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The present study investigated the involvement of the phospholipase C
(PLC) and protein kinase C (PKC) signaling pathways during progesterone-
induced meiotic maturation in amphibian (Rana dybowskii) oocytes. Proges-
terone-induced germinal vesicle breakdown (GVBD) of oocytes was signif-
icantly inhibited by a PKC inhibitor, staurosporine and a PLC inhibitor,
U73122, in a dose-dependent manner. In contrast, U73343, an inactive
analogue of U73122, was ineffective in suppressing GVBD. PKC activity in
oocytes reached a maximum level at 30 min after progesterone stimulation
and this elevated PKC activity was effectively suppressed by U73122 or
staurosporine, suggesting that the activation of PKC enzyme is closely
linked to PLC signaling during oocyte maturation. In addition, these inhib-
itors blocked the maturation promoting factor (MPF) activity which
appeared in oocytes in response to progesterone, suggesting that PKC
activation is an important signal for MPF activity. Therefore, this study
demonstrates that the activation of PKC via PLC signaling is directly linked
to an intracellular protein kinase cascade related to the appearance of MPF
activity during meiotic maturation in amphibian (Rana dybowskii) oocytes.

Fully grown amphibian ococytes, arrested in prophase
of meiosis |, are induced to mature with progesterone
(Schuetz, 1967), followed by the activation of maturation
promoting factor (MPF) (Masui and Markert, 1971; Ford,
1985). Progesterone treatment of Xenopus oocytes
rapidly induces the synthesis of c-mos proto-oncogene
product, p39mos via a protein kinase cascade that
precedes MPF activation which is essential for germinal
vesicle breakdown (GVBD) (Sagata et al., 1989). Al-
though it is well established that progesterone initially
causes inhibition of adenylate cyclase (Sadler and
Maller, 1981), the biochemical mechanisms underlying
steroid action on the oocyte plasma membrane are
still not fully characterized.

In addition to adenylate cyclase, many studies have
also demonstrated that the phospholipid signaling path-
way is involved in steroid-induced oocyte maturation.
In various amphibian oocytes, it has been reported
that progesterone causes a rapid increase in the level
of inositol triphosphate (IPs) (Stith et al., 1992; Chien
et al., 1991) and diacylglycerol (DAG) (Wasserman et
al., 1990; Chien et al., 1991; Han et al, 1992). In
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Rana pipiens oocytes, progesterone was found to
activate plasma membrane-bound protein kinase C
(PKC) (Kostellow et al., 1987), while the direct activa-
tion of PKC by 12-O-tetradecanoyiphorbol 13-acetate
(TPA) induced oocyte GVBD in the absence of any
hormonal stimulation (Stith and Maller, 1987; Kleis-San
Francisco and Schuetz, 1988, Kwon et al.,, 1992).
Recently, Han and Lee (1995) have hypothesized that
phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis
as well as inositol 1,4,5-triphosphate [Ins (1,4,5)Ps}-
induced Ca®" release play a crucial role in regulating
meiotic cell division in Xenopus oocytes. In contrast,
other investigators have found that progesterone
causes a marked decrease in DAG content within first
15 seconds and subsequent decrease in PKC activity
in Xenopus oocytes, and these decrease in DAG and
PKC activity may be necessary for the resumption of
meiotic maturation (Smith, 1989; Varnold and Smith,
1990; Stith et al., 1991). Thus, although activation of
PKC by TPA results in meiotic maturation in amphibian
oocytes, it is still uncertain whether PKC activation is
essential for progesterone-induced oocyte maturation.
In this study, by utilizing staurosporine, an inhibitor of
PKC and U73122, an inhibitor of PLC, we have
demonstrated that the activation of PKC via PLC
signaling plays an important role in inducing MPF
activation and oocyte GVBD in amphibians, Rana
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dybowskii.
Materials and Methods

Animals

Hibernating frogs (Rana dybowski) were collected
during November-December from streams in the Kang-
won area of Korea and kept in a state of artificial
hibernation in a room without heat or light. Animals
were housed in a glass or plastic boxes containing
added stones to provide a more natural habitat during
hibernation. Water was allowed to flow continuously
through the containers.

Hormones and reagents

Progesterone, PKC inhibitor, staurosporine, and histone
type 1il-S were purchased from Sigma. PLC inhibitor,
U73122 and its inactive analogue, U73343 were
obtained from Research Biochemical International. The
PKC assay kit and radiochemical [y-**P]-ATP (3,000
mCi/mmol) were purchased from Amersham International.

Isolation and culture of oocytes

Animals were sacrificed by decapitation, ovaries were
removed and immediately placed in amphibian Ringer
medium (AR; Kwon and Schuetz, 1985). Fully grown
oocytes were manually stripped of their outer follicular
envelopes (epithelium, theca) under magnification.
Defolliculated oocytes were then treated with calcium-
free AR to obtain “denuded oocytes” by removing the
single layer of follicular cells that remain attached to
the oocyte surface as described earlier (Kwon and
Lee, 1991). Samples of 10 denuded oocytes were
typically incubated in each well containing 1 ml of AR
solution at 22-24°C for 24 h in a shaking incubator (80
oscillations per minute). Oocytes were preincubated for
1 h in the absence or presence of different concentra-
tions of staurosporine, U73122 or U73343 and further
incubated for an additional 24h with 3uM of pro-
gesterone. Following incubations, oocytes were fixed in
5% trichloroacetic acid (TCA) and examined for GVBD
under a dissecting microscope.

Measurement of PKC activity

PKC activity in oocytes was measured as the rate of
phosphorylation of peptide substrate using the PKC
assay kit. Denuded oocytes were incubated in the
absence (control) or presence of progesterone (3 uM)
alone or in combination with staurosporine (10 uM) or
u73122 (50 uM), respectively. Incubations were ter-
minated at different times by washing oocytes with
ice-cold AR solution. Oocytes were homogenized in
ice-cold homogenizing buffer containing 50 mM of
Tris/HCI, pH 7.5, 0.3% of 2-mercaptoethanol, 5 mM of
EDTA, 10mM of EGTA, 50ug of PMSF, 10mM of
benzamidine, 2pg/ml of leupeptin, and 0.1 mM of
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okadaic acid. Twenty five microliters of each homo-
genized sample (in duplicate) were subjected to PKC
assay according to the manufacturer’s instruction using
0.2 uCi [*P)-ATP per 25ul sample. Radioactivity was
measured in a liquid scintiliation counter (Packard 2300,
USA) and expressed as cpm [*P]-ATP incorporated.

H1 kinase assay

H1 kinase activity was assayed for MPF activity as
described previously by Haccard et al. (1995). Briefly,
10 denuded oocytes were incubated in 1ml of AR
solution containing of 10 uM of staurosporine or 50 UM
of U73122 in the presence of 3 M progesterone at
22-24°C. At designated time points oocytes were
washed with ice-cold AR and then homogenized in
400 ul of oocyte extraction buffer containing 80 mM of
B-glycerophosphate (pH 7.4}, 20 mM of EGTA, 15 mM
of MgCi;, 1mM of DTT, 100 uM of sodium orthovan-
adate, 10 mM of sodium fluoride, 10 pg/mi of leupeptin,
5 ug/ml of aprotonin, and 100 mM of PMSF. The
homogenates were centrifuged at 10,000xg for 10
min. Twenty microliters of each extract and 1 mg/ml of
histone type 11I-S were incubated in a final 50! of
buffer containing 20 mM of HEPES (pH 7.0), 5 mM of
2-mercaptoethanol, 10 mM of MgCls, 1uCi of [*P)-ATP,
and 7 uM of protein kinase inhibitor as described by
Carnero et al. (1995). Reactions were stopped by
addition of 5 xsodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer and
boiled for 5 min. Samples were separated on a 12%
SDS-polyacrylamide gel, dried after staining with Coo-
massie blue and then exposed to imaging plate of the
image analyzer (Fuji, BAS-1500) or autoradiographed
with X-ray fim (Fuji).

Data analysis

Data were analyzed by analysis of variance (ANOVA)
or Student’s t-test. All treatments were done in duplicate
from three individual frogs. All values are expressed as
means +SEM (n=6).

Results

Inhibition of progesterone-induced oocyte maturation
by PLC and PKC inhibitors

To ascertain whether PLC and PKC are essential for
the progesterone-induced meiotic maturation in amphib-
ian (Rana dybowskii), oocytes were isolated and incub-
ated for 24 h in the presence of progesterone (3 uM)
with increasing doses of PKC inhibitor, staurosporine
(0.1~10uM), PLC inhibitor, U73122 (10~100uM), or
inactive analogue of U73122, U73343 (10~100 uM) and
examined for GVBD, as an indicator of cocyte matura-
tion. As shown in Fig.1, progesterone significantly
induced oocyte GVBD (94%) and this induction was
suppressed in the presence of staurosporine (10 uM,
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Fig. 1. Effect of a PKC inhibitor (staurosporine) on progesterone-induced
ococyte maturation in A. dybowskii. Denuded oocytes were pre-incubated
in the presence of increasing concentrations of staurosporine (0.1, 1
and 10uM) for 1 h followed by the addition of progesterone (P4; 3 uM)
and incubated further for 24 h. Cultures were terminated by fixing the
cells in 5% TCA and examined for GVBD. Observations are expressed
as mean=*SEM (n=6) for three independent animals with duplicates.
** P<0.01, when compared to P, group.

p<0.01 when compared to control) indicating that PKC
activation is necessary for oocyte maturation. To test
the possible involvement of PLC in oocyte maturation,
we examined the effect of PLC inhibitor, U73122 on
GVBD of oocyte in vitro (Fig.2). The treatment of
U73122 to oocytes effectively blocked progesterone-
induced oocyte GVBD in a dose-dependent manner
(p<0.01), whereas its inactive analogue, U73343, was
ineffective in the inhibition. Staurosporine or U73122
alone had little or no effect on the oocyte maturation.
Hence, these results suggest that PKC and PLC play
an important role in the progesterone-induced oocyte
maturation in amphibian.
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Fig. 2. Effect of PLC inhibitor (U73122) on progesterone-induced oocyte
maturation in A. dybowskii. Denuded oocytes were pre-incubated in the
presence of increasing concentrations (10, 50 and 100 uM) of U73122
or U73343, an inactive analogue of U73122, for 1 h and then incubated
further for 24 h with or without 3 uM of progesterone (P4). After incu-
bation, the oocytes were fixed with 5% TCA and examined for GVBD.
Observations are expressed as mean=+SEM (n=6) for three independent
animals with duplicates. ** P<0.01, when compared to P group.
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Fig. 3. Time course of PKC activity during progesterone-induced oocyte
maturation in A. dybowskii. Denuded oocytes were incubated in AR
solution with (@) or without (O) 3 uM of progesterone (P) and cultured
for 3 h. The oocytes were collected at designated time points and PKC
activity in oocytes was measured. Data are represented as mean+SEM
(n=6) of three independent experiments in duplicates.

Progesterone-induced PKC activation and its inhibition
by PLC and PKC inhibitors

To ascertain whether progesterone induced PKC
activation during cocyte maturation, the activity of PKC
in oocytes was measured through the culture period in
the presence or absence of progesterone. As shown
in Fig. 3, PKC activity markedly increased and reached
a maximum level (2-fold increase vs control) at 30 min
in response to progesterone and gradually declined
thereafter, whereas PKC activity in control oocytes
changed insignificantly during the culture period, in-
dicating that PKC activation occurs within 30 min after
progesterone stimuiation.

The effect of staurosporine or U73122 on PKC
activation was examined at 30 min after progesterone
treatments. As shown in Fig. 4, elevated PKC activity
with progesterone treatment was significantly inhibited
in the presence of 10 yM staurosporine or 50 pM U73122
(p<0.01) which indicates that progesterone stimulates
the activation of PKC via the involvement of PLC
pathway during oocyte maturation of Rana dybowskii.

Effect of PLC and PKC inhibitors on progesterone-
induced MPF activation

Since progesterone-induced oocyte GVBD was inhibited
by PLC and PKC inhibitors, experiments were carried
out to ascertain whether these inhibitors affect the
progesterone-induced in vivo activation of H1 kinase
which is used as a general marker for MPF activation.
For this purpose the phosphorylation pattern of histone
H1 protein, by oocyte extracts treated with progesterone,
was studied. A marked increase in H1 kinase activity
was observed in extracts at 6-9h of progesterone
stimulation and a second increase at 24 h of culture
(Fig. 5A). The first rise of H1 kinase activity between
6-9h preceded GVBD, which occurred by 18h of
culture and this observation is consistent with the time
course pattern of GVBD in Rana dybowskii oocyte as
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Fig. 4. Inhibition of progesterone-induced PKC activity by staurosporine
and U73122 in R. dybowskii oocytes. Denuded oocytes were incubated
with 10 UM of staurosporine or 50 UM of U73122 in the presence of 3 uM
of progesterone for 30 min. The oocytes were homogenized in ice-cold
homogenizing buffer and PKC activity was then measured. Data are
represented as mean+SEM (n=6) of three independent experiments in
duplicates. ** P<0.01, when compared to P4 group.

described earlier (Kwon et al., 1992).

In order to examine the effects of staurosporine and
U73122 on progesterone-induced H1 kinase activation,
oocytes were cultured for 9h in the presence or
absence of staurosporine or U73122 with or without
progesterone and H1 kinase activities in oocytes were
measured. As shown in Fig. 5B, progesterone-induced
H1 kinase activation was suppressed by both the
inhibitors, indicating that PKC activation is closely
linked to MPF activation which is necessary for GVBD
in Rana oocytes.

Discussion

The present study demonstrates that the signaling
pathway of PLC and PKC plays an important role in
progesterone-induced meiotic maturation in Rana
dybowskii oocytes. This conclusion is based on our
observations that the potent inhibitors of PKC and
PLC effectively suppressed the progesterone-induced
PKC activation, MPF activation, and oocyte maturation.

Although the biochemical mechanisms of steroid
action on membrane are not fully understood, consid-
erable evidence indicate that steroids trigger produc-
tion of second messengers in the oocyte membrane
(Kostellow et al., 1987; Chien et al.,, 1991). In Rana
dybowskii oocytes, we observed that progesterone
induces an immediate and transient increase in PKC
activity within first 30 min of stimulation (Fig. 3). Since
progesterone-induced oocyte GVBD was blocked by a
PKC inhibitor, staurosporine (Fig. 1), it is evident that
this PKC activation is essential for oocyte maturation.
Microinjection of a PKC isoform was found to induce
oocyte GVBD without hormonal stimulation in Xenopus
oocytes (Carnero et al.,, 1995) and this data also
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Fig. 5. Effect of PKC and PLC inhibitors on progesterone-induced MPF
activity in R. dybowskii oocytes. A, H1 kinase activity was assayed for
the measurement of MPF activity in progesterone-stimulated oocytes.
Denuded oocytes were incubated in the presence of progesterone (3u
M) for 24 h. At designated time intervals, oocytes were harvested and
assayed for MPF activity as described in Materials and Methods. Arrow
indicates the position of the phosphorylated histone H1 protein. The
bands (Control) shown in the first and second lanes from left represent
the autophosphorylation of histone H1 protein in the absence of oocyte
extracts and the endogenous phosphorylation of oocyte extracts in the
absence of histone H1 protein, respectively. Numbers at the top of the
gel indicate the time of incubation in hours (hr). B, Inhibition of
progesterone-induced MPF activity by staurosporine or U73122. Oocytes
were incubated for 9 h with 3 uM progesterone alone (P.), progesterone
plus 10 UM staurosporine (+STS), or progesterone plus 50 uM U73122
(+U73122). After culture, MPF activity in oocytes was assayed. Oocytes
cultured for Oh or 9h without progesterone stimulation were used as
controls. Arrow indicates the position of the phosphorylated histone H1
protein.

supports the idea that PKC in oocytes play a positive
role during oocyte maturation.

In general, interaction of hormone and receptor in
the plasma membrane was known to generate two
second messengers from phospholipids, such as
inositol triphosphate (IPs) and diacylglycerol (DAG) in
amphibians (Morrill et al.,, 1994). In Rana pipiens, it
has been shown that labeled phospholipids disappear
sequentially 5-90 min after hormone stimulation, sug-
gesting that phospholipid activation occurs as part of a
cascade of membrane events (Chien et al, 1986).
Moreover, progesterone was found to induce rapid and
successive changes in major phospholipid classes in
membranes such as ethanolamine, choline, and inositol-
containing phospholipids in amphibian oocytes. Several
investigators also suggested that generation of DAG
and subsequent activation of PKC is due to the PLC
mediated hydrolysis of phosphatidy! choline (PC) (Chien
et al., 1991) and these observations are consistent
with our results, since progesterone-induced activation
of PKC, and oocyte GVBD were inhibited by a PLC
inhibitor, U73122, in Rana dybowskii oocytes (Figs. 2



and 4). Thus, it is likely that PLC-mediated second
messengers may play an important role in oocyte
maturation in Rana dybowskii. The data presented
here, together with previous results, demonstrate that
progesterone action on oocytes is mediated by mem-
brane-associated second messenger systems such as
PLC and PKC pathways in amphibian oocytes.

Although it is well known that progesterone triggers
a kinase cascade reaction to induce the synthesis of
c-mos proto-oncogene protein which is an important
component leading to MPF activation prior to GVBD in
Xenopus oocytes (Sagata et al.,, 1988, 1989; Maller,
1990; Nebreda et al.,, 1995), it is still uncertain whether
PLC or PKC is involved in a progesterone-induced
cascade of events such as synthesis of c-mos protein
in amphibian oocytes. In this study, it has been shown
that progesterone-induced oocyte GVBD and MPF
activation were blocked by staurosporine or U73122
respectively (Fig. 5B) which implies that PKC and PLC
are directly involved in the progesterone-induced signal
transduction pathway for MPF activation and oocyte
maturation in Rana oocytes. Further studies are
required to investigate whether PLC and PKC are
involved in the regulatory mechanism of c-mos protein
synthesis in Rana oocyte.

In summary, the present study has demonstrated
that PKC and PLC are closely associated with pro-
gesterone-induced oocyte maturation in Rana dybowskii.
These results support the idea that a cascade of
plasma membrane signal transduction plays an impor-
tant role during meiotic maturation in amphibian oocyte.
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