of blank control (cell-free medium) were sub-
tracted from the value determined in cell-conditioned
medium to exclude the non-speci®c background. The
rates of substance secretion were calculated per 106

viable cells/day. Signi®cant di�erences between the ex-
periments were evaluated using two-way ANOVA.
When e�ects of treatments were revealed, data from
the experimental and control groups were compared
by Duncan's multiple range test. Signi®cant di�erences
between the groups in the developmental rates of cul-
tured rabbit zygotes were evaluated by the Chi-square
test. Di�erences from control at p < 0:05 were con-
sidered as signi®cant.

3. Results

3.1. E�ects of IGF-I and protein kinase A blockade on
secretory activity of cultured rabbit granulosa cells

In preliminary experiments, rabbit granulosa cells
released detectable amounts of IGF-I, progesterone,
estradiol, cAMP and cGMP into the incubation med-
ium (Table 2).

Addition of exogenous IGF-I a�ected the secretion
of progesterone and cyclic nucleotides into the culture
medium. The e�ect of IGF-I on progesterone was
biphasic: it stimulated secretion at lower concentration
(1 ng/ml), but dramatically inhibited secretion at
higher concentrations (10, 100 ng/ml, p < 0:05; Fig. 1).
No e�ect of IGF-I on estradiol secretion was observed
(Fig. 2). Cyclic AMP secretion was increased after ad-
dition of IGF-I at 10 ng/ml �p < 0:05; Fig. 3) but not
at other concentrations. Cyclic GMP secretion was
stimulated by IGF-I at 100 ng/ml, �p < 0:05), but not
at lower concentrations (Fig. 4).

Blockade of protein kinase A by Rp-cAMPS did not
change the basal level of steroid secretion but it com-
pletely prevented the IGF-I e�ect on progesterone se-
cretion (Fig. 1). Rp-cAMPS in combination with IGF-
I (100 ng/ml), induced an insigni®cant increase in
estradiol secretion (Fig. 2). The amount of estradiol
released under the in¯uence of IGF-I + Rp-cAMPS
di�ered signi®cantly �p < 0:01� from that in the pre-
sence of IGF-I alone, but not from that in the
untreated control.

Fig. 1. E�ects of IGF-I and Rp-cAMPS on progesterone release by

cultured rabbit granulosa cells. �: Signi®cant di�erence �p < 0:05�
with control (without IGF-I added).
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3.2. E�ect of IGF-I and protein kinase A blockade on
the presence of proliferating cell nuclear antigen
(PCNA) in cultured rabbit granulosa cells

Immunocytochemical analysis demonstrated PCNA-
immunoreactivity (brown staining), localized to the
nuclear region of cells (Fig. 5). IGF-I (100 ng/ml)
more than doubled �p < 0:001� the proportion of
PCNA-positive cells. Rp-cAMPS (50 nmol) given
alone had no e�ect but in combination with IGF-I it
partially prevented the IGF-I-induced increase in the
proportion of PCNA-positive cells (Table 3).

3.3. E�ect of IGF-I and protein kinase A blockade on
the preimplantation development of rabbit zygotes in
vitro

IGF-I (100 ng/ml medium) signi®cantly �p < 0:001�
increased the proportion of divided zygotes and of
embryos reaching the morula/blastocyst stage. Neither
blocker of PKA (Rp-cAMPS, 50 nmol or KT5720, 5
mg/ml) had a signi®cant e�ect on embryo development
when added alone but each was able to reverse the
IGF-I e�ects on zygote cleavage and development
(Table 4).

Table 2

Accumulation of IGF-I, progesterone, estradiol (at 72 h of culture), cAMP and cGMP (at 12 h of culture) in medium cultured with or without

rabbit granulosa cellsa

Substances measured Unit of concentration in the medium Medium

Cell-free Cell-conditioned

IGF-I ng/ml 0.89+0.17 11.23+0.65

Progesterone pg/ml 13+4.7 320+38

Estradiol pg/ml NDb 91.3+9.53

cAMP nM NDb 3.87+1.22

cGMP nM NDb 0.2+0.06

a Isolated and washed granulosa cells were precultured in DME/F12 medium with 10% FCS for 2 days. The medium was then changed with

fresh DME/F12 medium without FCS, and cells were cultured for a further 72 h (for hormone determination) or 12 h (for cyclic nucleotide de-

termination). Simultaneously, culture medium incubated without cells was used as a blank control.
b Non-detectable.

Fig. 2. E�ects of IGF-I and Rp-cAMPS on estradiol release by cul-

tured rabbit granulosa cells. �: Signi®cant di�erence �p < 0:05� with
control (without IGF-I added).

Fig. 3. E�ect of IGF-I on cAMP secretion by cultured rabbit granu-

losa cells. �: Signi®cant di�erence �p < 0:05� with control (without

IGF-I added).
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3.4. E�ect of IGF-I and protein kinase A blockade on
the presence of MAP- (ERKs) kinase in cultured rabbit
granulosa cells

Immunocytochemical analysis of cells after culture
demonstrated the presence of two di�erent members of

ERK family within the cells. ERK-1 immunoreactivity
was distributed in the nuclear and perinuclear regions
of the cells (Table 5, Fig. 6). ERK-3 immunoreactivity
was localized exclusively in the cytoplasmic region as
brown ®brous structures in the cytoskeleton (Fig. 7).
Addition of IGF-I produced an almost 2.5-fold
increase in the proportion of cells showing immunor-
eactivity to ERK-1 as well as to ERK3. Rp-cAMPS
did not a�ect basal immunoreactivity to either ERK-1,
or ERK-3 but it completely prevented any IGF-I-
induced increase in the proportion of cells with immu-
noreactivity to ERK-3. The presence of immunoreac-
tivity to active ERK-2 within rabbit granulosa cells

Fig. 4. E�ect of IGF-I on cGMP secretion by cultured rabbit granu-

losa cells. �: Signi®cant di�erence �p < 0:05� with control (without

IGF-I added).

Fig. 5. PCNA presence in cultured rabbit granulosa cells. (HRP-DAB detection, magni®cation �400).

Fig. 6. ERK-1 MAP-kinase presence in cultured rabbit granulosa

cells. (HRP-DAB detection, magni®cation �400).
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was determined by Western immunoblotting. This
immunoreactivity was revealed in a 42 kDa band (the
speci®city was con®rmed by comparison with an
appropriate positive control). IGF-I (100 ng/ml)
induced a visible increase in the intensity of this ERK-
2-related band. Rp-cAMPS alone reduced band inten-
sity below the control but it did not change the IGF-I-
induced increase in the expression of the ERK-2-re-
lated band (Fig. 8).

4. Discussion

This study demonstrates that IGF-I can stimulate
progesterone (but not estradiol), cAMP and cGMP

release from cultured rabbit granulosa cells. It corre-
sponds with previous reports that IGF-I is able to
stimulate progesterone biosynthesis and production in
cultured bovine [5], porcine [6] , ovine [7] granulosa
and rabbit luteal [30] cells as well as in the rabbit
intact perfused ovary [30]. The inability of IGF-I to
a�ect estradiol release in our work, is in agreement
with some previous reports of a lack of IGF-I in¯u-
ence on estradiol production by bovine ovarian cells
[31], but does not correspond with other observations
of stimulatory [9,10,13] or inhibitory [14,16] e�ects of
IGF-I on estradiol secretion by bovine, porcine,
human, murine, hamster and rabbit ovarian cells.
These di�erences may be explained by the variety of
materials studied (whole follicles, granulosa cells,

Table 3

E�ect of IGF-I and cAMP/PKA blocker on the presence of PCNA in cultured granulosa cellsa

Treatment Number of cells analyzed PCNA-positive cells X�m (%)

None (control) 3490 24.7+2.85

IGF-I (100 ng/ml) 3431 58.1+3.6b

Rp-cAMPS (50 nM) 3163 32.3+4.14

IGF-I + Rp-cAMPS 2998 38.2+2.4b,c

a Granulosa cells were isolated and precultured in chamber-slides for 2 days. Medium was then changed and the cells cultured for 16 h in fresh

medium with treatments, washed in ice-cold PBS, ®xed in ice-cold aceton and processed for the detection of PCNA.
b Signi®cant di�erence with control at p < 0:05.
c Signi®cant di�erence with IGF-I at p < 0:05.

Table 4

The e�ect of IGF-I, PKA-blockers and their combination on rabbit preimplantation embryo developmenta

Treatment groups Number of treated embryos Cleavage, (n/%) Morula/Blastocyst (n/%)

None (control) 89 46/51.7 23/25.8

IGF-I (100 ng/ml) 108 92/85.2b 56/51.9b

Rp-cAMPS (50 nM) 77 39/50.6 26/33.7

IGF-I + Rp-cAMPS 58 67/63.7 18/31.0

KT5720 (5 mg/ml) 64 38/59.4 17/26.6

IGF-I + KT5720 60 32/53.3 14/23.3

a Zygotes were cultured in DME/F12 with treatments for 96 h. Stages of embryogenesis were evaluated according to the number and position

of blastomeres. Presence of nuclei in blastomeres was detected by Giemsa staining according to Tarkowski [27].
b Signi®cant di�erence with control at p < 0:001 (by Chi-square).

Table 5

E�ect of IGF-I, Rp-cAMPS and their combination on the presence of ERKs in the cellsa

Treatment Number of cells analyzed ERKs-positive cells (%, mean S.D.)

ERK-1 ERK-3

None (control) 3651 27.5+3.06 20.8+4.6

IGF-I (100 ng/ml) 3374 57.8+5.1b 51.3+7.5b

Rp-cAMPS (50 nM) 1680 24.6+6.8 21.6+4.9

IGF-I + Rp-cAMPS 2180 50.5+2.3b 23.4+7.7

a Granulosa cells were isolated and precultured in chamber-slides for 2 days. The medium was then changed and cells cultured for 20 min in a

fresh medium with treatments, washed in ice-cold PBS and processed for the detection of ERK-1 and ERK-3.
b Signi®cant di�erence with control at p < 0:05:.

A. Makarevich et al. / Journal of Steroid Biochemistry & Molecular Biology 73 (2000) 123±133 129



intact ovaries) and/or the experimental conditions (in
vitro or in vivo). IGF-I reportedly stimulates estradiol
but not progesterone release by perfused rabbit ovaries
[10]. These data do not correspond with our obser-
vations of stimulatory e�ect of IGF-I on progesterone
and a lack of IGF-I e�ect on estradiol release by rab-

bit granulosa cells. This discrepancy may be due to the
spontaneous luteinization of granulosa cells in culture
which is associated with a stimulation of progestagen
and a suppression of estrogen secretions [2,3]. On the
other hand, the relatively high estrogen accumulation
(near 100 pg/106/day) in our experiment suggests that
at least part of our granulosa cell culture was not lutei-
nized and was producing large amounts of estradiol
una�ected by IGF-I treatment.

The observation that IGF-I signi®cantly stimulated
proliferation (presence of PCNA) of granulosa cells is
consistent with the well-known mitogenic properties of
IGF-I on ovine [7] and bovine [5] granulosa cells.
IGF-I also stimulated cleavage and increased the num-
ber of zygotes reaching the morula/blastocyst stage.
This observation demonstrates that IGF-I has genera-
tive functions as well, and is consistent with previous
reports of stimulation of embryogenesis in a number
of species (mouse [17], bu�alo [18], pig [19], cow [20],
rabbit [21]). Moreover, Herrler et al. [21] found that
IGF-I supports early embryonic development by pre-
venting apoptosis and increasing cell proliferation,
thereby suggesting an interrelation between early
embryogenesis and proliferation. Looked at overall,
our investigations indicate that IGF-I can be a stimu-
lator of rabbit reproductive processes from ovarian
steroidogenesis and proliferation to embryogenesis.

The ability of IGF-I to stimulate cyclic AMP
release, observed in the present study, is consistent
with previous observations on murine [25] and bovine
[32] granulosa cells and on porcine ovarian follicles
[33]. Since cAMP and cGMP are known intracellular

Fig. 7. ERK-3 MAP-kinase presence in cultured rabbit granulosa cells. (HRP-DAB detection, magni®cation �400).

Fig. 8. E�ects of IGF-I and Rp-cAMPS on the presence of active

ERK-2 in lysates of rabbit granulosa cells. Granulosa cells were iso-

lated and precultured for 2 days. The medium was then replaced

with fresh serum-free medium containing treatments as indicated

below, and the cells were cultured for 20 min, washed in ice-cold

PBS, lysed with lysis bu�er and subjected to Western-immunoblot-

ting to visualize ERK-2. Treatments lane 1: medium without ad-

ditions, 2: IGF-I (100 ng/ml), 3: Rp-cAMPS (50 nM), 4: IGF-I (100

ng/ml) in combination with Rp-cAMPS (50 nM), 5: human ®bro-

blast cell lyzate (positive control).
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mediators of hormone action in various tissues includ-
ing ovary [4], it is possible that cyclic nucleotides and
related protein kinases are involved in mediating the
IGF-I e�ect on ovarian tissue. This is supported by
previous studies on bovine oviductal [34] and granu-
losa cells [35] which showed that IGF-I increases
cAMP production and that PKA blockade prevents
this e�ect. Our observation of a stimulatory in¯uence
of IGF-I on cAMP and of the prevention of IGF-I
e�ects by PKA blockers suggests that the cyclic AMP/
protein kinase A system may be involved in mediating
the IGF-I action on secretory activity, cell prolifer-
ation and preimplantation zygote development. How-
ever, it is noted that IGF-I has a family of binding
proteins (IGFBPs) which are believed to modulate its
local action by regulating bioavailability [36]. It
remains possible that the observed e�ects of IGF-I
and regulators of cAMP/PKA may be modi®ed or
mediated by IGFBPs.

This appears to be the ®rst report of an increase in
cGMP production by ovarian cells after addition of
IGF-I. Since cGMP can be elevated after activation of
guanilyl cyclase by nitric oxide (NO) [37], it is possible
that cGMP may be a mediator of IGF-I action on
ovarian function. On the other hand, it is not known
whether all the e�ects of NO are cGMP-dependent.
Furthermore, NO can inhibit the production of pro-
gesterone [38,39] and estradiol [40] in rat and porcine
ovarian cells, whereas in our study IGF-I stimulated
progesterone and had no e�ect on estradiol pro-
duction. Thus, no coincidence between the steroido-
genic e�ects of NO and IGF-I is apparent. Moreover,
it was demonstrated previously, that in porcine granu-
losa cells NO inhibits estradiol secretion independently
of cGMP, (by inhibiting P450 aromatase activity) [40].
Taken together, these facts suggest indirectly that in
our study IGF-I was not acting through NO. Con®r-
mation of this conclusion must await studies with
speci®c NO blockers.

The present results demonstrate the in¯uence of the
IGF-I/cAMP/PKA system on MAPK activity. They
represent the ®rst report of immunoreactive ERKs in
rabbit granulosa cells. It is not known which member
of the MAPK family is the main target of Rp-cAMPS
action: given alone, this PKA blocker inhibited ERK-2
but not ERK-1 or ERK-3, whilst in combination with
IGF-I it prevented ERK-3 but not ERK-1 or ERK-2
activation. It was reported previously, that MAPK can
be activated by IGF-I in human granulosa cells [41]
and by cAMP in porcine [42] and rat [43] granulosa
cells. It is also reported that MAP kinase can mediate
IGF-I e�ects on the proliferation of rat adipocytes [44]
and the di�erentiation of human neuroblastoma cells
[45], suggesting that it is involved in the IGF-I signal
transduction pathway [46]. The reported attenuation of
IGF-I-dependent activation of ERKs by cAMP in

growth hormone-secreting granulosa cells [41] also
con®rms the interrelationship between the cAMP and
ERK systems in mediating IGF-I actions.

The results of the immunocytochemical and Western
blotting studies showed that IGF-I stimulated the acti-
vation of ERK-1, ERK-2 and ERK-3 members of
MAPK family. They suggest that MAPK, like PKA,
can be a potential mediator of IGF-I on ovarian cells.
Furthermore, the e�ect of IGF-I on MAPK may be
mediated via cAMP/PKA since in our experiments
Rp-cAMPS was able to suppress the accumulation of
MAPK and to prevent the stimulatory e�ect of IGF-I.

In conclusion, our in vitro study demonstrates that
IGF-I is a potent stimulator of secretory, proliferative
and generative functions in the female reproductive
system of the rabbit. IGF-I e�ects are probably
mediated by the cAMP/PKA system. ERK members
of MAPK-family may be involved in the mediation of
IGF-I. Furthermore, the in¯uence of PKA blockers on
ERKs suggests that IGF-I may regulate MAPK via
the cAMP/PKA system.
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