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SUMMARY: The action of human erythro id d i f f e r e n t i a t i o n  fac tor  (EDF) on the 
funct ions of rat  granulosa ce l ls  cul tured in a chemical ly defined medium was 
investigated. In the presence of FSH that induced LH receptor expression and 
progesterone syn thes is  dur ing  c u l t u r e  of the c e l l s ,  EDF augmented both 
responses in a dose- and time-dependent manner. Unlike FSH, EDF i t s e l f  did 
not have such an inducing e f fec t  at a l l .  Furthermore, in the absence of FSH, 
EDF was found to st rongly enhance the a b i l i t y  of granulosa ce l ls  to produce 
inhibin. Thus, EDF may play an important role in the regulat ion of granulosa 
cel l  funct ion and d i f f e r e n t i a t i o n  during f o l l i c l e  development. ® z988 Ao~de~io 
Press, Inc. 

During the maturation of ovarian f o l l i c l e s  and the i r  t ransformation into 

corpora lutea, f o l l i c u l a r  granulosa ce l ls  undergo a continuing and d i s t i n c t  

d i f f e r e n t i a t i o n  process. There is increasing evidence that granulosa ce l ls  

respond to several polypeptide factors i nc lud ing  gonadal hormones, i n h i b i n  

and act iv in ,  which have recent ly  been pur i f i ed  from the mammalian f o l l i c u l a r  

f l u i d s ( l - 7 ) .  I nh i b i n ,  which is synthes ized in granulosa c e l l s  (8), is 

capable of suppressing of f o l l i c l e - s t i m u l a t i n g  hormone (FSH) secretion from 

the p i t u i t a ry ,  and act iv in ,  whose ce l l u l a r  or ig in  is uncertain, has e f fec ts  

oppos i te  to those of i n h i b i n  at the p i t u i t a r y  l eve l .  Based on DNA c lon ing  

resul ts wi th these polypeptides, inhib in is a heterodimer consist ing of an 

subun i t  and one of two Bsubun i t s  (~A or ~B) encoded by separate genes, 

whereas ac t iv in  is a dimer of two inhib in ~subunits (9-12). Furthermore, 

the genes for the inhib in Bsubunits are highly conserved in a l l  the mamma- 

l ian studies and are homologous to the genes for transforming growth factor  

type ~(TGF-B} (13) and M~ l l e r i an  duct i n h i b i t i n g  substance (14). Recent 

papers i n d i c a t e  tha t  i n h i b i n ,  a c t i v i n  and TGF-~can exe r t  loca l  ac t ions on 

granulosa c e l l  s te ro idogenes i s  and LH recep to r  fo rmat ion(15-18) ,  but the 
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exact physiological signif icance of the findings so far reported remains to 

be examined. 

On the other hand, a polypeptide factor which can induce the d i f feren-  

t ia t ion  of mouse Friend erythroleukemia cel ls has recently been isolated from 

the conditioned medium of a human leukemia cel l  l ine (19). The polypeptide, 

named e ry th ro id  d i f f e r e n t i a t i o n ,  f ac to r  (EDF), has been found to be a homo- 

dimer of two ~A subunits, that is, the same polypeptide molecular species as 

a c t i v i n  A(20), and also to s t imu la te  the secret ion of p i t u i t a r y  FSH (21). 

These facts raise the poss ib i l i t y  that EDF is versat i le  enough to af fect  the 

d i f fe ren t ia t ion  of f o l l i c u l a r  granulosa cells. In th is paper, we report the 

FSH dependent act ion of EDF on LH receptor  expression and progesterone 

production and i t s  d i rect  action on inhibin production by rat  granulosa cel ls  

in culture, compared with that of inhibin A. 

MATERIALS AND METHODS 

Hormones and reagents: Erythroid d i f fe ren t ia t ion  factor (EDF), was obtained 
from the cu l t u re  medium of human leukemia ce l l  THP-I (19). Bovine 32 kDa 
inhibin A was pur i f ied by immunoaffinity chromatography using the monoclonal 
an t i -bov ine  32 kDa inh ib in  A ant ibody (s-chain s p e c i f i c )  (22) as described 
p rev ious ly  (23). Rat FSH (NIH-FSH-I-5) was provided by the Nat ional 
P i tu i ta ry  Agency, National Ins t i tu te  of A r t h r i t i s ,  Metabolism and Digestive 
Diseases. Human chorionic gonadotropin (hCG) was kindly supplied by Dr, R. 
E. Canf ie ld (Columbia Un ive rs i t y ,  New York, NY). D i e t h y l s t i l b e s t r o l  (DES) 
and gentamycin sul fate were purchased from Sigma Chemical Co. (St, Louis, Mo). 
Du lbecco 's  m o d i f i e d  Eagle medium (DMEM) was a p roduc t  of  N i ssu i  
Pharmaceutical Co., Ltd. (Tokyo, Japan). Ham's F-12 and fungizone were 
purchased from Irv ine Sc ient i f i c  (Santa Ana, CA). Chloramine T was obtained 
from Wako Pure Chemical Industries Inc. (Osaka, Japan). 

Rat 9ranulosa ce l l  cu l tu re :  Granulosa ce l l s  were obtained from immature 
female Wistar rats (21-23 days old) which were pretreated subcutaneously with 
1 mg of DES in 0,I ml sesame o i l  da i l y  fo r  4 days. Granulosa ce l l s  were 
cu l tured in Immulon 2 Removawell (Dynatech Laboratories, Inc., Alexandria~ 
VA) at 37°C in a 7.5% C02-92,5% a i r  atmosphere. Each wel l  contained 1 x I0 J 
viable cel ls (determined by trypan blue exclusion) in 200 ~I Ham's F-12/DMEM 
( I : I ,  v/v) medium supplemented with 14.3 mM sodium bicarbonate, gentamycin 
su l f a te  (40 ~g /ml )  and fungizone (I ~g/ml). At var ious t imes during 
cu l tu re ,  the medium was removed and saved fo r  assays of progesterone and 
inhibin. The cel ls were analysed for LH receptor content. 

Determinat ion of LH receptor :  The LH ~ e p t o r  content of the ce l l s  was 
measured by qua-n-ti-t-ating the leve ls  of 'LJI-hCG bound to the i n t ac t  ce l l s .  
Br ief ly ,  the granulosa cel l  monolayers were incubated in a I : I  (v/v) mixture 
solution of DMEM-Ham's F-121~ntaining 20 mM Hepes (pH 7.4) at 37°C with a 
saturating concentration of ~Ul-hCG (Ing, =18,000cpm/ng). The incubation 
medium was removed af ter  2 hr of incubation and the cel ls  were washed twice 
with 200 ~I of the mixture solution, Then, each well was torn of f  from the 
Removawell s t r i p s  and the amount of r a d i o a c t i v i t y  remaining on the wel ls  
(cell-bound hormone) was quantitated by y-spectrometry. Nonspecific binding 
was determined by adding excess unlabeled hCG, Receptor content was 
expressed as counts per min of cell-bound hormone/l x lOOcells. 

Determination of progesterone and inhibin: The concentration of progesterone 
in the medium was determined by d i rect  radioimmunoassay (RIA) (24). Inhibin 
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production by granulosa ce l ls  was monitored by RIA as described previously 
(25), 
lod inat ion o f  proteins: Proteins were iodinated according to the lactoper-  
oxidase or chloramine T method (26). 

RESULTS 

In our p r imary  c u l t r u e  of granulosa c e l l s  from immature DES-treated 

female rats, LH receptor expression and progesterone production were induced 

by FSH in a t i m e -  and dose-dependent manner, The express ion reached the 

maximum leve l  dur ing  65-75 hr c u l t u r e  (data not shown), We at tempted to 

demonstrate the a b i l i t y  of  EDF and bovine 32 kDa i n h i b i n  A to induce the LH 

receptor formation and progesterone synthesis in granulosa cel ls ,  but unl ike 

FSH they themselves did not have such an induc ing f unc t i on .  Then, the 

modulatory e f fec ts  of EDF and bovine inhib in A on FSH actions were examined 

in a 72-hr  c u l t u r e  of granulosa c e l l s ,  LH recep to r  i nduc t i on  by FSH was 

remarkably  enhanced by concomi tant  EDF (F ig , IA) ,  A n e g l i g i b l e  leve l  of  LH 

recep to r  was de tec ted  in the presence of I0 ng/ml of  FSH alone, but the 

receptor expression was ampl i f ied lO-fold by cotreatment wi th 30 ng/ml of 

EDF, and to more than 25-fo ld wi th I00 ng/ml of the factor,  The EDF action 

was increased in a dose-dependent manner up to an FSH concen t ra t i on  of 30 
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Figure I, E f f e c t  of  EDF on FSH-induced LH recep to r  express ion ( ) an 
progesterone production (B) by rat  granulosa cel ls ,  Granulosa ce l l s  (IAx I0 ~ 
c e l l s / w e l l )  ob ta ined from DES-treated ra ts  were cu l t u red  f o r  72 hr w i th  
increasing concentrations of FSH plus varying amounts of EDF (0 ng/ml , - -~- - ;  
I0 ng/ml,  ~ ; 30 n g / m l , ~  ; I00 ng/ml,  ~ ) ,  The r e s u l t s  are the mean 
± SD for  four wel ls,  
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ng/ml .  A l t h o u g h  in  the  presence o f  the h i g h e r  EDF c o n c e n t r a t i o n s  (30-100 

ng /m l )  a f a l l  in  LH r e c e p t o r  induced by I00 ng/ml  o f  FSH was observed,  EDF 

s t i l l  i n c reased  the number o f  L H - b i n d i n g  s i t e s  more than to  t h a t  in  the 

absence o f  EDF. S i m i l a r l y ,  the t r e a t m e n t  o f  g r a n u l o s a  c e l l s  w i t h  FSH 

r e s u l t e d  in  a dose-dependen t  i n c r e a s e  in  p r o g e s t e r o n e  p r o d u c t i o n  (F ig .  IB).  

L ikewise,  EDF s i g n i f i c a n t l y  augmented the FSH ac t ion  at h igher  doses than I0 

ng/ml  o f  the  g o n a d o t r o p i n .  Both p roges te rone  and LH r e c e p t o r  syn theses  

remained unaf fected in the presence of  a lower  concent ra t ion  than 3 ng/ml of  

FSH, even when t rea ted w i th  a high concent ra t ion  of  EDF (I00 ng/ml). These 

resu l t s  showed t ha t  a h igher  FSH concent ra t ion  (> I0 ng/ml)  was necessary in 

leading up to the EDF act ion.  

We t e s t e d  the  m o d u l a t o r y  e f f e c t  o f  bov ine  32 kDa i n h i b i n  A on FSH- 

induced LH receptor  fo rmat ion  and progesterone accumulat ion.  The add i t i on  of  

i n h i b i n  to the 3-day c u l t u r e  of  granulosa c e l l s  at  concent ra t ions  up to 5,000 

ng/ml  (160 nM) d id  not  s i g n i f i c a n t l y  a l t e r  e i t h e r  the basal  or  FSH-induced 

l e v e l  o f  LH r e c e p t o r  (Tab le  I ) .  On the  o t h e r  hand, i n h i b i n  A s l i g h t l y  

suppressed the ac t ion  of  30 ng FSH on progesterone product ion (P < 0.01 at  an 

i n h i b i n  c o n c e n t r a t i o n  o f  1,000 ng /m l ) ,  a l t h o u g h  i t  had no e f f e c t  on basal  

progesterone synthes is  (Table I). 

The c e l l u l a r  mechanisms of  i n h i b i n  product ion by granulosa c e l l s  have 

been taken up as a new t o p i c  in  the d i s c u s s i o n  o f  o v a r i a n  f o l l i c l e  

deve lopment ,  but  s t i l l  t he re  are many prob lems to  be so lved .  S ince i t  i s  

accepted tha t  FSH s t imu la tes  i n h i b i n  product ion by granulosa c e l l s  (26), we 

attempted to determine the e f f ec t s  of  EDF on the b iosyn thes is  of  i n h i b i n  in 

cu l tu red  granulosa ce l l s .  As shown in Fig.2, EDF i t s e l f  was found to have a 

potent  a b i l i t y  to po ten t i a t e  the b iosyn thes is  o f  i n h i b i n  in granulosa c e l l  in 

a dose-dependent manner: i t s  augmenting a b i l i t y  was s i m i l a r  to tha t  o f  FSH. 

Table I. Effect of bovine 32K inhibin A on FSH-induced LH receptor formation 
and progesterone production by rat granulosa cel ls  

FSH Inhibin 1251-hCG b o u n d  Progesterone produced 
(ng/ml) (ng/ml) (cpm/IxlO 5 ce l ls )  (ng/ml) 

0 0 95 ± 57 < 0. I 
0 200 51 ± 16 < 0. I 
0 I000 72 ± 31 < 0. I 
0 5000 60 ± 23 < 0. I 

30 0 826 ± 174 15.4 ± 5.0 
30 200 782 ± 58 11.3 ± 3.7 
30 I000 767 ± 85 9.3 ± 2.0* 
30 5000 918 e 118 10.9 ± 3.1 

Granulosa cel ls  (I x 105 ce l l s /we l l )  obtained from DES-trehted rats were 
cultured for 72 hr with increasing concentrations of inhibin (0-5000 ng/ml) 
in the presence (30 ng/ml) or absence of FSH. The results are the mean ± SD 
for four wells. *. p <0.01 vs. cultures treated with FSH alone. 
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The combined e f f e c t  o f  FSH and EDF appeared to  be s i m p l y  a d d i t i v e ,  and not  

s yne rg i s t i c  (data not shown), 

To f i nd  how to exp la in  the r egu la to r y  mechanisms of  d iverse  EDF act ions 

on granulosa ce l l s ,  the t ime-dependent e f fec ts  of  EDF were tested. The FSH- 

induced LH r e c e p t o r  c o n t e n t  was d r a m a t i c a l l y  i nc reased  d u r i n g  36 to  60 hr 

c u l t u r e  and a r a p i d  decrease was observed a t  96 hr (F ig,3A).  EDF d id  not  

a f f e c t  the t im ing  o f  the peak (around 60 hr) of  receptor  format ion,  EDF also 

caused a t ime-dependent increase in FSH-s t imu la ted  p r o g e s t e r o n e  p r o d u c t i o n  

(Fig,3B),  The response reached i t s  maximum at  around 48 hr. In both 

cases, an o b l i g a t o r y  lag phase of 24-36 hr was requi red before EDF-activated 

increases were detec tab le ,  which suggests tha t  impor tant  biochemical  events 

are invo lved in the a c t i v a t i o n  process, 
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Figure 2. Ef fec t  of E~F on i nh ib in  production by rat  granulosa ce l l s  . 
Granulosa ce l l s  (I x I0 u c e l l s / w e l l )  obtained from DES-treated rats were 
cul tured fo r  72 hr wi th increasing concentrat ions of EDF ( I - I00  ng/ml). 
Histogram represents the basal level in the absence of EDF. The results are 
the mean ± SD for four wells. 

Figure 3, Time course for  LH receptor expression (A) and ~rogesterone 
producation (B) by rat granulosa cells. Granulosa cel ls (I x I0 ce l l s /we l l )  
obtained from DES-treated rats were cul tured for  72 hr with (e) or wi thout  
(o) EDF (30 ng/ml) and in the presence ( - - )  or absence ~--~ of FSH (30 
ng/ml). The results are the mean ± SD for four wells. 
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DISCUSSION 

The present  study has shown a unique ac t ion  of  EDF on ra t  ovar ian 

granulosa ce l l  development. EDF can enhance the FSH induction of LH receptor 

expression and progesterone production by granulosa ce l ls ,  whi le EDF i t s e l f  

has no e f fec t  on e i ther  basal level in the absence or lower concentrations (< 

3ng/ml) of FSH, In addit ion to the FSH-dependent actions, EDF potent iates 

the a b i l i t y  of granulosa ce l ls  to produce inhib in in a manner comparable to 

that  of FSH. Bovine 32 kDa inh ib in A, on the other hand, exerts no e f fec t  on 

the increase in LH receptor and s l i g h t l y  attenuates the progesterone produc- 

t ion induced by FSH, 

EDF has been obtained from conditioned medium of human monocytic leuke- 

mia c e l l  THP-I and i t s  pr imary  s t r u c t u r e  has been shown to be i d e n t i c a l  to 

t ha t  of  a c t i v i n  A tha t  was i s o l a t e d  from porc ine f o l l i c u l a r  f l u i d  (6). 

Moreover, EDF has been repor ted  to have the same b i o l o g i c a l  a c t i v i t y  as 

a c t i v i n  A (21), but some d i f f e r e n c e  was found in t h e i r  e f f e c t  on s t e r o i d o -  

genesis in granulosa c e l l s ,  Hutchinson et al (16) repor ted  t ha t  bovine 

ac t iv in  A arrested FSH-induced progesterone production with an ED50 of 0,42 

pM (10.5 pg/ml) and proposed an a n t i - l u t e i n i z a t i o n  ef fect ,  Under our exper i -  

mental condit ions, however, such a low concentrations of EDF as 5-50 pg/ml 

did not show any e f f e c t  on produc t ion  in the presence of 30-100 ng/ml FSH 

(data not shown), Althogh i t  is possible that th is  discrepancy may be due 

to the d i f f e r e n c e  in exper imenta l  cond i t i ons ,  a d d i t i o n a l  s tud ies  should 

c l a r i f y  i t s  b io log ica l  s igni f icance. 

Opinion is divided on the action of inhib in on FSH-stimulated granulosa 

c e l l  s te ro idogenes i s :  Ying et  al (15) c laimed tha t  i n h i b i n  prevented FSH- 

s t imu la ted  estrogen produc t ion  whereas Hutchinson et  al (16) observed no 

e f fec t  on e i ther  basal or FSH-stimulated aromatase a c t i v i t y  and progesterone 

synthesis. There ex is t  some questions about t h e i r  claims, because the doses 

of inhib in used in t h e i r  experiments were very low (up to I0 ng/ml) compared 

to the levels (50 ng/ml) produced by granulosa cel ls .  Therefore, we used the 

h igher  doses of i n h i b i n  (~200ng/ml) ,  and a s l i g h t  suppress ive  e f f e c t  on 

progesterone production was observed (Table I). Anyway, the spec i f i c  local 

funct ion of inhib in in the d i f f e r e n t i a t i o n  of f o l l i c u l a r  granulosa ce l ls  is 

s t i l l  controversia l .  

The p o t e n t i a l  importance of the monocyt ic c e l l  o r i g i n  EDF is under-  

scored by i t s  homology with TGF-Bthat is produced by many normal and malig- 

nant t issues and has many ef fects,  Recently, many papers have deal t  wi th 

the modulatory  ac t ions  of TGF-B on d i f f e r e n t i a t i o n  and p r o l i f e r a t i o n  of 

granulosa c e l l s ,  The ac t ions  of EDF observed in t h i s  study are qu i te  

s i m i l a r  to those of  TGF-~, which can augment LH recep to r  fo rma t ion  and 

progesterone accumulation in the developing granulosa ce l ls ,  but there are 
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some d i f ferences in the actions of these regulatory proteins. TG~B has a 

biphasic e f fec t  that  enhances the s t imulatory  actions of low levels of FSH 

and i n h i b i t s  the i nduc t i on  of LH recep to r  by h igher  l e v e l s  of FSH (18), 

Regarding EDF, no such dual e f f e c t  was observed in our study. In any case, 

our study and o thers  s t r o n g l y  suppor t  the p o s s i b i l i t y  t ha t  EDF ( a c t i v i n  A) 

and TGF- Bmay be local endogenous ovarian regulators. 

Extens ive  s tud ies  on r e g u l a t o r y  mechanisms of i n h i b i n  product ion  by 

c u l t u r e d  granulosa c e l l s  are now going on (25,27) and FSH, cAMP analog, 

c h o l e r a t o x i n  and t e s t o s t e r o n e  etc. are known to d i r e c t l y  or i n d i r e c t l y  

st imulate production. Our study added one more - the d i rec t  s t imula tor  EDF- 

to them. This,  in o ther  words, i nd i ca tes  tha t  b i osyn thes i s  of i n h i b i n  is 

regulated loca l l y  at the granulosa ce l l  level by EDF(activin A), suggesting 

tha t  the p h y s i o l o g i c a l l y  impor tan t  and complex con t ro l  mechanism fo r  FSH 

secret ion ex is ts  in the p i tu i tary-gonadal  axis. 

As shown in Fig.3, a lag per iod of 24-30 hr was requ i red  to de tec t  

not iceable EDF actions, ind icat ing that  the e f fec ts  of EDF are not d i rec t  but 

mediated by the induction or suppression of some c e l l u l a r  processes, In order 

to solve the puzzle of EDF actions, we performed a pre l iminary experiment and 

obtained promising resul ts.  When rat  granulosa ce l ls  were pretreated with EDF 

fo r  24 hr and, a f t e r  removing EDF by washing the c e l l s ,  the c u l t u r e  was 

continued for  another 48 hr in the presence of FSH, a s i gn i f i can t  amount of 

LH receptor was found to be expressed. In contrast, when FSH treatment was 

fol lowed by EDF treatment, no LH-receptor formation was observed at a l l  (data 

not shown). Al though i t  is known t ha t  i n i t i a l  events in granulosa ce l l  

d i f f e r e n t i a t i o n  require only the induc tor  substance, FSH, t h i s  p r e l i m i n a r y  

r e s u l t  and the present  study suggest t ha t  EDF may a f f e c t  the e a r l i e r  

d i f f e r e n t i a t i o n  stage of granulosa c e l l ,  and t r i g g e r  the d i f f e r e n t i a t i o n  

process. 
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