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The modulation of gene regulation by progesterone (P) and its
classical intracellular regulation by progestin receptors in
the brain, resulting in alterations in physiology and behavior
has been well studied. The mechanisms mediating the short
latency effects of P are less well understood. Recent studies
have revealed rapid nonclassical signaling action of P involv-
ing the activation of intracellular signaling pathways. We ex-
plored the involvement of protein kinase C (PKC) in P-in-
duced rapid signaling in the ventromedial nucleus of the
hypothalamus (VMN) and preoptic area (POA) of the rat brain.
Both the Ca2�-independent (basal) PKC activity representing
the activation of PKC by the in vivo treatments and the Ca�2-
dependent (total) PKC activity assayed in the presence of
exogenous cofactors in vitro were determined. A comparison

of the two activities demonstrated the strength and temporal
status of PKC regulation by steroid hormones in vivo. P treat-
ment resulted in a rapid increase in basal PKC activity in the
VMN but not the POA. Estradiol benzoate priming augmented
P-initiated increase in PKC basal activity in both the VMN and
POA. These increases were inhibited by intracerebroventric-
ular administration of a PKC inhibitor administered 30 min
prior to P. The total PKC activity remained unchanged dem-
onstrating maximal PKC activation within 30 min in the VMN.
In contrast, P regulation in the POA significantly attenuated
total PKC activity � estradiol benzoate priming. These rapid
changes in P-initiated PKC activity were not due to changes in
PKC protein levels or phosphorylation status. (Endocrinology
149: 5509–5517, 2008)

OVARIAN STEROID HORMONES, estradiol (E2) and pro-
gesterone (P), have profound modulatory influences on

the neuronal networks in the brain, resulting in alterations in
reproductive physiology and behavior (1–5). P effects on the
reproductive behavior are dependent on the prior conditioning
of neural tissues with E2. The regulatory action of E2 is thought
to primarily involve the activation of estrogen receptors in the
ventromedial nucleus of the hypothalamus (VMN) and pre-
optic area (POA), which in turn, act as ligand-dependent tran-
scription factors altering the expression of genes, including the
progestin receptor (PR) (1, 4). E2 priming results in an increase
in PR mRNA in the VMN and POA of the rat brain, followed
by induction of PR synthesis (1). Numerous studies using in-
tracranial implants and localized brain lesions suggest that the
VMN and POA are the key sites of action of E2 and P for
facilitating female receptive behavior in rats, displayed by the
arching of the back termed lordosis response (5).

P facilitation of lordosis thought to primarily involve the
classical genomic mechanism of action, mediated by PRs in

the VMN and POA, was established by antisense approaches
in rats and studies on PR knockout mice (6–9). This classical,
genomic mechanism, characterized by the ligand-dependent
gene regulation, has a delayed onset and is a protracted
process (10–12). In addition to this delayed effect, rapid,
short latency effects of P on facilitation of lordosis response
in E2-primed female rats have also been reported (13–15).
These nonclassical rapid effects of P are initiated at the
plasma membrane and appear to be transmitted by the cy-
toplasmic second-messenger signaling cascades, indepen-
dent of gene transcription (16–20). Interactions between the
membrane-initiated P effects and intracellular PRs have also
been observed in the facilitation of reproductive behavior in
female hamsters (21, 22), suggesting that both mechanisms
act in concert rather than independently. Whereas the dis-
tinctions between the two mechanisms at the molecular level
leading to the transcriptional activation of intracellular PRs
are unclear, both mechanisms result in synthesis and/or
down-regulation of new or existing proteins resulting in a
successful mating behavior (23).

The nonclassical mechanisms involved in P-facilitated lor-
dosis response in female rats have been demonstrated to
involve stimulation of second messengers cAMP and cGMP,
leading to the activation of signaling kinases (24–27). Chu
and Etgen (28) have demonstrated the involvement of cGMP
in the activation of protein kinase G, and also the require-
ment of PRs in this cGMP mediation of lordosis response.
Several excellent studies also have demonstrated E2 regula-
tion of protein kinase C (PKC) in the facilitation of lordosis
in E2-primed female rats (29–31). A region-specific regula-
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tion of E2-stimulated PKC activity has been reported in the
POA but not the hypothalamus (32). The involvement of both
protein kinase A (PKA) and PKC in the facilitation of lordosis
response by P and its metabolites, in E2-primed rats has also
been demonstrated (33). However, none of these studies have
examined the role of PKC in the nonclassical action of P in
the facilitation of lordosis. Studies from our laboratory have
demonstrated P-stimulated rapid elevations in hypothalamic
cAMP and cAMP-dependent kinase (PKA) activity, the in-
hibition of which reduced P-facilitated lordosis response in
E2-primed rats (34). Because P is likely to activate several
intracellular signaling pathways, we questioned whether P,
in the absence or presence of estradiol benzoate (EB) priming,
can lead to the activation of PKC within the VMN and POA.

The PKC family of serine/threonine protein kinases is
comprised of three distinct classes based on their cofactor
requirement: conventional PKC (cPKC; �, �I, �II, and �)
requiring both calcium (Ca�2) and diacylglycerol (DAG) for
activation, novel PKC (� and �) requiring only DAG and
atypical PKC (�, �, and �) requiring neither calcium nor DAG
for activation (35–37). The � form of protein kinase M (PKM),
uniquely found in the brain, is an alternately spliced form of
PKC� (38, 39). All isoforms contain an ATP-binding domain
that can be competitively inhibited by bisindolylmaleimide
GF109203X (40). They are activated through a series of phos-
phorylation steps (except PKM�) and share an allosteric
mode of regulation in which a pseudosubstrate is displaced
from the activation site of the kinase on autophosphorylation
(41). The activated kinases are tethered to the plasma mem-
brane by DAG and translocated to the cytosol on deactivation
(41). The activated PKC species have been detected at pre-
and postsynaptic termini, and it is now known that these
molecules retain activity for a few hours past the initiation
of the signaling event (35, 42). Thus, the temporal and spatial
regulation of PKC is imperative during signaling events in
neuronal function (43–45). Such temporal and spatial corre-
lations at the molecular level have not previously been ex-
amined in the P facilitation of reproductive behavior (2),
thereby prompting our investigation of P on PKC activation
in the VMN and POA.

Materials and Methods
Reagents and chemicals

All steroids, premixed protease and phosphatases inhibitor I cocktails
(Sigma catalog no. P-8340 and P-2850, respectively), phosphatidyl serine,
calmodulin and the calcium/calmodulin-dependent protein kinase II
(CaMKII) inhibitor, KN-93, the PKA inhibitor R-diastereomer of aden-
osine-3�, 5�-cyclic monophosphothioate (Rp-cAMPS), PKC inhibitor
GF109203X, 3-isobutyl-1-methylxanthine, 2-(N-morpholino) ethanesul-
fonic acid, and 8-bromoadenosine-cAMP were purchased from Sigma
Chemicals, St. Louis, MO). Antibodies used in the study were from the
following sources: pan-PKC from Upstate Biotechnology (Lake Placid,
NY), pan-phosphorylated PKC (�Thr514) from Cell Signaling Technol-
ogy (Danvers, MA), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) and
donkey antirabbit horseradish peroxidase-conjugated IgG from Amer-
sham Pharmacia Biotechnology (Piscataway, NJ). DAG was obtained
from Cayman Chemicals (Ann Arbor, MI) and the reagents for electro-
phoresis and Western blotting from Bio-Rad Laboratories (Hercules,
CA). All other chemicals were of reagent grade and purchased from
Sigma or Fisher Scientific (Pittsburgh, PA). All stereotaxic surgical sup-
plies were obtained from Plastics One (Roanoke, VA).

Procedures

Ovariectomized Sprague Dawley rats (180–200 g) were obtained from
the supplier (Charles River Laboratories, Wilmington, MA) a week after
surgery. The animals were maintained on a 12-h light, 12-h dark reversed
light cycle with lights off at 12:00 h and given food and water ad libitum.
They were acclimatized to the facility and the light cycle for 4–6 wk after
their arrival from the supplier before experimental manipulation. All
animal studies were conducted in accordance with protocols approved
by the Institutional Animal Care and Use Committee of Baylor College
of Medicine and were in compliance with the National Institutes of
Health Guide for the care and use of Laboratory animals.

Stereotaxic surgeries and central administration of
compounds

Stainless steel guide cannulae were stereotaxically implanted into the
third cerebral ventricle of ovariectomized rats using a laboratory stan-
dard stereotaxic instrument (Stoelting, Wood Dale, IL) as previously
described (8). Animals were allowed to recover from surgery for 1 wk
before use in experiments. Experimental animals were primed sc with
EB (2 	g per 100 	l in sesame oil). Forty-eight hours later, 1 	g P (1 	l
in artificial cerebrospinal fluid) was administered intracerebroventricu-
larly (icv) via the cannula. The dose of P was based on previous studies
(8). In studies using the PKC inhibitor, GF109203X (100 pg per 1 	l
artificial cerebrospinal fluid), the compound was administered icv 30
min before P administration. The inhibitor dose was chosen based on the
published report on its ability to inhibit all classes of PKC isoforms in
rat brain (46). Each treatment group consisted of six animals. Thirty
minutes after P administration, the animals were killed under anesthesia
(combination of ketamine 42.8 mg/ml, xylazine 8.6 mg/ml, and
acepromazine 1.4 mg/ml), the brain isolated from the cranial cavity,
placed in cold artificial cerebrospinal fluid, and the VMN of the hypo-
thalamus, POA, and cerebral cortex (CTX) dissected.

Fresh brain dissection was carried out at 4 C. Using a McIlwain tissue
chopper, the POA slab was cut beginning 2 mm rostral to the optic
chiasm to 0.5 mm caudal to the chiasm. A second cut (the medial basal
hypothalamus) was made 4 mm caudal to the caudal edge of the first
slab. The slabs were placed on a cold microscope stage and brain areas
of interest were viewed under a dissecting microscope with transillu-
mination system (Stereo Discovery V8; Zeiss, Thornwood, NY). Bilateral
punches were made using the Palkovits punch method from the slabs
to dissect the VMN and POA using a 1-mm internal diameter stainless
steel punch. The cerebral cortex included the frontal cortex without the
white matter from the slabs. The punches were immediately frozen on
dry ice/isopropanol and stored at �80 C until further analyses.

Tissue processing and sample preparation

The tissue samples were thawed and homogenized in buffer con-
taining10 mm Tris-HCl (pH 7.4), 1 mm EGTA, 1 mm EDTA, 0.5 mm
dithiothreitol (DTT), 1 mm thioglycerol, and a cocktail of protease and
phosphatase inhibitors (1:100) in a handheld glass homogenizer on ice.
The samples were centrifuged at 1000 � g for 10 min, the pellet consisting
of nuclear, mitochondrial and cellular debris discarded, and the super-
natant centrifuged at 20,000 � g for 20 min. The protein concentration
was quantified using a BCA assay (Pierce Inc., Rockford, IL). The su-
pernatant was stored at �80 C in aliquots for kinase assays and Western
analyses.

Kinase assays

The PKC assays were performed using a modified procedure of Klann
et al. (47), using a synthetic peptide (AAAKIQASFRGHMAR) derived
from neurogranin (NG; amino acids 28–43), as the substrate. The re-
action mixture (final volume, 25 	l) contained 50 mm HEPES (pH 7.4),
1 mm DTT, 2 mm sodium pyrophosphate, 100 	m ATP, 2 	Ci [�32P] ATP,
and 10 	m NG. Assays for PKC activity were carried out with 1 mm
EGTA and 1 mm EDTA in the reaction mixture for basal/calcium and
cofactor-independent activity or in the presence of 4 mm CaCl2 and lipid
cofactors for total activity [final concentrations: 320 	g/ml phosphatidyl
serine (PS) and 30 	g/ml sn-1, DAG]. The reaction was initiated by the
addition of 5 	l of the protein sample (�1–5 	g) to the reaction mixture
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and incubated at 30 C for 2 min. In studies using the kinase-specific
inhibitor GF109202X to inhibit PKC activity, the tissue homogenates
were assayed for PKC in addition to CaMKII and PKA activities as
described below.

CaMKII activity was measured using a synthetic peptide substrate,
bearing the autophosphorylation sequence from the CaMKII sequence
(autocamtide-3; KKALHRQETVDAL) (48). The assay was performed
according to the method of Moore et al. (49) with minor modifications
as described. Five milliliters of protein samples (�1–5 	g) were added
to the reaction mixture (final volume 25 	l) containing 50 mm HEPES
(pH 7.4), 1 mm DTT, 20 	m substrate peptide, 20 	m ATP, 5 mm MgCl2,
and 2 	Ci [�-32P]ATP (3000 Ci/mmol) and incubated at 30 C for 2 min.
The assay was performed in the presence of 2 mm EGTA in the reaction
mixture to determine the basal/calcium-independent activity and in the
presence of 1 mm CaCl2 and 3 	m calmodulin to determine the total
activity.

The PKA assays were performed as described in our earlier publi-
cation (34), using a synthetic peptide (kemptide-LRRASLG). The reac-
tion buffer contained 37.5 mm of 2-(N-morpholino) ethanesulfonic acid
(pH 6.0), 0.2 mm 3-isobutyl-1-methylxanthine, 15 mm MgOAc, 30 mm
ATP, 2 	Ci [�32P] ATP, and 300 mm kemptide for the determination of
the PKA basal activity. To determine total PKA activity, the reaction
buffer contained 20 mm 8-bromoadenosine-cAMP in addition to the
other reagents mentioned above. The reactions were carried out at 30 C
for 5 min.

Control reactions for determination of background counts were run
in parallel by omitting substrate peptide. After 2 min incubation, 17 	l
of the reaction mixture were spotted on P-81 phosphocellulose filters
and the reaction stopped by 75 mm phosphoric acid. The filters were
washed three times, 10 min each, in the phosphoric acid solution, rinsed
with methanol and air dried. The radioactivity on the phosphorylated
peptide substrate was quantified by the Cerenkov method. Phosphor-
ylation was determined to be linear with respect to time and protein
concentration under these conditions (47). For each experimental de-
termination, the values for control reactions lacking the substrate pep-
tide were subtracted from those containing the substrate peptide. Counts
were normalized using protein concentrations determined by the BCA
assay. The assay was performed for the samples from each animal
independently. Data are expressed as either specific activity (picomoles
of phosphate transferred per minute per milligram of protein) for each
of the treatment groups (mean � sem; n � 6) or as a percent of vehicle
control (taken as100%). The basal activities of all treatment groups are
reported as a percent of basal activity of the vehicle (vehicle as 100%).
The total activities of all treatment groups were compared with the total
activity of the vehicle set at 100%. All activities were converted to a
percent of their respective control so that the basal and the total activities
could be presented in the same graph.

Western immunoblots for PKC

The tissue samples from VMN, POA, and CTX were subjected to
Western immunoblotting. Equal amounts of protein (5 	g) from each
sample were electrophoresed on SDS-PAGE (10% polyacrylamide) (50)
followed by transfer to a nitrocellulose membrane for Western blotting
(51). Magic Marker XP Western standards (Invitrogen, Carlsbad, CA)
were included in the gels for molecular weight determination. The
membranes were blocked and sequentially probed with commercially
available antibody to pan-phosphorylated PKC (homologous to threo-
nine 514 of �PKC), followed by a pan-antibody that recognized all the
PKC isoforms at a 1:2000 dilution. The antibody to GAPDH (as a nor-
malizing control) was used at 1:1000 dilutions in conjunction with both
the PKC antibodies. The antibody binding was revealed by incubation
with donkey antirabbit horseradish peroxidase-conjugated IgG
(1:10,000) followed by detection with the enhanced chemiluminescence
reagent ECL (Amersham Pharmacia Biotech). The PKC and GAPDH
bands were quantified by densitometry using PhosphorImager:SF (Mo-
lecular Dynamics, Sunnyvale, CA). The immunoreactivity was normal-
ized to the GAPDH. Linear range of signals for densitometry was ob-
tained by exposing the chemiluminescent membranes to x-ray film for
varying lengths of time. The protein extracts were also examined for
presence of the neuronal membrane and cytosol components by probing
for the 2�, 3�-cyclic nucleotide 3�-phosphodiesterase and the GAD67
protein (l-glutamic acid decarboxylase), respectively. These markers

confirmed the presence of neuronal plasma membrane fraction in the
protein extracts.

Statistical analysis

Statistical analyses were performed using activity values in counts per
milligram per minute (in triplicates) from each animal. The mean � sem of
these counts (from six animals) was normalized to the mean � sem of the
counts from the vehicle control set as 100%. Statistical analyses were per-
formed using Prism software (GraphPad, San Diego, CA). For each sig-
nificant ANOVA, post hoc comparisons were made using Dunnett’s method
for comparing all groups vs. the control group or the Newman-Keuls
method for multiple comparisons.

Results

A synthetic peptide derived from NG was used to deter-
mine changes in PKC activity in physiological preparations
(47). Both the Ca2�-independent (basal) PKC activity (in the
presence of cation chelators, EGTA and EDTA), and the
Ca�2-dependent (total) PKC activity, (in the presence of sat-
urating levels of the cofactors, calcium and PS/DAG) were
determined. The in vivo perturbation of the system by the
steroid hormones is measured as the basal PKC activity,
whereas a further stimulation by in vitro addition of cofactors
measures the total activity.

A comparison of the two activities provided information
on the activated fraction of PKC pool and the temporal nature
of PKC regulation by the steroid hormones.

Progesterone increases basal activity of PKC in the VMN of
the hypothalamus

Earlier studies have established a role for E2-modulated
PKC in the facilitation of lordosis in female rats (30, 34). We
demonstrated elevation in PKA activity within 30 min after
icv administration of P in female rats (35). To determine
whether P could stimulate PKC activity within the VMN of
the hypothalamus, we measured PKC activity in tissue ho-
mogenates from in vivo-treated control and EB- and/or P-
treated female rats. Figure 1A shows the results of a time-
course experiment to determine the temporal change of basal
PKC activity in response to icv P administration. There was
a significant increase in P-stimulated basal PKC activity over
vehicle treatment (shown as a threshold of 100%) at 30 min.
This activity continued to increase at 60 min (P � 0.05). EB
priming significantly augmented basal PKC activity at 30
min. By 60 min, this enhanced response had fallen to the
levels seen with P alone. Because P treatment in the presence
and absence of EB showed robust increases in basal PKC
activity at 30 min, subsequent experimental analysis was
carried out at this time point.

As shown in Fig. 1B, the increase in basal PKC activity due
to EB treatment alone was not significant (P 	 0.05), com-
pared with the basal PKC activity in vehicle-treated control.
P treatment, in the absence of EB priming, stimulated sta-
tistically significant increase in basal PKC activity, compared
with the vehicle control (P � 0.01). Administration of P, 48 h
after EB priming, caused further elevation in basal PKC ac-
tivity (P � 0.01). To determine the specificity of the basal PKC
activity being measured, we examined the basal PKC activ-
ities in all treatment groups in the presence of PKC inhibitor
bisindolylmaleimide GF109203X. The inhibitor significantly
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reduced the specific PKC basal activity measured in picomoles
of phosphate transferred per minute per milligram protein
(vehicle alone � GFX109203X � 15.7 � 0.1; vehicle �
GF109203 � � 0.7 � 0.1). This inhibition was also significant
in the EB- and/or P-stimulated basal PKC activities (Fig. 1B),
demonstrating the specificity of the inhibitor to the measured
PKC activity.

Progesterone alone has no further effect on Ca�2-inducible
total PKC activity in the VMN of the hypothalamus

We proceeded to determine whether the P-induced PKC
activity could be further stimulated in vitro by saturating
levels of PS, DAG, and Ca�2. We refer to this stimulated PKC
activity as the total PKC activity, which is a measure of the
inducible fraction of PKC present in the cell over and above
the basal PKC activity. This measurement provided addi-
tional information on the mechanism by which the fraction
of PKC that can be activated by P differs from the effects of
EB or P alone from that of EB�P. role of EB and P in the
maintenance of activated PKC at the time point measured.
Our initial time response data showed no significant differ-
ences in the Ca�2-dependent total PKC activity at 30 min vs.
60 min in response to P. This enabled us to use the 30 min
time point as the early P-induced response for the remainder
of the studies (Fig. 1A). Furthermore, it demonstrated that
the persistently activated basal PKC was at its maximal and
could not be further enhanced with Ca�2 and cofactors in
vitro (Fig. 1, A and B). To estimate the proportion of the Ca�2

and PS/DAG-inducible total PKC activity that were poten-
tially stimulatable by EB and/or P treatments, we deter-
mined the specific activity of total PKC in the vehicle controls
and compared it with that of the basal PKC. The specific
activity of Ca�2-inducible total PKC and basal PKC in the
controls (vehicle) are 132.2 and 15.7 pmol of phosphate trans-
ferred per minute per milligram protein, respectively. This
suggests that P activated only a fraction (12%) of the total
pool of Ca�2-inducible total PKC molecules in the VMN at
30 min. In the presence of the inhibitor, this fraction was
reduced to 0.5% when measured as picomoles of phosphate
transferred per minute per milligram (vehicle � inhibitor �
132.2 � 0.2; vehicle � inhibitor � 0.7 � 0.1).

Progesterone does not alter PKC protein levels or
phosphorylation

To determine whether the differences in basal and Ca�2-
inducible total PKC activities were due to changes in PKC
protein levels and/or changes in phosphorylation, the sam-
ples used in the kinase assays were subjected to Western blot

in the absence of GF was 17.6 pmol/min�mg. Statistical analysis using
ANOVA followed by Newman-Keuls post hoc multiple comparisons
indicated statistically significant basal PKC activity for P and EB�P
treatments (*, P � 0.05), compared with V or EB. C, Western immu-
noblotting for PKC protein. The experiment was performed six times
to analyze all the samples from each group. A representative auto-
radiograph is shown. Each lane represents the sample from one an-
imal per treatment group. The GAPDH band at 37 kDa was used as
a normalizing control. Lane 1, Vehicle control (V); lane 2, EB; lane 3,
P; lane 4, EB�P treatments. Magic marker molecular weight stan-
dards were run alongside the protein samples and the molecular
weights are noted adjacent to lane 1.
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FIG. 1. Time course of P induction of PKC activity in the VMN. Time
course (A), P modulation of PKC basal and total activities in the
absence and presence of PKC inhibitor (B), and Western immuno-
blotting for PKC protein (C). Ovariectomized rats with chronic in-
dwelling stainless steel cannulae in the third cerebral ventricle were
either injected sc with EB or vehicle (V). Forty-eight hours later, P was
administered icv, and the animals were killed and tissues isolated. A,
The VMN homogenates were assayed for PKC basal and total activ-
ities at the indicated time points as described in Materials and Meth-
ods. The vehicle control (V) was set to 100% (mean � SEM). The basal
and total PKC activities for each treatment group are presented and
denoted by different pattern in the bar graph. ANOVA followed by
Dunnett’s post hoc comparison demonstrated a statistically signifi-
cant difference in the PKC basal activity between EB�P and vehicle
treatments at 30 min (**, P � 0.001) and 60 min (#, P � 0.05). The
P-induced PKC basal activity was statistically significant, compared
with vehicle control, at 30 min (#, P � 0.05) and 60 min (*, P � 0.01)
(n � 6 for each group). B, PKC inhibitor, GF109203X (GF), was
infused (icv) 30 min before P or V treatment. The PKC activity was
normalized to the vehicle in the presence of GF and expressed as
percentage of the respective control (mean � SEM; 100%). The specific
activity of V control in the presence of GF was 0.5 pmol/min�mg and

5512 Endocrinology, November 2008, 149(11):5509–5517 Balasubramanian et al. • Progesterone Regulation of PKC Activity

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/11/5509/2455186 by guest on 20 August 2022



analysis. Immunoblots probed with a pan-PKC antibody in-
dicated multiple isoforms of the three classes of PKC in the
range of 45–95 kDa (Fig. 1C). The cPKC class (�, �I, �II, and �)
was detected as an intense band at the 80 kDa molecular mass.
The weak 90- to 95-kDa bands comprised the novel PKC
(� and �). The atypical PKC (�, � and �) corresponded to the
69- to 75-kDa band. The PKM� isoform, abundantly ex-
pressed in the brain, was detectable as a 45-kDa band. Nor-
malization of the protein content of the most abundant class
of PKC, i.e. cPKC (�, �, and �), using the GAPDH immuno-
reactive band, indicated no significant difference in the pro-
tein levels in EB- and/or P-treated samples (P 	 0.05; Table
1). The phospho-cPKC (at 514Thr) values, normalized to the
amount of cPKC present in the samples, showed no signif-
icant (P 	 0.05) effects of EB and/or P treatments on phos-
phorylation levels of PKC (Table 2).

Progesterone alone has no effect on basal PKC activity in
the POA

We also examined the effect of EB and/or P treatments on
the basal PKC activity in the POA from the same animals
(Fig. 2A). The increase in EB-stimulated basal activity was
not significant, compared with the vehicle-treated controls
(P 	 0.05). In the absence of EB priming, P alone had no
significant effect on the basal PKC activity. However, basal
PKC activity was significantly increased as a result of P
treatment in EB-primed animals (**, P � 0.001). In vivo ad-
ministration of the PKC inhibitor, GF109203X, 30 min before
P administration, attenuated the basal PKC activity in the
POA, demonstrating the specificity of the inhibitor for PKC
activity measured. This attenuation was significantly below
the threshold level of the vehicle control (#, P � 0.05 in the
case of EB and EB�P, and *, P � 0.01 for P; Fig. 2A). This
inhibition is evident in the quantification of the specific ac-
tivity (picomoles of phosphate transferred per minute per
milligram protein) of basal PKC in the presence of the in-
hibitor, GF109203X (vehicle � 7.5 � 0.1; GF109203X � ve-
hicle � 1.3 � 0.3).

Progesterone attenuates Ca�2-inducible total PKC activity
in the POA

The total PKC activity quantified in vitro in the presence
of saturating amounts of the cofactors, PS, DAG, and Ca�2

(Fig. 2A) was comparable in the EB and vehicle treatments.

P alone, or in combination with EB priming, caused a sig-
nificant reduction in the total PKC activity (*, P � P � 0.01;
#, EB�P � P � 0.05). The specific activity of the vehicle
control was calculated to be 145 � 0.1 pmol phosphate
transferred per minute per milligram protein. This value
was comparable with the specific activity in the VMN
(132.2 pmol phosphate transferred per minute per milli-
gram protein).

FIG. 2. Progesterone modulation of PKC basal and total activities (A)
and protein (B) in the POA. A, POA homogenates were assayed for
PKC basal and total activities in the absence and the presence of PKC
inhibitor, GF109203X as described in Materials and Methods. The
PKC activity is expressed as percentage of vehicle control (mean �
SEM; 100%). Statistical analysis using ANOVA followed by Dunnett’s
post hoc multiple comparisons indicated statistically significant basal
PKC activity for EB�P treatment (**, P � 0.001), compared with V
(n � 6 for each treatment group). B, Western immunoblotting for
PKC protein. Each lane represents the sample from one animal per
treatment group. A representative autoradiograph is shown. The
GAPDH band at 37 kDa was used as a normalizing control. Lane
1, Vehicle control (V); lane 2, EB; lane 3, P; lane 4, EB�P treat-
ments. Magic marker molecular weight standards were run along-
side the protein samples and the molecular weights are noted
adjacent to lane 1.

TABLE 1. Total PKC

Treatment VMN POA CTX

V 1 1 1
EB 1.0 � 0.1 1.0 � 0.1 1.0 � 0.0
P 0.8 � 0.1 0.8 � 0.1 1.1 � 0.0
EB�P 1.0 � 0.1 1.0 � 0.1 1.2 � 0.1

Densitometric analyses of the cPKC protein (80 kDa) band in the
Western immunoblots. The cPKC bands from VMN, POA, and CTX
(Figs. 1C, 2B, and 3B) were quantified and normalized against the
GAPDH (37 kDa) in each protein sample. The ratio of PKC to GAPDH
in each lane was calculated. The ratio (PKC to GAPDH) of the steroid
hormone treatments was compared with that of the vehicle control (V)
set to 1. No significant differences were observed between the V and
steroid hormone treatments in each of the regions of the brain ex-
amined (P 	 0.05) (n � 6 per treatment group).

TABLE 2. Ratio of phosphorylated PKC to total PKC

Treatment VMN POA CTX

V 1 1 1
EB 1 � 0.5 1.0 � 0.1 3.6 � 1.4
P 0.7 � 0.2 0.7 � 0.1 1.0 � 0.2
EB�P 0.8 � 0.2 0.8 � 0.2 1.3 � 0.7

Densitometric analysis of the phospho PKC to total PKC ratio from
the Western immunoblots. The pan-phospho-PKC and total PKC
bands were quantified from VMN, POA, and CTX (Figs. 1C, 2B, and
3B) and the ratios tabulated. No significant differences were observed
in the ratios between the V and steroid hormone treatments in each
of the regions of the brain examined (P 	 0.05) (n � 6 per treatment
group).

Balasubramanian et al. • Progesterone Regulation of PKC Activity Endocrinology, November 2008, 149(11):5509–5517 5513

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/149/11/5509/2455186 by guest on 20 August 2022



Progesterone has no effect on PKC protein levels or
phosphorylation in POA

To determine whether the changes in the PKC activities
could be due to alterations in the protein levels or changes
in phosphorylation of PKC, POA extracts were subjected to
immunoblotting (Fig. 2B). Similar to that observed in the
VMN samples, the 80-kDa band was the most intense in POA
samples, suggesting that cPKC is the predominantly active
species that has stronger affinity to the cPKC antibody. As in
the VMN, the POA extracts showed no quantifiable changes
in the cPKC isoform (80 kDa) protein levels, as a result of EB
and/or P treatments when normalized to GAPDH immu-
noreactivity (Table 1). Additionally, the ratio of the phos-
phorylated PKC (p514Thr) to the total pool of PKC showed
no significant changes between various treatments, suggest-
ing that EB and/or P treatments did not modify this phos-
phorylation status of PKC (Table 2).

Progesterone has no effect on PKC activity in the cortex

We also analyzed the cerebral cortical tissues for both basal
and Ca�2-inducible total PKC activities (Fig. 3A). EB and/or
P had no significant effects on basal PKC activity, compared
with the vehicle control. In these analyses, the specific ac-
tivity of the basal PKC in vehicle control was calculated to be

11.8 � 0.1 pmol phosphate transferred per minute per mil-
ligram. Ca�2-inducible total PKC activity was also not sig-
nificantly affected by EB and/or P treatments in the cerebral
cortex (P 	 0.05). The total PKC activity in the cortex of the
control group was 144.7 pmol phosphate transferred per
minute per milligram protein. Furthermore, Western immu-
noblots for cPKC protein and phospho-PKC revealed no
significant changes in either the protein levels or the phos-
phorylation due to the EB and/or P (Fig. 3B).

Inhibition of PKC activity by GF109203X did not block
P-initiated basal activity of PKA and CaMKII in the VMN

Our finding that GF109203X blocked the increase in
P-initiated basal PKC activity (Fig. 1B) prompted the fol-
lowing questions: 1) whether P stimulation of kinase activity
was restricted to PKC alone and 2) whether the inhibition of
PKC activity could influence the activities of the other
P-activated kinases, PKA and CaMKII, known to be in-
volved in P-facilitated reproductive behaviors. We therefore
examined the basal activities of PKA (34) and CaMKII (an-
other major calcium regulated Ser/Thr kinase abundant in
the brain) (52) in the VMN homogenates from hormone-
treated animals that received the PKC inhibitor in vivo (Fig.
4). The results shown in Fig. 4 indicate that the basal activities
of PKA and CaMKII remain capable of being activated in the
presence of GF109203X. The specific activities of basal and
total PKA in the vehicle control in the presence of the PKC
inhibitor were 1.8 � 0.7 and 1.1 � 0.4 pmol of phosphate
transferred per minute per milligram, respectively. How-
ever, the specific activities of the basal and total PKA in the
vehicle-treated animals were 123.5 � 29.7 and 240.3 � 44.6,
in the absence of any inhibitor. Therefore, we find that the
fraction of activated PKA was greater in the presence of
GF109203X than in its absence (164 vs. 22%), albeit the overall
individual activities were down.

FIG. 3. P modulation of PKC basal and total activities (A) and protein
(B) in the CTX. A, Cortical homogenates were assayed for basal and
total PKC activities. The activity is expressed as percentage of vehicle
control (mean � SEM; 100%). ANOVA followed by post hoc analyses
using Dunnett’s or Newman-Keuls multiple comparison tests indi-
cated no significant differences between the treatment groups and the
vehicle (P 	 0.05). B, The homogenates were subjected to Western
immunoblot analysis. A representative autoradiograph is shown. The
GAPDH was used as a normalizing control. Lane 1, Vehicle control
(V); lane 2, EB; lane 3, P; lane 4, EB�P treatments. Magic marker
molecular weight standards were run alongside the protein samples
and the molecular weights are noted adjacent to lane 1.

FIG. 4. PKC inhibitor, GF109203X (GF), inhibited P-regulated PKC
basal activity but not PKA and CaMKII in the VMN. GF-treated VMN
homogenates were assayed for basal PKC, PKA, and CaMKII activ-
ities. The PKC activity was normalized to the vehicle in the presence
of GF and expressed as percentage of the respective control (mean �
SEM; 100%). ANOVA followed by post hoc Dunnett’s multiple com-
parisons demonstrated significant difference in CaMKII (*, P � 0.01)
basal activity between P�GF and vehicle treatment. There was also
a significant difference between EB�P and vehicle control in PKA (#,
P � 0.05), PKC (#, P � 0.05), and CaMKII (#, P � 0.05) basal activities,
respectively, in the GF treatment groups (n � 6 for each of treatment
group).
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The specific activity of the vehicle control was 0.9 � 0.2
and 12.4 � 0.1 pmol of phosphate transferred per minute
per milligram in the presence and absence of the PKC
inhibitor. The CaMKII total activity, calculated in the pres-
ence of calcium and calmodulin, were equal to 82.2 � 12.1
and 151.2 � 9.2 pmol of phosphate transferred per minute
per milligram in the presence and absence of GF109203X,
respectively. The ratio of CaMKII basal to total activities
in the vehicle control in the presence of GF demonstrated
that only a fraction of the CaMKII was activated in re-
sponse to P administration (12%) within 30 min. This basal
to total ratio for CaMKII activity was also greater in the
absence of GF109203X (7%; CaMKII MS).

Discussion

The combinatorial action of PKA, CaMKII, and PKC sig-
naling cascades in response to a number of plasticity-induc-
ing stimuli are well documented (53–60). For example, the
PKC and CaMKII cascades in the hippocampus have been
shown to be both necessary and sufficient for the mainte-
nance of long-term potentiation and hippocampal-depen-
dent learning and memory (42). PKC activation, in conjunc-
tion with PKA, has been demonstrated in the consolidation
of long-term memory (43, 47). Studies from our laboratory
have previously demonstrated that P initiates a rapid, non-
classical activation of cAMP-dependent PKA in the VMN of
the female rat brain that is required for the P-facilitated
lordosis response in female rats (34). Because P is likely to
activate several intracellular signaling pathways, we ques-
tioned whether P, in the absence or presence of EB priming,
can lead to the activation of other, nonclassical cascades
within the VMN and/or POA. We determined both the Ca2�-
independent basal PKC activity and the Ca�2-dependent
total PKC activity in the VMN and POA in response to P. The
former is a measure of the activated PKC in response to in
vivo steroid hormone treatment. The latter represents the
total pool of PKC in the milieu that can be activated further
by saturating levels of cofactors and calcium in vitro. By
measuring both the basal and total activities, the fraction of
PKC activated by P at the specific time point could be de-
termined. Furthermore, an increase in total activity in re-
sponse to steroids suggests the possibility for sustained P
action.

We report that icv administration of P initiated a rapid
increase (30 min) in basal PKC activity within the VMN that
could be significantly enhanced and sustained at 60 min,
independent of EB priming. In contrast, EB priming ampli-
fied the P-dependent PKC activity, resulting in a robust
increase within 30 min, which subsequently declined to the
levels achieved by P at 60 min. This suggests that P activation
of PKC signaling cascade is initiated in the VMN and is
enhanced by EB priming. Consistent with this suggestion,
Kow et al. (30) and Mobbs et al. (31) demonstrated that
targeted infusion of the PKC activator 12-O-tetradecanoyl
phorbol 13-acetate into the VMN of estrogen-primed rats
could facilitate lordosis response. Additionally, the lack of
change in total PKC activity at 30 and 60 min in P alone
treatment demonstrated a maximal induction of PKC by P at
these time points. EB�P-induced basal activity was max-

imal at 30 min as demonstrated by the lack of change in
total PKC activity at the 30 min time point. By 60 min there
was a residual total PKC activity that was significantly
different from the vehicle or EB alone. In mechanistic
terms, we infer that EB priming increases the fraction of
PKC that can be further activated by P. Thus, these studies
also distinguish the cellular effects of EB or P from that of
EB�P. In summary, these observations suggest that the
rapid activation of PKC within the VMN may be required
for the P activation of intracellular signaling cascades that
could provide alternate pathways to the subsequent PR-
dependent lordosis response.

In contrast to that observed in the VMN, P treatment alone
had no effect on basal PKC activity within the POA but
required EB priming for a significant rapid but short-lived
burst of activity. EB treatment, in the absence of P, showed
no significant effects in basal PKC activity in both the POA
and VMN. However, EB priming appears to enhance and
sustain the P-stimulated basal PKC activity in both the VMN
and POA, supporting the prevalent notion that EB priming
is essential for physiological action. This finding is consistent
with that reported by Ansonoff and Etgen (32), who dem-
onstrated an increase in PKC catalytic activity in the POA,
but not in the medial basal hypothalamus, in tissue slices
taken from EB-primed female rats.

We also found that P caused a significant decrease in total
PKC activity within the POA, compared with vehicle-treated
controls. This attenuation was not observed in the VMN,
suggesting a differential response of these two brain regions
to P treatment. The attenuation of total PKC activity in the
POA was observed as a result of the in vitro application of
saturating levels of the cofactors phosphatidyl serine, DAG,
and calcium and suggests that the amount of PKC available
for activation within the milieu had changed in response to
P treatment. Because this change could have resulted from
the redistribution, degradation, or phosphorylation of PKC,
we examined whether either a change in total protein levels
or phosphorylation of Thr514, a key phosphorylation event
in the activation of PKC (35, 36, 61), was associated with our
observed decrease in total PKC activity. Although increases
in PKC� mRNA in single neurons from the VMN of EB-
treated ovariectomized rats (62) have been observed, our
Western blot analysis did not reveal any significant differ-
ences in the levels of the �, �, and � cPKC in the POA in
response to either P alone, EB priming, or EB priming fol-
lowed by P. Similarly, there was no observable change in the
phosphorylation of Thr514. Whereas these results suggest
that neither de novo protein turnover nor translocation is
responsible for the P-mediated suppression of total PKC
activity within the POA, we cannot rule out changes in one
or more of the other phosphorylation events that are required
for PKC activity (61).

Our results demonstrate that PKC, in addition to our pre-
vious report on PKA, is rapidly activated in the VMN and
POA. Others and we have previously demonstrated that
inhibition of PKA activity by Rp-diastereomer of adenosine-
3�, 5�-cyclic monophosphothioate or PKC by bisindolyma-
leimide I hydrochloride (30, 34) blocks the lordosis response
in EB-primed female rats, demonstrating the necessity of
these two cascades in sexual receptivity. Furthermore, the
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inhibitor studies suggest that these P-stimulated activities
are independent yet interdependent, suggesting that multi-
ple levels of cross talk can exist between these P-initiated
kinase cascades. It remains to be established how the inter-
play of these pathways contribute to neuroendocrine func-
tion and female reproductive behavior. For example, PKA
has been shown to phosphorylate, and alter the activity of
dopamine- and cAMP-regulated phosphoprotein 32 kDa, a
protein critical for lordosis response in EB-primed female
rats (34). It is also possible that these rapid signaling events
potentially converge in the nucleus to integrate into PR-
mediated gene-regulated pathways (5, 63). Future research
will help identify the targets of these kinase cascades and
provide further insight into the role of these nonclassical
signaling cascades that act in concert with the genomic mech-
anisms to regulate the P-facilitated reproductive behavior.

Recent studies have revealed several mechanisms medi-
ating the rapid P effects both in vivo and in vitro (64–66).
Some of these effects are thought to be mediated via G pro-
tein-coupled membrane PRs (64, 65) and/or mediated by a
subpopulation of the intracellular PRs that associate with Src
signaling kinases in the cytoplasm (66). Whereas the mem-
brane receptors have been localized to the medial basal hy-
pothalamus in the mouse brain (67), the presence of these in
the VMN and POA in the female rat brain remains to be
established. In addition, the association of the Src signaling
cascade with intracellular PRs requires further investigation.
Whereas the current studies highlight the importance of P-
mediated kinase cascades in the nonclassical mechanism of
P action, the integration of these mechanisms with the PR-
mediated genomic pathway modulating the lordosis re-
sponse is under investigation. The integration of nonclassical
and classical actions could provide a mechanism through
which the neuronal responses to diverse stimuli such as
steroid hormones, neurotransmitters and environmental
cues could alter physiology and reproductive behavior.
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