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Abstract. Protein kinase C (PKC) activity and its effect on progesterone production 
were investigated using porcine large and small luteal cells (LLC and SLC). Corpora 
lutea (CL) were surgically collected from pigs on Day 10 of the estrous cycle (Day 0 = 
onset of standing estrus). Luteal cells were dissociated by collagenase; LLC and SLC 
were further separated on a discontinuous Ficoll gradient. In a dose-response experi- 
ment with phorbol 1 2-myristate 13-acetate (PMA, a stimulator of PKC), progesterone 
production was not affected by 0.01 and 0.1 pMPMA, but was stimulated by 1 pMPMA. 
In a time series experiment, progesterone secretion was increased by 1 and 10 pM 
PMA in LLC by 60-150 min, and by 1 pM PMA in SLC during 120 and 150 min of 
incubation. However, 4a-phorbol ester did not affect progesterone synthesis. H-7, a 
PKC inhibitor, blocked PMA-stimulated progesterone secretion by LLC during 3 hr of 
incubation. 

Of the PKC activators tested at 10 pM, PMA significantly stimulated cytosolic PKC 
activity over that of natural PKC activators in both LLC and SLC, whereas 4a-phorbol 
ester did not affect PKC activity. H-7 inhibited PMA-stimulated PKC activity. PS (1- 
phosphatidyl-L-serine) + CA++ and PS + DG (1,2-dioleoyl-sn-glycerol) + Ca++ stimulated 
PKC activity. The results demonstrate that activation of PKC can increase progester- 
one secretion by porcine luteal cells from Day 10 of the estrous cycle and suggest 
PKC can have multiple effects in regulating luteal function. [P.S.E.B.M. 1993, Vol 2161 

It is considered that luteinizing hormone (LH) stimulates 
progesterone production and maintains the corpus luteum 
(CL) function through protein kinase A (PKA). Conversely, 
prostaglandin F,, (PGF,,) inhibits progesterone synthesis 
and induces degeneration of CL through protein kinase C 
(PKC) (1). Prostaglandin F,, can significantly decrease in 
vivo or in vitro progesterone synthesis and induce luteolysis 
in ruminants during the middle period (Days 10-12) of the 
estrous cycle (1). Activators of PKC can directly decrease in 
vitro progesterone secretion by rat luteal cells (2) and ovine 
large luteal cells (LLC) (3, 4) or inhibit PKA activator- 
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stimulated progesterone synthesis by mixed luteal cells 
from pregnant hamster ( 5 ) ,  rat (6) ,  and mouse (7). It is clear 
that effects of PGF,, on progesterone production are con- 
sistent with the effects of activation of PKC. 

Porcine CL is unique from ruminants in that it is sig- 
nificantly refractory to PGF,, in vivo over much of the 
cycle (8, 9). Porcine LLC and small luteal cells (SLC) do 
not respond to PGF,, in vitro (10) and show little respon- 
siveness during the middle period of the estrous cycle (1 1- 
13). Protein kinase C activity has been found in luteal tissue 
from several species (13-15), including pigs (16, 17). How- 
ever, PKC activity and its effects on progesterone produc- 
tion by different cell types (i.e., LLC or SLC) have not been 
determined in the pig. This study, therefore, was designed to 
investigate PKC activity in porcine LLC and SLC and its 
effects on progesterone production. 

Materials and Methods 
Preparation of Cells. Cell preparation was basically 

as described previously (10). In brief, corpora lutea were 
surgically collected from cyclic gilts on Day 10 of the es- 
trous cycle (first day of standing estrus = Day 0) and 
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placed immediately in chilled fresh, sterile media comprised 
of Ham's F-12 Nutrient Mixture (10.6 g/l liter; GIBCO, 
Grand Island, NY) containing 1.176 g of NaHCO,, 0.014 g 
polymyxin, 0.1 g streptomycin, 0.002 g insulin (Sigma 
Chemical Co., St. Louis, MO), 0.00004 g hydrocortisone, 
0.005 g transferrin (Sigma), and 0.0025 g metronidazole 
(Sigma) per liter of deionized water. Aseptic techniques 
were employed throughout and samples were kept on ice or 
at 4°C unless stated otherwise. The CL were decapsulated, 
weighed, chopped finely, and placed in 5 ml medidg tissue. 
Dissociation was carried out using sequential incubation (2 
x 45 min; 1 x 30 min) in media containing 2 mg/ml colla- 
genase (Type V, Sigma) in a shaking water bath at 37°C. 
Pellets formed from centrifugation of the retained superna- 
tant were resuspended in the incubation media containing 
EGTA (1 mM, Sigma) and incubated at 37°C for a further 
10 min. Final washing of the resulting cells with media was 
followed by layering cells onto a discontinuous Ficoll gra- 
dient (Pharmacia-LKB , Uppsala, Sweden) at room tempera- 
ture. After 45 min, Ficoll layers with cells were filtered, 
pelleted (5 min, 500g), and washed four times with fresh 
media. The cells were counted, viability checked using 
trypan blue exclusion and incubated overnight at 37°C in 
24-well plates (Becton Dickinson Labware, Lincoln Park, 
NJ) with 10% heat-deactivated bovine calf serum (Sigma). 

Experiment 1 : Dose Effects of PMA on Proges- 
terone Production by LLC and SLC. The effect of 
various doses of PMA on progesterone secretion was tested 
initially. After overnight incubation at 37"C, culture media 
were removed from culture plates, fresh media (containing 
10% heat deactivated bovine calf serum) with or without 
PMA at 0.0, 0.01, 0.1, or 1.0 (I.M were added to cells (3 x 
lo4 LLC or 2 x lo5 SLCIml) and the cells were incubated 
for 2 hr. After 2-hr incubation, media from culture plates 
were collected and stored at -20°C. Progesterone was de- 
termined by radioimmunoassay (RIA). A total of three 
individual experiments were done with each treatment in 
triplicate. 

Experiment 2: Time Effects of PMA on Proges- 
terone Production by LLC and SLC. From the results 
of Experiment 1, 1 pM PMA was selected for the time 
series study. For comparison, 10 (I.M PMA was also used. 
Cells were resuspended at the same concentration as Ex- 
periment 1, and incubated with PMA or non-PKC activator 
(4a-phorbol  ester)  o r  a PKC inhibitor H-7 (1- 
[isoquinolinylsulfonyl]-3-methyl piperazine dihydrochlo- 
ride) (1 8), with 10% heat-deactivated bovine calf serum/ml 
in 24-well plates. Media in the culture plates were collected 
at 20- or 30-min intervals during 3-hr incubation. Levels of 
treatment were tested in triplicate for luteal cells from each 
pig. A total of four pigs were used in this experiment. 

Experiment 3: Measurement of PKC Activity. In 
view of the results in Experiments 1 and 2 implicating PKC 
involvement in progesterone production, this experiment 
was designed to measure PKC activity under comparable 
treatment conditions. In order to have sufficient cells for the 

assay of PKC activity, corpora lutea from the ovaries of two 
gilts at Day 10 of the estrous cycle were used in each assay. 
This was repeated four times (n = 8 pigs). The cells were 
resuspended at concentrations of 2 x lo6 LLC or 2 x lo6 
SLC/ml of incubation media with 10% heat-deactivated calf 
serum, placed in 28.6 x 104-mm sterile polycarbonate tubes 
(Nalge Company, Rochester, NY) and incubated at 37°C 
(95% air/5% CO,/lOO% humidity) overnight. Following 
overnight incubation, cells were washed twice with the me- 
dia and used for the PKC assay. 

Protein kinase C activity was determined using Amer- 
sham's PKC assay system (Code RPN 77, Amersham, Ar- 
lington Heights, IL), which is similar to other methods for 
PKC measurement (3, 17). However, this PKC assay system 
contained a peptide substrate (eight amino acids, M, = 
1098) with greater specificity for PKC and less for CAMP- 
dependent protein kinase than the histone 111s commonly 
used (Amersham, Code RPN 77). 

The enzyme assay is based on the PKC catalytic trans- 
fer of the y-phosphate group of [32P]ATP to the peptide. In 
preparation for the assay, the cells were centrifuged (500g), 
washed twice using fresh media, and then transferred to 
numbered polystyrene tubes (12 x 75 mm) with 2-ml ice- 
cold buffer (pH 7 .3 ,  which contained 10 mM Tris (hydroxy 
methyl) amino methane (Sigma), 5 mM EDTA, 10 nM 
EGTA, 10 nM benzamidine, 0.1 % w/v P-mercaptoethanol, 
50 pg/mol PMSF (Sigma) and 100 pl leupeptine (Sigma). 
To determine cytosolic PKC activity, cells in the buffer 
were sonicated for 15 sec (Sonic Demembrator, Model 300; 
Fisher). The cell lysate was centrifuged at 16,OOOg for 15 
min at 4°C in a microcentrifuge (EC CENTRA-M, Interna- 
tional Equipment Company, U.S .A.). The supernatant 
(termed cytosol) was then separated from the lysate, and 25 
(1.1 was used for cytosolic PKC assay (see below). The PKC 
activity in the cytosol was termed cytosolic PKC (2). To 
determine total PKC activity, the cell lysate was first incu- 
bated with the buffer containing 0.2% Triton X-100 (Sigma) 
for 45 min to solubilize the membrane-bound PKC (3, 17) 
and then centrifuged at 16,OOOg for 15 min at 4°C in the 
microcentrifuge. The PKC activity obtained in this way was 
termed total PKC activity (cytosol + membrane-bound). 

All assay components were brought to 25°C immedi- 
ately prior to beginning the assay. The reaction mixture 
(total 75 pl) included 25 pl supernatant, 25 (1.1 magnesium 
[Y-~~PIATP (2 mCi/ml, Code PB 168, Amersham), and 25 
pl component mixture (Amersham RPN 77), consisting of 
900 (I.M peptide, 30 mM dithiothreitol (DTT), 45 mM mag- 
nesium/l50 pM ATP. The component mixture also con- 
tained either (a) no extra compounds (basal PKC activity) or 
(b) putative activators of PKC: 10 pM PMA, 10 p M  DG 
(1,2-dioleoyl-sn-glycerol), and 10 pM PS (l-phosphatidyl- 
L-serine), or (c) the inhibitor H-7 (10 pA4) or (d) 4a-phorbol 
ester (10 pM, Sigma) or dbcAMP (dibutyryl CAMP, 10 pM; 
Sigma). The reaction was carried out at 25°C in a water bath 
for 15 min and terminated by addition of 100 p1 of a diluted 
acid (stop reagent, Amersham RPN 77). Thereafter, 125 (1.1 
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of the aliquot was removed and placed on numbered binding 
papers. The papers were individually washed using 5% v/v 
acetic acid and then placed into individual scintillation vials 
and counted using a liquid scintillation counter (Wallac Oy , 
Helsinki, Finland). All test levels were performed in tripli- 
cate. Nonspecific binding was checked in each assay. 

Measurement of Progesterone. The concentra- 
tion of progesterone was determined by RIA without ether 
extraction (10) using progesterone antisera raised in rabbits 
(A18, N. Rawlings, University of Saskatchewan). The inter- 
and intraassay coefficients of variation were 9% and 6%, 
respectively. Progesterone was expressed as ng progester- 
one per 2 x lo5 (SLC) or per 3 x lo4 (LLC) cells. The mean 
sensitivity of the assay at 95% binding was 12.5 pg/tube. 

Statistical Analysis. For Experiment 1,2, and 3, the 
compounds were used in a completely randomized block 
design. Blocks consisted of individual pigs on Day 10. The 
error used to test treatment effects was the treatment by 
block interaction term. Data were analyzed by the General 
Linear Models Procedure ( 19). Treatment effects were 
evaluated for each cell type. Differences were tested using 
the Bonferroni test (19). Values were presented as LSM f 
SEM. 

Protein Determinations. Protein determinations 
were made by the Bio-Rad method (Richmond, CA) utiliz- 
ing BSA as a standard. 

Results 
Cell viability, as determined by 0.4% trypan blue ex- 

clusion, was between 80% and 85% after isolation. After 
2-3 hr of incubation with or without PMA or other treat- 
ments, cell viability was between 71% and 82%. PMA treat- 
ment did not influence cell viability. Contamination of the 
SLC by the LLC was 0.27% f 0.1 1% (mean SEM) and the 
contamination of the LLC by the SLC was 18% 1.84% 
(mean 2 SEM). 

Experiment 1: Dose Effect of PMA on Proges- 
terone Synthesis by LLC and SLC. Progesterone se- 
cretion by LLC and SLC was not affected by 0.01 and 0.1 
pM PMA but was increased ( P  c 0.05) by 1 pM PMA after 
2 hr of incubation (Fig. 1, A and B). 

Experiment 2: Time Effect of PMA on Proges- 
terone Synthesis by LLC and SLC. Frequent samples 
of media collected during 3 hr of incubation showed that 
both 1 and 10 pM PMA increased progesterone production 
by LLC within 180 min (Fig. 2A). Increased progesterone 
levels were noted between 60 and 150 min of incubation 
with 1 pM PMA and at 120 min with 10 FM PMA ( P  c 
0.05), respectively. In the SLC, 1 F M  but not 10 pM PMA 
increased progesterone production by 150 and 180 min ( P  c 
0.05, Fig. 2B). 

Because the stimulatory effect of PMA by porcine LLC 
in these experiments was different from the results with 
ruminants (3) at a similar period during the estrous cycle, 
the PKC inhibitor H-7 was used to test if it could inhibit 
PMA’s stimulatory effects on progesterone production by 

Dose of PMA (pM) 
Figure 1. The effect of different doses of PMA (0, 0.01, 0.1, 1 pM) 
on progesterone production (ng/3 x lo4 large cells and ng/2 x lo5 
small cells, LSM * SEM) after 2 hr of incubation in large (A) and small 
(B) luteal cells on Day 10 during the estrous cycle (n  = 4 pigs). * P  c 
0.05, different from control level (0 pM). 

LLC. Ten micromolar PMA increased progesterone secre- 
tion, similar to that seen in Figure 2. H-7 alone did not affect 
progesterone synthesis but inhibited PMA-stimulated pro- 
gesterone secretion by LLC (Fig. 3). 4a-Phorbol ester was 
without effect. 

Experiment 3: Protein Kinase C Activity in LLC 
and SLC. Since 10 pM PMA consistently showed stimu- 
latory effects, especially by LLC (Figs. 2 and 3), the same 
dose of PMA was used for this experiment. Other natural 
PKC activators (10 p-L1M) were also used. PKC activity was 
expressed as pmole/min/mg protein (LSM f SEM). 

Basal cytosolic PKC activity in the LLC (only cytosol 
and the peptide substrate were present in the reaction mix- 
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Figure 2. The effect of different doses of PMA (0, 1, 10 pM) on 
progesterone production (ng/3 x 1 O4 large cells and ng/2 x 1 O5 small 
cells, LSM k SEM) at 20- or 30-min intervals within the first 3 hr of 
incubation in the large (A) and small (B) Meal cells on Day 10 during 
the estrous cycle (n  = 4 pigs). * P  c 0.05, different from control level 
(0 pM PMA). 

ture without any added PKC activator) was 3-fold greater 
than in SLC (Fig. 4, A and B). In LLC, total PMA- 
stimulated PKC activity was about 2-fold greater than in 
cytosol (not shown). Of the PKC activators tested, PMA had 
the greatest effect in both LLC and SLC. Cytosolic PKC 
activity in both cell types was not influenced by nonactiva- 
tors of PKC: 4cx-phorbol ester; dbcAMP; Ca++; and DG + 
Ca++. But PS + Ca++ and PS + DG + Ca++ stimulated PKC 
activity (Fig. 4). H-7 inhibited PMA-stimulated cytosolic 
PKC activation in both LLC and SLC (Fig. 5) .  

Discussion 
Porcine LLC are larger than SLC and secrete more 

progesterone. Unlike in the sheep and cow, porcine LLC 
contain large fingerprint smooth endoplasmic reticulum 
(SER) (10). Phorbol 12-myristate 13-acetate is a well- 
known PKC activator and widely used for studying PKC 
activity (17, 20) and steroidogenesis in luteal cells (1). 
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Figure 3. The effect of 10 pM PMA, 4a-phorbol ester, H-7 or H-7 + 
PMA on progesterone production in large luteal cells on day 10 (ng/3 
x 1 O4 cells, LSM * SEM, n = 6 pigs). * P  c 0.05, different from control. 

PMA-stimulated PKC activity in membrane and cytosol in 
LLC in the present study is similar to that in the ewe (3), 
indicating a similar PKC distribution in these two species. 
Furthermore, PMA significantly stimulated cytosolic PKC 
activity and H-7, the PKC inhibitor (18), significantly in- 
hibited PMA-stimulated PKC activity. Corresponding to 
PKC activity, PMA increased progesterone secretion by 
LLC and SLC during 3 hr of incubation, whereas H-7 in- 
hibited PMA-stimulated progesterone secretion. These re- 
sults strongly suggest that activation of PKC by PMA in- 
creases progesterone secretion by porcine luteal cells. This 
is notably different from ruminants, where activation of 
PKC inhibits progesterone production by LLC around Day 
10-12 of the estrous cycle (3, 21). On the other hand, low 
concentrations of PMA (10 and 100 nM) did not induce any 
change in progesterone secretion. Since phorbol esters can 
insert themselves into the plasma membrane and are dis- 
posed of very slowly (22, 23), these lower concentrations 
may not have been sufficient to reach a critical level for 
PKC activated influence on progesterone production. 

The stimulatory effect of activation of PKC on proges- 
terone secretion is also found in other studies. For example, 
activation of PKC stimulates in vitro progesterone synthesis 
by bovine SLC around Day 10 of the estrous cycle (24-26), 
by porcine luteal tissue (27), and by human granulosa-lutein 
cells (28). It is not clear how activation of PKC causes this 
reaction. However, recent studies of cross-talk between 
PKC and PKA systems indicate that endogenous cAMP 
activation of PKC (29, 30) may explain the reaction. Pre- 
treatment with PMA increased the response of adenylate 
cyclase to a subsequent hormonal stimulation without 
changing the affinity of the receptors for the hormone in 
bovine luteal cells (31). In mixed swine luteal cells, PMA 
increased LH- and forskolin-activated cAMP accumulation. 
DG mimicked the effect of PMA (32). The cAMP accumu- 
lation elicited either by receptor activation or by the acti- 
vation of adenylate cyclase will induce progesterone pro- 
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Figure 4. Influence of PMA and natural PKC activators on PKC 
activity (pmole/min/mg protein, LSM * SEM) in large (A) or small (B) 
luteal cells (n  = 8 pigs) on Day 10. Columns that do not have a 
common letter differ significantly ( P  c 0.05). 

duction by luteal cells (1). Although the present study did 
not determine cAMP production and its related hormonal 
stimulation on progesterone production, stimulatory effects 
by cAMP have been found in luteal cells in vitro (5-7). 
Cyclic AMP could be responsible for increased progester- 
one secretion in PMA-treated LLC. 

The protein kinase C family consists of at least 10 
isozymes which display multiple effects (both stimulatory 
or inhibitory) in different tissues or cells (33). Protein kinase 
C is normally cleared by the neutral protease (calpain I and 
11) to produce catalytically active fragments (isozymes). 
Physiologically, calpain is not only responsible for produc- 
ing a catalytically active fragment of PKC (34), but also for 
proteolytic degradation of the enzyme (35). In PKC family, 
y subspecies (isozyme) is very susceptible to calpain, 
whereas a subspecies is relatively resistant to proteolysis 
(35). In nonluteal tissues, effects of activation of PKC de- 
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Figure 5. Effects of H-7 on PMA-stimulated PKC activity (pmole/ 
min/mg protein, LSM * SEM) in large or small luteal cells (n  = 8 pigs) 
on Day 10. * P <  0.05. 

pend on its isozymes. For example, activation of PKC en- 
hances the responses of CAMP-generating systems in PC 12 
cells, which contain both a and y isozymes of PKC. In 
NCB20 cells and NIH 3T3 cells, where only the a subspe- 
cies is expressed, activation of PKC causes inhibition of 
c AMP-generating systems. In NIH 3T3 cells after transfec- 
tion of y-PKC, activation of the enzyme is no longer in- 
hibitory; instead, there is a facilitation of cAMP accumula- 
tion (30). Six PKC isoforms have been found in bovine 
luteal cells (36), but their individual effects on steroidogen- 
esis have not been identified. It is possible that PKC iso- 
zymes could result in its multiple reactions in luteal cells 
(i.e., stimulatory [24-27, 291 or inhibitory [3-7, 211 to pro- 
gesterone production). The nature of the response depends 
on species, cell type (LLC or SLC), collecting time of CL, 
and doses of activators of PKC used in each experiment. 

Porcine CL are well known for their in vivo refractori- 
ness to PGF,, during the midcycle. Injection of PGF,, can- 
not readily induce luteolysis until Day 12 of the estrous 

90 PROTEIN KINASE C ACTIVITY AND ITS EFFECT ON PROGESTERONE PRODUCTION 








