4

National Library
of Canada du Canada
Canadian Thesés Service

Ottawa, Canada
K1A ON4

—

NOTICE

The quality of this microformis heavily dependentupon the
quality of the original thesis submitted for microfilming.
Every effort has been made to ensure the highest quality of
reproduction possible. 4

If pages are missing, contact the university which granted
ihe degree. .

if the

Some pages may have indistingt print especiailgb
onor

original pages were typed with a poor typewriter ri
if the university sent us an inferior photocopy.

Previously copyrighted materials (journal articles, pub-
lished tests, etc.) are not filmed. :

Reproduction in full or in part of this microform is governed
by the Canadian Copyright Act, R.S.C. 1970, ¢. C-30.

e

NL-2J0 (r. 88/04)

Bibliothéque nationale

Service des théses canadiennes

J \ - - s

r————

AVIS

La qualité de cette microforme dépend grandement de 1a
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion,

-
‘

Sl .manque des pages, veuillez communiquer avec
Funiversité qui a conferé le grade.

La qualité dimpression de centaines pages peut laisser a
désirer, surtout st les pages originales ont €té dactyloegra-
phiées a l'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de. qualité inférieure.

Les documents qui font déja I'objet d'un droit d'auteur
(articles de revue, 1ests publiés, elc) ne sont pas
microfilmés.

La reproduction, méme partielle, de cette microforme est
soumise & la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30.

~Canada



GONADOTROPIC REGULATION OF
STEROIDOGENESIS IN RAT

GRANULOSA CELLS

hY

by

Dagid Frederick Mattice

A thesis submitted to the School of Graduate Studies of the
University of Ottawa in partial fulfillment of the requiTements

— —for-the—degree of Master in Science in the Department of
Physinlogy, Faculty of Health Sciences.

(::) D.F. Mattice, Qttawa, Canada, 1987.

-~ - — C— ——



_

—

Permission has been granted

to the National Library of:

Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copjright owner)

has reserved other
publication rights, and
neither the thesis nor

extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

ISBN

‘%‘l

L'autorisation a &té accordée
a la Bibliothégue nationale
du - Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires du
£film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:
ni 1la thése ni. de 1longs
extraits de celle-ci ne
doivent étre imprimés ou
avtrement reproduits sans son
autorisation écrite.

——— -

0-315-40721-2



@ 'UNIVERSITE DOTTAWA
| | UNIVERSITY OF OTTAWA



II

I1I

v

+* TABLE OF CONTENTS

Acknowledgements
"Abstract
= Fd
Introduction
1. The Ovary .
2. Stages of Development ‘
3. The Stercidogenic Pathway
4. The Role of Prostaglanding in -
Ovarian Steroidogemesis - -
S. The Role of cyclic AMP and Ca = in the
action of ACTH on the Adrenal++
6. The Role of cyclic AMP and Ca in ¢
Testicular Steroidogenesis .
7. Calecium and Granulosa Cell Steroidogenesis
8. The Role of Protein Synthesis in : '
Steroidogenesis
9. Granulosa Cells as a Model for the Study of

Gonadotropic Regulation of Ovarianm
Steroidogenesis

Rationale and Statement of the Problem

Materials and Methods

1. Animals {

2. Isolation of Granulosa Cells —,

3. Tissue Culture : )

4. Biochemical Assays

S. Statistlcal Analysis

6.  Experimental Design

Results

l. Stimulation by 423187 of Progesterone Production
by Granulosa Cells from Rat Preantral and
Proestrous Follicles

2. Influence of Various Concentrations of EGTA on
Granulosa Cell Progesterone Production Stimulated
by 423187

3. Influence of FSH and A23187 on Steroidogenesis:
Progesterone Production vs. Duration of Tissue
Culture

4. TInfluence of FSH and A23187 on Granulosa Cell

Pregnenolone Production

L

- : o ts

o

13a
14

18
20

23

24
26
29
29
30
31
31
32
32

35

35

36

36.

37



N

&

Page

5. Influence of FSH and Calcium on Metabolism of

Progesterone 38
6. Involvement of cyclic AMP in the Stimulation of

20%-0H-P Production by FSH 38
7. Influence of FSH on the Conversion of

Exogenous Pregnenolone to Progesterone

by Granulosa Cells 39 .
8. Examination of the Time Course of A23187-

Stimulated Conversion of Exogenous .

Pregnenolone to-Progesterdne 39
9. Lack of Effect of (Bu).,cAMP on the Conversion

of Pregnenolone to. Progesterone. ' 40
10. Examination of the inhibition of 3BHSD by

Cyanoketone 40
I1. Regulation of Progescerone Metabo sm to

_ 20#-0H-P - 41

12. Possible Requirement for'Pfotein,gynthesis

in the Regulation of Protein Preduction’ 41
Discussion 43
1. The Regulation of Progestin Production in Ret  _

Granulosa Cells in vitro: Possible Involvement _

of Calcium and Cyclic AMP 43
2. Calcium - Specific Regulation of 3BHSD in Granulosa

Cells ’ ’ 49
3. Gonadotropic Regulation of 3BHSD 51
4, Requirement for Protein Synthesis in the FSH

Regulation of Granulosa Cell Progestin Production 33
References 57

ii



10.

11.

12.

13.

List of-Tables ) -

——

Influence of FSH and A23187 on progesterone
and pregnenolone productionm.

Lack of effect of A23187 on pregnenolone
production. :

Influence of (Bu).,cAMP on pregnenolone and
progesterone prodiction.

Influence of FSH and A23187 on progesterone,
17«¢=0H~P, and 20«%-0H~P production.

Stimulation of 20«-0H-P production by A23187.

Stimulation of 20%-0H-P by (Bu)chMP and Cholera
Toxin. -

Influence of various concentrations of ;:éhoketone
on progestin production. A —_

Effect of A23187 and FSH on conversion of exogenous
progesterone to 20w-0H-P.

Inability of various concentrations of A23TB7 to

stimulate conversion. of exogenous progesterone to
20e-QH-P.

Influence of (Bu)chMP and Cholera Toxin on the
conversion of exogenous progesterone to 20%-0H-P.

Effect of aminoglutethimide phosphate on 20«-HSD.

Effect of different concentrations of éycloheximide
on basal progesterone and 20«-CH-P.

Lack of effect of cycloheximide on (Bu),cAMP-
stimulated progesterone and 20«-0H-P production.

11%

37
37¢

38a

38b
38e
40a

4la

41b

. 4le

41d

42a

 42b



10.

List of Figures
1/ Al

Steroidogenic pathways within rat gr§nulosa
cells. .

Stimulation by A23187 of progesterone production
and conversion of pregnenolone to progestercne
in granulosa cells from PMS-treated rats.

Stimulatioen by A23187 of progesterone production
and conversion of pregnenclone to progesterone
in granuldsa cells from EZB-created rats.

Influence of EGTA on A23187-stimulated progesterone
production. —

. d
Time course of prdgesterone production by granulosa
cells in the presence or absence of FSH or A23187.
Influence of FSH and A23187 on pregnenolone
production in the presence of cyanoketone.

Time course of conversion of exogenous pregnenolone
to progesterone in the presence or absence of FSH.

Concentration-dependent stimulation by FSH of
grarulosa cell conversion of exogenous pregnenolone
to progesterone.

Time course of conversion of exogenoﬁ%j@reguenolone
to progesterone in the presence or absence of A23187.

Effects of cyclohexfmide on FSH ~ and A23187 -
stimulated progesterone and 204-0H-P production.

iv

© 36a
36b
374

39a

39b
3%¢

42¢



ACKNOWLEDGEMENTS

N |
I would like to thank Dr. B.K. Tsang for his guidance and
N ) A
support over the past three and one~half years. 1 especially

appreciate Dr. Tsang's understanding and assistance in
completing the writing of my thesis.while studying medicine in
Toronto during the past year anq one-half. Dr. Tsang has
provided me with a wealth of knowledge of reproductive
'physiology and basic research skills, certainly an aséet in my

future career as a physiclan. -

-

I would also like to thank Miss Quyen Soi Lu, Mrs. Cilla

Henderson, and Dr. Jaqueline Carnegle for their invaluable

. assistance and friendship.

p———
.

To my parents, Mr: and Mrs. Frederick and Helen Mattice, who

have provided me with the skills and ambition necessary to

pursue my aspirations, I thank you dearly.

To my wife Carol I am forever indebted. Not only did she type
y

my entire thesis in her spare time, but she tivated me in
every poss}ble manner to' pursue oy career ambitions. To her I

{

can never say enough. R

A S



ABSTRACT

The :rple of calci-um and -c¢yclic AMP in the gonadotropic

. . ‘ ¢
regulation of progestin production by rat granulosa. cells was

examined -in a’ chemically-defined meciiu_m containing FSH,
(Bu)chMP, cholera toxin, and the calcium ionophore A23187.
Both the gonadotropin and A23187 significantly enhanced the
productign of ‘progesteromne and- its - metabolite,‘ 20«
~hydroxypregn-4—en—3-one (20 %-0H-P) from 'endo_&g_nous' steroid
substrate but only FSH was effective in stimulating pre-gne,nolone
synthesis. The. effect of the‘;[onophore appeared to be
calcium-related as addition of the calcium chelator, EGTA\, to

the incubation medium markedly impeded A23187-induced steroid

-
- ——

proglué.cion. Stimulation of progesterone production by calcium
was accompanied by am  increase _ig,, 3B-hydroxysteroid
dehydrogenase 'but not 20d-hydroxysterold dehydrogemase activity,
as attested by an enhancement of the metabolism of exogenous
pregnenolone to progesterone but not of progesterone to 20%
%QH-P. In coatrast, while (Bu) 2cAMP increased pregneno'lone and

progesterone production, and both (Bﬂ*)chMP and chelera toxin

enhanced the metabolism of exogenous progesterone to 20%OH-P,

‘the cyclic AMP analogue failed to stimulate the conversiom of

pregnenclone to progesterone. The stimulation of progesterone

production by FSH andéd A23187 was  concentration- ' and

time-dependent. Whereas maximal stimulation of de novo

. . e

N |
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examined), a significant increase in the conversion of exogenous
pregnenolane to progesterone elicitéd by either the gonadotropin
or the ionophore, which also paralleled calcium-stimulated de
novo progesterone production, could not be detected until 12h of
incubation. Synthesis of new protein appeared to be a part of
the'mechanism of calcium regulatﬁég\of progesterone prqduction,
as cycloheximide, an inhibitor of protein synthesis, reduced

both FSH- and A23187-stimulated progesterone and 20 «£-0H-P

production by granulosa cells.

In summary, this study indicates that both calcium and éyclic
AMP play important but distinct roles in the FSH-stimulation of
progesterone production in rat granulosa cells. Whereas the
cyclic nucleotide may be involvéd in the more fapid control of

the steroid production via increased synthesis of pregnenolone

and/or its metabolism to 20«~0H-P,- calcium participates in the

gonédotropié regulation at the level of 3B-hydroxysteroid
dehydrogenase via a slower process possibly dinvolving the

synthesis of new protein.

v . o .
progesterégz synthesis by FSH was evident by 6h (earliest time



INTRODUCTION

The bindiné of gonadorropins to plasmé membrane receptors of.
ovarian target cells results *in a diversity of cellular
responses. One such event is the activat&qa_;}ﬂ% ;he
membrane-bound adenylate c¢yclase and subsequent increase of
intracellular cyclicA adenosine monophosphate (cyclic AMP) .
Cyclic AMP servqg as a second messenger for the extraceilular
signal, and through a cascade of bilochemical reactions elicits
an_intercellular response. Although many peptide hormones and
'biogenic amineé such as glucagon, folllcle-stimulating hormone
(FSH), and B-adrenmergic catecholamines, rstimulate cellular
cyclic AMP production (Baxter and Funder, 1979), the specificity-
of the tropic response to these 'primary messengers” Iis
conferred by the presence of specific membrane-bound receptors
associated with adenylate cyclase., The cellular response to
cyclic AMP is 3156 determined by the type and quantity of

protein kinases and phosphorylable proteins present (Ganong et
al., 1983). Three protein com;;;ents have been demonstrated to
be involved in the regulation of cyclic AMP production following
hormone receptor interacg}gg. The receptor is located oﬁ the

surface qg the plasma membrane, and may extend through it. The

nucleotide regulatory protein (NRP) is situated on the inmer

®



surface of the membrane. Association of the first messengér
ligand with its_receptor results in the binding of NRP to
guanosine triphosphate (GTP). ~In the presence of Mg++ the
NRP-GTP complex activéte;_adenylate cyclase and decreasés the
affinity of the receptor, facilitating release of tt® ligand
(Catt et -al., 1980).. This experimental model appears to be-
applicable for the hormonal activation of ¢yelic AMP system in
many wammalian tissues. In many hormone~dependent systems in
which cyeclic AMP is a second messenger, Ca++ appears to play a
role as a transducing coupler between the hormonal stimulus and
the cellular response {(Neher, 1982). Changes in the

e
concentration of dioniec Ca

in the ‘cytosol' and various
intracellular components such As mitoch;ndria, sarcoplasmic or
endoplasmic reticulum, may produce the specific physidlogical
signal. Moreover, since the role of the Ca++ ion in many cells
is related to, and interdependent on cyclic AMP, a complete
understanding of the role of this cyclic nucleotide in
gonadotropic st}mulat;on of steroidogenesis requires detailed
»

examination of the action of this divalent cation (Rasmussen and

Waisman, 1981). “



The Ovar .

The mammalian ovary Ea_s two main functions; to prgduce
fertilizable "eggs and to synthesize the sterold hormones
necessary for menstrual cyclicity, implantation, and maintena-nce
of pregnancy. These functions are under tt:e“_control of the
pituitary gonadotropims, FSH and LH. Menstrual cyclicity is a
result of a series of alternating hormonal signals within the
hypothalamo- '~ pituitary complex. The stercoidogenic <cells
involved are the theca and granulosa cells of ovariamn follicles

and luteal cells of corpora lutea formed from follicular cells

after ovulation (Birnbaumer—and Kirchick, 1983).

Stages of Development in the Rat Ovary

-
Lans

__Cyclic follicular development is 2 continuum which can ,be’/—/
arbitrarily segregated into the following stages: a) primordial
follicle, b) preantral follicle, e) antfal, mature and
pre-—ovula‘tory follicle, d) ovulating and luteinizing follicle,

e) corpus luteum, and f) corpus albicans. Mammalian ovaries

/

,cintain an abundant number of primordial follicles at birth. It
[ 1

not known why' or what stimuli, 1f any, are responsible for

; cruitment -of particular primordial follicles iInto the

developing pool. Granulosa cells from these foll:l:cles contain ?

N
receptors for FSH but not for LH (Armstrong *and Dorrington,



1976, Armstrong et al., 1979; Rani et =2l., 1981). The theca
cells have only LH receptors (Zeleznik et al., 1974). Bokh cell
types can be stimulated by their respective gonadotropins to
produce cyclic AMP (Birnbaumer and Kirchiék, 1983).

—————

Differentiation of the preantral follicle to the preovulatory

’

follicle requires a2 delicate interplay among the .pituitary
hormones FSH, LH, and prolactin (PRL), and gheca-granﬁlosé
cell(s) interactions. LH stimulates thecal cells to produce
androgens. Via a cyclic AMP-dependent mechanism FSH synergizes
<with androgen from the theca in the induction of receptors for
LY and PRL and aromatase activity in granulosa cells (Birnbaumer
" and Kirchick, 1983). The increase in estradiél preduction causes
proliferation of the theca and granulosa cells in the developing
follicles which 1s accompanied -by an enhanced preoduction of
proteins "and mucogplysaccharides. 4s the follicle maéures PRL
and_’apdrogen iﬁﬁﬁce the biochemical méchinery necessary for
progesterone production from cholesterel in the éranulos; cells
(Wang et al,, 1979). LH receptors are present on both theca and
granulosa cells and the follicle produces sufficient estradiol

to initiate the LH surge and subsequent follicle rupture with

expulsion of the mature oocyte (Birnbaumer and Kirchick, 1983).



The LH surge stimulates progesteronme production in both theca

and granulosa cells. In the theca cells, progesterone is

.
=

diverted  to androgen production. The androgené are’ then
aromatized to estradiol by the granulosa- cells (Fortune and

-

“Armstrong, 1977; Baird, 1977).

Luteinization involves cellular hypertrophy and differentiation
of theca and granulosa cells to Vluteal cells. This 1is
characterized by a phase of steroidogenic fuilescence followed by
a reappearance of abllity to produce progesterone. In the
absence of pituitary PRL, the corpus luteum regresses and
. s

cyclicity resumes 6Smith et al., 1975; Smith and. Neill, 1976).
Regression of the corpus luteum occurs with the’ loss of the
glands' ability\ to produce progesterone w}gh evidence of
structural luteolysis. This development of the primordial

follicle and the regression of the corpus luteum demands a

delicate interplay between pitultiary and ovarian hormones.

The Steroidogenic Pathway Within the Rat Granulosa Cell -

The two most important ovarlan steroids, estradiol and
progesterone, are produced by the granulosa cells. The
granulosa cells are capable of producing progesterone
indepen&ently of other ovarian cell types. However, the
synthesis, of estrogen requires a granulosa-theca cell

interaction.
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a) Progestin Biosynthesis.

Mature granulosa cells contain all the req;ired enzymes for the
de novo synthesis of progésterone (Fig. 1l.). Previous studies
have demonstrated that both FSH and LH can $cimu1at; de nove
progestérone production in granulbsa‘ﬁgiisé(éarnegie and Tsang,
1984; Dorrington and Armstrong, ‘:i;5;}5~ Richards, 1978).
Cholestercl substrate for progesterone production may be derived
from either plasma lipoproteins (Gwynne and Strauss, i982) or de
novo cholesterol bilosynthesis from acetyl coenzyme A (Wanée et

al., 1979: Dorrington and Armstrong, 1979b; Norris, 1980). Low

density plasma lipoprotein (those having a low lipid:protein

ratio) bind to specific plasma membrane "receptors” and the

lipoprotein-receptor complex is then internalized by endocytosis
(Brown and Goldstein, 1976; Tanaka et al., 1984). The regulting
vesicles fuse with lysosomes whHich hydrolyze the lipoproteins to
unesterified c¢holesterol amd amino acids. This rise in
unesterified cholesterol inhibits the rate-limiting enzyme in de
novo cholesterol synthesis, 3-hydroxy-o—ﬁethglutaryl coenzyme A
reductase (HMG-Co4& reductase), la;é. stimulates the enzyme
responsible for the re-esterification of cholesterol, acyl
CoA:cholesterol acyl transferase (ACAT) (Tanaka et al., 1984).
Cholesterol esters aré storgd' in 1ipid droplets and can be
hydrolyzed to free cﬁolesterol by stimﬁlation of cholesterol

esterase (Behrman and Armstrong, 1969; Heider and Boyett, IS978).

~

~



b) Metabolism of Cholesterol to Pregnenolone

Side~chain cleavage represents the rate-limiting step in the
biosynthesls of progestins from cholesterol (Strauss et zl.,
1982; Hendérson et al., 1981). _ The side-chain hydrolysis of
cholesterocl ;o yield the CZI' intermediate, pregnenoloﬁf,
involves the cytochrome P&SO enzyme loca?ed o; the inner

membrane of mitochondrion. There are two possible modes for

regulation of this conversion: | 1) increasing substrate

and level. Henderson et al. (1981) have de trated that LH

- e i
availability, or 2) modulation of the P&SO QEtochrome activity
stimulation of luteal cell side-chain cleavage results primarily
from ,incféased translocation of <cholesterol into  the
ﬁitochondria, with no detectable increase in mitochondrial P450
cytochrome concentration. Strauss et al. (1982) established

-’

that L1H stimulates luteal «cell wuptake of 1lipoproteins,

presumably by increasing the numbey of cell surface receptors.
They speculated that polyphosphorylated ph&spholipids serve as
intracellular messengers mediating the steroidogenic response to
LH. It was also suggested that LH stimulates the synthesis of
polyphosphorylated 1lipid, which ‘is translocated to the
mitochondria, resultiﬁg in enhanced sidefchain cleavage - to
pregnenolone. Recently, Tanaka et al. (1984) have identified a

sterol carrier protein in rat luteal cells similar to the

hepatic sterol carrier protein. This hepatic carrier pretein

10
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\ !
has been demonstrated to stimulate cholesterol transfer and to
enhance the activity of membrane bound enzymes involved in

choles:efol met&boliSh; including ACAT (Gavey e;“-al., 1981,
Poorthidg and Wirtz, 1982). Toaff et al. (1983) have
demonstrated that both FSH and estradiol increase mitocﬁondriai
levels of c¢ytochrome P&SO and also stimulate cholesterol
side-chain cleavage activity in cuitured _porcine granulosa

cells. Recently Treciak et al. (1986) haQe demonstrated FSH and
(Bu_)2 cAMP induced synthesis of the side-~chain cleavage enzymes:
PASO’ iron-sulfur protein adrencdoxin }SP), and NADPH:ISP
reductase (Red) in escfogen-primed rat granulosa cells cultured
for 72 hours. Therefore, while it appears that both substrate
availability and P450 cytochrohe activity are modes of
modulation in many s:eroidogenic ﬁissues, the regulation of the

cholesterocl side chailn cleavage activity in the rat granulosa

cell remains to be clearly defined.

c) Conversion of Pregnenolone to Progesterone

— ~

The'c;nversion of‘pregnenolone to progesterone 1s a twe step
process involving the enzymes 3B-hydroxysteroid dehydrogenase
(3BHSD) and S5-3-ketosteroid isomerase ~ T &5, 4 &4-isomerase)
(Fevold, 1983). fhe igomerase is in excess, and its reaction

proceeds much faster than that of 3BHSD - the rate limiting step

]



(i. _—

in this steroid comversion (Philpott and Peron, 1971; Neville
and Engel, 1968). 3BHSD is primarily located in the smooth
endoplasmic reticuluﬁ, although scme studies have reported its
presence in thg mitochondria (Fevold, 1983). This enzyme .
reaction is irreversible and ig én impg;tant regulatory step in

——

progestin bilosynthesis.

-

d) Metabolism of Progesterone: 204-Hydroxysterold Dehydrogenase
o ———

- -8
In the immature rat follicle {preantral), metabolism of

progesterone proceeds mainly via 5 %-reduction to primarily
"S-;;Hrostane-3 » 17B~diol. With in wvive administ;ation of
pregnant mare's serum gonadotropin (PMSG) and the ensueing
follicular maturation, there is 2 substantial increase in the
activity of 20«Hydroxysteroid Dehydrogenase (20«-HSD) (Eckstein
and -Nimrod, 1979). This enzyme is responsible for the
conversion of progesterone to 20 x-hydroxyprogesterone (20%
-0H-P), the major metabolite of p?ogesterone in ;he adult' rat
ovary (Ichikawa et al., 1974). Although both FSH and LH have
been shown to stimulate 20«-HSD activity (Eckstein and Nimrod,

1979, Jones and Hseuh; 1981), these Jﬁséfvations have been

disputed by Moon et al. (1984, 1989).

12
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e} Converszion of Progestins to Androgens: l7«-Hydroxylase and

17, 20-Lyase.

™

17i-hydroxylase catalyzes the conversion of pregmenolone to 17«
-hydroxypregnenolone (l7x-OH-pregnenolone) and progesterone to
l7?-hydroxyprogesterone (17 x-OH-progesterone). 17, Zb-lyase
converts these two steroids to 'dehydroepiandosterone and
androstenedione ~ respectively. While PHéG treatment in vivo has
been shown to increase basal acgivities of these enzymes in
granulosa cells, neither are affected by the éctions of FSH or
LH (Fe§old, 1983). 1In the ovary the théha cells contain high
setivities of th;se two' enzymes, and in accordance with the
"two—ceil" theory ~ first established by Short (1962),
pfogesterone produced by both cell types is converted to
androgens within the theca cells. Androgens are then aromatized
to estrogens in the granulosa cells (Ryam, 1979; Baird, 1977).
This hypothesis 1s based on the observation that granulosa cells
from several species lack the 17 «-hydroxylase and/or 17,

20-lyase enzyme necessary to produce androgens {Armstrong and

Dorrington, 1977).

13



The Role of Prostaglandins in Ovarian Steroidogenesis

Prostaglandins are present in the ova;ies of most animal species and
production varies with the functional state of the ovary (Goldberg and
Ramwell, 1975). Prostacyclin (PGIZ) Eas been demonstrated t?-bg the
major pfostaglandiﬁ synthesized in the rat (PoySer and Scott, 1980) anq
human ovary (Liedkite and Seifert, 1978). Milvae 2nd Hansel (1980) have‘
demonstrated the ability of PGI2 to stimulate progesteronejéroducpion by
bovine corpus luteum both in 3333 and in vitro. P612 has also been
shown to stimulate cyclic AMP production in rat granulosa cells (Goff et

-

al., 1978). Further, the secretion of PGI2 by rat granulosa cells 1is

increased by LH (Koos and Ciark, 1982). P012 and its stable Eﬁalogue
GBPGE1 increase progesterone and estradiol production by granulosa,
theca, and corpus luteum cells of the goat (Band et al., 1986).

Prostaglandin E2 is a potent activator of adenylate cyclase and is known
to stimulate ovarian cyclic AMP ;roduction. Conversely, prostaglandin
F2°t inhibits adenylate cyclase activity but stimulates cyclic GMP
synthesis (Greemspan and Forsham, 1986). Thus dit appears that
prostaglandins may act as both primary and secondary messengers in the
mammalian® ovary and have a significant modulatory role in follicular

steroidogenesis.

13a



The.Role of Cyclic AMP and Ca'' in the Action of ACTH on the -

-— =

Adrenal.

The involvement of cyclic AMP in the regulagion of adrenal
sterocidogenesis was first reported by Haynes et al. (1959) who
demonstrated that adrenocorticotropic hormone (ACTH) increased
the cyclic AMP content of adrenal cortex slices and that
exogenous cyclic AMP -stimulated corticoid prdduction by rat
adrenal glandé. Using i1solated adrenal cells Beall and Sayers
(1972) were able to stimulate sﬁeroiddgenesis without detectable
changes in eyclic AMP production. Hbwever, increasiqg ACTH
concentrations evoked parallel increases in both steroid and
cyclic AMP production. At the highest concentrations of ACTH
e —
employed, c¢yclic AMP production continued to increase even
through steroi&ogenesis has reached a ma;imum. These results
presented two important points. First, cyciic AMP 1is not
necessarily the sole mediator of ACTH action on stercidogenesis
in the adrenal. Second, the stimulation of cyclic .AHP
production beyond that needed to elicit a suprama#imal
steroidogenic response by ACTH demonstrates the presence of
"spare" receptors, suggesting that an abundance of receptors on
the membrane may allow detection of low concentrations of the
ﬁrophic agent. Similar disparities between cyclic AMP levels
and cellular responses' have also been observed i1in adipose
tissue, Iiver, thyroid, and Leydig cells of the testis (Catt and

Dufau, 1976).

. 14



More recent examination of the mechanism ol action of ACTH in

isolated adrenocortical cells has f;a to a better understandings_
of the biochemical interaction between ca ' and cyclic AMP in
‘[/:;:\bqntrol ﬁf steroidogenesis (Podesta et al., 1979, Podesta et
i// al., 1980, Sola et al., 1979 ani Hall et al., 1979). The

follqwing simplified scheme has been developed. Once ACTH binds
to its membrane receptor adenylate cyclase 1s activated .(as
previously described) and catalyzes the conversion of ATP - to
cyclic AMP. The steady state intracellular level of cyclic AMP
is determined by: the rate of formation, and degradation of the
‘ cyclic nucleotide, and by its distribution inte wvarious
intracellular pools. ~The binﬁing of c¢yclic AMP to the
regulatory subunits of .a cyclic AMP-dependent protein kinase
results in the dissociation of the catalytic subunits from the
holoenzyme, and the phosphorylation of _specific preformed
protein substrates. It has Dbeen ‘suggested thaE;; these
phosphorylated proteins, and possibly microfilaments and
microtubules, by a yet unknown meéhanisw, might be involved in
the translocation of cholesterol acroess the mi;oéhondrial

membrane to the inmer matrix. This step i1s deemed the

rate-limiting step of steroidogenic process.

Fakunding et al., (1979) have - demonstrated that the
steroidogenic responses of isolated adrenal cells to ACTH,
angiotenéin 11, and potassium are dependent on the

++
extracellular concentration of Ca .

15
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Physiological concentrations of ca™t were necessary to elicit
maximal aldosterone responses to all three regulators and
steroidogenesis was progressively atq‘%uated.by a reduction in
extracellular Ca++ e;£centration. In contrast, the Increase in
steroidogenesis _elicicad by exogenous cyclic AMP was less
dependent on extracellular Ca++, as evident by its insensitivity
to verapamil and lanthanum, twe agents known to bléﬁk cellular
uptake of Ca+t (Singh et al., 1978). Likewise, the stimulatory
effect of cyclic nulleotides was unaffected by the presence of
the ca’t chelating agent, [ethylene~bis(oxyethylenenitrilo)]
tetraacetic acid (EGTA). Moreover, increase in steraid
prgs;ction induced by cholera toxin, a potent pharmacolbgic
stimulator of adenylate cx;lase in steroidogenic tissues via
inhibition of GFP hydrolysis (Korval ;t al. 1974; Haksar et al..
1975), 1s less sensitive to Ca++—deprivétion than that by ACTH
(Neher, 1982). Hemce, the Primary requirement for ca’t in
adrenccortical cells appears éo be at -the level of hormone
receptor-adenylate cyclase coupling since both ACTH binding and
steroidogenic stimulation by exogenous cyclic AMP are relatively

unaffected in the absence of Ca++ (Lefkoqitz, 1970, Fakunding et

al., 1979).
The dependence of ACTH-induced steroidogenesis on extracellular

Ca++ and the ability of Cé++ to stimulate basal aldosterone

production (Shima, 1978) suggests that Ca++ is eithey bound or
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taken up by the cell., This is supported by the existence of an

1

ACTH-stimulated, cyeclic AMP-—dependent net accumulation of €568++

in whole adrenal glands in vitro (Leier and Jungman, 1973).
A23187 is a monoqarboxyliic acid antibiotic that promotes catt
9 t
movement across cellular membranes. The result is increased
++ - +
eytosolic Ca by both influx of extracellular Ca  and release
‘from intracellular stores (Fakunding and Catt, 1982). As
observed during B-adrenergic )\ activation of hepatocytes

o,
A23187 has been shown to

~.

(Assimacopoulos-Jeannet et al., 1977),

— ~

stimulate phosphatase & and glucose release in a\Qa++-depéndent
fashion. Moréover, in t@} presence of Ca++, thi; ,;onophore can
rimic gonadotropin~releasing hormone effects on LH Trelease by
pifuitary cells (Conn and Rogers, 1979). Fakunding and Catt
(1982) have recently demonstrated that in adrqul glomerulosa
cel;s, the Ca++ ionophore A23187 increased aldosterone
production in a dose- dependent manner. This response was also
dependent on the concentration of extracellular Ca++ and was not
accompanied by detectable increases in vtyclic AMP. In this

y . ++
context, Lefkowitz et al., (1970) demonstrated that Ca  was not

necessary for ACTH-receptor interaction. -
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The Role of Cyclic AMP and Ca++ in Testicular Steroidogenesis

-

-

Testosterone, the principle hormone produced in the testes, ié
syntheéized from cholesterol in the Leydig cells.
178-hydroxylase, but not 1l- and 2l-hydroxylases, 1s known to be
present in these cells. Pregnenolone is hydroxylated in the 17
position and subjected to side chain cleavage to form:
17-ketosteroids which are - subsequently converted to
testosterone. LB stimulates testosterone production in the

Leydig cells (Ganong, 1983). .

——

Sandler and Hall (1966) were the first to demonstrate that

exogenous c¢yclic AMP stimulates testicular testosterone

production. TUsing rat‘testis they observed an increa;;-;;?both
testosterone production and the conversion of [7-3H] cholesterol
to [3H] testosierone. The concentration of cyclic AMP used
(0.027 M) was far in excess ‘of physiologic range,.but the-effect
was sPEEEEIE_EIEbe AT@, ADP, and AMP had no effect at similar

concentrations. Connell and Eik-Nes (1968) confirmed this

finging in _gpabbit testis and demonstrated that theophylline, an

&7

hibitor of phosphodiestérase, could stimulate testosterone

synthesis at low concentrations (10°'M). Studies have also

demonstrated that the major effect of LH in Leydig cell
testosterone formation is mediated by cycliz AMP and cyclic
AMP-dependent protein kinase -(Dufau and Catt, 1978, Cooke et

al., 1981; Lin, 1985).
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The rolg of Ca++ in Leydig cell steroidogenesis 1is not wel ‘
understood. Basal testosterone prodﬁction by Leydig cells ig
zigséggas been shown to be unaffected by the abs;;;e of C§++ in
the incubation medium. However, maximal LB-stimulated
testosterone formation could only Be observed in the presence of
the divalent cation. In the absence of Ca++, testosterone
produgtion was reduced by about seventy percent (Janszen et al.,
1976a). Fﬁrthermore, verapamil inhibited LH-stimulated
testosterone formation (Lin et al., 1979). Evidence has also
accumulated 1in recent years to support tﬁe concept that
intracellular action of Ca++ in the testis 1s mediated through
protein phosphorylation (Kimura et al., .19843 Welsh et al.,
1980). Lin (1985) has demonstrated thé“gresénce of a Cah
/phospholipid-dependent protein kinase (kinaég_Cj in rat Leydig
cells. :'Kinase C is strictly dependent on phospholipid,

phosphatidylserine, and .Ca++, and its activity 41s markedly

enhanced by unsaturated diacyglycerol (Kishimoto et al., 1980).

Kall and co-workers (1981) have examined the role of calmodulin
in the response of Leydig cells to LH. Trifluoroperazine (TFP),
an inhibitor of calmodulin, prevented the stimulation of Leydig
cell testosterone prodgction by both LH and cyclic AMP. TFP
%lso inhibited the stimulation of cholesteéol transport to
mitochondria, as well as attenuating the increase of side-chain

cleavage of cholesterol to pregnenolone in isolated mitochondria



elicited by these agents. These observations indicate that both
cyelic AMP and Ca+4— are important mediators of gonadotropic
stimulation of stercidogenesis in the testis.

Calcium and Granulosa Cell Steroidogenesis

While Ca++ has been show$/1o be important.for maturation of
mammalian oocytes (Tsafrifi, 1978) and proteoglycan production
by granulosa cells (Lenz et al., 1982), the role of this

divalent cation in the gonadotropic regulation of ovarian

steroidogenesis is unclear.

=+
Previous studies have shown that omission of Ca  from granulosa
y
cell incubations resulted in marked decreases in both
progesterone production and aromatization of exogenous

testosterone to estradiol in response to gonadotropins (Carmegie

and Tsang, 1981; Veldhuis and Klase, 1982). Whereas lanthanum (La3+),

a cation known te inhibit cellular Ca++ uptake and compete with
calcium for affinity sites on the plasma membrane (Haksar et
al., 1976), markedly reduced FSH-stimulated producgion of cyclic
AMP and progesterone by granulosa cells, basa§ cyclic AMP
production was significantly stimulated by the presence of the
trivalent cation (Tsang and Carmegie, 1984; Carmegle and Tsang,

1983). Moreover, inhibition of calmodulin by triflucroperazine



(TFP) or 1[bis-(p-chlorophe;iyl)methyl] 3={2,4~dichloro-B-
(_2,4-—dichlorobenzyl—oxy)-phenethyl]imidazolium chloride (R24 57.1)
significantly a:tenuate_d cyclic AMP land progesterone production
stimulated by FSH, (Bu)2 cAMP (a cyclic AMP analogue), cholera
toxin, Pr;staglandin Ez, or is;':proterenol (180) (Carnegie andl
Tsang, 1984; Tsang and Carnegile, 1984). .In contrast to tfg
adrenal gland, Ca-H. may be important in the modulation of
cellular c¢yclic AMP levels, possibly wvia the regulation of
adenylate cyclase ar_ld phosphodiesterase activity_, and thus the
gonadotrople control of grar}u.losa cell s.teroidogenesis (Tsang’
and Carnegie, 1983, 1984).
¢ CRE

Whereas, cobalt 2and manganese, two inorganic Ca:- channel
blockers, i_nhibite.d FSHwétimulaced progesterone syntl}esis,
addition of A23187 to granulesa cell culture significantly
stimulated the product.ion of the steroid (Tsang and Carnegile,
1984). These findings support the concept that stimulation of
uptake of ex—;racellular Ca-H- is an importépc garly event after
the I:;inding of the gonadotropin to its receptors and may be an
integral part of the activation process through which an
appropriate Ca++ milieu essential for specific biochemical
processes may be attained. Moreover, the production of
progesterone, but not of cyclic‘ AMP, stimul.ated by FSH, (Bu)2

cAMP, cholera toxin , PGEZ, or IS0 was inhibited by the organic

Ca-H centry blocker, verapamil. Dose-response studies with
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trifluoroperazine indicated that although both cyeclic AMP and

progesterone, production were requced In a
concentration-dependent manner, low concentrations of this agent
“were capable of inhibiting steroidogenesis with no significant
effect on the net synthesis of the cyclic nucleotide (Tsang and
Carnegile, 1984). The hormonmal regulation of steroid production
by Ca++ and calmodulin may involve the regulation of protein
-‘kinase activity as has been shown in the control of the myosin
;denosine triphosphatase (ATPase) system (Hathway and Adels;ein,
1979). A Ca’ - dependent protein kinase has been described in
many cellular systems and has been shown to consist of a
catalytic subunit and a Ca++ binding regulatory subunit,
subsequently‘ identified as calmodulin. Activgtion of myosin
ATPase may be achieved suBsequent to the binding of Ca++ to the
calmodulin subunit, stimulating the phosphorylation of the
myosin light chain and facilitating actin-myosin interaction.
In this c;;text, Maizels and Jungmann (1982) have demonstrated
the presence of Ca++/ calmodulin-dependent protein
phosphorylafion activity in the cytosol and nuclear non-histone
proteiln extract of prepubertal rat ovaries and have suggested
the possiﬁility of its role in the regulation of ovarian
function. Further examination of the Ca++—ca1modulin system in
the granulosa cell will provide a better understanding of the

\\mechanism of action of gonadotropin in this steroidogenic cell.

Studies employing EGTA, an agent which vreadily chelates
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extracellular Ca++, have demonstrated the dependence of
progesteréné, but not cyclic AMP, production in granulosa cells
on extracellular Ca++ (Carnegle and Tsang, 1983; Veldhuis and
Klase, 1982). .These observ;tions indicate a -physiclogical role
of Ca++ both in the control of the adenylate cyclase-cyclic AMP
cascade and gﬁlation of .%lochemical step(s) on the
steroidogeni; ;Zihway dlstal to the cyeclic AMP cascade. The

site(s) of action ?? Ca++ in the granulosa cell remains to be
'

determineq.

The Role of Protein Synthesis in the Stimulation of

\\?teroidogenesis

Protein synthesis has been shown to be necessary for
steroidogenesis elicited by LH, ACTH, and cyclic AMP, Early
work by Hall and Eik-Nes (1962} has demonstrated that inhibitors
of pro;ein synthesis, such as puromycin and chloramphenicol,
blocked the stimulatory effect of LH on steroidogenesis in rat
adrenal slices. Thé synthesis of cylic AMP occured within
minutes of adenylate cyclase activation and appeared to be

independent of synthesis of new protein (Marsh, 1976; Tanaka and

Strauss, 1982).
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Farese (1971a) has demonstréted that omission of Ca++ from the

incubation nf adrenal \slices (sfimulated by ACTH) inhibited
—~~\steroildogenesis and the incorporation of leucine into acid-
precipitateé protein. Tﬂis observation dis consistent Qith the
concept that protein synthesis required during steroidogenesis
may be Ca' -dependent. It was cuggested that Ca'® facilitates
the transfer of amino acids froﬁ. aminoacyl ¢tRNA to the
elongating peptide chain (Farese, 1971?). Whereas Younglail and
Osoke (1981) have shown that the stimulation of sterold
production by disclated rabbit ovarian follicles is dependeﬁt
upon the synthesis of new protein, hut not of new RNA, %he role

of protein synthesis 1in gonédotropic stimulation of granulosa

cell steroid production, and the involvement of Ca++ are yet to

N~

Rat Granulosa Cells: An Invaluable Tool in the Study of

be fully elucidated.

Gonadotropic Regulation of Ovarian Steroidogenesdis

~—
Rat granulosa cells are separated from blood vessels and theca

cells by a basement membrane lining the follicle. Granulosa
cells are extremely durable, and can easily be isolated by
follicle puncture (see Materials and Methods section). A number ﬁf
in vivo treatments exist for the isolation of granulosa cells at
different stages of cell differentiation. Thirty day old rats
injected with l?B-eséradiol (1 mg/rat;I.P.;days 24 through 29

inclusive) possess ovarian follicles in the preantral stages of
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development. Whereas, 30-day-old rats injected with PMSG (4
I.U.;I.P.; Day 28) prov;de antral or proestrous follicles
{Carnegle and Tsang, 1984). These two models offer a convenient
means  of scudyigg the regulation l.of granuleosa cell

steroidogenesis at differént stagés of developﬁent.

There are several advantages of using this cellular model: 1)
Immature rats (30 days old) injected as described yield numerous
follicles having large numbers of homogenecus cells at the same
stage of developﬁent. 2) No collagenase or proteolytic enzymes

are required for cell isclation, thus avoiding possible changes

in cell responsiveness to hormone. 3) Granulosa cells can be

cultured in Eerum—free medium, thue eliminating possible effects
of serum factors on steroidogenesis. &) Primary cultures of
granulosa cells, unlike ovarian cell lines,” retain hormonal

responsiveness and physiolegical functions (Carnegie and Tsang,

1984).

As in wmost in vitre experimental models, there are a few
disadvantages. The following Ilimitations of granulosa cell
culture exist: 1) In vitro preparations are without influence of

any possible changes in follicular vasculature or

microcircuiation which may be important for the delivery of hormones

-
—
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in vivo (Reynolds, 1973, Niswender et al., 1976; Ellin;ood et
al., 1978). 2) In vitro culture of isolated granulosa cells
eliminates known cell-cell interactions between | theca and
granﬁlosa%ﬁcells (Hondéchein and Schomber, 198l; Fortune and
Armétrong, 1977). 3) The pooling of granulosa cells, and
subsequent culture, masks ‘possible structural and functional

heterogeneity of granulosa cell subpopulations:

Granulosa c¢ells are arranged in a stratified manner within the
folli;}g with each layer of cells possessing different
characteristics. The precvulatory follicle has distinct layers
of granulosa cells. The mural layer lines the basement
membrane; the cumulus layer surrounds the ovum; and the antral
layer lies between -these two. The mural cells are likely
steroidogenically most active as they possesé high lewvels of
3BHSD, cytochrome P450 enzymey” and, 17 «-hydtoxylase (Fevold,
1983). Likewise, the mural [granulosa cells contain a much
higher concentration of LH receptors than either the antral or
cumulus layer (Rajaniemi, 1977; Midgley, 1979). 1In comntrast,

——

the cumulus cells have more PRL receptors than the other two
£

layers (Dunaif et al., 1982). Immunocytochem%%%r studies have

demonstrated thét the antral g;anulosa cells have significantly

higher intracellular concentrations of cyclic AMP (Dail et al,

1980).
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Observaﬁion of extensive gap juctions between granulosa cells in
xigg‘indicates the possibility of intercellulaé comﬁhnication.
Such connections may be important for metabolic exchange between
neighbouring cells (Amsterdam, 1976; Bjersiné: 1974). Although
these cell junctions have been observed in granulosa cell
aggregates during in vitro culture (Amsterdam et al., 1981),
whether these in vitro situations reflect in vive conditions

remains to be fully elucidated.
Despite the limitations of granulosa cell culture, the In vitro
apnggch has provided invaluable information concerning the

endocrine physiology of these cells.

Rationale and Statement of Problem

The main objective of this research was to define the site(s) of

Cé++ action in the FSH regulation of steroidogenesis by rat

—

granulosa cells in vitro and examine the role of protein
o
synthesis in the process. More specifically, the follg&ing

questions were addressed:

1) Does Ca++ regulate the production of pregnenolone from its
endogenous précursors, and 1f so, how does this relate to the -

action of FSH in stimulating pregnenolone production?

.
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2) Is the conversion of pregnenolone to progestercne in
SN ' ' )
granulosa cells regulated by FSH? Does Cd++ play a role #L rgr

¥

this regulation? \\\

3) Does FSH regulate the metabolism of progesterone? Is Ca++

involved in this regulation? .

4) Is the\ synthesis of new protein(s) involved in these

E,

steroidogenic regulations?

o — -
" s \
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Materials & Methods

(I) Animals —

i -
Immature Sprague - Dawley rats were treated in one of two ways

to stimulate follacular ;growth and developmeﬁt. . They were
injected intraperitoneally with either 17B-estradiol for 6 days
{1 mg/rat in sesame oil, from Day 24*1 to Day 29 ‘(Armstrong et
al., 1979)] and sacrificed ::1 Day 30:1‘; or a single dose of 4 TU
of pregnant mare's serum gonadotropin (PMSG; Ayerst Labs.,- Inc.,
Montreal) on the morning of Day 28%1 ‘to produce follicles
typical of those found during proestrous when harvested on the'

N

morning of bay 301 (Fortune and Armst;rong, 1977). Ovaries frgm’,
PMSG—treatei rats contained numerous follicles cl;\aracterized by
multiple layers of granuleosa and theca cells with an antral
cavity prsl_'sent. Ovaries from animals pretréated_ with
17B~-estradiol contained larger numbers of immature presantral
follicles with. ; well-developed granulosa layer, but a thin
thecal component.

With the exception of the studies of which the ‘results are
indicated in Figure 3, all experiments were performed with

granulosa cells from PMSG-treated rats.
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~ (I1) Isolation of Granulosa Cells : - .

Rats were anaesthesized with Halcthane b.p._(Supefpharﬁ, St.
Lambert, Quebec) and under aseptic conditions, the ovaries were
removed by vertical laparotomy. With the aid of a dissecting
microscope, granulosa cells were collected by puncturing surface
follicles with a ﬁiné needle and gently squeezing the cells into
Eagle's Minimal Essential Medium contaiﬁing NaHC03 (2.2g/1litre),
nonessential amino acids (0.} oM) , penicillin-g;;eptomycin
(50,@00 U/L and 50,000 ug/L, respectively), and fungizone (625
ug/L,/ all from Grand Island Biological Co., Mississauga,

Ontario). The concentration of calcium in the medium was 1.8

a. -
fhe cells were collected by centrifugation (325 xg, 10 minutes) .
and resuspended with wmedium. At this point the cells
demonstrated a viability iIndex of 25 - 50% as .determined by
trypan blue exclusion. In order to increase the wviabilicy
index, non-viable cells were removed from -the preparations by a
mbdifj'.}a_bﬁm of the method of Farookhi (1982) as indicated
hereafter. After the initial cell count, granulosa cells were
resuspended to a concentration of 106 cells/ml and incubated
with trypsin (50 ug/ml) for 60 seconds. The reaction was
stopped with an addition of excess of soybean trypsi;.inhibitor
(150 wug/ml)., The DNA releagéﬂh;from dead (lysed) cells was

digested with DNase (25 ug/ml) for S minutes to prevent clumping
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of cells (all three reagents were purchased from Sigma Chemical
Co., St. Louis, MO.). The cells weré then ceﬂﬁrifuged at 320 xg
for 10 minutes and resuspended in culture M&dium. This step was
repeated with a subsequent viébility check. A viability dindex
of 85 — 1002 and a recovery of 60 - 80% of the initial numger of
viable cells were noted. The cells were then allocated équally
to various treatment groups to attain a final concentration of

- q :
approximately 3 X 10  cells/well.

AN
{III) Tissue Culture

Cellfﬂyere incubated for 6, 4P, or 24 hours in 1 ml of éulfure
medium at 37 C under an atmosphere of 57 CO2 and 957 air. At
Ehe end of culture period, the medium was collected and stored
at ~20°C pending extraction twice with ether prior to steroid
analysis.

*'n

(1IV) Biochemical Assays

Medium collected at the end of the culture period was extracted
twice with three volumes of diethyl ether which were evaporated
under N2 gas and resuspended in 1 ml of- absolute ethanol.
Efficiency of the extraction, as determined by simultaneously
extracting known amounts of the labelled steroid(s), was 95%7 -

98%.
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The samples were then assayed for pregnenolone, progesterone, 17«x0H-P,
wgﬁmtenrby validated specific radioimmuncassay (Orczyk et
al. (1979)\an/<;;1naba'_§_t a_;: (1980)).. Appropriate aliqu_‘ctts .of the
standards (0,5,10,20,40,80,160,320,640 picograms; in triplicate),
- unknowns (in duplicate), and interassay pools (for quality control; in
duplic_at:e), all dissolved 1in redistilled ethanol, were ﬁipetted into
glass_tubes (12 x 75 mm), and evaporated ‘to dryness with Nz gas over a
warm water ba'th. +They were then re‘suipended in 100 wul of
phosphate-buffered saline in gelatin (PBSG, pH 6.9). One hundred ul
(dissolved in PBSG) éach of the antisera (at a final concentration which
provided 30% binding of the labelled steroid added) and of
tritium-labelled steroid (approximately 14,000 cpm) were added. The
total incubation volume of the assay was 300 ul. The labelled steroids
for the above-mentioned assay were [7 - 3H(N)]-prégnenolc,me (specific
activity, 19.3 Ci/mmole; New England Nuclear (NEN) catalogue #NET-039),
(1, 2, 6, 7, 21 - 3H(N)]-progesterone (specific activity, 160 Ci/mmole;
NEN catalogue # BET=224),- 17« -[1, 2 _=?H(N)]-hydroxyprogesterone
(specific activi‘ty, S0 Ci/mmole; NEN catalogue # NET-332), 20=-[1,2 -
3 H(N)]-hydroxypregn-é-ene—}-one (specific activity, 53 Ci/mmole; NEN
catalogue # NET-236), respectively. Triplicate tubes for dete\rTination
of t_:hj’ total radioact:ivity added and of non-specific binding were

included. The t:ul;es were gently vortexed and allowed to equilibrate

overnight at 4°C.
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On the following day separation of the free and bound steroid was
achieved by the addition to each tube (except those for total count
~ determination)of 1 ml of charcoal solution containing .Dextran T=70
(25mg/100ml) and alkaline decolorizing charcoal (250mg/l00ml). Tubes
for total count determination recelved 1 ml of PBS instead _of the
o T e
charcoal solution. All tubes were immediately vortexed and left in an
ice-bath for 15 minutes. The samples were then centrifuged for 15
minutes at 300 xg. The supernatant, which contained the 1labelled
sterold bound to the antibody, was decanted into écintillation vials,
aéd counted in 4.5 ml of scintillation fluid (0.5 PPO in toluene:
-glacial acetic aclid at 27:1) in’ a beta counter after a minimm of 4

hours.

Steroid levels~were determined with the use of the standard curves
generated and Expressed in picograms per 100,000 cells following
correction for extraction loss and interassay variation. The intra- and

inter~assay coefficients of variation for the radiolmmunocassays were

<10% and <20%, respectively.
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Antisera used for progesterone and 20&-~OH-P assays (kindly

[

donated by Dr. D.T. Armstong, University of Western“\Ontario,

London) showed negl}gﬁﬁi@ cross-reactivity (0.1%) ’ﬁitg other

progestins, androgens, and estrogens he ception of-the
latter which crossreacted significantly with
20B-hydroxypregn-4~en—-3-one (8.7%). The antiserum . for

pregnenolone RIA (kindly donated by Dr. G. Niswender, Universicy
of Colorado, Denver) exhibited significant cross-reactivity with
1745-hydroxyp:egnenolone (12.7Z2), S-pregnene-3B, 20% -diol
(25&02), S-pregnene~3B, 20B-diocl (8.3%), dehydroepiandrosterone
(8.?}&:;and S-androstene-3B, 17B~diocl (5.6%). The 17&-0H-P -
antéggrﬁm (frem Dr. D.T. Armstrong) cross-reacted with
pregn-4-en-20B-0l-3-one (1.27) but less than 0.12 with

progesterone, testosterone, estradiol-178, pregn-4—en—-206¢

-0l-3-one, S«-pregnane-3, 20-diocne and Sd-pregnane-3«-ol-20-one.

(V) Statistical Analysis

Results we&e analyzed statistically by analysis .of wvariance

(ANOVA). The significance of difference between individual
: ¢

treatment groups was determined by the Student t-test.

N

A\
(V1) Experimental Design

1. De Novo Steroid Production
Granulosa cells were iIncubated for 6, 12, or 2§ hours in the
absence or presence of FSH (1S5, 30, 75, or 150 ng/ml;
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a highly purified ovine FSR prepartion from the National
In;ticute of Arthritis, IMetabolism and Digestive Diseases,
Bethesda Maryiand, NIAMDD-oFSH-13), A23187 (0.125, 0.25, 0.5,
1.0, 2.0, or 4.0 ug/ml; Sigma), cholera toxin (10ng/ml; Sigma),
(Bu)2 éAMP (0.1 wM; Sigma), and/or EGTA (0-3.6 mM; Eastman Kodak
Co, Rochester, New York). In some of the experiments graﬁulosa
cells were incubated for 24 hours also 1in the presence of
cyanoketone (0 - 2'5- u}d), a potent- inhi%r of 3BHSD, to inhibit
metabolism of pregnenoclone to progesterone. At the end of the
incubation’ period, medium ‘'was collected and frozem for
subsequent extraction and analysis of pregnenclone,
progecterone, 17%-0H-P, ané 20 *-0H-P. Tissue culture medium
containing célls which were not incubated was alse gnalyzed for

sterold contents to provide time zero controls.

.

N

423187 (Calbiochem-Behring Corp, San Diego, CA: and Sigma) was

suspended in dimethyl sulfoxide (DMSO, Sigma) to form a stock

. solution of 1.2 mg/ml which henceforth remained shielded from

the 1light. This was divided into 100 ul aliquots and frozen for

storage. Control groups received an equal volume of DMSO.

2. Conversion of Pregnenolone to Progesterone

The experimental design for these studies was identical to part
"1" except that aminoglutethimide phosphate (AGP, 0.75 mM
CIBA-Geigi Corporation, Ardsley, Ny.), an inhibitor of side
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chain cleavage, and pregnenolome (0.1 uM, Steraloids) were added
to the culture media in order to determine the influence of FSH,
A23187, (Bu)chMP, and cholera ﬁoxin on the conversion of

exogenous pregnenolone to progesterone.

B.QCohversion of Progesterone to 20¢&0H-P

Granulosa cells were incubated for 24 hours in the presence of
cyanoketone (25 mM) or AGP (0.75 mM) and progesterone (0.1 mM),
with and without FSH (75 ng/ml; NIAMDD-oFSH-13), A23187 (O,
0.25, 0.5, 1.0, 2.0 ug/ml), (Bu),cAMP (0.1 mM), or cholera toxin
(10 ng/ml). The ability of the granulosa cell to convert
exogenous progesterone to 20¢-0H~P was determined by 20¢-0H-P

radioimmuncassay.

4, Studies with Cycloheximide, an Inhibitor of Protein

Synthesis

Granulosa cells were incubated for Zi hours with wvarious
concentrations of cycloheximide (O, 28, 280, 2.8 x 104, and 2.8
X 105 ng/ml, Sigma), a translational inhibitor of protein
synthesis (Garren et al., 1965; Davis and Garren, 1968) in the
aysence or presence of FSH (75ng/ml) and A23187 (1.0 ug/ml). At
the termination of the culture period the éedium was collected

for progesterone and 20 o¢ -QOH-P radioimmunoaésays.
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Results . *

1. Stimulation by A23187 of Progesterone Production by

Granulosa Cells from Rat Preantral and Proestrous Follicles.

The influence of A23187 on progesterone production by granulosa
cells at different stages of cell differentiation was examined
in cultures of granulosa cqlls isclated from the preantral and

pro-estrous ovarian follicles, A23187 stimulated de noveo

progesterone production and conversion of exogenous pregnenolone
to progestercne in a concentration- dependent manner (p<0,.0l1) in
both preantral (Fig. 2) and proestrous (Fié. 3 follicles.
While a concentration of 4.0 ug/ml of A23187 maximally
stimulated de novo progesterone production, this dose was
submaximal in the stimulation of pregnenolone to progesterone
conversion. However, the amount of progesterone produced from
endogenéus substrates in response to the ionophore was m?;kedly
greater {(approx. 3X) by granulosa cells from pro-estrous
follicles (Fig. 2) than preantral follicles - (Fig. | 3).
Consequently it was decided that the more differentiated

granulosa cell model be used for subsequent studies on the

regulation of steroildogenesis.
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Figure 2.

Stimulation by A23187 of progesterone_production and conversion
of exogenous pregnenolone (PS, 0.1 um) to progesterome (P4) (in
the presence of 0.75 mM AGP) by granulosa cells isolated from
PMS-treated rats and incubated for 24 hours. Values are the
mean * SEM (n=10 - except 4.0 ug/ml: n=8; three experiments).
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Figure 3. .
StimulatiQﬁ“by A23187 of progesterone production and conversion
of exogerfous pregnenolome (P5, 0.1 uM) to progesterone (P4) (in
the presénce of 0.75 mM AGP) by granulosa cells isolated from
E.B-treated rats and incubated for 26 hours. Values are the
mean * SEM (n=20, five experiments).

~35b-



2. Influence of Various Concentrations of EGTA on Granulosa

Cell Progesterone Production Stimulated by A23187.
1 3 .

A23187-stimulated progesterone production appeared to be calcium
specific as addition of EGTA to the caiciumrcontaining culture
medium resulted 1in a concentration-dependent (P < 0;001)
inhibition. Whereas low concentration (0.9 mM) of the caicium
chelator elicited a slight bu't further increase (p<0.0l) in
progesterone production.compared to cultures containing AZ23187
in the absence of EGTA, concentrations greater than 1.8 mM were

inhibitory (Fig. 4).

3. Influence of FSH and A23187 on Steroidogenesis: Progesterone

Production vs. Duration of Tissue Culture.

A comparison of the wmechanism of action of FSH~ and
calcium-dependent stimulation (as elicited by A23187) of
progestercne production was addressed by examining the time
course of net progesterone synthesis in the presence or absence
of these two agents (Fig. 5). FSHE resulted in a significant
stimulation (440%, p<0.001) of progesterone production within 6
hours (earliest time examined), whereas an increase (200%,
p <0.001) in the production of the stercid by A23187 was not

noted until after :2 hours of incubation.
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Influence of EGTA on A23187 (1 ug/ml) - stimulated progesterone
production by granulosa cells during a 24h incubation period.
The concentration of calcium in the incubation medium was 1.8
mM. Values are the mean * SEM (n=12; three experiments).
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4. Influence of FSH and A23187 in Granulosa Cell Pregnenolone

Production. ~

Table 1 demonstrates the influence of FSH and A2318'7 on
pregnendlone and progesterone production during a 24 h culture
period. Whereas FSH (75 ng/ml) stimulated both pregnenolone aﬁd
progesterone production (p<0.025 and p<0.005, respectively), the
caleium dionophore only stimulated progesi:erone production (p¢
0.0(295) and had no significant effect on pregnenoleone production
(p»>0.05). Further gxaminati'on with wvarious concentrations of
A23187 (0-2.0 ug/ml):'gl.so failed to demonstrate a stimulatory
action’ of calcium at this level (p)O.IOS: 1 way ANOVA, table 2),
Addition of (Bu)chHP (O.i mM) to the granulosa cell cultures
markedly ircreased the synthesls of both pregnenolone and
progesterone (Table 3). Tl'le possibility that A23187 1indeed
stimulated pregnenolone production and that this steroid was
rapidly metabolized to"prog'esterone was examined (Fig. 6). In
the presenceof cyanoketone (25 uM), an {ivhibitor of ‘3BHSD,
A23187 also failed to stimulate pregnenclone ﬁroduction (p>0.03,
Fig. 6). 1In contrast, FSH elicited a concentration- dependent
stimulation of pregunenolone production (p¢0.00l). Progesterone
levels in the media were not substantially increas;.d by either
FSH or A23187, an indication of the effectiveness of cyanoketone

Y

in preventing the metabolism of pregnenolone to progesterone

(Fig. 6).
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Figure 6.

In the presence of cyanoketone (25 uM), FSH but not A23187

— — — — PREGNENOLONE PRODUCTION

{(ng/108caelln}

increased granulosa cell pregnenolone production during 24 hour

tissue culture. Production of progesterone under these
conditions was markedly inhibited. Values are means * SEM
(n=12 - except A23187 (2.0 ug/ml): n=8; three experiments).

-37d-

.



"S. Influence of FSH and Calcium on Metabolism of Progesterone
The progesterone metabolites 20%-OH-P and 1A&-QH-P were measured
iﬁ granulosa cell euitures in the presence or absence of FSH or
A23187 (Table 4}. ZOQ—OH—P producfion was étimulated by both
FSH (p«<0.000S) and A23187 (p<0.0005).. In contrast, mneither
agent had any significant effect on 17%-OH-P synthesis (p»0.05).
Furé%er examination with wvarious concentrations of 423187 (0 - _
2.0 ug/ml) revealed a concentration- dependent stimulation of 20
—OELP (Table 4). Maximal stimulation occured at 1.0 ug/ml, with

slight inhibition of the maximal response at 2.0 ug/ml.

6. Involvement of Cyclic AMP in the Stimulation of 20«-0H-P

Production:

To examine the possibility that the mode of action in the
stimulation of 20¢-OH-P production may be cyclic AMP mediated,
the effects of (Bu}2 cAMP and cholera toxin on 20«-0E-P
praéuction by granulosa cells in XESEE was studied. Both agents
significantly stimulated 20x-OH-P production: during a 24 hour

culture period (p<0.005, Table 6).
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7. Influence of FSH on the Convg;g}on of Exogenous Pregnenolcne

to Progesterone by Granulosa Cells.

Fd

The time course and concgnération—dependent_effeéts of FSH on
the ability of granulosa cells to metabolize exoéenous
pregnepolone to progesterone were examined. In contrast to an
early stimulation oflgg novo progesterone proauétion (replotted ’
from Fig. 5) significant gonadotfbpic stimulation of the

conversion of exog;nous pregnenolone to progesterone (p<0.001)

could not be detected until 12 to 24 hours of culture (Fig. 7).

A closer examination of the conversion of pregonenolone to
progesterone over  a 24 hour period indicated a
concentration—&ependent enhancement by the gonadotropin (p<

0.001). Whereas maximal stimulatory concentrations were

observed between 50 and 100 ng/ml a higher concentration (200

ng/ml) appeared to be less effective (Fig. 8).

]
e

8. Examination of the Time Course of A23187-stimulated

Conversion of Exogenous Pregnenclone to Progesterone.

Figure ¢ illustrates the time course of the increase in de novo
progesterone production and the capacity to metabolize exogenous
pregnenolone to progesterone in granulosa cells cultured in the

absence or presence of A23187 (1 ug/ml). 1In the presence of the
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Figure 7.

Time course of progestercne production and conversion of
exogenous pregnenolone (P5% 0.1 uM) to progesterone (P4) in the
presence of AGP (0.75 mM) by granulosa cells incubated for 24
hours in the presence or absence of FSH (75 ng/ml). Values are
the mean * SEM (n=16; four experiments).
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Figure 8.

Concentration-dependent stimulation by FSH of granulosa cell
conversion of exogenous pregnenolone (P5; 0.1 uM) to
progesterone (P4) during a 24 hour culture period. Medium
contained AGP (0.75 mM) to inhibit production of endogenous
pregnenolone. Values are means * SEM (n=12; three experiments).
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Time course of progestercne production and conversion of
exogenous pregnenolone (P5; 0.1 uM) to progesterone (P4) in the
presence of AGP (0.75 mM) by granulosa cells incubated in the
presence or absence of A23187 (1 ug/ml). Values are the mean 2
SEM (n=16; four experiments}.
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ionophore, the time-dependent iIncrease in .the conversion of
?regnenolone to _progesterone paralleled 1:!1:;1‘!,;P of progesterone
production. As with de ©novo progesterone production,
significant stimulation by A23187 of the--conversion of
pregnenolone to progestercne could mnot be detected until 12 to
24-hours of qﬁlture (p<0.001).

)

9. Lack of Effect of (Bu), cAMP Qﬂ’the Conversion of

Pregnenolone to Progesterope.

Addition of the cyclic AMP analogue, (Bu)2 cAMP, at =1
concentration which markedly stimulated pregnenolone,
progesterone and 20«-0H-P pr;duction (0.1.mM; Table 6 & 13),
failed to s;gnificantly affect (P70.05) the conversion of
exogenous pregnencloner to. progesterone in a 24-hour culture

period (Table 3B).

- -

10. Examination of the Inhibition of 3BHSD by Cyancketone.

Granulosa cells cultured for 24 hours in the preé

different concentrations of cyancketone produced 50 to (JO times
more pregnenolone than those cultured in the absence> of the
inhibiror. Production of progesterome was.markedlyxx{éenuated
(p<0.001; Table 7). Cyaﬁoketone had no significant effect on

production of 20e-~0CH-P (p?0.05).
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. 11. Regulation of Progesterone Metabolism to 20¢-0QH-P.

In the presence of cyanckgtone, an agent added to the cultuyre
medivm to block endqgeﬂous production “of :progesterone, FSH
significantly stimulated the‘ _cogversionl of . exogenous
progesterone to its major metabolite, 20%-OH-P (p<0.0005) (Table
8). Addition of A23187 to the czulture (1.0 ug/ml) failed to
Elicit a significant efféét. V;rious concentraéions of A23187 -
(0 - 2.0 ‘ug/ml) alsoc had wno stimulatory action on this
conversion (p¥0.05). High concentraéions‘of the ionophore (‘} 7'
2 ug/ml) appeared to be inhibitory (p <0.005; Taﬁle 9). In
contrast, both (Bu)2 cAMP (0.1 =M) and cholera toxin (10 ng/ml)
significantiy stimulated the métabolism of progesterone to-20$
OH-P'(p<0.0005, Table 10). When AGP (0.75 oM) was added to the
granulo;a‘cell culture to block the progestin pathway at the
cholesterol side chain step, nedither (Bu)chMP, cholera to;in,

. nor FSH stimulated conversion of exogenous progesterone to 20%
—OH—é (Table 11, p > 0.05). However, while AGP attenuated the
cyclic AMP-mediated stimulation of 20«ESD, the ability of

progesterone to serve as substrate was unaffected.
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12. Possible Requirement for Protein Synthesis in the

. Regulation of Progestin Production.

To study 1f the stimulation of granulosa cell pr‘ogesterone
production.by FSH, A23_187 and (Bu)chM? requires the synthesis
of new proteins, initial experiments were!;erforu'xed to determine
thé highest concentrations of cycloheximide which would not
affect basal pro_gestin pfoduction. Bagal progesterone production
was not significantly attenua;:ed by any of the concentrations of
cycloheximide examined (28 ng/ml ~ 28 ug/ml; p70.05). However,
the two highest concentrations (2.8 and 28.0 ug/ml) did
inhibit bas-z;l 200(-'\0H-P production (p(Q.OOI). Therefore_the
highest concentration of cycloheximide employed in subsequent
experiments was 280 ng/ml (Table 12). (Bu)2 cAMP (0.1 mM)
significantly; stimulated both progestérone and 20«-OQH-P in 24
hours (p ¢0.0005) (Table 13). Cycloheximide, in concentrations
as high as 112 ng/ml, falled to attenuvate the (Bu)chMP-
stimulated progesterone or 204-OH~P production in vitro (p>
0.0%). | THis agent howe.ver inhibited, :I.is. a
concentration-dependent manner, the production of these sterolds
elicited by FSH and A23187 (p<0.05) (Fig. 10). Progesterone
production appeared maximally dinhibited at a cycloheximide

concentration of 28 ng/ml, whereas inhibition of 20«-OH-P

production was greater at 280 ng/ml of the inhibitor.

-
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Effects of cycloheximide on FSH -~ and A23187 - stimulated

progesterone and 20«-0H-P production during 24h culture.

Values

are the means * SEM (n=8; two experiments).
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Discussion

\

(I) The Regulation of Progestin Production in Rat Granulosa

Cells in vitro: Possible Involvement of Calicum and Cyclic
\, -

AMP.
Studies into the mechanism of regulation of granulosa cell
progestin production have suggested- an involvement of both

cyclic AMP and calcium as mediators of gonadotropin actions.

Earlier studies by Tsang and Carmegie (1983) have demonstrated
FSH-stimulated rise of cyqlic AMP in the first two hours of
granulosa cell tissue cultlire coinciding with increased-
progester prdduction. Examination of the role of FSH in
progestik production in the present studies revealed that this
gonadotropin significantly stimulated both pregnenclone and
progesterone production as well as synthesis of 20«-0H-P, the
major metabolic breakdown product of progesterone. - The
stimulation of progesterone production by FSH was concentration,
~ and time - dependent, with significant dincrease in the
synthesis of the steroid noted six hours (earliest time
examined) following expos;re of the cells to the gonadotropin ig
vitro. Moreover, the effect of fSH on progesterone and 20«%-0H-P
productioh could readily be mimicked with the addition of
(BujchMP tolthe culture-medium. These findings, however, are

in conflict with those of Trzeciak et al (1986) who failed to
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detect FSH (50 ng/ml) - or EBu)chH? (1.0 mM) - stimulated rises
in progesterone or 20«- OH-P levels until sometime between 24
and 48 hours of tissue culture. It is unciear why these results
differ. Whether the apparent differences are due to the
different stages of differentiation at which the granulosa cells
were studied remains to be determined. In light of the presenﬁ
observation that (Bu)chMP increases the level of pregnenolone
in 24 hour‘cultures, this action of FSH appears to involve a
cyclic AMP mediated event. These findings are comsistent with

the observations of Trzeciak et al. (1986) that both FSH and
(Bu)chMP stimulate "the synthesis of the side chain cleavage
enzymes with resulting increaseé in progestin bilosynthesis (ie.

pregnenolone, progesterone and 204-OH-P).

Prévious studies in this laboratory (Carmegie and Tsang, 1983),
and those of Veldhuis and Klase £1982), have demonstrated an
involvement of Ca++ in gonadotropﬁc regulation of progestin
production at a step distal to the'cyclic AMP cascade. Results
from the present studies show that the calcium ionophore A23187
c;n stimulate progesterone and 20«-0H-P production without a
significant 1increase gq‘ the éyuthesis of pregnenolone. These
studies have provided the first evidence to suggest that the
gonadotropic :;;yﬁlation of pregnenolone synthesis may be

calcium— indepeddent.
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The lack :of. a stimulatory effect of A23187 on pregnenolome
production did not appear to be due to its rapid metabolism to
progesterone as net accumulation of pregnenolone in grauulos;
cells was not affected by A23187 irn the presence of cyanoketone.
This is in contrast to a substantial FSH-stimulated pregnenolone
production under identical experimental €onditioms. The
possibilityi that 423187 could stimulate the conveFsion of
pregnenolone td its metabolite 17 4-OH-pregnenolene through an
increased activitiy of 17ﬂ-@gdroxylase was -examined. Since
antisera to 17«~0H- pregnénolone was unavailable, conversion of
. endogenous progesterone to l7«-0H-progesterone, also catalyzed
by this enzyme, was measured. The inability of either A23187 or

FSH to stimulate this conversion did mnot support this

possibility. These findings are cousistent with reports that 17«

~h§droxylase is either absent or present at only low activity in
granulosa cells (Bjersing and Cartensen, 1967;- Taheri et al.,
1986) and is not responsive to gonadotropins (Fevold 1983j.
Since A23187 failed to stimulate gg novo pregnenolone production
in the absence of cyanoketone, its stimulation of de novo
progesterone rand 20%-0H~P production suggests that there Is
sufficient pregnenolone substrate within the cells to support
the increases in the steroidoge;ié responses., Veldhuis et al.
{1984) concluded that Ca++ is important iﬁ LH~stimulated
pregnenolone synthesis from endogenous sterol substrate in

porcine granulosa cells, while cholesterol side-chain cleavage

45



was not significantly affected. Whether the apparent differences
between these two observations and those of Veldhuils represent
species differences and/or those of'experimental‘design remains

unclear.

Thus, while'measufement of pregnenclone in the present studies
demonstrated a lack of requ;remen: for Ca++ in the synthesis éf
this steroid, the possibility that an inerease in intracellular
Ca++ may enhance substrate availability by rendering preformed
but sequestered mitochondriél pregnenoibne more accessible to
BBHSD‘in the smooth endSblasme reticulum cannot be ‘excluded.

It is proposed that caleium may regulate granulosa cell

progesterone production in at least two ways:

a) increasing ACtivity of stercidogenic enzyme, je. 3BHSD, and

b) enhancing‘substrate availability, ie. mitochondrial
preguendlone. Results from the present studies on
progesterone production by. granulosa cells from preantral and
proestrus follicles (Figure 2 &3) are consistent with this

notion. !

Recent work by Carnegie and Tsang (1987) indicates that
treatment of granulosa cells with 423187 results in alterations
of intracellular microtubule integriéy 'and distributiocn,
Involving morphdlogical changes in cell shape. The cells which

5

\
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took on a typical fiat and peripherally intefdigitated
_appearance became more spherical with a smooth ;utline_ and
occupying less area on the growth surface. It was postulated
that this shape change might have .altered distagces between
 intracellular organelles and inclusions and hence might have
.optimized substrate availability. Carnegie and Tsang. (1987)

have demonstrated similar findings in granulosa cells treated

with FSH. The presence of ‘tubulih binding sites on:

mitochiondrial and plasma membranes and crossbridges linking
microtubules = and mitochondria has been  "obgerved
{Bernier-Valentin, 1983, Smith et al. 1977; Heggeness et al.,
1978). Soto et al. (1986) reported that human granulesa cells

treated with 8-bromo~cyeclic AMP.and colchicine underwent changes

in cell shape which were accompanied by the migration of .

mitochondria to a perinuclear location, apparently due to
dismantling and reorganization of wmicrotubules. However, a

possible role of Ca++ in this regulation was not examined.

Closer examination of the role of Ca++ in A23187 stimulation of
progesterone production involved depiption of extracellular Ca++
through chelation with EGTA. Previéus work in this laboratory,
has demonstrated that incubation of rat granulosa cells with
EGTA markedly reduced FSH - and cholera toxin-. stimulated
progeéterone production withput significant alteration in the

net synthesis of c¢yclic AMP (Carmegie and Tsang, 1983).
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Likewise, Janszen et al. (1976b) demonstrated that incubation of

-

Leydig cell preparations with EGTA also suppressed LH—stimuiated
testosterone biosynthesis which was unaccompanied by a decline
in pro.:ein kinase .at':tivity. Therefore, by rendering
extracellular Ca'H. inaclcessible to appropriate subcellular
locales an;i/or depleting intracellular Ca-lj: pools, EGTA is
" capable of severiy reducing steroid production by directly
influencin_g the activities of the steroidogenic enzyme{s)
without affecting the cyclic AMP' -protein kinase system. The
éoncentration-d'epende'nt inhibition -of - A23187 - stimqlated
progesterone pr.oduétion by EGTA attests to a Ca'H'—specifiE:
action of the jonophore. However, the reason for biphasic
nature of the response is unclear. ' -
xi

It 1is possibie that the "concentration of Ca'H- {:1 the culture
' medium (1.8mM)* was supraoptimal such that addition of 423187

over-stimulated the influ:::; of Ca++ and elicited . suboptimal

response. - The .élight increase in .the A2318_7-induced

"
-

progesterone production noted at relatively low concentrations’

of EGTA is -consistent with this possiﬁilir.y. The presenc:.e of
Ca-H- —-dependent phosphodiesterases . (PDE) in_ many. tissues
/(Rasmussen and Goodman, 1977; Bor‘le,‘ 1981; Wolff and Bfostrom,
1979) may also explain the stimulatory effec_t of EGTA as a

-

consequence of PDE suppression.

o~ - K}
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(1II) Calecium - Specific Regulation of 3BHSD in Granulosa Cells.

)
. N
\
Zeleznik et al., (1974, 18579) have shown that FSH treatment of
immature hypophysectomized female rats increases the activity of
3BHSD in ovarian granﬁlosa cells. Deorrington and Armstrong
(1979) and Jomes and Hseuh (1981) have alsc demonstrated that

treatment with FSH in vitro increases the conversion of labelled

a

pregnenolone to progesterone in cultured granulosa cells,
Results from the current studies are consistent with the

[

i .
forementioned findings.

While our dose-response studies coufirm the FSH stimulation of
progesterone production from exogenous pregnenolone, our results
J = ’

- ¢ . -
extend these observations to provide -direct evidence for the

involvement- of Ca++ in the-regulation of the activity %f this

enzyéZf\\\Rddition of the Ca'' donophore, 423187, to rat
” granulosa cell cultures elicited a time - and concentration -

depeudent stimulation of the activity of 3BHSD, as evidenced by
‘an increase iIn the converslion of exogenous pregnenolone to
progesterone. The increase in.net progesterone production from
'~ the exogenous precursor di& ﬁpt appear to‘-be the result of
Qécreased conversion of progesterone to 1its principle

metéboiite, 20«-0H-P, as production of the latter was likewise

enhanced by the presence of the ilonophore.

~



Results from ;hé present-investigations have shown that whereas -
FSH elicited a marked stimulation in progesterone production
wi;hin six hours of incubation (earliest time examined) a
significant. increase in the ability of the cells to convert

exogenous pregnencleone to progesterone could not be observed

until after twelve hours of exposure to the gonadotropin in

vitro, suggesting.that a mechanism involviné a time delay is
operative in the gonadotropic regulation of 3BHSD in granulosa
éells. Furthermore, the time course of progesterone production
in response to A23187 resembled that of the ion§phore—induced

increase in 3BHSD aétivity and as observed with FSH stimulation,

indicates a minimal requirement of 12 to 24 hours for these

stercidogenic responses to be fully expressed. Sinée (Bu)chM?
1s capable of mimicking the action of FSH in granulosa cell
prégnénoloné production but not on the conversion of the latter
stéro;d to progesterone, and that the reverse was true with
regards to(:;; action qf A23187, the present studies suggest the
pos;ibility of two distinct but interdependent roles for cyclic
AMP and calcium in the stimulétion of progeéterone synthesis by FSH

in wvitro: (a) a rapid, .cyclic AMP - mediated respomse in

‘pregnenolone production, and (b) a delayed calcium-dependent

incfease in 3BHSD activity, resulting in an enhancement in the

metabolism of pregnenolone to progesterone.

i
Pl
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(III) Gonadotropic Regulation of 20«-HSD.  * A

Selective inhibition of 3BHSD with cyanoketone provided a
valuable tool in the examination of the hormonal contrel of 20«
-HSD. The inability of 423187 to stimulate the metabolism of
exogenous progesterone to 20“—0H-P- suggests a Ca-H' - independent
mode of action of FSH in the regulation of.20°<-- HSD: ac'ti‘vicy.

Stimulation of 20%- HSD by human chorionic gonadotropin, GnRH,

and prostaglandins has been well documented (Eckstein and ¢

Nim::od, 1979; Jones and Hs.euh, 1981). The ability of FSH,
(Bu)chMP, and cholera toxin to stimulate the conversion of
progesterone to 20 «%-0OH-P indicates that 20 «-HSD 1s under
gonadotropic vregulation, possibly via a cyclic AMP-mediated
mechanism.. The role of 2()“—0H-—P in mammals in vivo is not yet
clear. While 20«-QH~P is thought to be a relatively inactive
progestin metabolite, evidence sugges;*.ing various physiologic
functions for the steriod are beginning to emerge. Gilles a;nd
Karavolas (198la, 1981b) have demonstrated that 20 «-0H-P
facilitates c;;r::lation .and modulates serum gonadotropin and
hypothalamic LHRH levels in the rat. Hilliard et al. (1967) has
demonstrated a positive feedback action of the 20«0H-P in
sustaining high levels of LH discharge in the mated rabbit.

Whether the regulation of 204#%-HSD, and thus of progesterone

and/or 20 = -0H-P levels may 1indeed be  dimportant in

51
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" controlling ovulation, gonadotropin  secretion, and the
maintenance and/or termination of pregnancy remains to be fully

»
elucidated.

Cur present observation that FSF&_gpd (Bu),cAMP stimulate the
metabolism of progesterone to ZC)dLOH-P are contrary to the
findings of Moon et al (1985) who reported that gonadotropin and
cyclic AMP amalogue increased the convers;on of (3H)20w—0H—P to

(BH) progesterone.

These results are difficult to reconcile_considering that the in
vitro experimental protocols were quite similar and that the
antisera used were from the same source. One difference however
was that the granulosa cells used by Moon and coworkers were
obtained from preantral follicles which are less mature and
differentiated from the proestrus follicular granulosa cells
employed in the current studies. It is possible that follilcular
maturation a;dnﬁﬁ;s gfénui;sa cell differentiation iovolves a

change 1in the responsiveness of 204-HSD to gonadotropin and

cyclic AMP.

The use of AGP and cyanoketone has been a useful approach in
inhibiting endogenous ' production of steroids including
pregnenolone and progesterone. While AGP was found to have no

significant influence on the basal conversion of exogenous

-



progesterone to 20 %-0H-P it effectively attenuated this

steroidogenic step in the presence of FSH, (Bu)chHP and cholera

toxin.

The observation ‘of thel "non-specific™ inhibition of these
steroidogenic responses is an important finding and suggests
that AGP may have a modulatory effect on steroidogenic enzyme(s)
other than thoseainvolving the cytochrome P450 system. Caution
should thus be exercised with the use of this inhibitor in the
investigation’,Pf various scaroidogenic processés. It 1s of
interest to note that since basal production of 20«-0H~P from
exogenous progesterone was not inhibited in the presence of AGP
it is unlikely that the conversion of exogenoug\pregnenolone to
frogesterone in response te FSH and A23187 (;%hSD experiments)

was a reflection of decreased metabolism of progesterone to 20%

-0H-P.

(IV) Requirement for Protein Synthesis in the FSH Regulation of

Granulosa Cell Progestin Production.
-

The synthesis of new protein is the basis of normal cellular
function. A number of proteins produced by granulosa cells have
been well defined. These include gonadotropin receptors (Rani et

al., 1981), plasminogen activator and regulatory subunits of

cyclic AMP-dependent protein kinase. Knecht and co-workers
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have demonstrated FSH-stimulated RNA and protelw blosynthesis in
cultured rat granulosa cells. Using eleétrophoretic techniques
to examine the gonad#tropic coqtrol' of the synthesis and
secretion of cellular proteins in rat granulosa cells, Knecht et
al (1986) recently found that FSH can exert both stimulatory and
inhibitory effects on the production of sﬁecific proteins in a
concentration-dependent manner. Furthérmore, a number of the
proteins synthesized under FSH stimulation were also apparent
when cyclic AMP levels were elevated. Thus it appears that
while cyclic AMP may be Important in the syhghesis of some
cellular proteins, the refractoriness of (Bu)chMP—stimulated
progesterone and 20«4-0H-P production to cyclbpeximide Qgted in
the present. studles suggests. that such stimulation dis

independent of the synthesis of new protein.

Previous studies with testicular and adremal tissues have
demonstrated a requirement for calcium in the synthesis of
protein necessary for steroid ﬁofﬁané production (Hall & Eik-Nes
1962, Farese 1971 a, D). ) Whereas dependence on protein .

synthesis in LH-stimulated steroid productiorn has been

demonstrated in the ovary (Strauss III et al. 1981, Robinson et

_al. 1975, Hermier et al. 1971, Arthur & Boyd 1974; Toaff et al.

L

1879), a role for caleium in* this process has not been

established. Results from the present investigations also show
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a requirgmenc’ for prbtein synthesis in the gonadotropic
regulation of ovarian steroidogenesis. Addition of
cycloheximide to granulosa cell cultures markedly inhibited

progesterone and 20a-OH-F production elicited by FSH in vitro.

The question arises as to wh} progesterone and 20X-0QH-P
production were not maintained by the?‘FSH—stimulated increases
in cellular cyclic AMP levels. Perhaps a dual mechanism is
operative in the FSH action. While FSH may stimulate
progesterone bicsynthesis via iIncreased prdduccion of cyclic
AMP, a significant effect of the gonadotropin action may be
mediat-ed by a separate second messenger system involving the
synthesis of new protein. X Th;: present observation that lgw
concentrations of cycloheximide were capable of attenuating the
steroidogenic responses elicited by A23187 is consis/tent with
our earlier suggest_ion of a pivotal role of calciu:tn in this

-~

process (Part I, Discussion). Moreover, our finding that

cycloheximide inhibited A23187 - induced progestercne and 20

~0H-P production to a greater extent than the FSH-stimulated

-

response is in good agreement with this hypothesis.

This idea 1s also consistent with our observed delay-of 12 hours

in the A23187-stimulated progesterone production and the

conversion of exogenous pregnenolone to progesterone induced by

either FSH or the ionophore. It is impgrative however to note
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that results generated by the use of cycloheximide are only
suggesti&e of a requi;ement of protein synchésis. as
cycloheximide’ may have non-specific . inhibitory actionms.
Nevertheless, whether the protein(s) synthesized i1s 3BHSD or a
modulator thereof 1s unclear. Furthe; investigation involving
the i1solation and quantitation of the specific proteins
following stimulgtipn with FSH, cyclic AMP an&/o; calcium will
undéubtedlg provide =a better‘understanding of the interactioms
of the second meésenger systems in the gonadotopic regulation of

steroid production in the rat granulosa cells.

PRS-
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