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Effects of Phorbol Ester and Forskolin on Steroidogenesis
and Protein Phosphorylation in Cultured Rat Granulosa Cells

Toshihiko YAMAMOTO, Hiroshi NOMURA, Takaharu YAMAWAKI,
Atsushi NAKA, Masato NISHIYAMA and Youichi SUGIYAMA
Department of Obstetrics and Gynecology, Mie University School of Medicine, Mie

BE 27 e A FOWRASKECKT S, Ca2™ ) vIEEERESER Y v LEEE (Ca?*-activated,
phospholipid-dependent protein kinase, protein kinase C) DBI5 I >\\C, F » + BRI
5% (10rats/experiment) ZHWTHE LIckER, T X 5 R w5,

1) Protein kinase C % J#{&3 % phorbol 12-myristate 13-acetate (PMA) #¥in3 % &, estradiol
D ELEFBEERFECHIS (Cs <InM) Xhich, progesterone »EEAIZHE K (EDs, =14nM) L7z,

2) PMA X W BRI hic 2 O%hRIL, calcium ionophore A23187T 2RI L 1-& & Bic b, May
A Ca*HHBE LT TCRER X RWZ Eavbhhot:,

3) Adenylate cyclase # %3 % forskolin D BFRIN T, estradiol & progesterone ™ FEA L &
HIfRAE (EDs=0.9uM, 24M) &R 7=2d, PMA & forskolin % RE¥EINT % &, forskolin Iz X %
progesterone D EATLHED PMA 1 X W fEE (IC,,<1nM) Xhi:,

4) TRICEHEBRGKEEICIES < autoradiography 12 X b, forskolin ¥ inC1%40kDa @ B 4 1
7%, PMA #nCid78kDa ¥ & 032kDa DBMEH N ThE R ) VI LR Z1F 5 2 & oot

D EORMBEL Y, 7y M ENERRCRT2HAT a1 FEELR, ThFRRRLIEHEDY v
AL S 2 N U CHERIEZ 210 T B ATREMEDVRIB X i,

Synopsis Granulosa cells obtained from immature estradiol-treated SD rats (10 rats/experiment) were
employed in elucidating the control mechanism of steroid secretion.

Phorbol 12-myristate 13-acetate (PMA) inhibited estradiol production by cultured rat granulosa cells with
IC;, less than InM. PMA, however, stimulated small but significant increases in progesterone production
in a dose-dependent manner with EDs, of 14nM to 3.5-fold above the basal control level. These effects could
not be induced by calcium ionophore A23187.

Forskolin-stimulated progesterone production was inhibited by the concomitant addition of PMA with
1Cs0 less than 1nM.

The phosphorylation of proteins by [*?P] orthophosphate-labelled cells was examined by two-dimensional
polyacrylamide gel electrophoresis and autoradiography. Treatment of cells with forskolin altered the
intensity of 40kDa acidic phosphoprotein compared to that of the control. On the other hand, treatment of
cells with PMA altered the intensity of 78 and 32kDa acidic phosphoproteins.

These results suggest, therefore, that PMA can modulate steroidogenesis in rat granulosa cells, presuma-
bly through activation of Ca?*-activated, phospholipid-dependent protein kinase (protein kinase C).
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LoL, Ca"h L — L+ F5L, 25 uf K
DS e H 91919 ornithine decarboxylase
DFHER proteoglycan O EAEDNEE A 21} 2
LM, Ca* b Eh, ZhbDEBKIZE T,
BEERBREEZBESOTHBE0LEL bR,

ALFFE S e protein kinase C 1, % oiEp:
L Ca* B LY VIREZLE L LT\ 5 2,
luteinizing hormone (LH) % % ¥s trophic hor-
mone IZX 9, MR Y v IEEARB S REL X R
DLEDREZDE, COER Y VELEEEN, BF
RICBT W MIN SR & LCEB L
WHARESENE 2 A,

TIZT, IBROMEAT v A FEAIE TS, pro-
tein kinase C DB X ZBI S e 3 5720, F » +
PR s R w Fl O 2 i 2 7

KERMHE L 5 IC &

D BN E R0 T

24 H i Sprague-Dawley RHES » F iz, 6 HES
estradiol-178 (Sigma, MO., U.S.A.) % 1mg/day
BT#5 L, Mt B sein, BHEDErC
BREL, X bicBE L CEEMICIIE L L
7. BE 1 EOERICIII0ED 5 o F (TFEL204E)
AL,

6.8mM ethylene glycol-bis (#-amino-
ethylether)-N,N,N’,N’—‘tetraacetic acid (EGTA,
FIHALEZER) &F PC-UEM R (Ventrex
Laboratories, Inc., ME., U.S.A) #2747 — 24}
ERGCTIRa R FR L, BRI A s R
PR 227z, CO, incubator i (37°C, 5 %CO,,
95%air, BE95%) T104M incubate L7245,
H S BRI & R %, 200X g T104 RS
L, 0.5M sucrose ¥ X 0'1.8mM EGTA %474
T % PC-UEIME R HIC Il £ 6 70, _FERALBmmp
R% X 51240mesh o stainless steel grid i &
DU, DRI T B B A B A B X
¥, BNEEROENEDE FiesBnie, ok
S L CHEL NI 2 3 B8 L e,
BERICT2~3X105/ml L7551 5 PR 7,
ek, FREMIoBENED, 3~5%105/5 » b
T, 0.4%trypan blue exclusion method iz * %

H Elik39%125

AFFRIT IR BIe450~60% T H o7,

5X10°/ml o Az 77 58 K7 &l 2 %35 X 10mm o
plastic tissue culture dish(Falcon Plastics, CA.,
US.A) 4L, CO, incubator A (5 %CO,,
95%air, MREIS%) THBEIEK L,

M H OB E D, 0.1uM  andoros
tenedione (GEALFIER) & PC-1E M IS EH
ML, RRFICEEBER RN 7.

2) URINEEF O BT

FHEIRINZEHF] D stock solution XL T & & <
AL 7,

Forskolin(Behring Diagnostics, CA., US.A.)
1395%ethanol TImM & 72 % X 5 HE L -
phorbol 12-myristate 13-acetate (PMA, Sigma)
(% dimethylsulfoxide (DMSO, 3:(l2:35) ©
0.5mM &72% X 5L, FB T ©—20°CC
5 R4F L7z, calcium ionophore A 23187(Sigma)
(X DMSO C10mM & 725 X 5 ¥R L7,

18R, BEHOBEERNDEEIZSTIED S h
UHIRES L, L7 ethanol (B & 1%)
LU0 DMSO GRAERE £ 0.02~0.1%) 2 fHat
FRCGERRIEZ I L TR L 7.

3) BHRDOEREs X ORAE H

FREEFZWRINE, CO, incubator iz T asss
TAEFT L, 24RFRIBICHE LIS S A B L 7o,
BT, 3,000Xg T 5 SRR LAM LAERRS %
BRELICEBDBEY 4/ FA N v 2 F 0 — 71
SHEL, IEE T —20°C CHEEEE L,

4) Progesterone ¥s X O estradiol oMl

Progesterone ¥ X 0" estradiol 1%, kERA L
ek %, FR TR L 715, radioimmunoassay
kit (Sorin Biomedica, Italy) % f\CHIE L=,

5 EH YV VB IGICBE 3 5 Ba s

Feuerstein et al. D HENICEEML, LTFo = &
CEBR) YBILRIGESDWCRE L, ¥,
PO,-free RPMI $58¥ © BRI BB % + 4 12 3
#, 500.Ci/ml (**P) orthophosphate (H % &
TIWGERT, HID 4% PO,-free RPMI 2355 %
z, 37C, 5%CO,, 95%air DEREE R T604
incubate ¥ % Z L1 X b, ffa% label L7z, B2
¥ %#10mM HEPES €% PO,-free RPMI iz 35#a
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L, BRI ZHME, X5137C, 5 %CO,, 95%air
DBEEE T T15% M incubate L7z, EEREC,

109%% trichloroacetic acid (TCA) TR xE 1
IR, X512 acetone THEMI A 2 EITEE: L
7o, ¥ M1, isoelectrofocusing lying solution

(9.5M &3, 2 % Nonidet P-40, 5 % 2-merca-
ptoethanol, 2 %ampholytes, pH 3.5~10) C&

L, EE, RESBEEERLE. the2%
ampholytes (LKB, MD., U.S.A., pH 3.5~10,
—%&It) &12% SDS polyacrylamide (Bio-Rad,
VA, US.A, slabgel, —&7) %\ e kTG
BRIKB I, B RTRCEE BB
(Coomassie brilliant blue R-250, Bio-Rad) « ¥
B L, Kodak XAR-5 film #H T —70CizT
autoradiography {727z,

B, TFEORER, lysozyme-14.4kDa,
soybean trypsin inhibitor-21.5kDa, carbonic
anhydrase-31.5kDa, ovalbumin-45kDa, bovine
serum albumin-66.2kDa, phosphorylase B-92.5
kDa (Standards Low Molecular Weight, Bio-
Rad) ##H#E L L Cfroi,

R AHE
1) Forskolin O A 5 v 4 FEAREIC R IET
o7

Forskolin Z BRI M RREERCHENT 2 &,
2 #& L T o estradiol ¥ X O progesterone &
EAEEREEIEML I,

B/ANE R EE X1000M LR TH », estradiol
A RIT 5 EDst3#90.94M, progesterone EE
HIZEBIT 5 EDg 1 3892uM THO (K1),

2) PMA DA T v A FELRBICRIETEE

PMA %SRRI ERCRmT % &, 5
EiEF D estradiol BEE X EEEKEFETETL,
Z D ICs X 1InM LI Tt Ho7=, —7F, progester-
one {EE A EREMIITHEIML, £ D EDs (3914
nM THo7 (K 2), 7tds, cell viability 122>

Tl trypan blue exclusion test IZTEBEED 7o\

T EHMER L.

3) Forskolin « PMA FIFFEMOMA T = 1 F
EARCRIZTHE

20uM forskolin % FEH JEAN RGBS E SR in 4

HiEN

ACTIVATION (~fold)

PERCENT ACTIVITY

X1

2115
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- !

LFOF?SKOLIN (—IOE[M;) ’ ’
Dose-dependent effect of forskolin on
estradiol and progesterone production by cul-
tured rat granulosa cells.

Granulosa cells were incubated in medium
alone or 0.1~20uM forskolin for 24h. Estradiol
production in medium alone was 447.5+9.0pg/
ml (mean®SD) and progesterone production in
medium alone was 43.6+2.8ng/ml. Each point
represents the mean of quadruplicate cultures
(Bars: SD) of one of five representative experi-
ments. 10 rats (20ovaries) were employed for
each experiment. '
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B2 Effect of phorbol 12-myristate 13-acetate
(PMA) on estradiol and progesterone production
by cultured rat granulosa cells.

Granulosa cells were incubated in medium
alone or 1~100nM PMA for 24h. Estradiol pro-
duction in medium alone was 638.7+90.6pg/ml
(mean®SD) and progesterone production in
medium alone was 24.7+2.3ng/ml. Each point
represents the mean of quadruplicate cultures
(Bars: SD) of one of five representative experi-
ments. 10rats (20ovaries) were employed for
each experiment.
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% &, BE B¥EF D estradiol & L U progester-
one RE Iz ZEh8.8f % X ON12.0fZ 18 hn L
7o (M3, exb2r35a), 20uM forskolin & &
biC, EBxDBREDPMALR NS % &,
estradiol EAE I RIETHE I b 00,
progesterone A XA EREM IS S h, 0
1G53 InM LIF &% 2 S v,

4) Calcium ionophore A23187D 25 = A4 ¥
EARICRIETHE

Calcium ionophore A23187% S &40 fa ks 3%
RICHEMT B &, 83 L& O estradiol EE 1%
THERENL I T ieb b, EEE T I360%
DEMERDD DO, FEER TR CED
7o (K 4, %), — K, progesterone & & i3
estradiol DHBED X 51BN % = & i < WA
D—@oMo7z, sk, AERGMHICEKITS cell
viability (3 trypan blue exclusion test ¢ E % [E
D B e o,

0T Estradiol 1T %

Progesterone

ACTIVATION (~fold)
o
et e oy U

PHORBOL. 1 2-MYRISTATE |3-ACETATE {~log{M))
K3 Effect of PMA on forskolin-stimulated pro-
duction of estradiol and progesterone by cultured
rat granulosa cells.

Granulosa cells were incubated in medium
alone, 20uM forskolin, or 1~100nM PMA +20
#M forskolin for 24h. Estradiol production in
medium alone=447.5+9.0pg/ml (mean+SD) ;
forskolin-stimulated estradiol production=
3,958.3£262.1pg/ml; progesterone production
in medium alone=50.7+1.8ng/ml; forskolin-
stimulated progesterone production=606.7=+
40.1ng/ml. Each point represents the mean of
triplicate cultures (Bars: SD) of one of five
representative experiments. 10rats (20 ovaries)
were employed for each experiment.

T L T
Progesterone

150

mnx ———————————————————————

PERCENT ACTIVITY

A 4

el 8 7 8 9 a8 7 6
CAL.CIUM IONOPHORE A23187 (—log(M))

B4 Effect of calcium ionophore A23187 on
estradiol and progesterone production by cul-
tured rat granulosa cells.

Granulosa cells were incubated in medium
alone or InM~1xM A23187 for 24h. Estradiol
production in medium alone was 471.4%32.9pg/
ml (mean=+SD) and progesterone production in
medium alone was 120.1+14.4ng/ml. Each point
represents the mean of triplicate cultures (Bars :
SD) of one of five representative experiments. 10
rats (20 ovaries) were employed for each experi-
ment.

pH
Mr
Acidic ‘
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66. 2K =
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21 5K o 3
14 4K ===

BH 1 Coomassie blue staining pattern of the
control gel.

Relative positions of mol. wt. standards are
indicated : lysozyme (14,400), soybean trypsin
inhibitor (21,500), carbonic anhydrase (31,500),
ovalbumin (45,000), bovine serum albumin
(66,200) and phosphorylase B (92,500). More
acidic proteins lie to the left side of the gel. Mol.
wt. increases toward the top of the gel.
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pH
Mr

Acidic Basic Acidic Basic

92 5K et

66 . 2K =~

45, 0K ==
31.5K e
21 5K ==t
14 4K ==
CONTROL. FORSKOLIN
EHX 2 Autoradiogram of cultured rat granulosa cell proteins after the addition
of forskolin.

Left : control culture. Right : forskolin-treated culture. Phosphoprotein that
gained labeling intensity is indicated by arrow. Relative positions of mol. wt.
standards are indicated (see the legend of picture 1). More acidic proteins lie
to the left side of the gel.

pH
Mr
Acidic Basic Acidic Basic
92 .5K == ’

66.2K =t

45.0K =
31.5K e

215K e
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CONTROL PMA
HE 3 Autoradiogram of cultured rat granulosa cell proteins after the addition
of PMA.

Left: control culture. Right: PMA-treated culture. Phosphoproteins that
gained labeling intensity are indicated by arrows. Relative positions of mol. wt.
standards are indicated (see the legend of picture 1). More acidic proteins lie
to the left side of the gel.
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5 EH Y VLRSI T B A s s

A) ZRTCBIKEIEIC L 5 EH OWKE) < & —
v

BEH 11X Coomassie brilliant blue 12 k %
RER R EAWKE) <2 — v GEFERM= v ¢
B—=A) iR L T\ %A, forskolin & % s it
PMA ZHINL THEHOWE) < 2 — v ki
WD b NI h o7,

B) Forskolin i< X % Autoradiography

FEFFERIN (=¥ b m =) B X 0204M fors-
kolin iR s 5 B 1 ) vELR G O Mk %
autoradiography 12 CHEt U 7o k5 8R, forskolin %
ININ3 % L40kDa OFEME LG BB ZIC Y vERL
ZRTDHEDELNE oo (BHE2),

C PMA #&inic X % Autoradiography

FEHFEGRI (2 v b = — ) B X 0100nM PMA
BINC T 25EH Y vERALKIG O % % auto-
radiography 1 CHiE U 745 8, PMA % Y&
% &78kDa ¥ X 1832kDa DB 19 N A Bz v
VBILER T B Z LR L E ot (BE 3D,

% ES

R E VOHIREEYE In KON 7
DB RGO PFF2 1L, 19574E Suther-
land et al, & X b cyclic AMP (cAMP) »\% &
Sh, Vb5 second messenger DA HNE A
SHTRERBBLRTIN, FOBRBITHALET
onT, Bxofifast > 7+ rodici cAMP
DHTEEBTERNLDORNLH R L Sh, #
DYERBEHENRIE & feofe, 20 X 5 efifast o
7 > n® second messenger & LT cyclic GMP
(cGMP) 733 %2 B IcBEHE S 5070 28, 197048
o Ca* a0 M A > 7+ 4 D second
messenger & LT, &EMfaieo Becis
LTWBZERBEshs Lo icikork,

Ca’* i calmodulin 7 & o #H fa 9 Ca* % 2% %
VAZEENLTCEDER Y BT T 5 —HY,
Ca* -V vIeBHKEMHED ) vERLEER (Ca?-
activated, phospholipid-dependent protein
kinase, protein kinase C) DEMALE N LT
TOERZRBA LB EE 25 h3W,

— I, MERERED U v J8E phosphoinositide

EHEIBR X 1% &, diacylglycerol & inositol-
1, 4, 5, triphosphate (IPy) 24 S h, diacyl-
glycerol (X protein kinase C &AL L, IP, 1340
REA~D Ca B R ERT 5 Z L2805 h T
53)11).

A F 5% ¢ B\ 7 phorbol  12-myristate 13-
acetate (PMA) 1%, % D524k protein kinase
C & copurify &1, protein kinase C H&TH %
EEZDBRHZEW, Lad PMA 23 in vitro ©
protein kinase C % #&EM/L3 % & &V 5, diacyl-
glycerol DU & LT, protein kinase C DHF
FIZLELIEFER SR BEHCH B,

S, FREMREERC S O PMA 2%mL
72 #E R, progesterone ® FE LR (EDy, =14
uMD & 415 A3 estradiol o gE A& LI (1C,, <1
nM) EhdbzE (K2), Lino<, protein
kinase C DE¥EDTE FALEES w5 U IS
fEM L, forskolin iz X % adenylate cyclase » &
HALDHE (K1) LMY EICT 2 2 & plbn
o7z, £ LT Z DA calcium ionophore 12
DTHBEANCa* DB EX NS> T L BRT 3
CENTET (®4), protein kinase C HHAEDE
HEALARETH B L HE I hi, S5, fors
kolin & PMA % FKsfEINT % &, forskolin Iz
DTEAE S e estradiol PEALIE & A & HE %
XFievb Do, forskolin Iz X TR X -
progesterone ZE AT & 2l (ICs, < 1nM)
w2z, L7e232C, protein kinase C D
Lic S FHEMBEZOIENI TR TH D, &
B3R o 5 5 8% 18 12 B\ T adenylate cyclase-
CAMPRDTRL VBN B D EE % bh
%. —73, adenylate cyclase-cAMP %0 iE Vi
#5 < progesterone @ B4 1T protein kinase C
DIVFIER R RB Ui o &3, AIss Wi B, 38-
hydroxysteroid dehydrogenase, 4* *isomerase,
20a-hydroxysteroid dehydrogenase 7¢ & ® 2 5
r A FEBESRE OV p 48 protein kinase C
X O BEEZ T b EEL RS,

PMA 1z X % progesterone & 4 o #4125
Ttk Kawaietal, o#EOLH 0, o/FMikE
& LT cAMP (KEMER Y v BLEER O & AL,
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DEELCThwC L HEBERESYHIET S
ZEIEIDRLTWA,

ST A LR ITCESKIKE « autoradiography
KX OERY vBLRIGOEE B LT b igE s
Mz, FEEENHEETHZ L2PLMCTEE
ENTER, $Tihbb, forskolin HiN(cCAMP %
FHERLD Y vELEER OEHEL) OF&40kDa ©
BRMEEASERCY vEBMLE R 35 (BE2) ©
Xt L, PMA %fn (protein kinase C D &AL
TI1X78kDa ¥ X 0°32kDa DEAHEE I 3B H 12 Y
VBALEX B Z L (BE3) B S E ok,

LIch 2T, ThbDHEBEHDORTEILDONT
@%%@m%%ﬁhkﬁhﬁ&Bkvﬁ,Qk<
EBERPFRICL D, T o FEREMAEICETS R
TeAVEEDR Zhbo) vBEKIGE N LT
SEGEYZ T COBTERENTREB S Wiz, 5%
invivo & DFFENREITI\NT, FED 2 L e
HTHAH,

RahsEdich, HBHECLZERFESTE AN
FHE#HE - OB ELcECHLE L LFE1,

IR BRI OEEFL12th, World Congress on Fertility
and Sterility, Singapore (1986) 123\ ~CTH4 L7,
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