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ABSTRACT

A single-cell approach for measuring the concentration of
cytoplasmic calcium ions ([Ca21]i) and a protein kinase C-ep-
silon (PKCe)-specific inhibitor were used to investigate the de-
velopmental role of PKCe in the prostaglandin F2a(PGF2a)-in-
duced rise in [Ca21]i and the induced decline in progesterone
accumulation in cultures of cells isolated from the bovine cor-
pus luteum. PGF2a increased [Ca21]i in Day 4 large luteal cells
(LLCs), but the response was significantly lower than in Day
10 LLCs (4.3 6 0.6, n 5 116 vs. 21.3 6 2.3, n 5 110). Simi-
larly, the fold increase in the PGF2a-induced rise in [Ca21]i in
Day 4 small luteal cells (SLCs) was lower than in Day 10 SLCs
(1.6 6 0.2, n 5 198 vs. 2.7 6 0.1, n 5 95). A PKCe inhibitor
reduced the PGF2a-elicited calcium responses in both Day 10
LLCs and SLCs to 3.5 6 0.3 (n 5 217) and 1.3 6 0.1 (n 5
205), respectively. PGF2a inhibited LH-stimulated progesterone
(P4) accumulation only in the incubation medium of Day 10
luteal cells. Both conventional and PKCe-specific inhibitors re-
versed the ability of PGF2a to decrease LH-stimulated P4 ac-
cumulation, and the PKCe inhibitor was more effective at this
than the conventional PKC inhibitor. In conclusion, the evi-
dence indicates that PKCe, an isozyme expressed in corpora
lutea with acquired PGF2a luteolytic capacity, has a regulatory
role in the PGF2a-induced Ca21 signaling in luteal steroidogenic
cells, and that this in turn may have consequences (at least in
part) on the ability of PGF2a to inhibit LH-stimulated P4 syn-
thesis at this developmental stage.

calcium, corpus luteum, ovary, progesterone, signal transduction

INTRODUCTION

Prostaglandin F2a (PGF2a) is generally recognized as the
major luteolytic factor in domestic ruminants [1]. In bovine
and ovine corpora lutea, the luteolytic action of PGF2a has
been shown to be mediated by G-protein-coupled PGF2a

receptors that activate the phospholipase C (PLC) effector
system [2]. Indeed, stimulation of luteal cells with PGF2a

leads to the rapid accumulation of inositol 1,4,5-trisphos-
phate (i.p.3) and 1,2-diacylglycerol (DAG). When it binds
to its receptor in the endoplasmic reticulum, i.p.3 stimulates
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an increase in the concentration of cytoplasmic calcium
ions ([Ca21]i) [2–4]. The increases in [Ca21]i and DAG re-
sult in activation of another intracellular mediator of hor-
mone actions, protein kinase C (PKC). Thus, PKC and cal-
cium are two major intracellular mediators of the luteolytic
actions of PGF2a [2, 5].

PKC is a family of serine-threonine kinases that exist as
at least 11 closely related isozymes. They are classified into
four categories: conventional (designated as a, bI, bII, and
g), novel (d, a, c, e, q, and h), atypical (z and l), and
PKCm. The cofactors required for activation of the iso-
zymes differ in each category. Conventional isozymes are
calcium-dependent, whereas novel isoforms are not. How-
ever, both conventional and novel isozymes require DAG
and phosphatidyl-serine for their activation [6–8]. More-
over, the atypical PKC isozymes are calcium- and DAG-
independent [6–8]. A hallmark of PKC activation is its re-
distribution from one cytoplasmic compartment to another
[9]. Translocation of PKCs is mediated by isozyme-specific
anchoring proteins termed RACKs [10, 11]. RACK binding
results in anchoring the activated PKC isozyme near its
substrate. Phosphorylation of the PKC substrate then leads
to isozyme-specific physiological responses. Thus, the sub-
cellular localization and functional specificity of activated
PKC isozymes depend on their binding to their correspond-
ing RACK [6, 8, 12, 13].

In addition to the Ca21 requirement for activation of con-
ventional PKC isozymes, various isozymes are themselves
involved in regulating agonist-induced Ca21 signaling in
different cell types [14–21]. For example, PKC-epsilon
(PKCe) is necessary for initiation of leukotriene D4-induced
Ca21 signaling in intestinal epithelial cells [22]. And in neu-
rons, PKCe regulates Ca21 signaling by modulating N-type
Ca21 channels [23]. Additional actions of PKC on Ca21

signaling include reducing intracellular calcium storage ca-
pacity and augmenting Ca21 entry with submaximal intra-
cellular calcium pool depletion [24], mediation of a nega-
tive feedback loop involved in inhibition of i.p.3 production
with a consequent constant frequency of [Ca21]i oscillations
in mouse lachrymal acinar cells [25], PKC-stimulated mod-
ulation of i.p.3/Ca21 signaling in the submandibular duct
cell line A253 [26], and PKC activation of capacitative cal-
cium entry in an insulin-secreting cell line RINm5F [27].

Sensitivity of the corpus luteum (CL) to luteolytic ac-
tions of PGF2a is affected by luteal development. The CL
of the early estrous cycle (Days 1–5) is resistant to the
luteolytic action of a dose of PGF2a that induces luteolysis
in the mid to late CL (Days 8–15). The mechanisms re-
sponsible for this insensitivity are not fully understood but
it is likely that several mechanisms are integrated in diverse
populations of luteal cells. A recent study [28] demonstrat-
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ed that the array of PKC isozymes expressed in the bovine
CL includes a, bI, bII, e, and m. Moreover, PKCe was
differentially expressed according to the developmental
stage of the CL [28]. Based on these observations, we pro-
posed that differential expression of PKCe could contribute
to the cellular mechanisms responsible for the relative in-
sensitivity of the early CL to the luteolytic actions of PGF2a

[28]. However, specific roles of specific PKC isozymes in
CL physiology have received little attention to date.

In this study, a PKCe-specific inhibitor peptide (eV1–2)
was used to investigate the role of this isozyme in previ-
ously well-characterized luteolytic actions of PGF2a. This
inhibitor is 6–8 amino acids long and is derived from the
RACK-binding site for PKCe. Binding of the inhibitor pep-
tide to PKCe-specific RACK blocks binding of the activat-
ed isozyme to RACK, thereby preventing its translocation
and its physiological response [29–31]. Effective delivery
of inhibitor into cells is achieved by means of peptide-de-
livery technology [32–34]. Once in the cell, the bond link-
ing the inhibitor to a carrier peptide is cleaved, releasing
the free inhibitory peptide. The use of this technology in
combination with saponin-mediated cell permeabilization
facilitates cellular entry of inhibitory peptides [32–34]. The
specificity of these isozyme-selective peptides has been ful-
ly characterized in a variety of cell types, including intes-
tinal epithelial cells [35], pancreatic cells [36], esophageal
smooth cells [37], and vascular smooth muscle cells [38].

The aim of this study was to use a PKCe-specific inhib-
itor to investigate the role of this isozyme in two luteal end
points: 1) a PGF2a-induced rise in [Ca21]i, and 2) a PGF2a-
induced decline in basal and LH-induced progesterone ac-
cumulation. The potential role of PKCe in these aspects of
luteal physiology was investigated during the early luteal
and midluteal phases, developmental stages at which PKCe
is known to be expressed at low and high concentrations,
respectively. Based on the results, it is suggested that PKCe
plays an important role in the ability of PGF2a to induce
these two effects on the midphase bovine CL.

MATERIALS AND METHODS

Tissue Collection
Nonlactating beef cows were observed visually for estrus twice daily

at approximately 12-h intervals for a minimum of 30 min per observation.
The day when standing estrus was observed was designated as Day 0 [39].
After two cycles, four Day-4 and seven Day-10 corpora lutea were col-
lected by ovariectomy (Day 4) or blunt dissection (Day 10) via supravag-
inal incision under epidural anesthesia. For the epidural anesthesia, 6–9
ml of 2% lidocaine were administered for cows weighing 450–700 kg
(Butler Company, Columbus, OH). The CL or ovary was collected into
ice-cold PBS pH 7.4 and transported to the laboratory within 15–30 min
after collection. The West Virginia University Animal Care and Use Com-
mittee reviewed and approved the protocol for the tissue collection (Ani-
mal Care and Use Committee 01-0809).

Luteal Cell Dispersion and Purification
In the laboratory, the corpora lutea were dissected free of connective

tissue, weighed, placed in cell-dispersion medium (CDM; M-199 contain-
ing 0.1% BSA, 25 mM Hepes, and 100 U/ml fungicide), and cut into
small (about 1 mm3) fragments. The tissue fragments were washed twice
with CDM and placed into 5 ml of fresh CDM containing collagenase
type IV (420 U ml g of tissue; Gibco, Invitrogen Life Technologies, Carls-
bad, CA). The details of the tissue dissociation protocol have been pre-
viously published [40]. Luteal endothelial cells were separated by a pro-
cedure previously described [41, 42]. Briefly, magnetic Tosylactivated
beads (Dynal Biotech, Lake Success, NY) were coated with BS-1 lectin
(0.15 mg/ml; Vector Laboratories, Burlingame, CA,) for 24 h at room
temperature. The beads were washed and stored at 48C until use. Dispersed
luteal cells were suspended in 1% PBS, mixed with beads at a bead:cell

ratio of 1:3, and placed for 25 min at 48C on a rocking platform. The
bead-adherent cells were washed with 1% PBS and concentrated using a
magnetic particle concentrator (Dynal Biotech). Both BS-1-adhering (en-
dothelial cells) and nonadherent cells (steroidogenic-enriched luteal cells)
were collected by this procedure. In this study, the cell population we
designated as steroidogenic those cells did not have beads attached, but
they represent a heterogeneous population of cells that include fibroblasts,
pericytes, lymphoid, and any endothelial cells not removed by our sepa-
ration procedure. Cell viability and density were determined using Tryptan
Blue-exclusion and a hemacytometer; luteal cell viability was greater than
96%.

Single-Cell Calcium Measurements
The cell density of the enriched populations of luteal cells was adjusted

to 1 3 105 cells/ml by adding bicarbonate-buffered medium 199 (M199)
supplemented with 5.0% fetal calf serum (FCS). This initial concentration
of FCS in M199 allowed luteal cell attachment to microscope slides. An
80-ml aliquot of the cell suspension was applied to a Cunningham chamber
constructed on poly-L-lysine-coated microscope slides [43–45]. The Cun-
ningham chambers were maintained overnight in a tissue culture incubator
(378C, 95% air-5% CO2). Poly-L-lysine, M199, FCS, and penicillin-strep-
tomycin were from Life Technologies (Grand Island, NY).

Experiment 1: Potential Role for PKCe in PGF2a-Initiated
Ca21 Signaling

In this experiment, we tested the involvement of PKCe in the PGF2a-
induced calcium signaling in luteal steroidogenic cells isolated from Day
4 and Day 10 corpora lutea. Steroidogenic cells cultured overnight in
Cunningham chambers were randomly divided into three groups and treat-
ed as follows: 1) M199 containing 50 mg/ml saponin (Sigma, St. Louis
MO); 2) M199 containing 50 mg/ml saponin and 1 mM PKCe-specific
inhibitor, eV1–2 (MTA, Stanford, CA); or 3) M199 containing 50 mg/ml
saponin and 1 mM PKC conventional-specific inhibitor, betaC2,4 (MTA)
for 1 h at 378C. After saponin permeabilization and inhibitory peptide-
delivery, the cells were prepared for single-cell calcium measurements.
The tissue culture medium in this portion of the experiment consisted of
127 mM NaCl, 5 mM KCI, 1.8 mM CaCl2, 2 mM MgCl2, 5 mM KHPO4,
5 mM NaHCO3, 10 mM Hepes, 10 mM glucose, and 0.1% BSA pH 7.4.
Luteal cells were loaded with 1 mM fura-2/AM (Calbiochem, San Diego,
CA) in experimental medium (without hormones) for 20 min at 378C. The
cells were washed with experimental medium and incubated for an addi-
tional 20 min at 378C to allow cytoplasmic de-esterification of the fura-2/
AM dye.

After dye loading, the Cunningham chamber was placed on the stage
of an Olympus PROVIS AX70 microscope (Olympus America Inc., Mel-
ville, NY) equipped for epifluorescence microscopy. All experiments were
performed at room temperature (22–258C). The details for microscope set
up for dual wavelength ratio capture and analysis of intracellular calcium
concentration have been previously published [40]. For further analysis,
the cell responses were represented as changes in the 340:380 nm fluo-
rescence ratios over time. Changes in fluorescence ratio at these two wave-
lengths have been demonstrated to be due to changes in [Ca21]i. Micro-
scopic fields were selected using a brightfield image with a 203 objective
lens with which cell size and morphology could be determined. Both ste-
roidogenic cells were round and contained lipid droplets; steroidogenic
cells identified as large (LLCs) had a diameter of 20 mm or more, while
the small steroidogenic cells (SLCs) measured 15 mm or less (Fig. 1). This
field selection procedure allowed recording two to three cells per slide.
The identified cells were then challenged with experimental medium alone
(control) or with experimental medium containing 1000 ng/ml PGF2a. This
concentration of PGF2awas selected because a previous experiment had
demonstrated that in the early CL, lower concentrations of PGF2a were
not effective in eliciting maximal responses in these cells [40].

Experiment 2: Potential Role for PKCe in PGF2a-Induced
Inhibition of Basal and LH-Stimulated Progesterone
Accumulation

This experiment was designed to test the involvement of PKCe in
PGF2a-induced inhibition of basal and LH-stimulated progesterone (P4)
secretion by Day 4 and Day 10 steroidogenic cells. After luteal cell dis-
persion and purification, steroidogenic cells (1 3 105 cells) were added in
small aliquots (100 ml) to wells (Corning 35-mm cell culture clusters;
Fisher Scientific Company, Blawnox, PA), containing the following: 1) 1



978 SEN ET AL.

FIG. 1. Representative morphological characteristics of the three cell
populations obtained from the dissociated bovine CL. Luteal steroidogen-
ic (a and b) and endothelial cells were separated using magnetic Tosylac-
tivated beads coated with BS-1 lectin as described in Materials and Meth-
ods. a) A small luteal steroidogenic cell (SLC), which typically had a di-
ameter ,20 mm. b) A large steroidogenic cell (LLC); these cells typically
had a diameter .20 mm. c) Two luteal endothelial cells; these cells had
one or two magnetic beads attached to their surface. All images were
obtained using a 320 objective lens of an Olympus microscope equipped
for Nomarsky microscopy. Bar in (a) 5 20 mm.

FIG. 2. Specificity of the PGF2a-induced Ca21 response and the PKCe
inhibitor. The cells were isolated from Day 10 bovine corpora lutea and
prepared for fura-2 AM imaging of [Ca21]i as described in Materials and
Methods. Data are the relative fluorescence ratio (340:380 nm) over time
(in seconds). LLCs were exposed at the indicated time (arrows) to vehicle
media (top), to PGF2a alone (1000 ng/ml; middle), and to PGF2a (1000 ng/
ml) in the continuous presence of a PKCe-specific inhibitor (bottom). At
the end of this trace, the cell was exposed to the calcium ionophore,
A23187 (1 mM) to demonstrate that even though the PKCe inhibitor pre-
vented PGF2afrom eliciting its typical calcium signal, the ionophore
A23178 was able to elicit a calcium response in the same cell.

ml M199; 2) 1 ml M199 and saponin (50 mg/ml); 3) 1 ml M199, saponin,
and PKCe inhibitor (1 mM); 4) 1 ml M199, saponin, and conventional
PKC inhibitor (1 mM); 5) 1 ml M199, saponin, and PGF2a (1000 ng/ml);
6) 1 ml M199, saponin, PGF2a, and PKCe inhibitor; 7) 1 ml M199, sa-
ponin, PGF2a, and conventional PKC inhibitor; 8) 1 ml M199, saponin,
and LH (100 ng/ml); 9) 1 ml M199, saponin, LH, and PKCe inhibitor;
10) 1 ml M199, saponin, LH, and conventional PKC inhibitor; 11) sapo-
nin, LH, and PGF2a; 12) 1 ml M199, saponin, LH, PGF2a, and PKCe
inhibitor; and 13) 1 ml M199, saponin, LH, PGF2a, and conventional PKC
inhibitor. Each treatment was applied in duplicate to cells from each CL.
The cells were incubated for 4 h at 378 C (95% air, 5% CO2). After
incubation, medium free of cells was removed from each well and stored
frozen until assayed for measurement of P4. Measurements of P4 in the
culture media were performed using a radioimmunoassay (RIA) as pre-
viously described [46]. The standard curve for this RIA ranged from 10
pg/ml to 800 pg/ml, and the intraassay and interassay coefficients of var-
iation were 9.2% and 12.8%, respectively.

Statistical Analysis
Statistical analyses were performed using the JMP 3.0, a statistical

software program from Statistical Analysis Systems [47]. Data are pre-
sented as means 6 SEM for all experiments. The data for fold increase
(340:380 nm ratio) were arcsine transformed to meet the assumptions of
normality, and for presentation, all the means were back-transformed ac-
cordingly. Three-way analysis of variance (ANOVA) followed by a Tukey-
Kramer honestly significant difference test was used to determine statis-
tical significance of fold increase in [Ca21]i between PKC inhibitor-treated
cells and untreated cells (control). The P4 data were log-transformed to
meet the assumptions of normality, and for presentation, all the means
were back-transformed accordingly. One-way ANOVA followed by a Tu-
key-Kramer honestly significant difference test was used to determine sta-
tistical significance differences in P4 accumulation. A value of P , 0.05
was considered significant.

RESULTS

Experiment 1

Morphological characteristics of the LLCs and SLCs
identified from steroidogenic-enriched cell populations are
shown in Figure 1; SLCs had a diameter ,20 mm, LLCs

typically had a diameter .20 mm. Using the 203 objective
lens typically allowed recording two or three cells per slide.
For each cell, any increase in fluorescence ratio that ex-
ceeded basal values before stimulation was considered a
response. To demonstrate agonist-specificity of the respons-
es, both LLCs and SLCs were stimulated with vehicle me-
dia alone. Representative traces of Day 10 LLCs stimulated
with vehicle media, PGF2a in the absence or presence of a
PKCe inhibitor are shown in Figure 2. In Day 10 cells, only
5 of 70 LLCs (7%) and 10 of 80 SLCs (12%) responded
to vehicle, and the amplitude of this response was only 1.2-
fold 6 0.2-fold in LLCs and 0.8-fold 6 0.5-fold in SLCs
over basal values before stimulation. Similarly, in cells
from Day 4 corpora lutea, no responders were observed of
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FIG. 3. Representative profiles of the
Ca21 responses induced by 1000 ng/ml
PGF2a in single, large luteal cells (LLC;
left) and small luteal cells (SLC) isolated
from Day 4 bovine CL and the effects of
PKC isozyme-specific inhibitors on this
PGF2a-stimulated Ca21 response. The cells
were isolated and prepared for fura-2 AM
imaging of [Ca21]i as described in Materi-
als and Methods. Data are the relative
fluorescence ratio (340:380 nm) over time
(in seconds). LLCs (left) and SLCs (right)
were exposed at the indicated time (ar-
rows) to PGF2a alone (top; Control-LLC
and Control SLC), to PGF2a in the continu-
ous presence of a conventional PKC inhib-
itor (middle; PKC (c)-LLC and PKC (c)-SLC)
and PGF2a in the continuous presence of a
PKCe-specific inhibitor (bottom; PKC (e)-
LLC and PKC (e)-SLC). In each panel, a
line in the graph represents the trace of a
single cell. The units used for the y-axis in
the top left panel are different from all
other panels in the figure.

80 LLCs tested, while 12 of 90 SLCs (13%) responded with
an amplitude of 0.8-fold 6 0.3-fold above the basal level
when treated with vehicle media alone.

The concentration of PGF2a used (1000 ng/ml) was ef-
fective (P , 0.05) in eliciting agonist-specific increases in
[Ca21]i in LLCs and SLCs (Fig. 3). Representative traces
of these PGF2a-induced Ca21 responses in LLCs and SLCs
collected from Day 4 and Day 10 corpora lutea are shown
in Figures 3 and 4. Most of the elicited responses were
observed within 45 sec, but there was variability in this
aspect of the response. In general, CL development (Day
10 vs. Day 4, compare control LLCs in Figures 3 and 4)
and cell type (LLCs vs. SLCs, compare control LLCs with
control SLCs in Figures 3 and 4) had significant (P ,
0.001) effects on the fold increase in the PGF2a-induced
rise in [Ca21]i. This is shown clearly in Figure 5, in which
the total analysis of the elicited responses is presented.

The fold increase in the PGF2a-induced rise in [Ca21]i in
Day 4 LLCs was significantly lower than in Day 10 LLCs
(Fig. 5; 4.0 6 0.6, n 5 116 vs. 21.3 6 2.3, n 5 110).
Similarly, the fold increase in the PGF2a-induced rise in
[Ca21]i in Day 4 SLCs was lower than in Day 10 SLCs
(Fig. 5; 1.6 6 0.2, n 5 198 vs. 2.7 6 0.1, n 5 95). On
both developmental days examined, the fold increase of the
PGF2a-induced rise in [Ca21]i was lower in SLCs than in
LLCs (Fig. 5). Although the PGF2a-induced fold increase
in [Ca21]i in Day 4 SLCs was small (1.56 6 0.2), it was
specific and greater (P , 0.05) than when SLCs were chal-
lenged with vehicle alone (0.8 6 0.3).

The PKCe-specific inhibitor had a significant negative
effect on the PGF2a-induced rise in [Ca21]i in both Day 10
LLCs and SLCs (see lower panels in Fig. 4). The presence
of the PKCe inhibitor drastically reduced the PGF2a-elicited
responses to 3.5 6 0.3 (n 5 217) and 1.3 6 0.1 (n 5 205)
in Day 10 LLCs and SLCs, respectively (Fig. 5). In con-
trast, treatment with the PKCe inhibitor had no effect on
the PGF2a-induced rise in [Ca21]i in Day 4 LLCs and SLCs
(Fig. 5). In Day 10 cells, a response of great amplitude
could still be elicited in inhibitor-treated cells by stimulat-
ing them with the calcium ionophore, A23187 (1 mM; Fig.
1, lower panel). This result provides a strong argument in
favor of the interpretation that the decrease in the PGF2a-
induced response was indeed due to the specific effect of
the inhibitor on blocking PKCe activation and function.

To assess the specificity of PKCe involvement in affect-
ing the PGF2a-induced calcium signaling, we examined the
effect of a PKC inhibitor for all conventional PKCs, beta
C2,4. Conventional PKC inhibitor-treated Day 10 LLCs
and SLCs responded similarly to control cells without in-
hibitor (Fig. 5).

Experiment 2

To further analyze the involvement of PKCe in the lu-
teolytic actions of PGF2a, we measured basal and LH-in-
duced P4 accumulation in the presence and absence of a
PKCe-specific inhibitor. Progesterone data from treatments
2, 5, 8, and 11–13 (Materials and Methods) from cells iso-
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FIG. 4. Representative profiles of the
Ca21 response induced by 1000 ng/ml
PGF2a in single, large luteal cells (LLC;
left) and small luteal cells (SLC; all others
panels) cells isolated from Day 10 bovine
CL and the effects of PKC isozyme-specific
inhibitors on this PGF2a-stimulated Ca21

responses. The cells were isolated and pre-
pared for fura-2 AM imaging of [Ca21]i as
described in Materials and Methods. Data
are the relative fluorescence ratio (340:380
nm) over time (in seconds). LLCs (left) and
SLCs (right) were exposed at the indicated
time (arrows) to PGF2a alone (top; Control-
LLC and Control SLC), to PGF2a in the
continuous presence of a conventional
PKC inhibitor (middle; PKC (c)-LLC and
PKC (c)-SLC) and PGF2a in the continuous
presence of a PKCe-specific inhibitor (bot-
tom; PKC (e)-LLC and PKC (e)-SLC. In
each panel, a line in the graphs represents
the trace of a single cell. The scale units
used for the y-axis in the top and middle
left panels are different from all other pan-
els in the figure.

lated from Day 10 corpora lutea are shown in Figure 6. No
significant differences were observed due to treatment for
groups 1, 3, 4, 6, 7, 9, and 10 described in Materials and
Methods; therefore, the data corresponding to those groups
are not shown.

In Day 4 isolated cells, the basal amount of P4 accu-
mulated in cultures was 14.7 6 4.3 ng ml 4 h, and none of
the treatments had an effect.

Basal P4 accumulation in cultures of Day 10 steroido-
genic cells was three times higher than in Day 4 isolated
cells (45.3 6 10.8 vs. 14.7 6 4.3 ng ml 4 h, respectively;
P 5 0.03). PGF2a had no effect (P 5 0.27) on basal P4
accumulation (Fig. 6). However, LH (100 ng/ml) induced
a significant (P 5 0.01) increase in P4 accumulation (more
than a 3-fold increase) over that observed under basal con-
ditions (Fig. 6). And PGF2a significantly (P 5 0.01) de-
creased this effect of LH, reducing it to values below basal
conditions (Fig. 6). Progesterone accumulation in luteal
cells incubated with LH, PGF2a, and the conventional PKC
inhibitor was significantly greater than in cells incubated
with PGF2a and LH, although not quite as much as incu-
bations with LH, PGF2a, and the PKCe inhibitor (Fig. 6, P
5 0.02).

DISCUSSION

This study provides evidence for a differential and spe-
cific PKC isozyme function on well-characterized actions
of PGF2a in bovine luteal physiology. The results indicate
that PKCe, an isozyme previously shown to be differen-

tially expressed in Day 10 corpora lutea, has a regulatory
role in the PGF2a-induced Ca21 signaling, and that this in
turn, has consequences on the ability of PGF2a to inhibit
LH-stimulated P4 synthesis at this developmental stage. In
other tissues, it is well established that PKC isozymes have
very specific functions [48, 49], but in the CL, the biolog-
ical functions of individual PKC isoforms had not yet been
elucidated.

Our single-cell calcium experiments demonstrate that
both LLCs and SLCs from Day 10 corpora lutea respond
to PGF2awith a rise in [Ca21]i of greater amplitude than
cells from Day 4 corpora lutea. A similar observation was
recently reported by Choudhary et al. [40], who studied the
full dose-response of LLCs and SLCs to PGF2a as a func-
tion of luteal development. Based on this observation, it is
strongly suggested that a developmental difference exists
in the ability of PGF2a to increase the [Ca21]i in both ste-
roidogenic cell types of the bovine CL. That both cell types
respond to PGF2a with a rise in [Ca21]i is consistent with
previous reports that both steroidogenic cell types in bovine
CL express functional PGF2a receptors [41, 50, 51]. Al-
though PGF2astimulated a rise in [Ca21]i in LLCs and SLCs
at both developmental stages, the elicited response in SLCs
was of lower amplitude than the one stimulated in LLCs.
This latter observation agrees with the responses elicited by
PGF2a in LLCs and SLCs in the study by Choudhary et al.
[40]. In earlier studies [5, 52–54], PGF2a-induced Ca21 re-
sponses were observed only in LLCs. These difference
could be due to species differences between cows and sheep
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FIG. 5. Summary of the effects of conventional PKC [PKC (c)] and PKCe
inhibitors [PKC (e)] on the PGF2a-stimulated rise in [Ca21]i in Day 4 and
Day 10 LLCs and SLCs. The cells were isolated and prepared for fura-2
AM imaging of [Ca21]i as described in Materials and Methods. Cells were
pretreated with either no inhibitors (control cells) or with PKC(c)- or PKCe-
specific inhibitor. Values are presented as the mean 6 SEM of the fold
increase in [Ca21]i induced by PGF2a (1000 ng/ml) from basal values ob-
served before the stimulation with PGF2a. Statistical comparisons were
made within cell type, developmental stage, and treatment; different let-
ters on top of bars denote significantly different values (P , 0.05 across
treatments depicted by the bars; for Day 4, n 5 116, 224, 225, 198, 189,
and 208; and for Day 10, n 5 110, 202, 217, 95, 182, and 205).

FIG. 6. Effects of conventional PKC [PKC (c)] and PKCe inhibitors [PKC
(e)] on PGF2a-actions on the basal and LH-stimulated progesterone ac-
cumulation in cultures of steroidogenic cells collected from Day 10 bo-
vine CL. Progesterone accumulation was determined in culture media
after 4 h of incubation in the following treatments: media alone (Media);
PGF2a (PG; 1000 ng/ml); PGF2a and LH (PG 1 LH; 1000 ng/ml and 100
ng/ml, respectively), PGF2a, LH, and inhibitor conventional PKC [PKC (c)
PG 1 LH; 1000 ng/ml, 100 ng/ml, and 1 mM, respectively]; and PGF2a,
LH, and PKCe inhibitor [PKC (e) PG 1 LH; 1000 ng/ml, 100 ng/ml, and
1 mM, respectively]. As explained for experiment 2 in Materials and Meth-
ods, all these treatments also contained saponin (50 mg/ml). Data are
presented as the mean 6 SEM of four (Day 10) individual replicates
(cows). Statistical comparisons were made across cell type, developmen-
tal stage, and treatment; different letters on top of bars denote significantly
different values, P , 0.05.

[5, 52], or to technical differences; a cell population ap-
proach was used in one of those studies [54], whereas a
single-cell approach was used in the present study for the
measurement of [Ca21]i. Differences in regulation of [Ca21]i
homeostasis in LLCs and SLCs have been documented pre-
viously [51, 53–56] in ovine and bovine corpora lutea. This
difference between LLCs and SLCs might explain the dif-
ferences observed here with regard to the responses elicited
by PGF2a in LLCs and SLCs. Alila et al. [57] reported that
LH induced a rapid increase in [Ca21]i that differed both in
magnitude and profile between LLCs and SLCs [57]. Of
interest, in the study by Alila et al., it was the SLCs that
responded with greater amplitude when stimulated by LH
[57].

The PKCe-specific peptide inhibitor (eV1–2) used in this
study has been demonstrated to block the interaction of
PKCe with its specific RACK in an effective manner, there-
by preventing its translocation and its function [10, 11, 29–
31]. The interpretation that this was also true in our study
is supported by the observation that this inhibitor greatly
decreased the amplitude of the PGF2a-induced Ca21 re-
sponse in cells isolated from Day 10 corpora lutea. As ex-
pected, in Day 4 corpora lutea in which PKCe is expressed
at very low levels, blocking PKCe action had no effect on
the magnitude of the PGF2a-induced Ca21 signal, which
was of low amplitude to begin with. Therefore, based on
our data it is suggested that PKCe might have a regulatory
role in the PGF2a-induced Ca21 signal in both cell types of
the midluteal phase corpora lutea. Furthermore, we propose
that the developmental difference in the ability of PGF2a to
increase the [Ca21]i in both steroidogenic cells types of the
Day 4 vs. Day 10 bovine CL is due to the lower expression
of PKCe at this stage [28].

Of interest, PGF2a inhibited LH-stimulated P4 accumu-

lation only in Day 10 luteal cells. This developmental as-
sociation of the inhibitory action of PGF2a agrees with the
report by Choudhary et al. [40]; however, in that study, the
inhibitory actions of PGF2a were observed on basal and
LH-stimulated P4 accumulation. This discrepancy is most
likely due to the permeabilization protocol used in the pre-
sent study. Although saponin did not have any effect on P4
accumulation on medium-treated control cells (data not
shown), the effects of LH and of PGF2a may have been
affected due to increased digitonin-mediated permeability.
This interpretation is supported by the observation that in
the present study, LH-stimulated P4 accumulation occurred
only in Day 10 luteal cells, whereas Choudhary et al. [40]
reported an LH-stimulated P4 accumulation in Day 4 and
Day 10 luteal cells. However, more importantly, the PKCe
inhibitor greatly reduced the ability of PGF2a to inhibit LH-
stimulated P4 accumulation. Therefore, at the level of P4
accumulation, PKCe might also have some regulatory role
in the PGF2a-induced inhibition of P4 accumulation in cul-
tures of cells isolated from bovine corpora lutea that had
acquired luteolytic responsiveness to PGF2a. Our results do
not allow us to discern the precise link between calcium
signal and P4 synthesis, but clearly, Figure 6 illustrates that
both conventional as well as e PKC isozymes are involved
in mediating the inhibitory actions of PGF2a. However, on
the basis of calcium and progesterone data presented here,
we propose that once the CL has acquired the ability to
respond to inhibitory actions of PGF2a, PKCe it is the iso-
zyme that significantly mediates the PGF2a-induced calci-
um signal, and that this in turn, via conventional PKC iso-
zymes, mediates the inhibition by PGF2aof LH-stimulated
inhibition of P4 accumulation. This interpretation is sup-
ported by the observation in experiment 2 in which P4 ac-
cumulation in luteal cells incubated with LH, PGF2a, and
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the conventional PKC inhibitor was significantly higher
than in cells incubated with LH and PGF2a, although not
quite as much as with LH, PGF2a, and the inhibitor of
PKCe.

The role of PKC in luteal physiology is quite contro-
versial; this may be related to differences in the mechanism
used to activate PKC (PMA or PGF2a); incomplete speci-
ficity of PKC inhibitors such as H-7, W-7, GF109203X,
and staurosporine used in previous studies; the time and
dose of agonist used; the tissue used (luteinized granulosal
cells, different developmental stages of CL); species dif-
ferences; and so on. For example, PMA activates all PKC
isozymes, whereas hormones such as PGF2a may activate
only a subset of the PKC array expressed in the cells. Con-
sequently, a variety of studies indicate that PKC stimulates,
has no effect, or inhibits P4 synthesis in luteal tissue [58–
62]. Nevertheless, it is clear that an involvement of PKC
in the negative regulation of P4 synthesis in vivo has been
demonstrated [63]. Furthermore, Wiltbank et al. demon-
strated that PGF2a has a direct antisteroidogenic effect on
both LLCs and SLCs that is mediated through the PKC
second-messenger pathway [64].

As expected, neither PGF2a nor PKCe inhibitor had any
effect on P4 accumulation in Day 4 cultured steroidogenic
cells. Earlier studies using the PKC antagonist W-7 have
shown an inhibition of both basal and hormone-stimulated
P4 synthesis in SLCs and LLCs [57]. However, we did not
observe any effect of PGF2a, conventional PKC inhibitor,
or PKCe inhibitor on basal P4 accumulation in cells from
either day, which may be due to differences in experimental
procedures as discussed above. Also, our study did not
identify whether the effect of PGF2a or PKCe inhibitor on
the LH-stimulated P4 accumulation occurs in both LLCs
and SLCs or in LLCs only.

LLCs are suggested to be the potential target of the in-
hibitory (luteolytic) effect of PGF2a, whereas SLCs are said
to be responsible for the (stimulatory) luteotropic effect of
PGF2a in the bovine CL [64]. However, we observed that
PGF2a-induced Ca21 responses were significantly decreased
in both LLCs and SLCs when PKCe was blocked. The
regulatory role of PKCe in the PGF2a-induced Ca21 signal
might have different cellular consequences in LLCs and
SLCs. We do not know whether both steroidogenic cell
types express the same PKC isozymes. Potentially, both
PKC activity and substrate availability could bring about
differences in regulation of steroidogenesis by PKC. In
ovine steroidogenic cells it has been reported that PKC ac-
tivity and available protein substrates displayed quantitative
and qualitative differences between SLCs and LLCs, and
that differences in the regulation of steroidogenesis between
these cells might be due to these differences [65]. It has
been proposed by Braden et al. that the cytotoxic effects of
PGF2a may be due to sustained elevation of [Ca21]i [66].
In this regard, there is evidence for both extracellular and
intracellular calcium contributions to the PGF2a-induced
Ca21 response [54]. Our studies do not allow an assessment
of whether PKCe is modulating the effect of PGF2a on in-
tracellular Ca21 mobilization, Ca21 influx, or both.

An interesting suggestion in the literature is that there
may be an appropriate threshold of [Ca21]i that is required
to support P4 synthesis [54]. An alteration in the free cal-
cium concentration could be the intracellular second-mes-
sage that mediates the luteolytic actions of PGF2a [53]. In
this context, the differential expression of PKCe as a func-
tion of development [28] and the possibility that PKCe has
an important regulatory role in the PGF2a-induced Ca21 sig-

nal can be interpreted as being of great physiological sig-
nificance. The expression of PKCe and its activation by
PGF2a may shift the [Ca21]i signal from a luteotropic
threshold to a luteolytic one in Day 10, thereby playing a
role in the differential sensitivity of the CL to PGF2a.

Blocking the action of all conventional PKC isozymes
(a, bI, and bII) expressed in the bovine CL [28] at both
development stages had no effect on the PGF2a-induced
Ca21 signal. This supports the interpretation that these ac-
tions were specific for PKCe. As mentioned earlier, con-
ventional PKC isozymes also appear to be involved in me-
diating the inhibitory actions of PGF2a on LH-stimulated
P4 accumulation. However, the exact roles of these PKC
isozymes are still unknown.

In summary, PKCe appears to have a key regulatory role
in the calcium signaling initiated by PGF2a, and this, at least
in part, appeared to antagonized the inhibitory effect of
PGF2a on LH-stimulated P4 accumulation in cultures of
Day 10 luteal steroidogenic cells. Therefore, we propose
that the differential ability of both LLCs and SLCs to ex-
hibit a PGF2a-induced rise in [Ca21]i as a function of de-
velopment is due to the differential expression and activa-
tion of this isozyme in Day 10 corpora lutea. The inability
of PGF2a to decrease P4 secretion in Day 4 corpora lutea
may be related to the absence of this PKCe at this devel-
opmental stage of the CL. Thus, based on the above ob-
servations, we propose that expression and activation of
PKCe in the midphase bovine CL, shifts the PGF2a-induced
[Ca21]i response to a threshold that allows activation of
conventional PKC isozymes, and this in turn, decreases P4
accumulation characteristic of luteal regression. However,
other mechanisms such as the tonic inhibition of P4 accu-
mulation by ET-1 [40], and nitric oxide [67, 68] may act
in an additive fashion with PGF2a to cause luteal regression
during the mid- to late-luteal phase of the bovine CL.

REFERENCES

1. Niswender GD, Nett TM. Corpus luteum and its control in infrapri-
mate species In: Knobil E, Neill JD (eds.), The Physiology of Repro-
duction, vol. 1, 2nd ed. New York: Raven Press; 1994:781–816.

2. Davis JS, Weakland LL, Weiland DA, Fares RV, West LA.
ProstaglandinF2 alpha stimulates phosphatidylinositol 4,5-biphosphate
hydrolysis and mobilizes intracellular calcium in bovine luteal cells.
Proc Natl Acad Sci U S A 1987; 84:3728–3732.

3. Putney JW Jr. A model for receptor-regulated calcium entry. Cell Cal-
cium 1986: 7:1–12.

4. Putney JW Jr. Capacitative calcium revisited. Cell Calcium 1990; 11:
611–624.

5. Wiltbank MC, Diskin MG, Niswender GD. Differential actions of sec-
ond messenger system in the corpus luteum. J Reprod Fertil Suppl
1991; 43:65–75.

6. Newton AC. Protein kinase C. Structure, function and regulation. J
Biol Chem 1995; 270:28495–28498.

7. Mellor H, Parker PJ. The extended protein kinase C superfamily.
Biochem J 1998; 332:281–292.

8. Mochly-Rosen D, Gordon AS. Anchoring proteins for protein kinase
C: a means for isozyme selectivity. FASEB J 1998; 12:35–42.

9. Kraft AS, Anderson WB. Phorbol esters increase the amount of cal-
cium, phospholipid-dependent protein kinase associated with plasma
membrane. Nature 1983; 301:621–623.

10. Mochly-Rosen D. Localization of protein kinases by anchoring pro-
teins: a theme in signal transduction. Science 1995; 268:247–251.

11. Mochly-Rosen D, Khaner H, Lopez J. Identification of intracellular
receptor proteins for activated protein kinase C. Proc Natl Acad Sci
U S A 1991; 88:3997–4000.

12. Pauken CM, Capco DG. The expression and stage-specific localiza-
tion of PKC isotypes during mouse pre-implantation development.
Dev Biol 2000; 223:411–421.

13. Akita Y. Protein kinase C-e (PKC-e): its unique structure and function.
J Biochem 2002; 132:847–852.



983ROLE OF PKC EPSILON IN THE BOVINE CORPUS LUTEUM

14. Smeets RL, Rao RV, van Emst-de Vries SE, de Pont JJ, Miller LJ,
Willems PH. Reduced cholecyctokinin receptor phosphorylation and
restored signaling in protein kinase C down-regulated rat pancreatic
acinar cells. Pflugers Arch 1998; 435:422–428.

15. Song SK, Choi SY, Kim KT. Opposing effects of protein kinase A
and C on capacitative calcium entry into HL-60 promyelocytes.
Biochem Pharmacol 1998; 56:561–567.

16. Petersen CCH, Berridge MJ. The regulation of capacitative calcium
entry by calcium and protein kinase C in Xenopus oocyte. J Biol
Chem 1994; 269:32246–32253.

17. Bissonnette M, Tien XY, Niedziela SM, Hartmann SC, Frawley BP
Jr, Roy HK, Sitrin MD, Perlman RL, Brasitus TA. 1,25(OH)2 vitamin
D 3 activates PKCa in CaCo-2 cells: a mechanism to limit steroid
induced rise in [Ca21]i. Am J Physiol Gastrointest Liver Physiol 1994;
267:G465–G475.

18. Xu Y, Ware JA. Selective inhibition of thrombin receptor-mediated
calcium entry by PKCb. J Biol Chem 1995; 270:23887–23890.

19. Gronroos E, Andersson T, Schippert A, Zheng L, Sjolander A. Leu-
kotriene D4-induced mobilization of intracellular Ca21 in epithelial
cells is critically dependent on activation of the small GTP-binding
protein Rho. Biochem J 1996; 316:239–245.

20. Crooke ST, Mattern M, Sarau HM, Winkler JD, Balcarek J, Wong A,
Bennett CF. The signal transduction system of the leukotriene D4 re-
ceptor. Trends Pharmacol Sci 1989; 10:103–107.

21. Vegesna RV, Mong S, Crooke ST. Leukotriene D4 induced activation
of PKC in rat basophilic leukemia cells. Eur J Pharmacol 1998; 147:
387–396.

22. Thodeti CK, Nielsen CK, Paruchuri S, Larsson C, Sjolander A. The
epsilon isoform of PKC is involved in regulation of the LTD4-induced
calcium signal in human intestinal epithelial cells. Exp Cell Res 2001;
262:95–103.

23. Maeno-Hikichi Y, Chang S, Matsumura K, Lai M, Lin H, Nakagawa
N, Kuroda S, Zhang JF. A PKC epsilon-ENH-channel complex spe-
cifically modulates N-type calcium channels. Nat Neurosci 2003; 6:
468–475.

24. Carla M, Ribeiro P, Putney JW Jr. Differential effects of PKC acti-
vation on calcium storage and capacitative calcium entry in NIH 3T3
cells. J Biol Chem 1996; 271:21522–21528.

25. Bird GS, Rossier MF, Obie JF, Putney JW Jr. Sinusoidal oscillation in
intracellular calcium requiring negative feedback by PKC. J Biol
Chem 1993; 268:8425–8428.

26. Sugita K, Mork AC, Zhang GH, Martinez JR. Modulation of calcium
mobilization by PKC in the submandibular duct cell line A253. Mol
Cell Biochem 1999; 198:39–46.

27. Bode HP, Goke B. Protein kinase C activates capacitative calcium
entry in the insulin secreting cell line RINm5F. FEBS Lett 1994; 339:
307–311.

28. Sen A, Browning J, Inskeep EK, Lewis P, Flores JA. Expression and
activation of protein kinase C isozymes by prostaglandin F2a (PGF2a)
in the early and mid-luteal phase bovine corpus luteum. Biol Reprod
2004; 70:379–384.

29. Johnson JA, Gray MO, Chen CH, Mochly-Rosen D. A protein kinase
C translocation inhibitor as an isozyme-selective antagonist of cardiac
function. J Biol Chem 1996; 271:24962–24966.

30. Koponen S, Kurkinen K, Akerman KE, Mochly-Rosen D, Chan PH,
Koistinaho J. Prevention of NMDA-induced death of cortical neurons
by inhibition of protein kinase Czeta. J Neurochem 2003; 86:442–
450.

31. Gray MO, Karliner JS, Mochly-Rosen D. A selective e-PKC antago-
nist inhibits protection of cardiac myocytes from hypoxia-induced cell
death. J Biol Chem 1997; 272:30945–30951.

32. Derossi D, Joliot AH, Chassaing G, Prochiantz A. The third helix of
the Antennapedia homeodomain translocates through biological mem-
branes. J Biol Chem 1994; 269:10444–10450.

33. Theodore L, Derossi D, Chassaing G, Llirbat B, Kubes M, Jordan P,
Chneiweiss H, Godement P, Prochiantz A. Intraneural delivery of pro-
tein kinase C pseudosubstrate leads to growth cone collapse. J Neu-
rosci 1995; 15:7158–7167.

34. Vives E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic
domain rapidly translocates through the plasma membrane and accu-
mulates in the cell nucleus. J Biol Chem 1997; 272:16010–16017.

35. Chang Q, Tepperman BL. Effects of selective PKC isoform activation
and inhibition of TNF-a-induced injury and apoptosis in human in-
testinal epithelial cells. Br J Pharmacol 2003; 140:41–52.

36. Yedovitzky M, Mochly-Rosen D, Johnson JA, Gray MO, Ron D,
Abramovitch E, Cerasi E, Nescher R. Translocation inhibitors define

specificity of protein kinase C isozymes in pancreatic b cells. J Biol
Chem 1997; 272:1417–1420.

37. Sohn UD, Zoukhri D, Dartt D, Sergheraert C, Harnett KM, Behar J,
Biancani P. Different protein kinase C isozymes mediate lower esoph-
ageal sphincter tone and phasic contraction of esophageal circular
smooth muscle. Mol Pharmacol 1997; 51:462–470.

38. Lee YH, Kim I, Laporte R, Walsh MP, Morgan KG. Isozyme-specific
inhibitors of protein kinase C translocation: effects on contractility of
single permeabilized vascular muscle cells of the ferret. J Physiol
1999; 517:709–720.

39. Casida LE. Research techniques in physiology of reproduction in the
female. In: Chapman AB (ed.), Techniques and Procedures in Animal
Production Research. Albany, NY: American Society of Animal Pro-
duction; 1959:106–121.

40. Choudhary C, Sen A, Inskeep EK, Flores JA. Developmental sensi-
tivity of the bovine corpus luteum (CL) to prostaglandin F2a (PGF2a)
and endothelin-1: is ET-1 a mediator of the luteolytic actions of PGF2a

or a tonic inhibitor of progesterone secretion. Biol Reprod published
10 Nov 2004; 10.1095/biolreprod.104.034736.

41. Mamluk R, Chen D, Greber Y, Davis J, Meidan R. Characterization
of prostaglandin F2a and LH receptors mRNA expression in different
bovine luteal cell types. Biol Reprod 1998; 58:849–856.

42. Levy N, Gordin M, Mamluk R, Yanagisawa M, Smith MF, Hampton
JH, Meidan R. Distinct cellular localization and regulation of endo-
thelin-1 and endothelin-converting enzyme-1 expression in the bovine
corpus luteum: implications for luteolysis. Endocrinology 2001; 142:
5254–5260.

43. Flores JA, Aguirre C, Sharma OP, Veldhuis JD. Luteinizing hormone
(LH) stimulates both intracellular calcium ion ([Ca21]i) mobilization
and transmembrane cation influx in single ovarian (granulosa) cells:
recruitment as a cellular mechanism of LH-[Ca21]i dose response. En-
docrinology 1998; 139:3606–3612.

44. Flores JA, Veldhuis JD, Leong DA. Follicle stimulating hormone
evokes an increase in intracellular free calcium ion concentrations in
single ovarian (granulosa) cells. Endocrinology 1990; 127:3172–3179.

45. Flores JA, Veldhuis JD, Leong DA. Angiotensin II induces calcium
release in a sub-population of single ovarian (granulosa) cells. Mol
Cell Endocrinol 1991; 81:1–10.

46. Sheffel CE, Pratt BR, Ferrell WL, Inskeep EK. Induced corpora lutea
in the postpartum cow. II. Effects of treatment with progesterone and
gonadotropins. J Anim Sci 1982; 54:830–836.

47. Cary NC. Statistical Software for the Apple Macintosh. JMP Statistics
and Graphics Guide, Version 3.0 of JMP. Cary, NC: Statistical Anal-
ysis System Institute, Inc.; 1994.

48. Mischak H, Goodnight JA, Kolch W, Martiny-Baron G, Schaechtle C,
Kazanietz MG, Blumberg PM, Pierce JH, Mushinski JF. Overexpres-
sion of protein kinase C-delta and -epsilon in NIN 3T3cells induces
opposite effects on growth, morphology, anchorage dependence and
tumorigenicity. J Biol Chem 1993; 268:6090–6096.

49. Borner C, Ueffing M, Jaken S, Parker JP, Weinstein IB. Two closely
related isoforms of protein kinase C produce reciprocal effects on the
growth of rat fibroblasts. J Biol Chem 1995; 270:78–86.

50. Alila HW, Dowd JP, Corrandino RA, Harris WV, Hansel W. Control
of progesterone production in small and large bovine cells separated
by flow cytometry. J Reprod Fertil 1988; 82:645–655.

51. Davis JS, Alila HW, West LA, Corrandino RA, Hansel W. Acute ef-
fects of prostaglandin F2a on inositol phospholipids hydrolysis in the
large and small cells of bovine corpus luteum. Mol Cell Endocrinol
1988; 58:43–50.

52. Wiltbank MC, Diskin MG, Niswender GD. Differential actions of sec-
ondary messenger systems in the corpus luteum. J Reprod Fertil Suppl
1991; 43:65–75.

53. Martinez-Zaguilan R, Wegner JA, Gillies RJ, Hoyer PB. Differential
regulation of Ca21 homeostasis in ovine large and small luteal cells.
Endocrinology 1994; 135:2099–2108.

54. Wegner JA, Martinez-Zaguilan R, Gillies RJ, Hoyer PB. Prostaglandin
F2 alpha-induced calcium transient in ovine large luteal cells: II. Mod-
ulation of the transient and resting cytosolic free calcium alters pro-
gesterone secretion. Endocrinology 1991; 128:929–936.

55. Wegner JA, Martinez-Zaguilan R, Wise ME, Gillies RJ, Hoyer PB.
Prostaglandin F2 alpha-induced calcium transient in ovine large luteal
cells: I. Alterations in cytosolic-free calcium levels and calcium flux.
Endocrinology 1990; 127:3029–3037.

56. Wiltbank MC, Guthrie PB, Mattson MP, Kater SB, Niswender GD.
Hormonal regulation of free intracellular calcium concentrations in
small and large ovine luteal cells. Biol Reprod 1989; 41:771–778.

57. Alila HW, Davis JS, Dowd JP, Corradino RA, Hansel W. Differential



984 SEN ET AL.

effects of calcium on progesterone production in small and large bo-
vine luteal cells. J Steroid Biochem 1990; 36:687–693.

58. Alila HW, Corradino RA, Hansel W. Differential effects of LH on
intracellular free calcium in small and large bovine luteal cells. En-
docrinology 1989; 124:2314–2320.

59. Yuan W, Connor ML. Protein kinase C activity and its effect on pro-
gesterone production by large and small porcine luteal cells. Proc Soc
Biol Med 1997; 216:86–92.

60. Hansel W, Alila HW, Dowd JP, Yang XZ. Control of steroidogenesis
in small and large bovine luteal cells. Aust J Biol Sci 1987; 40:331–
347.

61. Wiltbank MC, Diskin MG, Flores JA, Niswender GD. Regulation of
the corpus luteum by protein kinase C. II. Inhibition of lipoprotein-
stimulated synthesis by prostaglandin F2a. Biol Reprod 1990; 42:239–
245.

62. Baum MS, Rosberg S. A phorbol ester, phorbol 12-myristate 13-ac-
etate, and calcium ionophore, A23187, can mimic the luteolytic effect
of prostaglandin F2 alpha in isolated rat luteal cells. Endocrinology
1987; 120:1019–1026.

63. McGuire WJ, Juengel JL, Niswender GD. Protein kinase C second

messenger system mediates the antisteroidogenic effects of prosta-
glandin F2a in the ovine corpus luteum in vivo. Biol Reprod 1994;
51:800–806.

64. Wiltbank MC, Knickerbocker JJ, Niswender GD. Regulation of the
corpus luteum by protein kinase C. I. Phosphorylation activity and
steroidogenic action in large and small ovine luteal cells. Biol Reprod
1989; 40:1194–1200.

65. Hoyer PB, Kong W. Protein kinase A and C activities and endogenous
substrates in ovine small and large luteal cells. Mol Cell Endocrinol
1989; 62:203–215.

66. Braden TD, Gamboni F, Niswender GD. Effects of prostaglandin F2
alpha-induced luteolysis on the populations of cells in the ovine cor-
pus luteum. Biol Reprod 1988; 39:245–253.

67. Friden BE, Runesson E, Halhlin M, Brannstrom M. Evidence for ni-
tric oxide acting as a luteolytic factor in the human corpus luteum.
Mol Human Reprod 2000; 6:397–403.

68. Tognetti T, Estevez A, Luchetti CG, Sander V, Franchi AM, Motta
AB. Relationship between endothelin-1 and nitric oxide system in the
corpus luteum regression. Prostaglandins Leukot Essent Fatty Acids
2003; 69:359–364.


