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INTRODUCTION 

In the mammalian ovary, androgen production plays an 

important role in the processes of follicular ~evelopment 

and atresia (Farookhi, 1980; Brailly et al., 1981; Bagnell 

et al., 1982; Erickson et al., 1985; Hillier, 1987; Gore

Langton & Armstrong, 1988; Franchimont et al., 1988; Conway 

et alep 1990)e The source of ovarian androgens remained 

unclear until definitive evidence was provided by in vitro 

experiments using thecal cells. from rat (Fortune & 

_Armstrong, 1g77; Hamberger ~tale, 1978), rabbit (Erickson & 

·-•- Ryan, -1976) and human ovarian follicles (Ryan.& Petro, 1966; 

_ Tsang et al., 1979; McNatty et al., 1979). In developing 

follicles, th~cai cells are presumed to be derived from 

unspecialized mesenchymal cells that originate from the 

ovarian stroma (Erickson et al., 1985; Gore-Langton & 

Armstrong, 1988). Theca ±nterna cells are first· 

recognizable in the secondary follicular stage that is 

characterized by a fully grown oocyte and several layers of 

granulosa cells. As the follicle continues to develop and 

reaches the antral stage, the thecal cell layer, consisting 

of both theca interna·and theca externa cells, acquires a 

~ully differentiated state in which androgens are actively 

produced (Erickson et al., 1985; Magoffin, 1991). 

1 
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In thecal celis obtained.from bovin~ (MciNatty et al., 

1984; Fortune, 1986), hamster (Makris & Ryan, 1980; 

Terranova & Garza, 1983), human (McNatty et al., 1979; 

McNatty et al., 1980; Tsang et al., 1980), porcine (Evans et 

alo, 1981; Tsang et al., 1985; Tsang et al., 1987) and rat 

(Hamberger et al., 1978; Bogovich et al., 1986) ovaries, 

androstenedione is the principal androgen produced with 

smaller amounts of te~tosterone being synthesizedo In 

contrast, the Sa-reduced androgens, androsterone (3a

hydroxy-5a-androstan-17-one) a metabolite of androstenedione 

and 5a-androstane-3a,17D-diol are the predominant androgens 

produced by thecal-interstitial cells (TIC) isolated from 

developing follicles of luteinizing hormone (LH)-stimulated 

-_hypophysectomized immature rat ovaries (Magoffin & Erickson, 

1982; Erickson et al., 1985)0 This finding is in agreement 

with the ear~y study of Springer & Eckstein (1971) which 

demonstrated that the Sa-reduced metabolite 5a-androstane-

3a,178-diol was the major androgen produced in ovarian 

homogenates of immature female ratso Alternatively, thecal 

tissue obtained from smalr antral follicles of immature rats 

synthesized primarily androstenedione upon exposure to LH 

(Bogovich et al., 1986). The dissimilarities observed 

between these studies may be -related to differences in the 

experimental design and/ or the animal n1odel that was 

employed. How~ver, it is only aromatizable andro"gens such 

as androstenedione and testosterone that are utilized by 

granulosa cells as substrates for -17 D_-estradiol ( E2 ) 
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production (Erickson et al., 1985; Hillier, 1987; Gore

Langton & Armstrong, 1988; Franchimont et al., 1988). 

Indeed, this cooperative interaction between TIC and 

granulosa_cells in•the_initiation df E2 synth~sis which has 

been termed the "two-cell, two-gonadotropin theory of E2 

production" was first envisioned from the early.work of 

Falck (1959) and further supported by evidence presented in 

later studies (Ryan et alo, 1968; Dorrington et al., 1975; 

_Fortune & Armstrong, 1977; McNatty et al., 1980; Liu & 

Hsueh, 1986)0 According to this concept, androgens produced 

by TIC in response to LH stimulation are aromatized to 

estrogens by a follicle-stimulating hormone (FSH)-dependent 

.p~thway within granulosa cells (Hillier, 1987; _Gore-Langton 

& Armstrong, 1988; Franchimont. et alo, 1988)~ The 

_physiological importance for this interaction between the 

two cell types is to assure both follicular development and 

.-ovulation (Erickson et al., 1985; Hillier, 19871 Gore

Langton & Armstrong, 1988; Franchimont et al., 1988). 

The primary initiator of ovarian androgen product~on is 

LH whose ~ction is mediated via specific receptors on the 

TIC. It has been shown that TIC obtained from ovaries of 

hypophysectomized.immature rats possess a single class of 

high affinity LH receptors (K = 1 x 10-lO M) with each cell 
D 

containing approximately 10,000 binding sites (Magoffin & 

Erickson, 1982; Erickson & Magoffin, 1983; Erickson et al., 

1985; Gore-Langton ~_'Armstrong, -1988). 'LH stimulates 

androgen production by inducing the functional 



differentiated state of TIC that involves an increase in 

both the activity and content of the rate-limiting enzymes 

cholesterol side-chain cleavage (P450 ) and the 17a-scc 

4 

hydroxylase/c17 _20-lyase system (P45017 a) that are necessary 

for the conversion of cholesterol to androgens (Makris & 

Ryan, 1980; Bogovich & Richards, 1982; Magoffin & Erickson, 
I 

1982, Erickson et alo, 1985; Magoffin, 1989; Magoffin et 

al., 1990; Magoffin, 1991). It has been well documented 

that this LR-induced differentiated state is mediated by the 

activation of adenylate cyclase which is necessary for the 

formation of cAMP (Magoffin & Erickson, 1982; Erickson et 

alo, 1985; Magoffin & Erickson, 1988; Magoffin, 1989; 

Magoffin, 1991). cAMP is a known activator of cAMP

dependent protein kinase (PKA) which stimulates TIC androgen 

production by increasing the content of both P450 and sec 

P45017 a (Magoffin, 1989; Magoffin, 1991). Therefore, 

through the activation of PKA the functional differentiated 

state of TIC is fully expressed. 

Although LH is the primary regulator of TIC function 

there are a variety of compounds including steroids and 

protein hormones of both ovarian and non-ovarian origin that 

possess the ability to modify the action of LH on androgen 

biosynthesis _in a positive or negative manner. 



REVIEW OF RELEVANT LITERATURE 

REGULATORY FACTORS OF TIC ANDROGEN BIOSYNTHESIS 

Enhancers of TIC Androgen Synthesis 

Insulin and Insulin-like Growth Factor-I 

Insulin, a 51 amino acid peptide hormone, is an 

important regulator of LH-stimulated androgen production by 

TICo An early study by Barbieri et al. (1983) demonstrated 

that insulin was able to enhance LH-stimulated androgen 

synthesis in cultured porcine thecal cells. A subsequent 

s.tudy by Erickson et al.. ( 1985) confirmed these findings by 

providing evidence that insulin augments LH action by 

promoting an overall increas~ in steroidogenesis in rat TIC 

cultures .. Since insulin alone was unable to enhance 

androgen production, it appears that insulin is only 

effective in increasing steroid synthesis after the cells 

have been functionally differentiated through LH/hCG 

stimulation. Furthermore, a more detaile~ study showed that 

insulin's action is mediated via a single c1a·ss of high 

affinity (K
0 

= 1.7 x 10-lO M), low .. capacity (B = 4746 
max 

sites/cell) binding sites (Hernandez et ·al., 1988). It was 

also observed that although insulin could increase hCG

stimulated androsterone production in a dose-dependent 

5 
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fashion these effects appeared to be biphasic in nature. In 

the first stage (1 - 100 ng/ml), 48% of the maximal insulin 

effect was observed at a dose of 30 ng/ml whereas in the 

second stage (0.1 - 10 µg/ml), 52% of the insulin effect was 

apparent at a concentration of 1 µg/mlo It was proposed 

that the in vitro effect of pharmacologic levels of insulin 

may be a reflection of nonspecific absorption to the culture 

dishes, insulin degradation and insulin recaptor down

regulation (Hernandez' et al., 1988)0 

At physiologic concentrations (1 - 100 ng/ml or 0.18 -

18 nM) __ insulin action is believed to be mediated via its own 

receptor whereas at supraphysiological concentrations(> 100 

- -ng/ml or > 18 nM) insulin may cross--interact with insulin

~ -~~like growth factor-I (IGF-I) receptors. The ex~stence of 

the latter phenomenon is supported by the apparent bindi~g 

affinity of insulin for the IGF-I receptor of approximately 

0.7 x 10-6 M (Cara & Rosenfield, 1988)0 

IGF-I is a 70 amino acid single chain polypeptide that 

is structurally and functionally related to insulin (Adashi 

et al., 1985). IGF-I is produced within the ovary by 

granulosa cells and acts to increa·se both the number of 

granulosa cells and the synthesis of DNA in an autocrine 

fashion (Adashi et al., 1985). In granulosa cells, IGF-I is 

also responsible for enhancing estrogen and progesterone 

production by increasing FSH-stimulated aromatase activity 

and cholesterol side-chain cleavage activity respectively. 

In TIC, IGF-I has been shown to not only increase basal 
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levels of androsterone production 2-fold but with increasing 

concentrations of IGF-I (1 - 30 ng/ml) hCG-stimulated 

androgen synthesis was augmented in a dose-related fashion 

(Hernandez et alo, 1988). At a maximal dose of 50 ng/ml, 

IGF-I increased hCG-induced androsterone production by 3.3-

fold versus hCG alone .. Similar trends on the effects of 

IGF-I on hCG-stimulated androsterone production have been 

noted in a study conducted by Cara & Rosenfield (1988), 

however in the absence of hCG, ·IGF-I was without effect on 

__ basal androgen levels o It is possible that differences in 

experimental conditions employed could account for the 

differences observed~ In the former study intact rats were 

4sed, while in the work of Cara & Rosenfield (1988), TIC 

_were obtained from hypophysectomized ratso The presence of 

LH in intact rats could have led to the functional 

differentiation of TIC and resulted in the stimulatory 

effect of insulin on basal androgeQ lev~ls. In both 
) 

studies, it was_d~monstrated that IGF-I mediat~s ita:action 
9 .. . . 

through h~gh affinity (K
0 

= 1.3 - 3 x 10- M), low capacity 

(Bmax - 10~ 840 sites/cell) receptor siteso However, until 

recent investigations, the.mechanisms of IGF-I action were 

unknown .. Cara et al. (1990) showed that IGF~I ~nharicement 

of LH-stimulated TIC androgen biosynthesis may be partially 

attributed to an increase in LH binding capacity. The 

addition of IGF-I (100 ng/ml) to TIC cultures led to an 

approximately 60% enhancement in LR-induced androsterone 

production that was in direct proportion to the increase 
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seen-in LH binding capacity (1.9 ~ 0.20 fmol/10 6 cells with 

6 LH versus 3~3 ~ 0.05 fmol/10 cells with LH and IGF-I). 

Treatment with both transcriptional and translational 

inhibitors (dichlorobenzimidazole riboside and 

cycloheximide, respectively) led to an inhibition of IGF-I 

action on LH binding capacity. However, only cycloheximide 

had the ability to antagonize the effects of IGF-I on LH

induced androgen synthesis. Therefore, the results indicate 

th~t IGF-I may mediate its effects bn LH binding capacity by 

modifying transcriptional events while its action on 
. -· 

steroido~enesis,may be throug~ an alte~ation in 

translation~! processes. The l~tte~ may include the 

synthesis of key steroidogenic enzymes or regulatory 

proteins that alter the activity of· these enzymes. 

Magoffin et al. (1990) found that IGF-I alone has the 

ability to increase P450 activity by stimulating P450 sec sec 

content and mRNA levels.. Furthermore, "IGF-I enhanced the 

effects of LH by increasing the content of P450scc by 4.2-

fold over control levels leading to a 7.5-fold increase in 

progesterone production. On the other hand, IGF-I alone did 

not alter P45017 a con~ent but increased .P45017 a mRNA by 8.5-

fold above basal levels. IGF-I in combination with LH did, 

however, enhance P45o17a content by 16-fold versus the 

control group. The results may suggest a role for granulosa 

cell-derived IGF-I in the initiation of the functional 

differentiation of TIC. It is known that TIC of secondary 

and small antral follicles express little P45017 a and 
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primarily synthesize progesterone (Gore-Langton & Armstrong, 

1988). Since IGF-I alone can increase the content and mRNA 

levels of P450 this hormone may initiate the · sec 

steroidogenic capacity of TIC in the developing follicles. 

In the presence of increasing levels of LH, IGF-I would act 

s~nergistically with LH to allow for the expression of 

P45017 a and the transformation of.TIC-to androgen-producing 

cellse Thus, IGF-I production·by granulosa cells would 

ultimately regulate'estrogen synthesis ~y increasing the 

levels of aromatizable substrates (androgens) during 

follicular development. 

Catecholamines 

It is well known that adrenergic nerve fibers of the 

sympathetic nervous system are intimately involved in the 

regulation of ovarian function (Erickson et ale, 1985; Gore

Langton & Armstrong, 1988) .. The catecholaminergic

containing adrenergic nerve fibers are reported to directly 

innervate the TIC (Burden, 1972; Gore-Langton & Armstrong, 

1988) .. However, the physiological significance of this 

innervation was unclear until evidence presented in a study 

conducted by Dyer & Erickson (1985) validated a role for 

catecholamines as modifiers of LR-stimulated TIC androgen 

biosynthesis. The addition of the catecholaminergic 

compounds epinephrine (10- 5 M), norepinephrine (10-S M) and 

isoproterenol (10- 6 M) to TIC cultures dramatically 

increased hCG-stimulated androgen production by 100 - 300%. 
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However, in the absence of hCG these agents had no effect on 

basal androgen levels. It is interesting to note that 

catecholamine treatment led to a selective increase in hCG-

, ' 4 
enhanced formation of.A -androgens (andr6~tenedione and 

testosterone) rather than the 5a~reduced metabolites 

(androsterone.and 5a-androstane-3a, 17/J-diol) .. A subsequent 

investigation by Hernandez et al .. (1988) not only confirmed 

previous findings for an involvement of catecholamines in 

promoting androgen biosynthesis but generated information 

regarding specific receptor sites mediating the action of 

these agents. The data presented in this study supported 

the results of Dyer & Erickson (1985) by demonstrating an 

enhancement of hCG-stimulated androgen biosynthesis by 

norepinephrine and isoproterenol .. Contrary to previous 

findings-however, treatment with norepinephrine (10-7 - 10-5 

M) and isoproterenol (10-8 - 10-5 M) in the absence of hCG 

also resulted in the enhancement of androgen production. 

. 4 
In addition, androsterone rather than the A -androgens, 

androstenedione and testosterone was measured asap end

point of catecholaminergic action since only significant 

levels of the former androgen were found. These results 

~ere also contradictory to the findings of Dyer & Erickson 

(1985) but may be attributed to differences in the animal 

model and experimental design .. 

Hernandez et al. (1988) also observed that although 

isoproterenol, an agent which binds to /J-receptor sites, 

possessed the ability to enhance hCG-induced androgen 
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produc,tion, not all adrenergic compounds were effective. In 

addition, increasing doses (l□- 9 - 19-5 M) of methoxamine, 

an a-selective agonist, w~s unable-to augment.the action of 

hCG on androsterone synthesis. Moreover, evidence 

supporting a role for D-receptor sites as mediators of 

catecholamine action was provided which demonstrated that 

treatment of TIC cultures with the D-selective antagonist L

propranolol resulted in an abolishment of the synergistic 

effects of norepinephrine and hCG on androgen formation. On 

the other hand, the a-antagonist phentolamine was 

ineffective in blocking norepinephrine's action. Further 

-investigations using specific receptor subtype agonists 

revealed that only a D2-selective agent (terbutaline) had 

-~rofound effects on stimulating hCG-induced androsterone 

production. These findings were supported by data showing 

that the D2-selective antagonist ICI 118551 was more 

effective than ICI 89~06 (D 1-selective antagonist) in 

inhibiting isoproterenol's action on hCG-induced 

androsterone production. Additional evidence confirming the 

presence of D2 receptor·sites was provided through 

radioligand studies. The studies demonstrated that TIC 

contained a single class of high affinity (K
0

= 5.6 x 10-11 

M), low capacit~ (12LS sites/cells) D-receptor sites. It 

was concluded that the binding sites were D2-receptors since 

in a competition study L-propranolol was the most effective 

agent in displacing bound [ 125IJ iodocyanopindolol (D

selective antagonist). from TIC when compared to either· D1 -
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(ICI 89406), D2-(ICI 118551) or a-adrenergic (phentolamine) 

ligands. The order of potency was L-propranolol > ICI 

118551 > ICI 89406_ > phentolamine which is consistent with 

the existence of D2-recog~ition sites. 

The physiological role for these compounds may involve. 

the regulation of follicular development since androgens not 

only act as substrates for estrogen production by granulosa 

cells but are able to promote follicular atresia (Farookhi, 

1980; Brailly et al., 1981; Erickson et al~, 1985; Hillier, 

1987; Gore-Langton & Armstrong, 1988; Franchimont et alo, 

1988). Alternatively, it has been proposed that 

catecholamine-induced androgen synthesis plays a'vital role 

in initiating puberty in the female rat (Erickson et alo, 

~1985;· Dyer & Erickson, 1985). Indeed, Dy~r & Erickson 

(1985) showed that norepinephrine le~els increase 

approximately 6-fold near the time-of puberty along with an 

increase in D-receptor numberso Furthermore, while the 

immature rat ovary predominately synthesizes Sa-reduced 

androgens (androsterone), Sa-reductase activity decreases 

and androstenedione becomes the primary androgen produced by 

the ovary at the time of puberty. It is believed that this 

decrease in Sa-reductase activity and the.subsequent 

increase in the aromatizable androgen, androstenedione, may 

be a consequence of catecholamine action on TIC which 

subsequently leads t~ the on~et of puberty. 



Inhibitors of TIC Androgen Synthesis 

Estrogens 

13 

Estrogens produced by granulosa cells within ovarian 

follicles appear to have a dramatic effect on androgen 

production by TICo Early investigations by Leung et al. 

(1978) and Leung & Armstrong (1979; 1979) demonstrated that 

treatment of immature intact or hypophysectomized rats with 

17D-estradiol (E2 ) resulted in a suppression of the in vitro 

response (androgen production) of ovarian homogenates or 

whole ovaries to LH stimulation. These results were 

reconfirmed in a study using thecal explants from E2-treated 

immature intact rats (Leung & Armstrong, 1980). In this 

case, thecal cells significantly enhanced their ability to 

synthesize progesterone (P4 ) while testosterone production 

was inhibited with E2 treatment. It was proposed that 

estrogen action was mediatedyia the inhibition.of the 

P45017a enzyme system which is necessary for the conversion 

of c21 sterbid precursors (P4 ) to c19 steroids (androg~ns)o 

Further evidence of an inhibitory effect of estrogens on 

androgen synthesis was provided by the in vitro experiments 

utilizing dispersed ovar_ian cell preparations from E
2

-

treated immature intact rats (Magoffin & Er~ckson, 1981). 

This study gave additional information on estrogen action by 

demonstrating that E2 did not alter_hCG binding nor did it 

inhibit hCG-stimulated cAMP formation. Interestingly, not 

only did E2 decrease hCG-stimulated androgen production by 

90% it also inhibited a 17a-hydroxypregnenolone (17a-OHP
5

) 
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and 17a-hydroxyprogesterone (17a-OHP4 ) synthesis by 90% and 

70% respectivelye Alternatively, P4 levels had increased by 

30% after E2 treatment which was in agreement with the study 

of Leung & Armstrong (1980). Again, it was suggested that 

estrogen treatment acted to suppress androgen synthesis by 

inhibiting P45017 a activity·~ A subsequent study (Magoffin & 

Erickson, 1982) showed that dispersed ovarian cell cultures 

exposed to estrogens led to a dose-dependent inhibition of 

-6 LH-stimulated androgen productiono At a dose of.10 M, the 

estrogens, diethylstilbestrol, estrone, E2 and estriol, 

decreased LH-induced androsterone synthesis by.81%,_ 81%, 81% 

and 47% respectively. This study supported the concept that 

estrogens act directly on TIC to inhibit androgen synthesis 

-rather _than altering gonadotropin secretion. An analysis of 

the. steroidogenic pathway revealed that 17a-OHP5 and 17a

OHP4 synthesis was depressed with estrogen treatment while 

pregnenolone (P5 ) and P4 levels remained.uneffectedo These 
I 

results were therefore consistent with the findings of the 

previous investigation which proposed that estrogens act at 

a site distal to cAMP formation by inhibiting P450
17

a 

activity. On the contrary, when P45o17 a activity was 

directly measured in ovarian homogenates, E2 was shown to be 

ineffective in inhibiting this enzyme's activity (Johnson et 

al., 1984). P45017 a activity _was reduced by approximately 

75% when E2 (10 or 100 µg) was given in vivo. This decrease 

in enzyme activity was partially blocked with the concurrent 

treatment of a RNA (actinomycin D) or protein 
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(cycloheximide) synthesis inhibitor. It was concluded that 

estrogen may have direct effects by inhibiting transcription 

and/or translation of P45017a. It may also be possible that 

estrogens via their conversion to catecholestrogens, have 

the ability to directly block P45017a activity (Morley et 

alo, 1989). As shown in porcine thecal cells, the 

catecholestrogens 2-hydroxyestradiol and 4-hydroxyestradiol 

mimic the action of ~2 by inhibiting androgen prod~ction. 

The mechanism of action for these compounds appears to be. 

mediated through an antagonism of P45017a_activity since the 

catecholestrogens and E2 could effectively decrease LH

stimulated 17a-OHP4 while enhancing P5 synthesise 

The physiological relevance for the existence of this 

~hort-loop negative feedback system is uncertain but may be 

. an important factor in follicular maturationo ·In rats it 

has been documented that shortly after the ovulatory surge 

of LH, androgen production by the TIC is initially 

stimulated which may serve to increase E2 levels (Erickson 

et alg, 1985; Gore-Langton & Armstrong, 1988)0 E2 can then 

feedback to inhibit TIC androgen synthesis and thereby limit 

its own production~ Thus, the follicle may undergo a 

transitory process for an initial E2-secreting structure to 

one which synthesizes predominately P4 . 

Gonadotropin-Releasing Hormone 

In the last decade, evidence has been provided which 

supports a direct inhibitory effect of gonadotropin-
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releasing hormone (GnRH) on TIC androgen biosynthesis. 

I . t· t . . ( 10- l l 10-8 M) f G. RH G RH ncreasing concen ra ions · - o n or a n 

agonist dramatically decreased TIC androgen synthesis in a 

dose-related manner; at a dose of 10-8 M GnRH suppressed LH

stimulated androgen synthesis by 89% (Magoffin et al., 

1981)0 The administration of increasing levels (10-9 - 10-6 

M) of a GnRH antagonist was effective in reversing the 

inhibitory action of GnRH on androgen production. 

Therefore, the findings suggest that GnRH acts via specific 

receptor sites on the TIC; this was later confirmed in a 

study conducted by Pelletier et alo (1982)~ A more detailed 

account of the mechanisms of action of GnRH revealed that 

GnRH did not alter hCG binding but inhibited 8-bromo-cAMP

stimulated androgen synthesis (Magoffin & Erickson, 1982). 

Additional information provided in this study on GnRH action 

showed that GnRH decreased 17a-OHP5 and 17a-OHP4 production 

by 50% but increased P4 formation by 40%0 These results may 

indicate that GnRH antagonizes LH-stimulated steroidogenesis 

by interfering with P45017a activities. However the 

physiological role of this compound on ovarian function is 

unclear since circulating levels of GnRH in adult rats is 

extremely low (l0-11 M) (Magoffin et al., 1981) and would 

not appear to_possess the ability.to inhibit androgen 

biosynthesiso Alternatively, recent reports indicate the 

existence of GnRH gen·e transcripts ( Goubau et al., 1992) and 

GnRH-like peptides in the rat ovaiy (Aten et al., 1987). 

The GnRH-like proteins were shown to be distinctly different 
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from the GnRR molecule based upon the following criteria: 

(1) a lack of cross-reactivity with highly specific GnRH 

antibodies; ( 2) the protei_ns. were· heat ·labile., whereas GnRR. 

is heat stable; (3) retention times after high pressure 

l~quid chromatography (RPLC) were different for GnRH-like 

compounds from that of the native GnRH molecule; and. (4) 

GnRR~like activities as based upon GnRR immunoreactivity 

(GnRR radioimmunoassay) and a GnRR radioreceptor assay were 

separated by RPLC from authentic GnRH activities (Aten et 

al~, 1987)~ Therefore, the results. may support a possible 

role for ovarian GnRH-like peptides rather than GnRR as 

regulatory factors of TIC function. 

Prolactin 

Prolactin, a luteotrophic hormone, acts to maintain 

pregnancy and corpora lutea function in the rat (Gore

Langton & Armstrong, 1988). However, it has been shown to 

inhibit both basal and LR-stimulated testosterone synthesis 

in follicles .of pseudopregnant rats (Kalison et al., 1985). 

Moreover, in primary cultures of dispersed ovarian cells 

from immature hypophysectomized rats, the addition of 

increasing levels of prolactin (0.1 - 1000 ng/ml; PRL) 

dramatically.decr~ased LR-stimulated androsterone production 

in a dose-dependent manner (Magoffin & Erickson, 1982). At 

a concentration of 100 ng/ml,· P~L inhibited androsterone 

production by 98%; this dose ~as~also effective in 

decreasing 8-bromo-cAMP-enhanced androgen synthesis to.the 
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same extent. The effect of PRL was determined to be 

mediated via specific high affinity (KD = 2.4 X 10-10 M), 

low capacity (2.4 fmol/10 6 cells).binding sites which were 

localized on TIC. This finding was consistent with results 

demonstrating that physiological levels of PRL (1 ng/ml) 

were able to inhibit LR-induced androgen production. 

The inhibitory action of PRL on androgen production was 

determined not to be a result of alterations in hCG binding 

or LR-induced adenylate cyclase activity. However, an 

examination of the steroidogenic profile revealed that PRL 

inhibited the formation of P5 and 17a-OHP4 by 80% while 17a

OHP5 and P4 were decreased by 84% and 71%, respectivelyo 

The findings suggest that PRL suppresses LH-stimulated 

androsterone synthesis by acting at a site distal-to cAMP 

formation and at or before the P450 step. sec 

The physiological role of prolactin on TIC function 
'\ 

remains unclear; however, it may act to limit the. production 

of aromatizable substrates and consequently lead to an 

inhibition of E2 s~nthesis and follicular. development that 

is seen in hyperprolactinemic statesQ 

Epidermal Growth Factor 

The discovery of a wide variety of growth factors in 

mammalian systems has given researchers the impetus to 

determine not only their source and target tissues but their 

physiological role and mode of action. One such factor is_ 

epidermal growth factor (EGF), a polypeptide that is 
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produced by the submaxillary salivary glands of rodents and 

man (Gore-Langton & Armstrong, 1988)~ Its role as a 

possible regulator of ovarian function has been explored in 

TICo Erickson & Case (1983) showed that increasing 

concentrations of EGF (0 .. 1 - 100 ng/ml) resulted in a dose

dependent decrease in hCG-stimulated androgen production; at 

a level of 30 ng/ml, EGF was able to suppress androsterone 

synthesis by 81% at day 6 of cultureo Additional evidence 

provided in this study revealed that EGF acts at an early 

step in the steroidogenic pathway since_it has been shown 

that EGF increases the levels of LH-induced c21 steroids~ 

It may be possible that EGF acts by antagonizing the ability 

of-LH to induce the functional differentiation of TIC to 

androgen-producing cells. Therefore, EGF would ultimately 

have profound effects on follicular development. 

It is possible that the source for EGF originates in 

---the salivary gland since the half-maximal concentration (0.7 

~ 0.1 ng/ml) of EGF which resulted in an inhibition of-LH

induced-androgen biosynthesis was physiological .. However, 

it has been observed that TIC preparations produce a 

compound which possesses characteristics similar to the 

native EGF molecule (Skinner et al.,· 1987)-. These features 

consist of the.inhibition of- [ 125
r] iodo-EGF binding to its 

receptor and.the enhanced growth of an EGF-dependent cell 

line (MK cells). On the other hand, this molecule appeared 

to be distinctly different from the native EGF molecule when 

comparisons were based on the molecular weights of the two 
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compounds. Fractionation of the TIC secreted proteins by 

size exclusion HPLC revealed that the EGF-like compound had 

a molecular weight 0£ 35.kilodaltons (K) which is in direct 

contrast with the mass of 6K.reported for native EGF 

(Skinner et al., 1987)0 This discrepancy in size between 

the two molecules. has given support to the hypothes_is ·that 

the 35K compound may not be a precursor molecule for EGF but 

rather a unique protein such as transforming growth factor-a 

(TGFa) which has the ability to compete for the EGF receptor 

and stimulate the growth of EGF-dependent cells (Skinner et 

al., 1987; Gore-Langton & Armstrong, 1988)0 Definitive 

evidence for the existence of TGFa in TIC was provided 

through the use of immunohistochemical analysis (Kudlow et 

al..;-- -1987). Moreover, a subsequent study which employed a 

specific cDNA to TGFa detected the presence of TGFa mRNA in 

TIC (Skinner & Coffey, 1988)0 

Interestingly, the investigation of Skinner et al. 

(1987) demonstrated, through the use of reverse phase HPLC, 

that TIC-derived protein preparations contained a mixture -of 

compounds including an EGF-like substance and a component 

which exhibited EGF-inhibitory activity. It was believed 

that the EGF inhibitory protein may actually be TGFO which 

has been described as an antagonist to the growth of EGF

dependent cell lines. 

It has been concluded that these TIC proteins may act 

locally as either autocrine factors which regulate androgen 

production or as paracrine agents that may not only 



influence granulosa cell growth and differentiation but 

follicular development as a whole. 

Transforming Growth Factor-0 
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Transforming growth factor-D (TGFD) is a 25K protein 

that is among a group of related peptides including inhibin, 

activin and Mullerian inhibitory substance (Magoffin et 

al.,1989). In an initial report, Skinner et al. (1987) 

described,the.eiistence of a c~mpound produced by TIC ~hie~ 

possessed TGFO activityo This protein was able to both 

inhibit the binding of TGFO to its receptors and effectively 

125 displace [ I] TGFO when assessed_ by radioimmunoassay .. In 

addition, immunoprecipi tation of the T.IC-derived proteins 

revealed the presence of a 25K compound that comigrated with 

authentic TGFO. Furthermore, Bendell & Dorrington (1988) 

reconfirmed these results with the identification of a TIC

secreted protein which had similar features to the native 

TGFD molecule as shown by its ability to stimulate both FSH

induced aromatase activity and DNA synthesis in·granulosa 

cellso It was also determined that upon the separation of 

proteins .from TIC-conditioned media by chromatographic 

procedures the peak of bioactivity appeared in the fracti9n 

with a molecular weight of 25K· which is --agaiq consistent 

with the mass reported for TGFDo Recent immunohistochemical 
/ 

evidence has revealed that TGFD is exclusively localized to 

TIC (Hernandez et al., 1990). In addition, Northern blot 

analysis have established TIC as the site for TGFD gene 



expression with the detection of a 2.5 kilobase (kb) mRNA 

fragment that corresponds to the TGFD precursor (Hernandez 

et al., 1990i Mulheron et al., 1991)0 
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TGFD production by TIC not only influences granuldsa 

cell function but has profound effects on TIC 

steroidogenesis (Magoffin et al., 1989; Hernandez et alo; 

1990)0 In a study conducted by Magoffin et alo (1989), it 

was demonstrated that increasing concentrations of TGFD 

(0.01 - 100 ng/ml) were without effect on the basal 

accumulation of androgens but resulted in a dose-dependent 

decrease of LR-enhanced androsterone production; a 70% 

inhibition of androgen synthesis was achieved at a dose of 

30 ng/ml TGFDo On the other hand, TGFD (10 ng/ml) was able 

to augment LR-stimulated P4 production by approximately 3-

fold versus LH aloneo In a subsequent study by Hernandez et 

alo (1990), TGF0 proved to be a very potent inhibitor of 

both insulin and IGF-I action. The addition of TGFD (10 

ng/ml) to TIC cultures decreased the synergistic effects of 

insulin (1 µg/ml) and IGF-I (50 ng/ml) on hCG-stimulated 

androsterone synthesis by greater than 80%. 

Detailed analyses were conducted by Magoffin et al. 

(1989) to elucidate the -possible·mechanisms of TGFD action. 

Immunoblotting techniques were used to measure the content 

of both P450 and P45017 . Treatment with LH and TGFD sec· a 

caused an increase in P450 content but did not modify the sec 

levels of P45017 a. This however does not exclude the 

possibility that TGFD acts to inhibit LR-stimulated. androgen 



23 

production by decreasing P45017 a activityo Indeed, 

Hernandez et al. ·(1990) showed that TGFe caused a decrease 

in androsterone production by suppressing the ~ctivity of 

P45017 ao The conclusion was supported by evidence 

demonstrating that the addition of 3H-P5 to TIC cultures led 

to increases in 5a-pregnanediol (5a-pregnane-3a,20a-diol) 

and pregnanolone (3a-hydroxy-5a-pregnan-20-one); the latter 

compound being the most proximal to P45017a, an enzyme 

necessary for the formation of androsterone. Therefore, 

TGFD may -serve as an autocrine regulator of TIC 

steroidogenesis in which androgen production is inhibited 

but P4 along with other progestins are formed via the 

stimulation of P450 content. sec 

Neurotransmitters 

As previously discussed, catecholamines have the 

ability to -augment LR-stimulated anorogen production in TIC. 

However, there is existing evidence that demonstrates that 

extracts from the rat superior ovarian nerve (SON) could 

significantly decrease both basal and LR-stimulated 

androstenedione synthesis in porcine thecal cells (Morley et 

al. 1 1989). Increasing doses of SON extracts (0 - 60 mg/ml 

culture medium). inhibited androstenedione production in a 

dose-dependent fashion; at 60 mg SON/ml there was an 83% 

decrease in androgen synthesis. The results of this study 

were subsequently expanded by.the investigation of Morley et 

al. (1990) which provided· insight to the site of action for 



24 

SON extracts. SON extracts were found to be ineffective in 

altering cAMP formation but inhibited 17a-OHP
4 

while 

stimulating P5 and P4 production. Therefore, it wa$ 

proposed that SON extracts act at a site distal to the 

generation of cAMP by inhibiting P45O17 a activity. 

The identification of the regulatory compound(s) 

present in SON extracts remains unknown at the present time. 

The observation that propranolol (10- 6 M), a 0-adrenergic 

antagonist, was unable to block the inhibitory action of. SON 

extracts on androgen synthesis rules out the possibility 

that the active compound is norepinephrine (Morley et al., 

_1989). However, it is apparent that a neural-derived 

factor(s) may directly alter thecal cell androgen production 

thereby regulating follicular development and atresia. 

Autoregulatory Processes 

It is evident that certain growth factors originating 

from TIC can act not only as paracrine agents but also as 

autocrine agents which may modify the action of LH on 

androgen production. On the other hand, it is uncertain if 

androgens synthesized by TIC can serve to regulate their own 

production by altering LH action. However, the existence of 

autoregulatory mechanisms for.steroidogenic processes have 

been documented in other cell types including Leydig cells 

(Purvis et al., 1979; Adashi & Hsueh, 1981; Hales et al., 

1987), granulosa cells (Fanjul et al., 1983), TIC (Tonetta 

et al., 1987) and corpora luteal cells (Caffrey et al., 



1979). Indeed, Adashi and Hsueh (1981) showed that rat 

testicular cells cultured in the presence of increasing 

-9 -5 concentrations (10 - 10 M) of the synthetic androgen 
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, methyltrienolone {Rl881) resulted in a dose-dependent 

decrease in hCG~stimulated testosterone production of up to 

74%0 Additionally, increasing doses of the antiandrogen 

cyproterone acetate (10-9 ~ 10-5 M) not only enhanced hCG

induced testosterone synthesis but acted to antagonize the 

effects of R1881 on androgen production at concentrations of 

-6 · -5 10 and 10 M. It was further suggested that the 

androgen-mediated process may involve the binding of R1881 

to progesterone receptors since this compound and 

cyproterone acetate d~splay progestational activityo It was 

concluded however that this autoregulatory phenomenon was 

mediated via specific' androgen receptors since the data 

demonstrated that the progestin R5020 was without effect on 

hCG-stimulated testosterone synthesis~ The finding of an 

ultra-short loop negative feedback mechani~m in the testis 

was in agreement with the observation that androgen 

treatment of immature male rats suppressed hCG-stimulated 

androgen production by Leydig cells in vitro {Purvis et al., 

1979). 

It is g~nerally-believed that the site of action for 

this autoregulatory process is at the level of the P45017 a 

enzyme complex (Purvis et al., 1979; Adashi & Hsueh, 1981). 

Evidence for this site of action was presented by Hales et 

al. (1987) and Payne & Sha (1991). The addition of 
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testosterone or the androgen agonist mibolerone to mouse 

Leydig cell cultures resulted in the suppression of cAMP

stimulated P45O17 a production as measurad by immunoblotting 

techniques (Hales et al., 1987). Moreover; it was shown 

that this inhibitory ef~ect was mediated via an androgen 

receptor mechanism since the antiandrogen hydroxyflutamide 

abolished the action of testosterone and mibolerone on 

P45Oi 7 a synthesis. Addit~onal information from the work of 

Payne & Sha (-1991) revealed that testosterone and mibolerone 

dramatically suppressed cAMP-induced P45O17a mRNA levels~ 

The two androgen agonists were also shown to be effective in 

inhibiting cAMP-stimulated 30-hydroxysteroid dehydrogenase 

(30-HSD) mRNA, an enzyme necessary for the conversion of P5 

to P4 that ultimately lead~ to the production of androgens 

in the steroidogenic pathway. 

While autoregulatory processes have been demonstrated 

. ~=in testicular tissues, such phenomena can also be observed 

in ovarian cell types. In contrast to the autoregulatory 

negative feedback mechanism seen in Leydig cells, ovarian 

granulosa cells obtained from immature rats display an 

enhanceme~t of P4 synthesis upon treatment with the 
, . 

· synthetic progestin R5O2O (Fanjul et al., 1983). In fact, 
, ' -6 

the addition of R5O20 (10· M) to granulosa cell cultures 

resulted in an enhancement of FSH (200 ng/ml) action by 

increasing the production of P4 and 2Oa-hydroxypregn-4-en-3-

one by 32%. and 56%, respectively, over FSH alone. 

Furthermore, R5O2O augmented the LH-induced synthesis of 
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both progestins in FSH-treated cells. Thus, gonadal 

steroids have the abili.ty to modulate their own production 

in both a positive or negative manner by an ultra-short loop 

feedback mechanism. ~n example of a negative autoregulatory 

process for P4 production was demonstrated in porcine thecal 

cells by measuring the activity of 30-HSD (Tonetta et al., 

1987)0 Enzyme activity was assessed by monitoring the 

conversion of P5 to P4 in microsomal fractions from thecal 

cell cultures over a period of 72 hours. Treatment of cells 

with P4 alone or in combination with hCG led to significant 

reductions in 30-HSD activity as measured at various time 

points during the 72 hour culture perio9. Caffrey et al. 

(1979) described a sim~lar phenomenon in isolated ovine 

corpora luteal cells of the ovary in which 30-~SD activity 

was also inhibited by P4 , thereby, serving to regulate its 

own synthesis~ It remains to be investigated, however, if 

an androgen-mediated autoregulatory process is operating to 

control androgen production in TIC. 

Therefore, the purpose of this study was to determine. 

whether an autoregulatory mechanism for androgen production 

exists in the ovary. For this purpose, the synthetic 

androgen 170-hydroxy-7a, 17a-dimethyl-4-estren-3-one 

(mibolerone) which is not metabolized in vitro to endogenous 

androgens was employed in order to examine its effect on TIC 

androgen biosynthesis. 



SPECIFIC AIMS 

Aim 1: 

To establish a TIC culture ~ystem using an enriched 

population of cells obtained from immature hypophysectomized 

rats that will synthesize androgens in response to hCG 

stimulation. TIC will be enriched according to the 

procedures outlined in the "Materials and Methods" section~ 

The cells will be exposed to increasing concentrations of 

hCG over a 96 hour period to determine the time point at 

which androgen production is maximal. Androsterone will be 

measured as a marker for TIC function since radioimmunoassay 

analyses have determined that androsterone is the principal 

androgen produced by LH/hCG-stimulated TIC of the immature 

rat ovary (Magoffin & Erickson, 1982; Dyer & Erickson, 1985; 

Erickson et al., 1985)~ The dose of hCG that promotes 

maximal androsterone production will be determined; this 

dose will be employed in all subsequent experiments. In 

addition, TIC will be treated ·with increasing doses of 

in·sulin and IGF-I in the presence of an optimal 

concentration of hCG to determine if these factors can alter 

hCG-stimulated androgen production. The concentration of 

each factor which promotes maximal androsterone production 

will be chosen for subsequent studies. 

28 
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Aim 2: 

To determine the existence of an androgen-mediated 

autoregulatory process for TIC androgen production. The 

synthetic androgen 170-hydroxy-7a,17a-dimethyl-4-estren-3-

one (mibolerone) will be used to test the aforementioned 

hypothesiso Increasing concentratiqns of mibolerone will be 

tested in conjunction with an optimal concentration of hCG 

to determine if the androgen can modify hCG-stimulated 

androgen biosynthesis. Additional studies will be conducted 

to ascertain if mibolerone has the ability to &lter insulin 

and IGF-I action on hCG~induced androsterone synthesiso 

Aim 3: 

To elucidate mibolerone's mechanism(s) of action: 

a. To determine if mibolerone alters cAMP-stimulated 

androsterone synthesiso TIC cells will be exposed to 

increasing concentrations of the cAMP analog, 8-bromo

cAMP to determine a concentration which mimics the 

effects of an optimal concentration of hCG on androgen 

synthesis. Subsequent to the determination of an 

optimal dose of cAMP, TIC will then be treated with a 

combination of mibolerone and cAMP to ascertain whether 

the androgen modifies cAMP-stimulated androsterone 

production. 

b. To asceitain if mibolerone alters the cAMP-dependent 

protein kinase (PKA) system. Experiments will be 

conducted using synergistic pairs of cAMP analogs (N6 -
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monobutyryl-cAMP and 8-bromo-cAMP) which directly 

activate both isoenzymes of PKA (PKA I and II) leading 

to the stimuiation of androgen biosynthesis. Dose 

response experiments will be conducted to determine the 

suboptimal concentrations of each cAMP analog, which 

when used in combination, stimulate PKA I and II in a 

synergistic manner. In addition, TIC will be exposed to 

mibolerone in combination with the pair of cAMP analogs 

to determine if the androgen modifies cAMP analog

stimulated androsterone production. 

Co To elucidate mibolerone's mode of action. The 

antiandrogen hydroxyflutamide will be used as a probe to 

ascertain if mibolerone acts via an androgen receptor. 

Increasing concentrations of hydroxyflutamide will be 

used in combination with mibolerone to determine the 

dose of antiandrogen which could effectively block the 

antagonistic actions of mibolerone on hCG-stimulated -

androgen production. 

d. To determine if mibolerone action is via the modulation 

of protein kinase C (PKC) activity. TIC will be treated 

with the phorbof ester 12-0-tetradecanoylphorbol 13-

acetate (TPA) which serves as a direct activator of PKC. 

Initial dose response studies for TPA will be conducted 

while subsequent experiments will use increasing 

concentrations of the phorbol ester in combination with 

mibolerone to ascertain if the androgen can alter the 

action of TPA on hCG-stimulated androsterone synthesis. 
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e. To determine if the action of mibolerone is mediated 

+2 through the Ca second messenger system. This area of 

research will involve the use of the following 

components: 

(1) Calcium-depleted medium containing the Ca+2 

chelator EGTA (ethanedioxybis [ethylamine] tetra

acetic acid). will be used to assess the role of 

Ca+2 on hCG-stimulated androgen synthesiso 

(2) The Ca+2 ionophore A23187 (calcimycin), which 

promotes Ca+2 influx, will be used to examine any 

modifications to hCG action and to determine if it 

has the ab~lity to alter the properties of 

mibolerone on hCG-induced androgen productione 

Dose response studies for A23187 will be conducted 

initially with subsequent experiments employing 

suboptimal concentrations of the ionophore in 

conjunction with mibolerone to determine if A23187 

can modify the action of this androgen. 

(3) If it is discovered that Ca+2 mediates mibolerone's 

action, it would be important to investigate if 
+2 . 

verapamil, a L-type Ca channel blocker could 

abolish mibolerone's effects on hCG-stimulated 

androgen production. Dose response studies will be 

conducted for verapamil with increasing doses being 

used in combination with mibolerone-to assess the 

ability of the former compound in blocking the 

action of mibolerone. 
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Aim 4: 

T.o determine if mibolerone regulates the mRNA levels of 

P45017 and/or P450 in hCG and IGF-I-stimulated TIC. In a sec 

order to examine mibolerone's effects of P45017 and P450 
a sec 

mRNA, a Northern blot analysis will be conducted using 

specific cDNA probes. 



MATERIALS AND METHODS 

Hormones and Reagents: 

Mibolerone (170-hydroxy-7a,17a-dimethyl-4-estren-3-one) 

was purchased from Amersham Corporation (Arlington Heights, 

IL)o Human chorionic gonadotropin (hCG; 10,000 I.U./vial), 

porcine insulin (26 I.U./mg), 8-bromo-cAMP, N6-monobutyryl

cAMP, 12-0-tetradecan·oylphorbol 13-acetate ( TPA.), A23187 

(calcimycin), verapamil and Percell were obtained from Sigma 

Chemical Company (St. Louis, MO). Recombinant insulin~like 

growth factor I (IGF-I) was obtained from IMCERA, 

Mallinckrodt Specialty Chemical Company (Terre Haute, IN). 

Hydroxyflutamide (2-hydroxy-2-methyl-N-[4-nitro-3-

(trifluoro-methyl)phenyl] propanamide, SCH-16423) was 

obtained from Schering Corporation (Bloomfield, NJ)o 

Penicillin-streptomycin solution and trypan blue stain 

( 0 .. 4%) were obtained from Grand Island Biological Company 

(GIBCO, Grand Island, NY). Experimental components were 

dissolved in 100% ethanol (m~bolerone and hydroxyflutamide) 

or 10% acetone (TPA, A23187 and verapamil) prior to use; 

remaining compounds were dissolved in medium before addition 

to cell cultures. 

33 
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Animals: 

Immature female Sprague-Dawley rats hypophysectomized 

at 21 days of age were obtained from the Harlan Company 

(Madison, WI)o The rats were maintained in temperature

controlled rooms on a 14 hour light: 10 hour dark cycle 

(lights on at 0500 hour and off at 1900 hour, EST) and 

provided with physiological saline and rat chow ad libitum. 

At four to five days posthypophysectomy, the rats were 

sacrificed by decapitation and the 6varies wer~ removed and 

placed in ice-cold Medium 199 (Sigma) containing Hanks' 

salts, 0.7 mM L-glutamine, 4 mM sodium bicarbonate (NaHco
3

), 

1 mg/ml bovine serum albumin (BSA) and 25 mM 4-(2-

hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) at pH 

7.4. 

Cell Dispersal: 

Ovarian dispersates and enriched TIC were prepared 

according to the procedures described by Magoffin & Erickson 

(1982, 1988). First, ovaries were cleaned of non-ovarian 

tissues and the surrounding bursa and placed in ice-cold 

Medium 199. The tissue was then cut into 4-6 pieces under 

sterile conditions using a micro-dissecting knife. The 

tissue was transferred to a sterile 15 ml polypropylene 

centrifuge tube (Corning; Fisher Scientific, Atlanta, GA) 

and washed twice with Medium 199 to remove any floating 

debris that remained after the tissue settled. The tissue 

was subsequently incubated in a collagenase (Sigma; 

Clostridium histolyticum; type I; 255 units/mg) - DNase 
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(Sigma; bovine pancreas; type II; 2,500 units/mg) solution 

(0.2 ml/ovary) at 37°c in a shaking water bath under a 95% 

o2 : 5% co2 atmosphere for 90 minutes. At 30 minute 

intervals, the tissue was resuspended using Pasteur pipets 

with successively smaller orifices. At the end of the 

incubat~on period, the cell suspension was washed three 

times with McCoy's 5a medium (Sigma; modified, without serum 

and containing 2 mM L-glutamine, 26 mM NaHC03 , 20 mM HEPES, 

100 I.U./ml penicillin and 100 µg/ml streptomycin, pH 7.2) 

and centrifuged for 5 minutes at 200 xg (4°C). The final 

pellet was resuspended in 1 - 2 ml of McCoy's medium and an 

aliquot was taken to determine _cell viapility and yieldo 

Cell viability was 50-75% as determined by trypan blue 

exclusion. 

Enrichment of TIC: 

A., Density Gradient Centrifugation: Cellular 

dispersates were subjected to density gradient 

centrifugation to enrich the TIC as described in the 

methodology of Magoffin & Erickson (1988)~ Discontinuous 

gradients were formad b~ first pipetting 1 ml of 44% Percoll 

in Medium 199 into a 12 X 75 mm sterile polystyrene 

centrifuge tube (Fisher). Two ml of a Percoll solution (38% 

Percoll in Medium 199 with 0.7% pencillin-streptomycin 

solution and 0.7% L-glutamine) adjusted to a density (d) of 

1.055 g/ml using a hydrometer were then pipetted on top of 

the 44% Percoll layer. Cellular dispersates (4 - 7 X 

106/ml) were then layered on top of the d = 1.055 g/ml 
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Percell solution and centrifuged at 400 xg (4°C) for 20 

. minutes. TIC were collected from the d = 1.055 layer and at 

the interface between the two Percell solutions where the 

majority of the TIC had accumulatedo The cells -were then 

was~ed in McCoy's medium and centrifuged for 5 minutes at 

200 xg (4°C) to obtain a cell pelleto The pellet was 

resuspended in 0.5 - 1 ml of McCoy's medium and an aliquot 

was taken to determine cell yield and viability (>90% 

viable). 

B. Histochemistry: The purity of cells were assessed 

by a 30-hydroxysteroid dehydrogenase (3D-HSD) histochemical 

analysis according to the·technique of Payne et alo, 1980. 

3D-HSP is a nicotinamide adenine dinucleotide (NAD)-linked 

enzyme which is present in the adrenal cortex, ovary (corpus 

luteum, granulosa cells and TIC), testis (Leydig cells) and 

the placenta (Troyer, 1980). In this enzyme-mediated 

reaction that can utilize dehydroepiandrosterone (3D

hydroxy-5-androsten-17-one) as a substrate, the coenzyme 

+ NAO serves as an electron carrier which upon accepting an 

electron in the form of a hydride ion (H-) is reduced to 

NADHo The entire reaction is demonstrable with the use of 

the heterocyclic ring.compound nitro blue tetrazolium (NBT) 

which intercepts electrons and becomes reduced to form a 

formazan compound (Troyer, 1980). The sites of enzymatic 

activity are indicated by the appearance of blue formazan 

deposits. 
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The procedures and composition of the staining solution 

for the 38-HSO histochemical analysis are detailed as 

follows: 

I. Cell Culture: 

Enriched TIC and unpurified cells (120,000 - 270,000 

viable cells in 0.15 ml medium) were plated onto 8-chamber 

tissue cultures slides (Lab-Tek; VWR Scientific, Atlanta, 

GA) containing 0.15 ml of McCoy's Sa medium (total volume of 

0.3 ml). The cells were allowed to attach to the substrate 

for 48 hours under conditions described previously. 

II~ Preparation of Staining Solution: 

lo 0.05 M Potassium Phosphate Buffer: 0.05 M 

potassium phosphate monobasic (KH2Po4 ), 0.05 M sodium 

phosphate dipa~ic (Na2HP04 ), 0.9% sodium chloride (NaCl) and 

0.1% BSA at pH 7.4. 

2o Nitro Blue Tetrazolium (Sigma): Prepared in Oo05 M 

potassium phosphate buffer at 1 mg/ml. 

3. NAO (Sigma): Prepared in 0.05 M potassium 

phosphate buffer at 10 mg/ml. 

4. Dehydroepiandrosterone (Sigma): Prepared in 

dimethyl sulfoxide (OMSO) at 1 mg/ml. 

NBT (2 ml), NAO (1 ml) and dehydroepiandrosterone (0.6 

ml) were added to 6 ml of the potassium phosphate buffer, 

divided into 1 ml aliquots and frozen at -20°c until used. 

Control staining solutions were prepared exactly as 

described above, however, dehydroepiandrosterone was 

omitted. 
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III. Procedure: 

1. After a 48 hour incubation period, medium was 

removed from the culture chambers and cells were allowed to 

air dry for one hour. 

2. The slides were placed in a humidified atmosphere 

and a drop of stain (30-HSD-positive or control stain) was 

layered on top of the cells. 

3o The cells were stained for 90 minutes after which 

the slides were rinsed in distilled water and allowed to air 

dry before being read. 

The per~entage of cells which tested positive for 30-

HSD were determined by counting at least 400 cells from 

random areas of the slideso 

Cell Culture Procedures: 

Enriched TIC (20,000 viable cells in 0ol ml medium) 

were added to 96 - well plates (Corning; VWR) containing 0ol 

ml of McCoy's pa medium (total volume of 0.2 ml) with or 

without the experimental componentse Each treatment group 

was studied in triplicate in each set of cultures and most 

results were verified two to four times in separate TIC 

cultures. The cells were incubated in a humidified 

0 atmosphere of 95% air: 5% co2 (37 C) for up to 96 hours. 

The medium was removed after 48 hours at which point the 

experiment was either terminated or fresh medium and 

experimental components were added and cultures were 

incubated for an additional 48 hours. The medium was stored 

a -ao0 c until measured for androsterone content by 



39 

radioimmunoassay. In previous studies {Magoffin & Erickson, 

1982; Dyer & Erickson, 1985; Erickson et al., 1985) 

radioimmunoassay analyses have revealed that androsterone is 

the principal androgen produced by LH/hCG-stimulated TIC of 

the immature rat ovary, therefore in our studies we measured 

this steroid as a marker for TIC function. 

In several experiments the cell numbers and viability 

were determined at 48 hour time intervals. The cells were 

harvested from the·wells by the addition of 64 µl of 0.05% 

trypsin, 0.53 mM EDTA (GIBCO) for 2-3 minuteso The wells 

were washed 3 times with 50 µl of McCoy's Sa medium and the 

cells obtained were counted and examined for viability by 

trypan blue exclusion. This procedure·was modified from the 

method described by Freshney (1987). 

Radioimmunoassay of Androsterone: 

The levels of androsterone (3a-hydroxy-5a-androstan-17-

one) were quantitated by radioimmunoassay as described in 

detail by Zamecnik et al. (1977). Samples of culture medium 

(0.067 - 0.3 ml) were extracted with 5 ml of diethyl ether 

by vortexing the mixture for 2 minutes and then allowing the 

aqueous and organic phases to separate. The aqueous phase 

was frozen in a methanol/dry ice bath after which the 

organic phase was poured off and evaporated under a stream 

of nitrogen. The precipitate was subsequently reconstituted 

in a appropriate volume of 0.1 M phosphate buffered saline 

with 0.1% gelatin (PGB) for steroid determinations. PGB 

consisted of the following components: 0.15 M NaCl, 0.039 M 



40 

sodium phosphate monobasic (NaH2Po4 ), 0.061 M Na2HP04, 0.01% 

thimersol and 0.1% gelatin at pH 7.0. 

The specific antibody (A0-1) for androsterone 

measurements was generously provided by Dro DoTo Armstrong, 

University of Western Ontario (London, Ontario, Canada) and 

its specificity for androsterone has been detailed by 

Zamecnik et al. (1977). The cross-reactivity was 27% with 

5a-androstone-3a,170-diol while the cross-reactivity for 

other Sa-reduced metabolites and testosterone were< 0.4%. 

A Ool ml aliquot of the antibody was added to the samples 

and then incubated for one hour·at 4°c. Forty to fifty 

percent binding was obtained at a 1:500 - fold antibody 

dilution in PGB buffer. Tubes were then incubated for one 

hour with 0.1 ml of [9,11-3H(N)]-androsterone (57 Ci/mmol; 

10,000 cpm/tube; New England Nuclear Research Products, 

BostonF MA) in PGB buffer which was followed by the addition 

.:.of 0.4 ml/tube of dextran-coated char~oal (0.5% Norit A 

charcoal and 0.2% dextran in distilled water) in order to 

separate bound from free hormones. ~he assay tubes were 

centrifuged at 1,800 xg for 10 minutes after which the 

supernatants containing the bound hormones were counted in 

"ScintiVerse BD" scintillation fluid (Fisher Scientific) in 

a Beckman LS 3801 Beta spectrometer. The assay was linear 

at 50 - 250 pg/tube while the minimum sensitivity of this 

assay was 10 pg (range of 10 - 750 pg). Unknown samples· 

were assayed in duplicate and the steroid levels were 

calculated to a weighted linear regression. The intraassay 



and interassay coefficient of variation was 10 and 15% 

respectively. 
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It was important to determine if mibolerone by itself 

cross-reacted with the A0-1 antiserum used for the 

androsterone assay. Therefore, 10, 100 and 1000 nM 

concentrations of mibolerone were assayed using the 

androsterone ·assay described above. Mibolerone did not 

cross-react with the antiserum and did not interfere with 

the assay. In an attempt to rule out whether mibolerone may 

interfere with the conversion of TIC-produced androgens to 

androsterone, another antiserum A-3-2 obtained from Dra D.Te 

Armstrong which had a cross-reactivity of 100% with 

androstenedione and 266% with 38-hydroxy-5a-androstan-17-one 

was also tried. The cross-reaction of A0-1 antisera for 

both these com~ounds was <0.4%. 

Androstenedione (4-androsten-3,17-dione), progesterbne 

-- ( 4-pregnen-3, 20-dione) 17 a-hydroxy-progesterone ( 17 a

hydroxy-4-pregnen-3, 20-dione) and testosterone (178-hydroxy-

4-androsten-3-one) levels in the incubation medium extracts 

were also determined using the Diagnostic Products 

Corporation (Los Angeles, CA) solid phase kits for the 

respective steroid. 

Measurement of 17a-hydroxylase and Cholesterol Side Chain 

Cleavage mRNA Levels: 

I. Plasmid Amplification and Purification: 

The pCMV2 plasmid containing the 1.1 kb rat P45017 a 

cDNA probe (CYP17) was kindly provided by pr. H.R. Fevold 
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( Universi,ty of Montana, Missoula, MT). The pCMV2 plasmid 

which had been introduced into Escherichia coli Kl2 bacteria 

was received as an overnight culture sample. The plasmid 

which contained an ampicill~n resistant gene was amplified 

according to the protocols 'detailed by Maniatis et al., 

1989. In a small scale procedure for .preparation of plasmid 

DNA, a single loop of the culture sample was transferred to 

2 ml of Luria broth m·edium (0.5% yeast extract, 1% 

bactotryptone and 1% NaCl, pH 7.5) containing 50 µg/ml of 

ampicillicin and incubated overnight at 37°c with vigorous 

shaking. In order to obtain a large-scale preparation of 

plasmid DNA, 500 ml of Superbroth medium (2.4% yeast 

~xtract, 1.2% tryptone, 0.5% glycerol, 0o4% KH2Po4 and 1.3% 

potassium phosphate dibasic) plus 1 ml of ampicillin was 

inoculated with 1 ml of the overnight culture and incubated 

with agitation for 22-24 hours at 37°c. 

Bacterial cells for the small-scale DNA preparation 

were harvested by centrifuging 1.5 ml of the culture at 

18,000 rpm (4°c) for 30 seconds. The resulting bacterial 

pellet was resuspended in STE solution (1 M Tris-HCl, 5 M 

NaCl and 0.5 M EDTA, pH 8~0), centrifuged (18,000 rpm at 

4°c) and subsequently dissolved in ice-cold G buffer 

(Solution I; 50 mM glucose, 25 mM Tris and 10 mM EDTA, pH 

8.0). Bacterial cells were lysed by the addition of 

Solution II (0.1 N sodium hydroxide (NaOH) and 1% sodium 

dodecyl sulfate (SDS)) to the resuspended pellet. Bacterial 

DNA and cellular debris were precipitated with Solution III 
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(5 M potassium acetate (KC2H3o2 ) and glacial acetic acid) 

with the resulting supernatant containing primarily plasmid 

DNA. Plasmid DNA was extracted by exposing the supernatant 

to an equal volume of phenol: sevags followed by 

0 centrifugation (18,000 rpm at 4 C)o The supernatant was 

further mixed with two volumes of ice-cold 70% ethanol in 

order to precipitate the plasmid DNAo After a final ethanol 

wash, the nucleic acid pellet was dissolved in lX TE buffer 

(10 mM Tris-HCl and 1 mM EDTA, pH 8.0) with the addition of 

DNase-free RNase (1 mg/ml) to digest the RNA. The DNA 

preparation was stored at -20°c until it was later analyzed 

by enzymatic digestion and gel electrophoresis. 

Large-scale DNA preparations followed the. completion of 

the procedures outlined above which confirmed the identity 

of the plasmid vector and cDNA insert. DNA from 500 ml 

cultures was pre~ared according to the manufacturer's 

protocol (Qiagen Inc., Chatsworth, CA)o A bacterial pellet 

was resuspended in 20 ml of Pl·buffer (100 µg/ml RNase A, 50 

mM Tris-HCl and 10 rnM EDTA, pH 8.0) followed by the addition 

of P2 buffer (200 mM NaOH and 1% SDS) which caused the 

bacterial cells to lyse. P3 buffer (2.55 M KC2H3o 2 , pH 4.8) 

was subsequently added to precipitate_the bacterial DNAo 

The suspension was centrifuged at 16,000 rpm (4°c) for 30 

minutes to obtain the supernatant containing the plasmid 

DNAo The supernatant was recentrifuged at 20,000 rpm (4°c) 

for 10 minutes to remove any particulate matter. The 

supernatant was then applied to a Qiagen-tip 500 column that 
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was equilibrated with QBT buffer (750 mM NaCl, 50 mM 3-[N

Morpholino]propanesulfonic acid (MOPS) and 15% ethanol, pH 

7oO, 0.15% Triton X-1OO). The column was washed with QC 

buffer (1 M NaCl, 50 mM MOPS and 15% ethanol, pH 7oO) 

followed by the elution of plasmid DNA with QF buffer (1.25 

M NaCl, 50 mM MOPS and 15% ethanol, pH 8.2). DNA was 

precipitated with Oo7 volumes of isopropanol and washed with 

70% ethanol. The pellet was air dried to evaporate the 

ethanol, dissolved in lX TE buffer and stored at -80°Co An 

aliquot was ~aken for spectrophotometric analysis which 

measured the O.D. 26O128O ratio to determine DNA 

concentration. 

IIo Restriction Enzyme Digest and Isolation of cDNA 

Inserts: 

The pCMV2 plasmid was digested with the specific 

restriction enzymes Kpn I and Sac I that resulted in the 

generation of a 1.1 kb rat P45O17 a cDNA. insert and a 3.98 kb 

plasmid vector (Fevold et·a1., 1989). The pBR322 plasmid 

containing the rat P45Oscc cDNA probe was generously 

_provided by Dr. J.S~ Richards (Baylor College of Medicine, 

Houston, TX). The P45O probe was digested with EcoRI to sec 

form the 1.2 kb insert and the 4.4 kb plasmid vector 

(Maniatis et.al., 1989). The p0-actin.plasmid harboring the 

1.15 kb chicken 8-actin cDNA insert was kindly provided by 

Dr. N. Shimizu (University of Chicago, Chicago, IL); 8-actin 

was used to normalize RNA levels. The insert was excised 



from the vector (4.4 kb) by the restriction enzyme Pst I 

(Maniatis et al~, 1989). 
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Plasmid DNA was incubated with the specific restriction 

o· 
enzyme at 37 C for approximately 1.5 - 2 hours. In order to 

digest the pCMV2 plasmid, Kpn I was initially incubated with 

the DNA along with React 4 buffer (20 mM Tris-HCl, 5 mM 

magnesium chloride (MgG1 2 ) and 50 mM NaCl, pH 8.0), bovine 

serum albumin and dithiothreitol. This was followed by 

incubation with the Sac I restriction enzyme plus React 2 

buffer (50 mM Tris-HCl, 10 mM MgC1 2 and 50 mM potassium 

chloride, pH 7.4) for an additional 1.5 - 2 hours at 37°c. 

All enzymatic digestions were terminated by the addition of 

loading dye with EDTA. DNA samples were loaded onto·a 1.5% 

low melting point (LMP) agarose gel (1% LMP for small-scale 

preparation of DNA) containing ethidium bromide stain. DNA 

standards(~ and ~X) were also loaded onto the gel for 

sma11~scale plasmid DNA preparations in order to determine 

the size of DNA fragments. Gels were electrophoresed in lX 

Busch buffer (0.04 M Tris Base, 0.02 M sodium acetate 

(NaC2H
3
o2 ) and 2 mM EDTA, pH 7.5) for 3.5 - 4 hours at 50 

volts. After a sufficient time period to allow for 

separation of DNA bands, the gel was removed and the cDNA 

insert was visualized.under ultraviolet illumination. cDNA 

inserts {leading bands) obtained from large-scale DNA 

preparations were excised from the gel and boiled to melt 

. the surrounding agarose. The suspension was aliquoted and 



stored at -ao0 c for subsequent use in a Northern blot 

analysis (Maniatis et al., 1989). 

III. RNA Extraction: 
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Enriched TIC (700,000 - 2.0 X 106 viable cells in 1 ml 

McCoy's Sa medium) were pipetted into 35 X 10 mm Falcon 

tissue culture dishes (B-D and Company, Oxnard, CA) 

containing 1 ml of McCoy's Sa medium (.total volume of 2 ml) 

with or without the experimental components. The cells were 

cuitured for 96 hours under conditions described previously. 

Total RNA was isolated by lysing cell monolayers with 

6 TM Oo2 ml/1O cells of RNAzol (water-saturated phenol, 4 M 

guanidinium isothiocyanate and 0.1 M 0-mercaptoethanol 

(Biotecx Laboratories, Houston, TX) followed by extraction 

with chloroform (0.1 ml/ml of homogenate) according to the 

manufacturer's protocol. The addition of chloroform allowed 

for the separation of two phases: the lower organic phase 

containing DNA and proteins and the upper aqueous phase 

containing RNA exclusively. An equal volume of isopropanol 

was then added to the aqueous phase and the sample placed at 

-20°c for 45 minutes to precipitate the RNA. After 

centrifugation for 10 minutes at 18,000 rpm (4°c) the 

resulting RNA pellet was washed twice with 75% ethanol and 

vacuum dried. The RNA pellets were dissolved in a 

suspension containing 0.1% Sarkosyl, 0.1% 0-mercaptoethanol, 

5 M ammonium acetate (1/20 volume) and 100% ethanol (2 

volumes) and stored at -ao0 c. The yield and purity of RNA 

was based on ultraviolet spectrophotometric analysis. The 
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final_preparations were DNA- and protein-free and had 

260/280 (O.D.) ratios greater than 1.6 which are comparable 

to those reported by Chomczynski & Sacchi (1987). 

Positive and negative controls for P45017 and P450 - a sec 

mRNA were provided by adrenal and testis tissue prepared 

from-an adult intact male Sprague-Dawley rat (Harlan 

Company). Tissue was cut and homogenized in RNAzolTM (2 

ml/100 mg tissue) with a Dounce homogenizer (pestle B)o RNA 

· ext:r;-action, precipitation and ethanol washes were similar to 

that described above9 The final preparations had 260/280 

(O.D.) ratios greater than 1.5. 

IV~ Gel Electrophoresis of RNA: 

RNA samples for each_ experimental group were pooled in 

order_to obtain an appropriate amount (24_ ~g/group) for gel 

loading and Northern blot analysis. Total RNA samples were 

precipitated, washed in 75% ethanol and along with a RNA 

ladder (6 ~g) were denatured by gl~oxalation (1 M glyoxal in 

50% DMSO, 12 mM Tris HCl, 6 mM NaC2H3o2 and 0.3 mM EDTA, pH 

7.0)o Total RNA was electrophoretically separated by 

loading samples into the wells of a 1.5% agarose gel (5-6 mm 

thick, 24 cm wide and 10.1 cm long) in TEA buffer (12 mM 

Tris-HCl, 6 mM NaC2H3o2 and mM EDTA, pH 7.0). The gel was 

run for 3.5 hours ?t 120 volts and the buffer changed at 

approximately 2 hours to avoid a large pH change (pH> 8.0) 

In order to determine RNA size, a section of the gel 

containing the RNA ladder and a control sample (testis RNA) 

was removed and stained with ethidium bromide. The 
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remaining samples in the gel that were designated for 

Northern blot analysis were not stained since ethidium 

bromide reacts with the glyoxal contained in the samples. 

The staining procedure consisted of a 15 minute incubation 

period in 0.5 M ammonium acetate with 5 µg/ml ethidium 

bromide followed by destaining with 0.5 M ammonium acetate 

for another 15 minutes. The RNA was demonstrated by 

fluorescence under ultraviolet illumination. The size of 

the mRNAs were extrapolated from the RNA ladder (9.5 - 0.24 

kb) o 

V. Northern Blot Analysis: 

Total RNA was transferred from the gel by capillary 

action onto a Gene Screen Plus hybridization transfer nylon 

_ . membrane (Gene Screen Plus, New England Nuctear Research 

Products) according to the manufacturer's protocol. In this 

procedure, gene screen was cut to the exact dimensions of 

the gel, wetted in diethylpyrocarbonate (DEP) water and then 

soaked in a l~X SSC (1.5 M NaCl and 0.15 M sodium citrate 

(C
6

H5Na3o7 ), pH 7.0) solution for 15 minutes. In order for 

complete transfer of RNA from the gel to the membrane, the 

gel was placed atop a sponge that was sitting in a tray of 

l0X sec buffer. The nylon membrane.was placed directly on 

top of the gel and layered first with 6 pieces of Whatman 3 

MM filter paper (cut to the exact dimensions of the gel) and 

second with stacks of paper towels which served to draw the 

buffer through the sponge, ·gel and filter. The transfer of 

RNA to the filter proceeded for a 16-24 hour period during 



which dry paper towels were applied to the stack and fresh 

buffer was added to the tray. 
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After the transfer was completed, the membrane was 

removed and placed in 50 mM NaOH solution for 15 seconds and 

then in lX SSC ( 0. 2 M Tris-HCl, pH 7·. 5) for 30 sec_onds. The 

membrane was subsequently blotted and placed on filter paper 

where it was dried at room temperature overnight. The 

membrane was stored at -20°c in a sealed plastic bag until 

used for hybridization with cDNA probeso 

VI. Oligolabeling of cDNA Probes: 

cDNA probes for _P45017a and P450scc were radioactively 

labeled with the use of a random primer oligolabeling kit 

{Pharmacia LKB Biotechnology, Piscataway, NJ). A 50 ng 

aliquot (10 ng/~l in LMP agarose) of each probe was heated 

for 3 minutes at 100°c and subsequently labeled with [a-32P] 

dCTP (New England Nuclear Research Products, 3000 Ci/mmol) 

in the presence of the Klenow Fragment and oligonucleotide 

primers~ The reaction proceeded for 2 hours at 37°c and was 

terminated by the addition of 0.1 M EDTA. The reaction 

mixture was .then applied to a Sephadex G-50 DNA grade NICK 

column in order t? separate the labeled cDNA probe from the 

32 unicorporated P-labeled nucleotides. TE buffer (0.4 ml 

aliquots) was run through the column and fractions were 

collected in order to separate bound from free 32P. A 2 ul 

aliquot.from each fraction was counted in a Beckman LS 7500 

Beta spectrometer to determine the appropriate fraction that 

contained the labeled cDNA probe. The specific activity of 
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the probes ranged from 1.4 - 5.3 X 108 Cerenkov cpm/µg DNA. 

The probe was then denatured at 100°c for 10 minutes in the 

presence of sheared salmon sperm (100 µg/ml) which acts to 

decrease background hybridization to the nylon membrane 

containing the RNA. The probe was cooled on ice before use 

in the hybridization procedure. 

VII. Hybridization: 

The nylon membrane was prehybridized in a solution 

consisting of 10% dextran sulfate, 50% deionized formamide, 

0.05 M Tris (pH 7o5), 1% SDS and 1 M NaCl. A sealed plastic 

bag containing the membrane and the prehybridizing solution 

was incubated for approximately 2 hours at 42°c in a shaking 

water bath before the addition of the cDNA probeo 

Nylon membranes were sequentially hybridized with the 

cDNA probes for P45o1·
7 

, P450 and D-actin. This 
a: sec 

procedure was carried out overnight (12-16 hours) at 42°c in 

a shaking water bath. The membrane was then washed for 15 

minutes at room temperature with agitation in a 0.2X SSC 

(0.03 M NaCl and Oo03 M c 6H5Na3o7 ) - Oo1% SOS solution 

followed by two successive washes in the same solution for 

20 minutes/wash at 60°c. A final -wash was conducted with 2X 

SSPE solution (0.36 M NaCl and 0.02 M Na2HP04 , pH 6.8, 2 mM 

EDTA) for 20~30 minutes at room temperature. The membrane 

was then wrapped in saran and exposed to Kodak XAR-5 

autoradiographic film at -so0 c in the presence of two Dupont 

Cronex intensifying screens. At several time points the 

film was developed in order to visualize the hybridization 
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reaction and to select a film that was appropriate for 

densitometric analysis. The hybridized band intensities 

were determined by scanning the autoradiograph with a 

Shimadzu CS900 densitometero Specific mRNA levels were 

expressed in•arbitrary densitometric units as% control and 

normalized to the level of hybridized D-actin mRNA. 

After each hybridization procedure the membrane was 

stripped of its radioactivity through successive washes with 

Solution A, Solution Band Solution c. The membrane was 

washed with agitation in Solution A (10 mM Tris-HCl, pH 7.5, 

1 mM EDTA and 1% sos; 100°c) ~t room temperature for 30 

minutes to allow the solution to cool down to 60 - 70°c. 

The membrane was then washed in Solution B (0.lX SSC and 

0.1% SOS; 100°C) followed by Solution C (2X SSPE: 0.36 M 

NaCl and 0.02 M Na2HP04 , pH 6.8, 2 mM EDTA) under the same 

conditions as mentioned above o .The stripped membrane was 

subsequently autoradiographed to determine if the probe was 

successively removed. The membrane was stored at -20°c 

between each hybridization procedureo 

Data Analysis: 

Data-. were analyzed by a one-way an·alysis of variance 

{ANOVA) and Fisher's protected least significant differences 

(PLSD) for a comparison of group means using the "Statview" 

program on the Macintosh computer. Differences were 

considered significant at p < 0.05. The androsterone content 

was expressed as _pg/20,000 viable cells plated and is 

represented oy the mean+/- the standard error of the mean. 



RESULTS 

Establishment of TIC Culture Conditions and Dose Response of 

TIC to hCG 

In order to determine the time course of hCG-stimulated 

androgen production, dispersed ovarian cells and enriched 

TIC (20,000 viable cells/well) were cultured for 96 hours in 

the absence and presence of hCG (0.2 ng/ml). As 

demonstrated in Figure lA and B, dispersed ovarian cells and 

enriched TIC cultured in the_absence of hCG produced low 

levels of androsterone throughout the entire 96 hour periodo 

In contrast, when cells were exposed to 0.2 ng/ml hCG, 

androsterone production was significantly increased reaching 

maximal levels by 48 hours (Figure lA and B)o At 96 hours, 

however, basal and hCG-stimulated androsterone levels 

markedly declined in both dispersed cell cultures and 

enriched TIC. Based upon these results and the findings of 

previous studies (Magoffin & Erickson, 1988; Magoffin, 

1989), dispersed ovarian cells and enriched TIC were 

cultured over a 48 hour incubation period in order to obtain 

maximal androgen production. 

When dispersed ovarian cells and enriched TIC were 

subjected to increasing concentrations of hCG (0.025 - 0.3 

ng/ml), androsterone production was·stimulated in a dose-

52 



Figure 1: Time course of hCG-stimulated TIC androgen 

production. Dispersed ovarian cells (Figure lA) 

_and enriched TIC (Figure 1B) were cultured (20,000 

viable cells/well) for 96 hours in the presence or 

absence of hCG (0.2 ng/ml). Medium was collected 

at 48 hours at which time fresh medium and hCG 

(0.2 ng/ml) were added. Androsterone levels were 

measured by RIA from media collected at 48 and 96 

hours. Data are the means+ standard error of the 

mean (SEM) of a representative experiment with 

triplicate incubations per treatment group, 

comparable results were obtained in three 

additional experiments.*< 10 pg. 

versus the respective control group. 

a p < 0.05 

bp < 0.05 

versus the control group or 0~2 ng/ml hCG at 48 

hours~ 
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dependent fashion (Figure 2A and B). Half-maximal (Eo50 ) and 

maximal androsterone production were observed at doses of 

00098 and 0.2 ng/ml hCG respectively for dispersed ovarian 

cells and 0.080 and 0.2 ng/ml hCG respectively for enriched 

TIC. However, at 0.2 ng/ml hCG the increase in androsterone 

production was 2-fold higher in enriched TIC versus dispersed 

ovarian cells at the same concentration. This marked 

enhancement of androsterone productions by enriched TIC was 

consistent with the f•inding of a 74+2% enrichment of TIC as 

revealed by 38-hydroxysteroid dehydrogenase histochemical 

analysis (Figure 3). The concentration of TIC in dispersed 

ovarian cells was 35~2% (Figure 3)o Therefore, enriched TIC 

preparations were utilized in the remainder of these studies. 

IGF-I Enhancement of hCG-stimulated Androsterone Production 

in TIC 

As detailed in the "Introduction" section, IGF-I along 

with insulin·have been shown to significantly augment hCG

stimul~ted TIC androgen production. Therefore, various 

concentrations of IGF-I and insulin were tested in order to 

determine if the two com~onents could ~nhance hCG-induced 

androsterone production by TIC. 

When enriched TIC were exposed to 100 ng/ml IGF-I in the 

absence of hCG~ there was no effect on basal androsterone 

production (Figure 4). Doses of 0.01, 0.1 and 1.0 ng/ml of 

IGF-I also did not alter hCG-induced androsterone synthesis 

by TIC. However, doses of 10, 100 and 200 ng/ml of 



Figure 2: Effect of hCG on TIC androgen production. 

Dispersed ovarian cells (Figure 2A) and enric~ed 

TIC (Figure 2B) were cultured (20,000 viable 

cells/well) for 48 hours with or without 

increasing concentrations of hCG (0.25 - Oo3 

ng/ml). Medium was collected at 48 hours and 

androsterone levels were measured by RIA~ Data 

are the means+ SEM of a representative experiment 

with triplicate incubations per treatment group, 

comparable results were obtained in an additional 

experiments. ap < 0.05 versus the control group. 
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Figure 3: Determination of 30-hydroxysteroid dehydrogenase 

(30-HSD) activity in dispersed cells and enriched 

TIC. Dispersed ovarian cells and enriched TIC were 

cultured (120,000 - 270,000 viab~e cells/chamber) 

for a 48 hour period. Medium was removed after 48 

hours and the cells were stained for 30-HSD 

activity according to the procedures outlined in 

the "Materials and Methods" section. The 

percentage of cells that stained positively for 

30-HSD was determined by counting at least 400 

cells from random areas on the slides~ Data are 

the means~ SEM from 7 separate experiments. 



56 

100 

80 

-t 60 

C 
u, 
; 
m 
C') 

40 

20 

0 
Unpurified Cells Enriched TIC 



Figure 4: IGF-I effect on hCG-stimulated TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) were cultured for 48 hours in the 

presence or absence of hCG (0o2 ng/ml) with and 

rwithout increasing concentrations of IGF-I (0.01 -

200 ng/ml)e Medium was collected after 48 hours 

and androsterone levels were measured by RIAo 

Data are the means~ SEM of a representative 

experiment with triplicate incubations per 

treatment ·group; c6mparable results were obtained 

in an additional experimento ~p < 0.05 versus the 

b control g~oup. p·< 0o0S versus 0.2 ng/ml hCG. 
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IGF-I significantly· augmented hCG-induced androgen production 

(Figure 4). The 100 ng/ml dose of IGF-I enhanced hCG-induced 

androgen production by approximately 2-fold versus hCG alone; 

this dose was therefore used for subsequent experiments. 

Insulin Enhancement of hCG-stimulated Androsterone Production 

in TIC. 

Insulin (100 ng/ml) in the absence of hCG stimulation 

did not alter androgen production by TIC (Figure 5). When 

increasing concentrations of insulin were added to hCG

stimulated TIC, 1, 10 and 50 ng/ml concentrations of insulin 

did not alter hCG-induced androsterone production whereas 100 

and 250 ng/ml doses of insulin significantly enhanced the 

effects of hCG on androsterone synthesis by 2-fold when 

compared to hCG alone (Figure 5). The 100 ng/ml 

concentration of insulin was therefore used in additional 

studies& 

Effect-of the Synthetic Androgen, Mibolerone, on hCG-Induced 

Androsterone Production 

In order to determine the existence of an androgen

mediated autoregulatory process for TIC-derived androsterone 

production, the synthetic androgen mibolerone was used. 

Figure 6 demonstrates that the addition of 0.2 ng/ml hCG to 

enriched TIG resulted in a 9-fold increase in androsterone 

production over basal levels. When hCG-stimulated enriched 

TIC were subjected to increasing concentrations of the 



Figure 5: Insulin effect on hCG-stimulated TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) were cultured for 48 hours in the 

presence or absence of hCG (Oo2 ng/ml) with and 

without increasing concentrations of insulin (Ins; 

1 - 250 ng/ml). Medium was collected after 48 

hours and androsterone levels were measured by 

RIA. Data are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results ·were obtained 

a in an additional experimento p. < 0.05 versus the 

b control groupo p < 0.05 versus 0.2 ng/ml hCG. 
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Figure 6: Mibolerone effect on hCG-stimulated TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) were cultured for 48 hours in the 

presence or absence of hCG (0o2 ng/ml) with and 

without increasing concentrations of mibolerone 

(Mib; 0.01 - 100 nM). Medium was collected after 

48 hours and androsterone levels were measured by 

RIA. Data are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results were obtained 

a in an additional experimento p < 0.05 versus the 

b control groupo p < 0o05 versus 0.2 ng/ml hCGo 
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synthetic androgen mibolerone, the 0.01 and 0.1 nM 

concentrations did not alter hCG-stimulated androsterone 

production. The 0.1 nM concentration of mibolerone also did 

not alter androsterone production in the absence of hCG 

stimulation while the 1 nM concentration showed an apparent 

decrease in androsterone production by hCG-stimulated TIC 

although it was not statistically significant. This appeared 

to be a borderline dose for inhibition because in some 

experiments the observed decrease was statistically 

significant (Figure 7). In contrast, a significant decrease 

in hCG-stimulated and!osterone production was observed for 

both the 10 nM and 100 nM doses of mibolerone. The 

inhibition of androsterone production by the 10 and 100 nM 

doses of mibolerone were comparable (30% and 32% 

respectively). In other experiments, mibolerone was found to 

inhibit hCG-stimulated androsterone production at 5F 10, 50, 

100 and 1,000 nM concentrations by an average of 32% with no 

significant oifferences in the degree of inhibition between 

the various ~oses (Figure 7). 

The inhibitory effect of mibolerone on hCG-stimulated 

androsterone production raises several important questions. 

Is the inhibitory effect due to interference of mibolerone in 

the androsterone assay? When 10, 100 and 1000 nM 

concentrations of mibolerone were ~nalyzed in the 

androsterone assay in the absence of TIC there was· no 

demonstration of interference (data not shown). In support 

of this result was the finding that 0.1 nM (Figure 6) and 



Figure 7: Mibolerone effect ori hCG-stimulated TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) were cultured for 48 hours in the 

presence or absence of hCG (0.2 ng/ml) with and 

without increasing concentrations of mibolerone. 

(Mib; 1 - 1,000 nM). Medium was collected after 

48 hours and androsterone levels were measured by 

RIAo Data are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results were obtained 

in an additional experiment. ap < 0.05 versus the 

b dontrol groupo p < 0.05 versus 0.2 ng/ml hCG. 
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100 nM concentrations of mibolerone (Figures 8, 9, 11, and 

13) incubated with TIC in the absence of hCG did not alter 

basal androsterone production. 
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In order to rule out the possibility that a decrease in 

androsterone production by mibolerone was due to interference 

by mibolerone in the conversion of TIC-derived androgen 

precursors which lead to androsterone formation, less 

specific antisera (A-3-2) which has 100% cross-reactivity 

with androstenedione was used. The results obtained were 

similar to those using the more specific 

antisera (A0-1) with mibolerone causing a 40% inhibition of 

hCG-stimulated androgen production (Table I)c Furthermore, 

when various samples were assayed for testosterone, the 

testosterone production by TIC was less than 150 pg/20,000 

-cells in all groups tested which concurs with previous 

findings (Magoffin & Erickson, 1988; Magoffin, 1989). 

Finally, the question of whether the suppressive effect 

of mibolerone on androsterone production was due to toxicity 

resulting in cell death was also considered. As shown in 

Table II, the cell numbers and viability in 4 separate 

experiments showed that there were no significant differences 

in cell numbers and viability in TIC treated with mibolerone 

in the presence or absence of hCG at the end of 48 hours. 

Effect of Mibolerone on IGF-I and Insulin Action 

The lack of an effect of 100 ng/ml IGF-I and 100 nM 

mibolerone on TIC -androgen production in the absence of hCG 
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Table I: Effect of mibolerone on hCG-stimulated androgen production. 

Androgens 

Steroid Concentration (pg/20,000 viable cells plated) 

Control hCG (0.2 ng/ml) 
Mibolerone 

(100 nM). 

512.!_117 

hCG (0.2 ng/ml) 
+ 

Mibolerone 
(100 nM) 

15,107.!_1429a,b 

Enriched TIC (20,000 viable cells/well) were cultured for 48 hours 

in the presence or absence of hCG (0.2 ng/ml) and/or mibolerone (100 

nM)o Medium was collected after 48 hours .and androgen levels were 

.measured by RIA using A-3-2 antisera. A-3-2 antisera·has a 100% cross

reactivity with androsterone and androstenedione and a 266% cross

reactivity with the 5a-reduced.metabolite 3e-hydroxy-5a-androstane-17-

oneo Values are expressed as th~ mean.!_ SEM from 4 separate 
a b ~ 

experimentso p < 0.05 versus the control group.' p < 0.05 versus 0.2 

ng/ml hCG. 
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Table II: Comparative effects of hCG and/or mibolerone on TIC cell 

numbers and viability. 

hCG {0.2 ng/ml) 
+ 

Mibolerone Mibolerone 
Control hCG (0.2 ng/ml) {100 nM) {100 nM) 

Cell number 21,279.:!:_695 17,867.:!:_1852 17,980.:!:_1277 17,458.:!:_1676 

Viable cells 19,946.:!:_660 17,038.:!:_1801 17,165.:!:_1082 16,732.:!:_1194 

% Viable 94 .4.:!:_1. 1 95-3.:!:_0.9 95-5±.0-5 95.8.:!:_2.7 

Enriched TIC were cultured {20,000 viable cells/well) for 48 hours 

in the presence or absence of hCG (0.2 ng/ml) and/or mibolerone (100 

nM). After the 48 hour incubation period, cell numbers and viability 

were determined in triplicate by trypsinization and removal of cells 

from the wells in each experiment. Values are expressed as the mean+ 

SEM from 4 separate experiments. No significant differences were found 

between various groups. 
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and the augmentation of the hCG effect by 100 ng/ml IGF-I 

was reconfirmed (Figure 8). When 100 nM mibolerone was 

added to TIC stimulated with hCG (0.2 ng/ml) and IGF-I (100_ 

ng/ml), mibolerone tr~atment significantly antagonized the 

IGF-I and hCG-enhanced androsterone production by almost 40% 

(p < 0.05). 

As described previously, the concurrent treatment of 

insulin (100 ng/ml) and hCG resulted in a 2-fold increase in 

androsterone production (Figure 9) whereas the addition of 

100 nM mibolerone inhibited the effects of insulin on hCG

enhanced androsterone production by 46% (p <·0.05)o 

Mechanisms of Action of Mibolerone 

Use of 8-bromo-cAMP 

Since the inhibitory actions of mibolerone on hCG

induced androgen production with or without augmentation by 

IGF-I or insulin could be an effect on LH/hCG receptors of 

the TIC or at a post-receptor site, the stimulation of 

androsterone production by cAMP was attempted. Enriched TIC 

were stimulated with 10, 50, 100 and 150 ~M doses of 8-

bromo-cAMP. The 10 ~M dose did not increase androsterone 

production whereas starting with the 50 ~M dose, a dose

dependent increase in androsterone production was obtained 

(Figure 10). The dose of 100 ~M 8-bromo-cAMP stimulated 

androsterohe production to levels similar to those observed 

with 0.2 ng/ml hCG (Figure 10 and 11). When TIC were 



Figure 8: Effect of mibolerone on IGF-I and hCG-stimulated 

TIC androgen production. Enriched TIC (20,000 

viable cells/well) were cultured for 48 hours in 

the presence or absence of hCG (0.2 ng/ml) and/or 

IGF-I (100 ng/ml) with and without mibolerone 

(Mib; 100 nM). Medium was collected after 48 

hours and androsterone levels were measured by 

RIA. Data are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results were obtained 

in three additional experimentso ap < 0o05 versus 

the control group. bp < 0o05 versus 0.2 ng/ml 

hCGo cp < 0.05 versus 0.2 ng/ml hCG and 100 ng/ml 

IGF-I. 
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Figure 9: Effect of mibolerone on insulin and hCG-stimulated 

TIC androgen production. Enriched TIC (20,000 

viable cells/well) were cultured for 48 hours in 

the presence or absence of hCG (0.2 ng/ml) and/or 

insulin (Ins; 100 ng/ml) with and without 

_mibolerone (Mib; 100 nM). Medium was collected 

after 48 hours and androsterone levels were 

measured by RIA. Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in two additional 

experiments. ap < 0.05 versus the control group~ 

b C p < 0.05 versus 0.2 ng/ml hCG. p < 0.05 versus 

0.2 ng/ml hCG and 100 ng/ml insulin. 
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Figure 10: 8-bromo-cAMP dose response. Enriched TIC (20,000 

viable cells/well) were cultured for 48 hours 

with or without increasing concentrations of 8-

bromo-cAMP (10 - 150 µM) or 0.2 ng/ml hCGG 

Medium was collected after 48 hours and 

androsterone levels were measured by RIA~ Data 

are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results were obtained 

in an additional experimente 

the control group. 

a p < 0.05 versus 
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Figure 11: Effect of mibolerone on 8-bromo-cAMP-stimulated 

TIC androgen production. Enriched TIC (20,000 

viable cells/well) were cultured for 48 hours in 

the presence or absence of hCG (0.2 ng/ml) or a 

100 µM concentration of 8-bromo-cAMP with or 

witho~t mibolerone (Mib; 100 nM)o Medium was 

collected after 48 hours and androsterone levels 

were measured by RIA. Data are the means+ SEM 

of a representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in an additional 

experiment. ap < 0.05 versus the control groupo 

bp < 0.05 versus 100 µM 8-bromo-cAMP. 
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stimulated with 100 µM 8-bromo-cAMP in the presence of 100 _nM 

mibolerone, the androsterone production was inhibited by 41% 

(p < 0.05; Figure 11). 

Activation of Protein Kinases I and II by Suboptimal 

Concentrations of cAMP Analogs 

In order to determine if the action of mibolerone in 

altering androsterone production by cAMP was due to its 

inhibition of cAMP-dependent protein ki~ases (PKA), N6-

monobutyryl-cAMP and 8-bromo-cAMP were employed to activate 

the isoenzymes PKA I and PKA II. N6-monobutyryl-cAMP was 

chosen for its ability to bind site Bon the regulatory 

subunit of PKA I and II and 8-bromo-cAMP to bind to site A on 

both isoenzymes (Beebe et al., 1988). Thus, using suboptimal 

concentrations of each analog, the isoenzymes can be 

stimulated in a synergistic mannero 

The addition of N6-monobutyryl-cAMP (N6-B-cAMP)· to TIC 

cultures at do~es of 1, 5 or 10 µM did not significantly 

alter androsterone production when compared to control 

values; however, the 50, 100 and 1,000 µM doses did enhance 

androsterone production over control levels (Figure 12). 

Maximal androsterone production was observed at a dose of 100 

uM N6-B-cAMP. Therefore, the suboptimal concentrations of 

N6-B-cAMP and 8-bromo-cAMP chosen to stimulate PKA activity 

were 50 µMand 75 .µM respectively. Figure 13 demonstrates 

that TIC treated with N6-B-cAMP (50 uM) and 8-bromo-cAMP (75 

µM) in the absence of hCG increased androgen production over 

control levels; the combination of cAMP analogs acted in a 



Figure 12: 6 N -monobutyryl-cAMP dose responseo Enriched TIC 

(20,000 viable cells/well) were cultured for 48 

hours with and without increasing concentrations 

of N6-monobutyryl-cAMP (N6-B-cAMP; 1 - 1,000 uM) 

or 0.2 ng/ml hCGo Medium was collected after 48 

hours and androsterone levels were measured by 

RIAo Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in an additional 

experimento a p < 0.05 versus the control group$ 
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Figure 13: Effect of cAMP analogs on TIC production. 

Enriched TIC (20,000 viable cells/well) were 

cultured for 48 hours in the presence or absence 

of hCG (0.2 ng/ml) or suboptimal concentrations 

of N6-monobutyryl-cAMP (N6 -B-cAMP; 50 µM) and 8-

bromo-cAMP (75 µM) used alone or in combination. 

The cAMP analog pairs were treated with 

mibolerone (Mib; 100 nM) and/or a optimal 

concentration of IGF-I (100 ng/ml). Medium was 

collected after 48 hours and androsterone levels 

were measured by RIA. Data are the means+ SEM 

of a representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in an additiona~ 

· ex~eriment. ap < 0.05 versus the control groupe 

b · 6 
p < 0.05 versus 50 v.M N -B-cAMP and 75 iiM 8-

bromo-cAMPo cp < 0.05 versus 50 ,iM N6-B-cAMP and 

75 ,iM 8-bromo-cAMP and 100 ng/ml IGF-I. 
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synergistic fashion to stimulate TIC androsterone production 

approximately 130-fold over basal levels. Treatment with 
6 . 

mibolerone was effective in inhibiting N -B-cAMP and 8-bromo-

cAMP-stimulated androgen production by 51%. Moreover, while 

the addition of IGF-I (100 ng/ml) enhanced cAMP-stimulated 

androgen synthesis mibolerone had dramatic effects on IGF-I 

action decreasing androsterone production by 70% (Figure 13)o 

Characterization of Mibolerone's Mode of Action: Use of an 

Antiandrogen 

The nonsteroidal antiandrogen hydroxyflutamide was used 

as a probe to characterize mibolerone's mode of action~ As 

demonstrated•in Figure 14, the antiandrogen had, differential 

effects on hCG action with the 1 µM dose of hydroxyflutamide 

resulting in a 27% increase in hCG-stimulated androgen 

synthesis while the 10 µM dose. decreased androstero~e 

production by 84%~ Moreover, treatment of TIC with 1 ~M 

hydroxyflutamide in the absence of hCG was unable to alter 

basal androsterone levels (F~gure 14). 

In order to determine if the antiandrogen had the 

ability to block the inhibitory action of mibolerone, a 10 nM 

concentration of mibolerone was chosen to achieve a 100- and 

1,000-fold molar excess of hy~roxyflutamide at doses of 1 and 

10 µM respectively. At a dose of 10 nM mibolerone was able 

to inhibit hCG-induced androsterone production, however, the 

antagonistic effect of mibolerone was partially reversed with 

the addition of 1 µM hydroxyflutamide (p < 0.05; Figure 14). 



Figure 14: Effect of mibolerone and the antiandrogen 

hydroxyflutamide on hCG-stimulated. TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) we~e cultured for 48 hours in the 

presence or absence of hCG (0.2 ng/ml) and/or 

hydroxyflutamide (1 and 10 ~M) .with and without 

mibolerone (Mib; 10 nM)o Medium was collected 

after 48 hours and androsterone levels were 

measured ~y RIA. Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group. ap < 0o05 

versus the control groupj comparable results were 

obtained in an additional experiment. bp < 0.05 

versus 0.2 ng/ml hCG. cp < 0.05 versus 0.2 ng/ml 

and 10 nM mibolerone. 
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Therefore, the data suggests that mibolerone's mode of action 

may be mediated at least in part via an androgen receptor. 

Effect of Mibolerone in Altering Phorbol Ester Action on hCG

stimulated Androgen Production 

Since it is possible that mibolerone may have multiple 

sites of action, its effects in altering various signaling 

pathways were investigated., It was of interest to determine 

if mibolerone was able to modulate the action of protein 

kinase C (PKC) on hCG-induced androgen synthesiso PKC which 

is generated from the metabolism of phosphoinositides can be 

directly activated with the use of phorbol esters (Castagna 

et al., 1982). In this study, treatment with increasing 

concentrations (0.01 - 100 nM) of the phorbol ester 12-0-

tetradecanoylphorbol 13-acetate (TPA) led to a 53 and 75% 

decrease in hCG-induced androsterone production at doses of 

10 and 100 nM TPA respectively (Figure 15)o Howeverr doses 

of 0.01, 0.1 and 1 nM TPA did not alter the effect of hCG on 

androgen synthesis. Interestingly, a 100 nM dose of TPA was 

able to significantly increase the basal level of androgen 

synthesis by 3-fold (Figure 15). 

In a subsequent experiment, TIC exposed to increasing 

concentrations of TPA (1 - 100 nM) again demonstrated an 

inhibition of hCG-stimulated·androsterone production with 

decreases up to 66% at a concentration of 100 nM TPA (Figure 

16). Moreover, while the 1 nM dose of TPA resulted in a 

significant reduction (30%) of androgen production this 



Figure 15: Effect of the phorbol ester 12-0-

tetradecanoylphorbol 13-acetate (TPA) on hCG

stimulated TIC androgen production. Enriched TIC 

(20,000 viable cel1s/well) were cultured for 48 

-hours in the presence or absence of hCG (0.2 

ng/ml) with and without increasing concentrations 

of TPA (0.01 - 100 nM). Medium was collected 

after 48 hours and androsterone levels were 

measured by RIA. Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in two additional 

experiments. ap < 0.05 versus the control groupo 

b p < 0.05 versus 0.2 ng/ml hCG. 
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Figure 16: Effect of mibolerone and 12-0-

tetradecanoylphorbol 13-acetate (TPA) on hCG

stimulated TIC androgen production. Enriched TIC 

(20,000 viabie cells/well) were cultured for 48 

hours in the presence or absence of hCG (0.2 

ng/ml) and/or increasing doses of TPA (1 - 100 

nM) with and without mibolerone (Mib; 100 nM) .. 

Meditim was collected after 48 hours and 

androsterone levels were measured by RIA .. Data 

are the means+ SEM of a representative 

experiment with triplicate incubations per 

treatment group; comparable results were obtained 

in an additional experiment. ap < 0 .. 05 versus 

b the control group. p < 0.05 versus 0.2 ng/ml 

hCG.· 



:;-
Cl) -ca 
0. 

.!! 
"i u 
Cl) 

:a 
ca ·; 
0 
0 
0 
0 
N 
C, 
a. -
Cl) 
C 
0 ... 
Cl) -en 
0 ... 

"D 
C 
< 

hCG (ng/ml) 

TPA (nM) 

Mib (nM) 

10000 

8000 

6000 

4000 

2000 

0 

10 100 10 

100 100 100 

a 

0.2 0.2 0.2 0.2 . 0.2 0.2 

10 100 10 

100 100 

78 



79 

could not be demonstrated in the prior experiment. This 

appeared to be a borderline dose since it had differential 

effects on hCG action. While TPA alone (100 nM) had the 

ability to increase the basal levels of androgen (Figures 15 

and 16), treatment with mibolerone (100 nM) in conjunction 

with TPA (10 nM) also led to a stimulation of basal 

androsterone production (Figure 16)o However, treatment with 

100 nM mibolerone did not_ augment'the action of TPA on hCG

induced andros_terone synthesis when doses of 1 and 10 nM TPA 

were employed (Figure 16). 

Role of Calcium as a Possible Mediator of Mibolerone's Action 

_ Effect of Calcium on hCG-stimulated Androgen Synthesis 

In order to ascertain the role calc'ium ( Ca +2 ) has in 

maintaining TIC function, cells were cultured under two 

conditions: in the presence of McCoy's Sa medium which 

contains calcium chloride and in the presence of Ca+2 -

depleted McCoy's Sa medium (GIBCO) containing 1 mM of the 

Ca+2 chelator EGTA (ethanedioxybis[ethylamine] tetra-acetic 

acid; Sigma). TIC were incubated for a 48 hour period under 

conditions described previously. 

As was evident in the prior experiments, TIC incubated 

with Ca+2 -containing McCoy's medium in the absence of hCG 

produced low levels of androgens; whereas, treatment with 0.2 

ng/ml hCG resulted in a significant increase in androsterone 

synthesis (data not shown). On the contrary, TIC_cultured 

with Ca+2-depleted McCoy's medium with or without a hCG (0.2 
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ng/ml) produced very low levels of androsterone (data not 

shown). This decline in androsterone production appeared to 

result from cell loss since the addition of Ca+2-depleted 

medium led to a 91% reduction in the original cell population 

+2 (20,000 viable cells plated). Therefore, Ca appears to be 

an integral factor in maintaining the function of TIC in the 

presence or absence of hCG. 

Use of the Calcium Ionophore A23187 

A23187 (calcimycin), a calcium ionophore which increases 

intracellular Ca+2 , was used to examine the effects of Ca+2 

on hCG action and to determine if the ionophore can alter the 

effects of mibolerone on androgen production. Figure 17 

shows that treatment with 0.1 µM A23187 in the absence of hCG 

did not significantly alter the basal production of 

androgens. On the other hand, the addition of increasing 

levels of A23187 (0.01 - 10 µM) resulted in a marked decrease 

of hCG-stimulated androsterone production at doses greater 

than 0.01 µM (data not shown). Futhermore, treatment with 

higher doses ·of the ionophore· led to significant loses in 

cell number and viability (data not sho~n). Therefore, it 

was desirable to find a dose of A23187 that would not 

interfere with the responsiveness of TIC to hCG stimulation. 

At a dose of 0.01 µM, A23187 was ineffective in altering the 

action of hCG on androgen biosynthesis (Figure 17). 



Figure 17: Effect of the calcium ionophore A23187 

(calcimycin) on hCG-stimulated TIC androgen 

production. Enriched TIC (20,000 viable 

cells/well) were cultured for 48 hours in the 

presence or absence of hCG (0.2 ng/ml) and/or 

A23187 (0.01 and 0.1 µM). Medium was collected 

after 48 hours and androsterone levels were 

measured by RIA. Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in two additional 

experimentso ap < 0.05 versus the control groupo 

bp .< 0.05 versus 0.2 ng/ml hCG. 
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In a subsequent experiment the effects of A23187 (0.01 

and 0.1 µM) on basal and hCG-induced androsterone synthesis 

were reconfirmed (Figure 18)~ As demonstrated in Figure 18, 

concurrent treatment of mibolerone (100 nM) and A23187 (0.01 

µM) resulted in the potentiation of mibolerone's inhibitory 

effects on hCG-stimulated androgen production. It appears 

unlikely that this result is a direct·consequence of a loss 

in cell number and viability as observed with higher doses of 

A23187, since the 0.01 µM dose of the ionophore was unable to 

inhibit hCG action. Moreover, at a concentration of 0.1 µM, 

A23187 in the absence of hCG, did not alter basal androgen 

synthes,is. Thus, A23187 seems to have the ability to enhance 

the inhibitory_properties of mibolerone on hCG-action by 

increasing the intracellular concentration of calcium. 

Effect of Verapamil on Mibolerone and hCG Action 

Since mibolerone's effects on hCG-stimulated androgen 

synthesis appeared to be partly mediated via an increase in 

_intracellular calcium, it was of interest to determine if 

verapamil, a L-type calcium channel blocker could abolish the 

action of mibolerone. The addition of increasing 

concentrations of ·verapamil (0.1 - 10 µM) to TIC cultures 

resulted in differential effects on hCG action (Figure 19). 

At a dose of 0.1 µM verapamil produced a slight increase in 

hCG-stimulated andros·terone synthesis whereas the 10 µM 

concentration inhibited hCG's effects by 32%. However, when 



Figure 18: Effect of mibolerone and A23187 (calcimycin) on 

hCG-stimulated TIC androgen productiono Enriched 

TIC (20,000 viable cells/well) were cultured for 

48 hours in the presence or absence of hCG (0.2 

ng/mlY and/or A23187 (0.01 and 0.1 ~M) with and 

without mibolerone (Mib; 100 nM)o Medium was 

collected after 48 hours and androsterone levels 

were measured by RIA. Data are the means+ SEM 

of a representative experiment with triplic~te 

incubations per treatment group; comparable 

results were obtained in an additional 

experiment. a p < 0.05 versus the control groupo 

b . C p < 0.05 versus 0.2 ng/ml hCG. p < 0.05 versus 

0.2 ng/ml hCG and 100 nM mibolerone~ 
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Figure 19: Effect of the calcium channel blocker verapamil 

on hCG-stimulated androgen production. Enriched 

TIC. (20,000 viable cells/well) were cultured for 

48 hours in the presence or absence of hCG (0.2 

ng/ml) with or without increasing concentrations 

of verapamil (0.1 - 10 µM). Medium was collected 

after 48 hours and androsterone 1evels were 

measured by RIA. Data are the means+ SEM of a 

representative experiment with triplicate 

incubations per treatment group; comparable 

results were obtained in two additional 

experiments. ap < 0.05 versus the control group. 

bp < 0.05 vers~s 0.2 ng/ml hCG. 
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TIC were exposed to 10 µM verapamil, there was no significant 

effect on basal androgen levels (Figure 19). 

As shown in Figure 20, the effect of verapamil (0.1 µM) 

on hCG action was reconfirmedo Interestingly, the 1 µM dose 

of verapamil ·also resulted in an enhancement of androgen 

p~oduction by hCG-stimulated TIC. This appears to be a 

borderline dose in regards to its stimulatory effects on the 

action of hCGo Nevertheless, treatment of TIC with 1 µM 

verapamil partially blocked the inhibitory action of 

mibolerone on hCG-induced androsterone synthesis (Figure 20). 

Therefore, this finding supports a role for calcium as a 

mediator of mibolerone's actiono 

Effect of Mibolerone on P450 and P4501.7 mRNA Levels sec a 

Based on previous studies of Magoffin & Erickson (1982, 

1988), enriched TIC (700,000 - 2 x 106 viable cells/dish) 

were cultured in 35 x 10 mm dishes over a 96 hour incubation 

period in the absence or presence of hCG (0.2 ng/ml} and IGF

I (100 ng/ml) with or without mibolerone (100 nM) in order to 

obtain maximal androgen production. In the aforementioned 

investigations, the addition of LH or hCG to dispersed 

ovarian cell cultures promoted maximal androsterone 

production at the 96 hour time point; this finding was 

reconfirmed in initial studies conducted in our laboratory 

(data not shown). Treatment of TIC with hCG and IGF-I was 

chosen because it not only results in the enhancement 



Figure 20: Effect of mibolerone and verapamil on hCG-

stimulated TIC androgen production. Enriched TIC 

(20,000 viable cells/well) were cultured for 48 

hour~ in the presence or absence of hCG (0.2 

ng/ml) and/or verapamil (0.1 and 1 µM) with and 

without mibolerone·(Mib; 100 nM). Medium was 

collected after 48 hours and androsterone levels 

were measured by RIA. Data are the means+ SEM 

of a representative experiment with triplicate 

incubations per treatment groupo ap < 0o05 

versus the control- group; comparable results were 

b obtained in an additional experiment. p < 0.05 

versus 0.2 ng/ml hCG. cp < 0.05 versus 0o2 ng/ml 

hCG and 100 nM mibolerone. 
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of androsterone production but it leads to significant 

increases in both P450 and P45o17 mRNA levels (Magoffin sec a 

et al . , 19 9 O ) . 

In the present study, the levels of specific mRNA were 

normalized to the level of hybridized D-actin mRNA and 

expressed in arbitrary densitometric units as% control(% D

actin mRNA of each treatment group: % control D-actin mRNA). 

The purpose of normalizing P450 and P45017 a mRNA levels to , sec 

D-actin mRNA was to determine if the observed responses were 

specific. As demonstrated in Table III, there appeared to be 

no effect on the levels of D-actin mRNA among the 

experimental components employed; these results were 

reconfirmed by the autoradiographs shown in Figures 21 and 

22. 

Figure 21 demonstrates that TIC cultured in the absence 

of hCG and IGF-I, possessed low levels of· P450 mRNA sec 

,measuring 1.6 kb in size; these results confirm those of 

Goldring et al. (1987). The concomitant administration of 

hCG and IGF-I, however, caused a 20-fold increase in P450 sec 

mRNA levels. Moreover, the addition of mibolerone appeared 

to be unable to alter the action of hCG and IGF-I on the 

amount of P450 mRNA. sec 

In a subsequent experiment, it was determined that the 

control group contained limited amounts of P45017 a mRNA 

approximately 1.5 kb in size which is in agreement with the 

observation of Fevold et al. (1989). Treatment with hCG and 

IGF-I stimulated P45017a mRNA levels approximately 32-fold 
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Table III: Treatment.effects on D-actin mRNA levels in TIC. 

hCG (0~2 ng/ml) 
+ 

Control IGF-I (100 ng/ml} 

D-actin mRNA 1.0 1.19 

hCG (0.2 ng/ml) 

IGF-I (100 ng/ml) 
+ 

Mibolerone (100 nM} 

0.92 

Enriched TIC (700,000 - 2 x 106 viable cells/dish) were cultured 

up to 96 hours in the presence or absence of hCG (0.2 ng/ml) and IGF-I 

(100 ng/ml) with and without mibolerone (100 nM). Medium was removed 

at 48 hours at which time fresh medium·and experimental components were 

added. Total RNA was isolated from the cells 9 electrophoretically 

-separated on a 1.5% agarose gel, transferred to a nylon membrane and 

hybridized with a 1.15 kb radiolabeled chicken D-actin cDNA probe. 

After hybridization, the membrane was washed and autoradiographed. 

Hybridized band intensities were determined by densitometry and the 0-

actin _mRNA levels were expressed in arbitrary densitometric units. 



Figure 21: Effect of mibolerone on P450 mRNA levels in sec 

TIC. Enriched TIC (700;000 - 2 x 106 viable 

cells/dish) were cultured up to 96 hours in the 

presence or absence of hCG (0.2 ng/ml) and IGF-I 

(100 ng/ml) with or without mibolerone (100 nM). 

Medium was removed at 48 hours at which time 

fresh medium and experimental components were 

added. Total RNA was isolated. from·the cells, 

electrophoretically separated on a 1.5% agarose 

gel, transfered to a nylon membrane and 

hybridized with a lo2 kb radiolabeled rat P450 sec 

cDNA probe. After hybridization,. the membrane 

was washed and autoradiographed. Hybridized band 

intensities on the autoradiograph were determined 

by densitometry. P450 mRNA levels were sec . 

expressed in arbitrary densitometric units as% 

control and normalized to the level of hybridized 

D-actin mRNA. 
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Figure 22: Effect of mibolerone on P45017 a mRNA levels in 

Enriched TIC (700,000 - 2 x 106 viable 

cells/dish) were cultured up to 96 hours in the 

presence or absence of hCG (0.2 ng/ml) and IGF-I 

(100 ng/ml) with or without mibolerone (100 nM). 

Medium was removed at 48 hours at which time 

fresh medium and experimental components were 

added. Total RNA was isolated from the cells, 

electrophoretically separated on a 1.5% agarose 

gel, transfered to a nylon membrane and 

hybridized with a 1.1 kb radiolabeled rat P45017 a 

cDNA probe. After hybridization, the membrane 

was washed and autoradiographed. Hybridized band 

intensities on the autoradiograph were determined 

by densitometry. P45017a mRNA levels were 

expressed in arbitrary densitometric units as% 

control and normalized to the level of hybridized 

8-actin mRNA. 
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(Figure 22). Contrary to the findings demonstrated with 

P450 mRNA, TIC exposed to mibolerone resulted in a marked sec 

inh~bition of hCG and IGF-I action decreasing P45017 a mRNA 

levels by 91% (Figure 22). 

The latter finding was supported by the TIC steroid 

profile presented in Table IV. The major steroid metabolites 

produced in TIC upon exposure to hCG and IGF-I were 

androgens, primarily androsterone. hCG and IGF-I stimulated 

androsterone production by 5-fold over basal levels. 

Concurrent tr_eatment with mibolerone significantly inhibited 

the action of hCG and IGF-I on androsterone synthesis by 64%0 

Surprisingly mibolerone treatment was unable to alter the 

levels of both hCG and IGF-I-induced·androstenedione and 

testosterone production in TIC. 

Additional information was obtained regarding 

mibolerone's effects on progestin,synthesis. TIC cultures 

exposed to hCG and IGF-I increased P4 synthesis ~Y 7-fold 

over control levels whereas TIC subjected to mibolerone 

enhanced the action of hCG and IGF-I by 2-fold (Table IV). 

Interestingly, although hCG and IGF-I stimulated 17a-OHP
4 

above controls the addition of mibolerone did not 

significantly alter its synthesis even though the androgen 

had a suppressive effect on P45017a mRNA .levels. However, 

'the overall results strongly correlate with the existing 

evidence that mibolerone decreases androgen production by 

acting at the level of the gene to selectively inhibit the 

P45017 a enzyme system. 
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Table IV: Effect of mibolerone on hCG and IGF-I-stimulated TIC steroid 

hormone production. 

Steroid Concentration {pg/20,000 viable.cells plated) 

hCG (0.2 ng/ml) 
+ 

hCG (0.2 ng/ml) IGF-I (100 ng/ml) 
+ + 

Steroid Control IGF-I (100 ng/ml) Mibolerone (100 nM} 

Androgens 

Andros terone , 6,887.:!:_969 319736.:!:_3744a 11,508.:!:_1255b 

Androstenedione 15~2 19 224.:!:_ 1-69a 19222.:!:_31a 

Testosterone * 110.:!:_35 226.:!:_35 

Progestins 

Progesterone 19.:!:_3 146+16a 332.:!:_40a,b 

17a-hydroxy- ** 230.:!:_29 269.:!:_45 
progesterone 

Enriched TIC (700,000 - 2 x 106 viable cells/dish) were cultured up to 

96 hours in the presence or absence of hCG (0.2 ng/ml) and IGF-I (100 

ng/ml} with and without mibolerone (100 nM}. Medium was removed at 48 

hours at which time fresh medium and experimental components were 

added. Steroid levels were measured by RIA from media colle~ted at 96 

hours. Values are expressed as mean.:!:_ SEM from 4 separate experiments. 

Hormone levels have been adjusted to pg/20,000 viable cells plated for 

comparative purposes. *< 20 pg. **<30 pg. a p < 0.05 versus the 

control group. b p < 0.05 versus 0.2 ng/ml hCG. 



DISCUSSION 

Androgens produced by the TIC of the ovary play a very 

important part in ovarian physiologyo Androgens act not 

only as substrates for ovarian estrogen production but when 

produced in excessive quantities, androgens can lead to 

follicular atresia. Excessive ovarian androgen production 

also occurs in the polycystic ovary syndrome~ The factors 

that ultimately govern the level of androgen secretion are 

still not clearly understood even though a number of 

positive and negative regulators of androgen production are 

knQwn. The purpose of this study was to determine whether 

an autogregulatory process for androgen biosynthesis exists 

in TICo 

· I. Establishment of a hCG-responsive TIC culture system 

It has been well documented that LH and hCG are the 

primary inducers of the functional differentiation of TIC 

(Magoffin & Erickson, 1982; Erickson & Magoffin, 1983; 

Erickson et al., 1985; Gore-Langton & Armstrong, 1988). The 

existing evidence has demonstrated that LH/hCG promotes TIC 

androgen synthesis by increasing both the activity and the 

content of P450 and P45017 , which are the key rate-sec a 

93 
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limiting enzymes in the androgen biosynthetic pathway 

(Makris & Ryan, 1980; Bagovich & Richards, 1982; Magoffin & 

Erickson, 1982; Erickson et alo, 1985; Magoffin, 1989; 

Magoffin-et alo, 1990; Magoffin, 1991)~· Therefore, in this 

study it was vital .to establish a TIC culture system that 

would synthesize androgens in response to hCG stimulationo 

The cell culture model was optimal for studying the 

differentiation of TIC and the influence of various 

regulatory factors that modulate the action of hCG on TIC 

androgen production. TIC obtained from immature 

hypophysectomized female rats have been shown to 

functionally differentiate upon exposure to LH/hCG and may 

be maintained for extended periods of time (approximately 30 

days) in serum-free media (Magoffin & Erickson, 1982; 

Erickson & Magoffin, 1983; Erickson et al., 1985; Magoffin, 

1991)e Cells cultured under serum-free conditions are 

advantageous since specific cellular responses to regulatory 

factors can be monitored without the influences of poorly 

defined hormones or growth factors (Erickson et al., 1985). 
' 

Ideally, the study of specific TIC responses should be 

conducted in pure cell populations that reduce the 

contamination of other cell types. It has been demonstrated 

in previous investigations that TIC obtained from immature 

hypophysectomized rats comprise approximately 18 - 30% of 

the total ovarian cell population (Magoffin & Erickson, 

1982; Erickson et al., 1985; Magoffin & Erickson, 1988, 

1988; Magoffin, 1991). In order to isolate these cells and 
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minimize granulosa cell contamination, the density gradient 

centrifugation procedure was employed. This technique 

allowed for a 74% enrichment of TIC from an initial 35% TIC 

concentration in dispersed ovarian cell populations (Figure 

3). Although the finding of a 35% starting TIC 

concentration was in agreement with previous studies the 74% 

enrichment was below the 93% proportion reported by Magoffin 

& Erickson (1988)0 It is possible that differences in 

experimental technique and/or the source of animals may have 

accounted for the dissimilarities shown in the% enrichment 

of TIC between these two studies. However, the enrichment 

of TIC was essential ~n reducing granulosa cell 

contamination that may otherwise interfere with analyses of 

TIC function. 

In. order to determine the time course of hCG-stimulated 

androgen production d~spersed ovarian cells and enriched TIC 

cells were incubated for a period of 96 hours in the absence 

and presence of 0.2 ng/ml hCG. Maximal levels of hCG

induced androsterone production were obtained at 48 hours 

which subsequently decreased by 96 hours (Figure lA and B). 

This time course data were consistent with evidence 

presented in earlier investigations (Magoffin & Erickson, 

1988; Magoffin, 1989). Therefore, in this study a 48 hour 

incubation period was chosen·in order to obtain maximal 

androgen production. The in vitro findings also revealed 

that at an optimal concentration of hCG (0.2 ng/ml), 

androsterone production was approximately 2-fold higher in 
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enriched TIC versus dispersed ovarian cells (Figure 2A and 

B)e Again, this concurs with results showing a 74% 

enrichment of TIC as previously discussed. On the contrary, 

other investigations have demonstrated 6-fold increases in 

androsterone production in purified TIC compared to 

dispersed ovarian cells after treatment with a saturating 

dose of LH (Magoffin & Erickson, 1988; Magoffin, 1989)0 

This is not surprising, however, considering the 93% 

purification of TIC achieved in the aforementioned studies. 

Since enriched TIC preparations produced androsterone in 

response to hCG stimulation by a greater magnitude than 

dispersed ovarian cells, these cells were utilized in the 

remainder of this study. 

II. IGF-I and- insulin augmentation of hCG-induced TIC 

androgen synthesis 

As detailed previously, IGF-I and insulin are positive 

modulators of LH/hCG-stimulated androgen production in TIC. 

The addition of IGF-I and insulin to TIC cultures acts 

synergistically with LH/hCG to enhance androsterone 

production (Barbieri et al., 1983; Erickson et al., 1985; 

Cara & Rosenfield, i988; Hernandez et al., 1988, 1988; Cara 

·et al., 1990; Magoffin et al., 1990). In the present study, 

IGF-I (100 ng/ml) also led to the augmentation of hCG action 

which resulted in an approximately 2-fold enhancement of 

androgen synthesis versus hCG alone. Moreover, a similar 

trend was also observed with insulin (100 ng/ml). 
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Interestingly, although this investigation demonstrated 

that IGF-I and insulin possessed the ability to enhance hCG

stimulated androsterone production, both compounds in the 

absence of hCG had no effect on basal androgen levels~ 

These results are in agreement with the prevailing findings 

on the effects of IGF-I and insulin on androgen production 

(Cara & Rosenfield, 1988; Magoffin et al.~ 1990). On the 

contrary, Hernandez et al. (1988, 1988) found that both IGF

I (50 ng/ml) and insulin (1 µg/ml) had the ability to 

increase the basal accumulation of androsteroneQ It is 

unclear why IGF-I and insulin have stimulatory effects on 

basal androgen production in the studies of Hernandez et al. 

(1988, 1988). However, it is possible that differences in 

_experimental conditions employed could account for the 

differences observedo 

III. Effect of mibolerone on hCG-stimulated androgen 

production 

The synthetic androgen mibolerone was employed to 

definitively determine the presence of an androgen-mediated 

autoregulatory process of TIC androgen production. 

Synthetic androgens like mibolerone are important tools 

because they are not metabolized in vitro by the TIC; 

therefore, androgen biosynthesis in the TIC can be 

monitored. Mibolerone was also chosen since its effects 

have been well documented in a variety of tissue systems 

(Liao et al., 1973; Janne & Bardin, 1984; Bannister et al., 
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1985; Traish et al., 1986). Mibolerone was found to have 

greater androgenic activity than 5a-dihydrotestosterone 

(DHT) or testosterone using the ventral prostate bioassay in 

castrated rats (Liao et al., 1973). Mibolerone has also 

been reported to bind to the androgen receptor in a variety 

of animal tissues with a high affinity (K
0 

= 0.2 - 0.9 nM) 

that is similar to that reported for DHT and testosterone 

(Liao et al., 1973; Bannister et al., 1985; Traish et al., 

1986). 

The effect of mibolerone was studied on hCG-stimulated 

androgen biosynthesis in TIC with or without augmentation by 

insulin or IGF-I. The addition of mibolerone to TIC 

cultures led to a subtle inhibition (32%) of hCG-stimulated 

androsterone production. However, mibolerone proved to have 

profound effects on the synergistic action of IGF-I or 

insulin and hCG by decreasing androgen synthesis by 40% and 

46%, respectively. The effect of mibolerone on the 

inhibition of hCG-induced androsterone production does not 

appear to be due to interference in the androsterone assay 

by mibolerone itself or to the accumulation of 

androstenedione (Table I) or testosterone. Furthermore, 

TIC survival as determined by both cell number and viability 

were also not altered by mibolerone (Table II). 



IV. Mechanisms of action 

A. Evidence for mibolerone action on cAMP-stimulated 

androgen synthesis 
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The first question that needed to be addressed was 

whether the action of mibolerone was due to an interference 

with LH/hCG receptor levels. Since large enough numbers of 

TIC could not·be obtained to measure LH/hCG receptors, an 

alternative approach was tried. 

Experiments conducted with 8-bromo-cAMP provided 

insight into mibolerone's mechanisms of actiori. At a dose 

of 100 ~M, 8-bromo-cAMP stimulated androgen production to 

the same extent as that shown with hCG; thereby, supporting 

the concept that LH/hCG action is via the cAMP second 

messenger system (Magoffin & Erickson, 1982; Erickson et 

al., 1985; Magoffin & Erickson, 1988; Magoffin, 1989, 1991)~ 

Treatment with mibolerone decreased cAMP-induced 

androsterone production by 41%, therefore, suggesting that 

this compound acts at a site distal to cAMP formation rather 

than interfering with LH/hCG receptor levelso However, in 

the present study, it was demonstrated that mibolerorie 

possesses multiple mechanisms of action that may alter the 

LH/hCG. second messenger pathway. Therefore, this 

experiment provides evidence that is suggestive, but not 

definitive, for the absence of an interference of mibolerone 

at the site of the LH/hCG receptor. 

Since mibolerone had the ability to modify the action 

of cAMP on androgen synthesis it became evident that 
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mibolerone might be acting to specifically inhibit the cAMP

dependent protein kinase (PKA) system. As previously 

reported, the isoenzymes PKA I and II can be activated 

through the concurrent treatment of suboptimal 

concentrations of the cAMP analogs N6-monobutyryl-cAMP and 

8-bromo-cAMP. It has been well documented that PKA plays a 

crucial role in LR-stimulated TIC differentiation by 

increasing both androsterone production and the content of 

the key rate-limiting steroidogenic enzymes P450 and sec 

P45017 a (Magoffin, 1989, 1991). Treatment with mibolerone 

decreased N6-monobutyryl-cAMP and 8-bromo-cAMP-stimulated 

androsterone synthesis by as much as 51%. More importantly, 

although the addition of IGF-I led to an enhancement of 

cAMP-stimulated androgen production, mibolerone dramatically 

depressed this effect by 70%. This effect of mibolerone on 

IGF-I action remains an enigma .. 

B. IGF-I enhancement of LH/hCG- and CAMP-stimulated 

androgen production and the inhibitory effects of 

mibolerone on IGF-I action 

It. i~·well established that ·IGF~I enhances LH/hCG

stimulated androgen synthesis in TIC (Cara & Rosenfield, 

1988; Hernandez et al., 1988, 1988; Cara et al~, 1990; 
'· 

Magoffin et al., 1990). Although, IGF-I act~:to maximize 

LH/hCG~induced androgen production,- ·the mechanisms for the 

synergistic effect with LH/hCG remain to be determined. 

Insight into this phenomenon has been revealed in the recent 

work of Cara et al. (1990) and Magoffin et al. (1990). The 
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former investigation provided evidence that IGF-I can 

enhance LR-stimulated androgen production through an 

increase in LR binding capacity. This stimulation of LR 

binding capacity was found to be in direct proportion to the 

increase shown for IGF-I and LR action on androsterone 

synthesis. Moreover, through the use of both 

transcriptional and translational inhibitors the actions of 

IGF-I were elucidated. It appears that·IGF-I affects LR 

binding capacity by altering transcriptional events; while 

its action on LR-induced androgen synthesis is through the 

modification of translational processeso Furthermore, the 

findings of Magoffin et al. (1990) seem.to concur with the 

results of the aforementioned study in regards to the action 

of IGF-I on translational processes within TIC. IGF-I alone 

or in combination with LR can significantly increase P450 sec 

activity by stimulating both P450 mRNA levels and sec 

content. On the contrary, IGF-I alone did not have the 

ability to alter P45017 a content but it was effectiv~ in 

enhancing the levels of P45017 a mRNA. These data may, 

therefore, support existing evidence that IGF-I, by itself, 

does not increase androgen biosynthesis (Cara & Rosenfield, 

1988; Magoffin et al., 1990). It is only in the presence of 

LR/hCG that IGF-I promotes a synergistic increase in TIC 

androgen production. Moreover, the action of IGF-I on LR

stimulated androsterone synthesis appears to directly 

correspond with its enhancement of the LR-induced increase 

in P45017 a content (Magoffin et al., 1990). Therefore, in 
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TIC, IGF-I has divergent effects on transcriptional and 

translational processes that are involved in androgen_ 

production. First, in the absence or presence of LH, IGF-I 

can enhance transcriptional events by increasing P45017 a 

mRNA levels. Secondly_, IGF-I, by itself, does not have the 

capacity to stimulate both P45017 a content and androgen 

production. It has been proposed that IGF-I action on 

transcriptional processes in TIC may be ~ediated by its 

effects at multiple sites in the LH/cAMP signal transduction 

pathway (Magoffin et al., 1990)e Thus, it is possible that 

the IGF-I activated tyrosine kinase pathway converges with 

the cAMP second messenger system to activate cAMP regulatory 

elements or ~ranscriptional factors that lead to an 

initiation of P45017 a gene transcriptiono ·Alternatively, 

IGF-I m~y directly stimulate specific regulatory elements 

since it has been shown that IGF-I can independently enhance 

P45017 a mRNA levels (Magoffin et al., 1990). While 

molecular mechanisms for the transcriptional action of IGF-I 

remain to be proven, there are still unanswered questions 

regarding the synergistic effect of IGF-I and LH at the 

translational level for P45017a enzyme expression. It seems 

reasonable to propose that IGF-I enhances LH-stimulated 

androgen synthesis by directly modifying trans~ational 

events which may include the synthesis of regulatory factors 

that activate key steroidogenic enzymes (Cara et al., 1990). 
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Overall, the results of Cara et al. (1990) and Magoffin 

et al. (1990) suggest that IGF-I may act at multiple sites 

to enhance LB-stimulated androgen synthesis. Therefore, in 

TIC, both positive and negative regulatory factors may 

ultimately have a profound influence on the effectiveness of 

IGF-I and LH in regulating the functional differentiation of 

TIC. In this study, it has been demonstrated that 

mibolerone has a significant effect on both cAMP/IGF-I- and 

hCG/IGF-I-stimulated androsterone production. More 

importantly, it was observed that although hCG and IGF-I 

greatly enhanced P450 and P45017 mRNA levelsF mibolerone sec a 

selectively-inhibited P45017a mRNA. Although P45017 a 

content and activity were not directly measured, it appears 

that mibolerone can modify the expression of the P45017 a 

enzyme protein consequently leading to an inhibition of 

androgen biosynthesiso 

Co Determination of mibolerone's mode of action 

Additional experiments were conducted to explore the 

concept that mibolerone may act through an androgen 

receptor-mediated process. Androgen receptors have been 

demonstrated in the mammalian ovary (Schreiber et al., 1976; 

Schreiber & Ross, 1976; Milwidsky et al., 1980; Hild-Petito 

et al., 1991); although the levels of such receptors have 

not been documented in rat TIC. A recent study, however, 

has provided conclusive evidence, using immunocytochemical 

techniques, that primate thecal cells possess androgen 

receptors which are exclusively nuclear (Hild-Petito et al., 
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1991). It was hypothesized that in rat TIC, mibolerone may 

act via an androgen receptor to inhibit androsterone 

production. In order to determine mibolerone's mode of 

action the nonsteroidal antiandrogen hydroxyflutamide was 

employed. Hydroxyflutamide, the active metabolite of its 

parent compound flutamide (Liao et al., 1974; Neri et al., 

1979), has been shown to be devoid of other agonistic 

(progestational and estrogenic) or antagonistic 

(antiprogestational and antiestrogenic) hormonal activity 

(Neri et al., 1972) . Hydroxyflutamide, like other 

nonsteroidal and steroidal antiandrogens, antagonizes the 

effects of androgens in target cells (Janne & Bardin, 1984). 

Antiandrogens have the ability to interfere.with androgen 

action in an_drogen-responsive tissues and can inhibit 

androgen production, uptake or metabolism in target cells 

(Neri et al., 1979; Wakeling et al., 1981; Janne & Bardin, 

1984) ~ In addition, hydroxyflutamide has b_een reported to 

alter androgen action by interfering with nuclear androgen 

receptor complexes as demonstrated in rat ventral prostate 

and seminal vesicle tissue~ (Peets et al., 1974; Neri et 

als, 1979). Subsequent findings have determined that 

hydroxyflutamide blocks testosterone-stimulated increases in 

nuclear androgen receptors in the rat ventral prostate 

(Steinsapir et al., 1991). On the other hand, it has been 

demonstrated in vitro that antiandrogens, in comparison to 

agonists, form rapidly dissociating receptor complexes and 

possess a lower relative binding affinity for the androgen 
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receptor in long-term incubations (Wakeling et al., 1981; 

Janne & Bardin, 1984). Evidence has also been presented 

which shows that the relative binding affinities of 

antagonists for the a~drogen receptor do not correlate with 

its biological potency in vivo (Wakeling et al., 1981; Janne 

& Bardin, 1984; Steinsapir et al., 1991)0 

In this investigation, it was clearly evident that 

hydroxyflutamide had differential effects on hCG-stimulated 

androgen production. At a dose of 1 µM, the antiandrogen 

potentiated the effects of hCG on androsterone synthesiso 

This phenomenon may be a result of an antagonism of the 

inhibitory e~fects of endogenous androgen production that 

may serve to limit the action of hCG on steroidogenesis 

(Janne & Bardin, 1984)_. On the contrary, the 10 µM· 

concentration of hydroxyflutamide decreased hCG-stimulated 

androgen·production in TIC. It is possible that at higher 

doses hydroxyflutamide is effective- in inhibiting P45017a 

activity; this inhibition subsequent1y results in an overall 

decrease in androgen synthesis. Existing data seem to 

support this hypothesis since antiandrogens, including 

hydroxyflutamide, antagonize P45017 a activity in rat 

testicular microsomal preparations (Ayub & Levell, 1987). 

The 1 µM dose of hydroxyflutamide appeared to partially 

block the inhibitory action of mibolerone on androgen 

production. Ideally, higher doses of hydroxyflutamide 

should have been used to determine mibolerone's mode of 

action, however, these doses were found to be inhibitory to 
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androgen production and therefore were not employed in this 

study. Nevertheless, the observation that hydroxyflutamide 

partially reversed mibolerone's inhibitory effects, does not 

exclude the possibility that mibolerone mediates its action 

via an androgen receptor. 

D. Investigation of the inhibitory effects of mibolerone as 

mediated through the activation of protein kinase C 

The possible existence of alternative mechanisms of 

action for mibolerone led to an investigation on its ability 

to alter the phosphoinositide signaling pathway. In this 

- transduction system, phosphoinositides are hydrolyzed to 

form inositol triphosphate (IP3 ) and 1,2-diacylgycerol (DAG) 

which subsequently triggers intracellular calcium release 

~pd the activation of protein kinase C (Castagna et al., 

1982; Davis et al., 1987; Leung & Wang, 1989). Direct 

activation of protein kinase C (PKC) by phorbol esters has 

been shown to inhibit LH-stimulated TIC androgen 

biosynthesis (Hofeditz et al., 1988). It has been proposed 

that inhibitors of androgen production such as GnRH can 

modulate LH action through PKC activation (Hofeditz et al., 

1988; Leung & Wang, 1989). Alternatively, there is 

accumulating evidence demonstrating that LH has the ability 

to alter phosphoinositide metabolism leading to the 

activation of PKC (Davis et al., 1984; Davis et al., 1986; 

Davis et al., 1987). As suggested in the investigation of 

Davis et.al. (1986), PKC activation by LH may serve ·as a 

negative modulator of cellular activity. There~ore, if LH 
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alters its action through PKC, it would ·appear likely that a 

negative regulatory factor like mibolerone can enhance 

·phorbol ester action on androgen synthesis. On·the 

contrary, this was not evident in the present study. The 

phorbol ester TPA had profound effects on LH-induced 

androsterone production, inhibiting the steroidogenic 

response by up to 75%~ Interestingly, TPA (100 nM) was able 

to increase the basal androgen levels in TIC. This finding 

may result from a TPA-induced increase in pregnenolone 

synthesis as was demonstrated in granulosa cells from 

hypophysectomized, estrogen-primed rats (Welsh et ala, 

1984)0 Moreover, treatment with mibolerone (100 nM) and TPA 

(10 nM) also led to a stimulation of basal TIC androsterone 

production (Figure 16). However, it appears that this is a 

TPA effect since mibolerone by itself is unable to alter 

control levels of androgen. The finding of a stimulating 

effect for 10 nM TPA suggests that this is a borderline dose 

for TPA action'since the same concentration has been shown 

to be ineffective in altering basal androgen production 

(Figure 16). Overall, the results indicate that TPA may 

increase the levels of steroid precursors (progestins), 

subsequently leading to the stimulation of androgen 

synthesis. Alternatively, the co-administration of 

mibolerone and suboptimal levels of TPA revealed the 

ineffectiveness of the androgen in directly augmenting the 

action of TPA on hCG-stimulated androgen production. 
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E. The role of the calcium signa'iing pathway as a mediator 

of mibolerone action 

The calcium (Ca+2 ) messenger system is a complex 

pathway that involves multiple interactions with other 

signal transduction systems. . t C +2 Firs, a , acting together 

with DAG, has the ability to directly activate PKC 

(Williams, 1986; Mendelson, 1988; Hanley & Steiner, 1989). 

+2 Second, Ca can bind to a specific intracellular protein 

known as calmodulin, which as a complex, can alter the 

activity of numerous enzyme systems, thereby initiating a 

variety of biological respbnses (Williams, 1986;_Mendelson, 

1988; Hanley & Steiner, 1989)0 Third, the Ca+2-calmodulin 

complex may act in concert with the cAMP messenger system to 

modulate its activity. 
+2. 

In this regard, Ca can activate 

phosphodiesterase to lower cAMP levels or either stimulate 

or inhibit the cAMP-generating enzyme, adenylate cyclase 

depending on the cell type and concentration of Ca+2 

(Derflinger et al., 1984; Rasmussen & Barrett, 1984; 

Williams, 1986; Mendelson, 1988; Pereira et alo, 1988; 

Hanley & Steiner, 1989). 

In terms of the effects of Ca+2 on steroidogenic 

responses, the findings have been conflicting, demonstrating 

both stimulatory and inhibitory effects that may result from 

both species differences and the cell type that was studied 

(Janszen et al., 1976; Derflinger et alo, 1984; Tsang & 

Carnegie, 1984; Pereira et al., 1988). In this 

+2 investigation, it was shown that Ca had profound effects 
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on TIC function. TIC incubated in the presence of Ca+2 _ 

depleted culture medium led to dramatic reductions in both 

basal and hCG-stimulated androsterone production. These 

observations are consistent with earlier findings which 

+2 revealed that Ca -depleted medium led to an inhibition of 

gonadotropin-stimulated steroidogenesis in Leydig cells 

(Janszen et al., 1976), luteal ~ells (Dorflinger et alo, 

1984) and granulosa cells ( Tsang & Ca_rnegie, 1984). 

However, the depletion of Ca+2 from TIC culture medium had a 

detrimental effect on cell number and viability. Therefore, 

th . t f 1 f C +2 . . t. . TIC e exis ence o a roe or a in main aining 

responsiveness to hCG may be precluded by this evidenceo It 

is obvious, however, that Ca+2 is a necessary component for 

TIC survival. 

On the contrary, additional experiments using the Ca+2 

ionophore A23187 did support a role for Ca+2 as a negative 

regulator of mibolerone action. ·A23187, which acts to 

increase intracellular Ca+2 , did not alter hCG-stimulated 

androsterone production at a dose of 0.01 ~M (Figure 17 and 

1~)·. On the other hand, concurrent treatment with 0.01 ~M 

A23187.and mibolerone (100 nM) resulted in a potentiation of 

the inhibitory effects of' the androgen on hCG action (Figure 

18). Therefore_, it can be concluded that the ionophore 

enhances mibolerone's ability to increase intracellular Ca+2 

in TIC which then serves as a negative modulator of hCG

stimulated androgen synthesis. In support of this evidence 

was the finding for a partial abolishment of mibolerone 
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+2 action with the administration of verapamil,. a L-type Ca 

channel blocker. Verapamil, which inhibits extracellular 

+2 Ca uptake by altering the binding of this cation to the 

calcium-sodium channel (Tsang & Carnegie, 1984; Schwartz et 

al., 1989) had divergent effects on hCG-induced androgen 

production. At lower doses (0.1 and 1 ~M), verapamil 

enhanced hCG action whereas at a concentration of 10 ~M this 

compound decreased hCG-induced androsterone synthesis. 

Presumably these effects involve a modification of 

intracellular Ca+2 concentration that either promotes or 

suppresses the biological response depending on the dosage 

employed. In this context, it has been shown that the 

incubation of granulosa cells w~th a high concentration of. 

verapamil (125 ~M) resulted in a marked suppression of FSH

stimulated P4 synthesis (Tsang & Carnegie, 1984). 

More importantly, the addition of verapamil (1 ~M) to 

TIC cultures partially reversed the inhibitory action of 

mibolerone on hCG-stimulated androgen production (Figure 

20). Thus, t~e results indicate that mibolerone can 

stimulate Ca+2 influx at least in part via specific L-type 

Ca+2 channels that may be activated through a receptor

mediated mechanism (Rasmussen & Barrett, 1984; ·Williams, 

1986; Hanley & Steiner, 1989). The ability of mibolerone to 

+2 ' 
increase Ca flux through L-type channels has also been 

observed in human prostatic cancer cells (Steinsapir et al., 

1991). However~ the data does not exclude the possibility 

+2 that mibolerone increases intracellular Ca through 
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additional voltage-sensitive c~+2 channels (T-type) as 

described in detail for avian granulosa cells (Schwartz_ et 

al., 1989). In addition, the observation of an incomplete 

block of mibolerone's effects by verapamil supports the 

concept.for multiple mechanisms of action for this steroid. 

+2 Moreover, the existence of a role for Ca as a mediator of 

mibolerone steroid action is not unique to mibolerone$ 

Accumulating evidence pas revealed the ability of other 

steroids.to activate specific membrane receptors rather than 

exerting their effects through "classical" steroid receptor

mediated mechanisms (Blackmore et al., 1990; Brann et al., 

1990; Brann & Mahesh, 19Ql; Steinsapir et al., 1991). 

V. The inhibitory effects of mibolerone on hCG and IGF--I

stimulated P450scc and P45o17a mRNA levels 

Definitive evidence for a specific site of mibolerone_ 

action was accumulated through an analysis of the mRNA 

levels for the key rate-limiting enzymes P450 and sec. 

P45o17a. As stated previously, the amount of mRNA in each 

treatment group was expressed in densitometric units as% 

control and normalized to the level of hybridized D-actin 

mRNA. A cDNA probe for D-actin mRNA was used in order to 

normalize for variabilities in total RNA isolation, gel 

loading and/or transfer efficiency of RNA from the ge~ to 

the nylon membrane (Wei et al., 1988). It was shown that 

there were no treatment effects on the levels of D-actin 

mRNA (Table III) and therefore alterations in P450 and sec 



P45017 a mRNA levels observed were accounted for by the 

effects promoted by the specific experimental components. 
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In this regard~ the results demonstrated that mibolerone can 

selectively inhibit P45017 a mRNA levelso Mibolerone had 

profound effects by decreasing hCG and IGF-I-stimulated 

P45017a mRNA levels by 91%. Clearly this observation 

concurs with .the findings presented for the steroid profile 

which.showed a 64% suppression of hCG and IGF-I-stimulated 

androsterone·production by mibolerone action (Table IV)o On 

the contrary, mibolerone treatment was ineffective in 

altering the levels of both androstenedione and 

testosterone. As was evident in previous experiments, 

testosterone production by TIC was found to be minimal(< 

230 pg) in all. groups tested therefore any effects of 

mibolerone may have been masked. In regards to 

androstenedione, the inhibitory effects of mibolerone were 

al:,.so undetectable; thi~ may have been a cons~quence of the 

low levels of ·androstenedione synthesized by hCG and IGF-I

stimulated TIC .. The inhibition of the P45017 a enzyme system 

was also supported by the finding of an enhancement in P4 

concentration after mibolerone treatment (Table IV). 

However, the reduction in androsterone levels by mibolerone 

action (approximately 20,000 pg) was not matched by a 

corresponding increase in P4 accumulation. Since mibolerone 

was unable to significantly alter P450 mRNA levels, it is sec 

unlikely that the limited increase in P4 synthesis was due 

to a decrease in P450 activity. Therefore, it is sec 
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possible that precursor availability at ,the site of P450scc 

action may serve· as an alternative mechanism for the 

inhibitory effects of mibolerone on androsterone production. 

Furthermore, the existence of comparable amounts of residual 

17a-OHP4 in the presence or absence of mibolerone may also 

indicate an action of mibolerone on c17_20-1yase activity. 

Nevertheless, the accumulat~d _evidence reconfirms the 

existence of a selective inhibition of P45017 a mRNA levels 

as a site of mibolerone actiono Moreover, the study 

conducted by Payne & Sha (1991) also described a similar 

trend in Leydig cells for mibolerone's regulation of P45017 a 

mRNA levels. Additionally, mibolerone has been shown to 

decrease the cAMP-stimulated induction of P45017 a content 

via an androgen receptor-mediated mechanism (Hales et al., 

1987)0 Interestingly, the existence of an androgen 

receptor-mediated mod_e of action for mibolerone corroborates 

the findings presented in this investigation. 

Although the-addition of mibolerone to TIC cultures 

resulted in a limited increase (2.8-fold) in the amount of 

P45017a mRN~ as compared to the control level, it remains to 

be determined however if mibolerone can specifically 

regulate gene expression by blocking transcriptionai 

processes in TIC. In this system it has been shown that hCG 

and IGF-I treatment led to a 30-fold increase in the amount 

of P45o17 a mRNA; whereas, the administration of mibolerone 

suppressed this effect by 91%. It is conceivable though 

that the increase in P45017 a mRNA levels promoted by hCG and 
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IGF-I may not be a necessary prerequisite for the appearance 

of high levels of P45017 a activity in TIC that initiates 

androgen synthesis. Therefore, the suppressive effect.of 

this androgen on P45017 a mRNA does not preclude the 

possibility ~hat the amount of mRNA present after mibolerone 

treatment is sufficient for the expression of adequate 

levels of the enzymeo Indeed, results from the measurement 

of steroid levels in TIC may-support this concept. First, 

it has been shown that hCG and IGF-I-induced androsterone 

production was not completely abolished by mibolerone but 

rather was decreased by only 40 - 64% (Figure 8 and Table 

IV)o Second, although low levels of hCG and IGF-I-

·stimulated 17a-OHP4 were found in TIC, the amount of this 

steroid was unchanged after mibolerone treatment. This may 

again indicate that enough P45017 a was translated to 

maintain at least minimal levels of enzyme activityo 

Nevertheless, the evidence demonstrates that mibolerone can 

attenuate the action of hCG and IGF-I on transcriptional 

processes in TIC that result in an inhibition of P45017 a 

mRNA levelso In addition, the data do not exclude the 

existence of alter~ative sites for mibolerone action which 

may involve alterations in the c17_20-1yase enzyme system, 

the translation of P45017a and/or the level of P45o17 a 

activity. 
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VI~ Model for the sites and mechanisms of action for the 

inhibitory effects of mibolerone on androgen production 

In this investigation it has clearly been demonstrated 

that, through the use of the synthetic androgen mibolerone, 

an autoregulatory process for androgen _production exists in 

TIC. Interestingly, this process appears to be complex and 

entails multiple mechanisms for mibolerone actiono 

Therefore, a-model is presented which summarizes the 

established mechanisms and sites of mibolerone action 

(Figure 23). 

Initially it was discovered that mibolerone had the 

ability to inhibit androsterone production via alterations 

in the cAMP second messenger system (pathway I). cAMP not 

only serves as the primary mediator of LH/hCG action but 

activates specific protein kinases (PKA I and II) in the 

cell that stimulate increases in the content of the P450 sec 

and P45017 a: _enzymes (Magoffin·& Erickson, 1982; · Erickson et 

al., 1985; Magoffin & Erickson, 1988; Magoffin, 1989, 1991). 

Although mibolerone appeared to act via a common 

pathway for LH/hCG action, additional experiments 

demonstrated ~lternative ~ites of action for this compound. 

It has been demonstrated that the activation of PKC by 

phorbol esters (pathway II) inhibits TIC androgen synthesis 

(Hofeditz et al., 1988) but it remains uncertain, however, 

if this particular pathway serves as a negative modulator of 

LH/hCG action. Therefore, investigations were conducted to 

determine whether mibolerone was acting through this 
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pathway to inhibit hCG-stimulated androsterone productiono 

Studies revealed that although treatment with the phorbol 

ester, TPA, led to a suppression of TIC androgen synthesis, 

mibolerone was unable to enhance the action of this compound 

(Figure 23). Alternatively, it was demonstrated that Ca+2 

could mediate the inhibitory effects of mibolerone on 

androsterone synthesis (pathway III). The presence of a 

Ca+ 2-mediated mechanism for mibolerone action was supported 

by the finding that the Ca+2 ionophore A23187, which 

incre~ses Ca+2 influx, potentiated the antagonistic effects 

of mibolerone on hCG-stimulated androgen production (Figure 

23)o Furthermore, the observation that verapamil, a L-type 

+2 , ' 
Ca channel blocker, was able to partially block the 

inhibitory effects of mibolerone on androsterone synthesis, 

is supportive of a role for Ca+2 as a mediator of 

mibolerone's action (Figure 23)o 

An additional objective of this study was to determine 

whether mibolerone had the ability to regulate gene 

expre~sion in TIC. It is generally_believed that steroid 

hormone action is mediated by a process requiring binding to 

intracellular nuclear receptors. Following binding of the 

steroid molecule, the receptor is transformed or activated, 

thereby increasing its affinity for chromatin (Williams, 

1986; Mendelson, 1988; Harrison & Lippman, 1990).· This 

steroid-receptor complex can subsequently bind to specific 

sites on the DNA molecule called "hormone regulatory 

elements" which act as transcriptional enhancers allowing the 
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steroid to regulate gene expression by increasing the rate of 

transcription (Williams, 1986; Mendelson, 1988; Beato, 1989; 

Beato et al.,-·1989; Harrison & Lippman, 1989; Simons et ai., 

1992). It is this series of steps that initiates a cascade 

of events leading to the generation of increased mRNA levels 

and the subsequent translation into new proteinso 

The presence of an androgen receptor-mediated mechanism 

of action for the inhibitory effects of mibolerone on P45017 a 

content and activity has been supported by the work of Hales 

et al. (1987). In the present study, it was ascertained that 

the antiandrogen hydroxyflutamide partially reversed the 

antagonistic effects of mibolerone on hCG-induced androgen 

synthesis (Figure 23). Therefore, mibolerone appears to 

mediate its action by an androgen receptor-mediated mechanism 

(pathway IV) as well as altering Ca+2 flux. Moreover, 

evidence for an additional site of mibolerone action was 

provided by the obser~ation that the androgen selectively 

inhibited hcG· and IGF-I-stimulated P45017a mRNA levels 

(Figure 23). Overall, the evidence indicates that mibolerone 

has multiple sites of action, however, it remains to be 

proven if mibolerone can alter the translation and activity 

of the P45017a enzyme and/or c 17_20-1yase system. 
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VII. Physiological role of an autoregulatory process for TIC 

androg~n synthesi~ 

The existence of an autoreguiatory process for TIC 

androgen production sheds new light on our understanding of 

follicular steroidogenesis and its control. Androgen 

synthesis is not only vital to follicular development and 

ovulation but also to the process of atresia (Farookhi, 1980; 

Brailly et al., 1981; Bagnell et al., 1982; Erickson et aJ., 

1985; Hillier, ·1987; Gore-Langton & Armstrong, 1988; 

Franchimont et al., 1988; Conway et alo, 1990). It is only 

through the cooperative interaction between thecal cells and 

granulosa cells that estrogen production is initiated and 

follicular development is assured (Erickson et al., 1985; 

Hiller, 1987; Gore-Langton & Armstrong, 1988; Franchimont et 

al~, 1988). However, as discussed earlier, there are 

numerous factors (steroid, protein hormones, and growth 

factors) both of ovarian and nonovarian origin that can 

regulate androgen production in TIC. Therefore, a system 

seems to exist in which an interplay of these regulatory 

factors maintain TIC androgen synthesis. Moreover, the 

presence of an androgen-mediated autoregulatory process for 

TIC androgen production must be recognized among those 

factors that play a crucial role in limiting the extent of 

excessive androgen biosynthesis. Physiologically, the 

existence of an autoregulatory process for TIC androgen 

production may be vital in the maturation of follicles from 

the small antral stage to the preovulatory state. It is 
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obvious, therefore, that if TIC androgen production were to 

proceed unregulated, follicular development would be arrested 

and atresia would subsequently ensue. 

While a system of checks and balances regulates androgen 

synthesis, there are pathophysiological states in which 

excessive androgen production can lead to a disruption of 

follicular maturation and ovulation. One such condition that 

has received considerable attention is polycystic ovarian 

disease (PCOD). This syndrome can be best describ~d as a 

function~l gonadotropin-dependent ovariah hyperandrogenism 

(Barnes & Ro~enfield, 1989)0 PCOD is characterized by an 

increased ratio of LH to FSH (follicle stimulating hormone), 

excessive production_of androgens, obesity and a variety of 

menstrual abnormalities including anovu~ation (Smith et al., 

__ 1965; Sheaman & Cox, 1966; Yen, 1980; Goldzieher, 1981; 

Futterweit, 1984; Barnes & Rosenfield, 1989)0 It appears 

that in this syndrome ovarian androgen production remains 

unohecked and acts to perpetuate the disease state. In a 

vicious cycle of events, androgens (androstenedione) are 

converted peripherally to estrogens (estrone), with the 

latter compounds serving to sensitize the pituitary to 

secrete excessive amounts of LH. LH can in turn stimulate 

the ovarian thecal cells to undergo hypertrophy consequently 

leading to an overproduction of androgens (Yen, 1980; 

Goldzieher, 1981; Futterweit, 1984; Barnes & Rosenfield, 

1989). 
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While this theory surrounding the pathogenesis of the 

disease is widely accepted, the origin of PCOD has remained 

elusive. Some•investigators have pointed to a dysregulation 

of P45017 a as a p6ssible causative factor for 

hyperandrogenism and the perpetuation of the 

pathophysiological condition. Rosenfield et al. (1990) 

postulate that an abnormal regulation of P45017 a exists which 

may be the result of either the excessive stimulation of LH 

or a failure of the thecal cells to undergo desensitization 

to LH. Although these processes may account for an 

alteration in enzymatic activity, it is not unreasonable to 

speculate that androgens may also be ·involved in this 

phenomenon. First, it may be possible that an autoregulatory 

process for thecal cell androgen production exists in the 

human ovary but is altered in some way whi_ch allows LH to 

enhance P45o17a activity and subsequently escape the 

inhibitory action of androgens. Second, androgens acting 

independently from LH may feedback upon the thecal cells in a 

positive fa~hion to enhance or promote P45017 a hyperactivity 

rather than serving to inhibit its action as may exist in a 

normal physiological state. Although these hypotheses seem 

intriguing, they can only be elucidated through extensive 

experimental verification. 

In conclusion, the data presented in this study have 

supported the contention that an androgen-mediated 

autoregulatory process for androgen production exists in TIC 

that may provide further insight into the regulation of 



ovarian steroidogenesis and follicular development as a 

whole. 
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SUMMARY 

The re-gulation of androgen production by thecal

interstitial cells (TIC) of the mammalian ovary is a complex 

processa Although primarily controlled by LH, a variety of 

factors have been demonstrated t6 alter LR-stimulated 

androgen production. It is uncertain, however, if an 

androgen-mediated autoregulatory process for androgen 

production exists in TIC. In order to determine 

whether this phenomenon- exists, studies were conducted with 

dispersed ovarian cells and enriched TIC obtained from 

ovaries of immature hypophysectomized ratso When dispersed 

ovarian cells and enriched TIC (20,000 viable cells/Oo2 

ml/well) were cultured for 48 hours in the presence of 

increasing concentrations of hCG (0.025 - 0.3 ng/ml), 

androsterone production was stimulated in a dose-dependent 

fashion. However, at a optimal concentration of hCG (0.2 

ng/ml) the increase in hCG-stimulated androgen production 

was 2-fold higher in enriched TIC versus dispersed ovarian 

cells. Therefore, enriched TIC were used in subsequent 

studies. Furthermore, the addition of IGF-I (100 ng/ml) or 

insulin (100 ng/ml) to enriched TIC cultures did not alter 

the basal accumulation of androsterone but significantly 

123 
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augmented hCG-induced androgen production by approximately 

2-fold. 

Treatment with increasing concentrations (5 - 1000 nM) 

of the synthetic androgen 170-hydroxy-7a,17a-dimethyl-4-

estren-3~one (~ibolerone) inhibited hCG-stimulated 

androsterone production by an.average of 32% at every dose 

tested. Mibolerone (100 riM) alone was without effect .on 

basal levels of androgens. Concomitapt treatment with 

milbolerone (100 nM) decreased the synergistic action of 

IGF-I or insulin on hCG-stimulated androsterone synthesis by 

40% and 46%, respectively. 

In order to determine if the inhibitory action of 

mibolerone was due to an interference with LH/hCG receptors 

or at a post-receptor site, the effects on 8-bromo-cAMP

stimul~ted androgen production were investigatedo At a dose 

of 100 ~M 8-bromo-cAMP, androsterone production was 

maximally stimulated to levels that were similar to those 

observed with 0;2 ng/ml hCG. In the presence of mibolerone 

(100 nM), cAMP-induced androsterone synthesis was inhibited 

by 41%. This result suggested that mibolerone was acting at 

a site distal to cAMP formation. Additional evidence 

revealed that, through the use of the c,ombination of cAMP 

6 analogs, N -monobutyryl-cAMP (50 uM) and 8-bromo-cAMP (75 

uM), which are known activators of. the cAMP-dependent 

protein kinase isoenzymes PKA I and II, androsterone 

synthesis was increased by 13O-fold over basal levels. 



Treatment with mibolerone (100 nM), however, reduced this 

cAMP-stimulated androgen synthesis by 51%. 
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Subsequent studies using the nonsteroidal antiandrogen 

hydroxyflutamide were conducted to characterize mibolerone's 

mode of action. Hydroxyflutamide had differential effects 

on hCG action with the 1 µM dose stimulating hCG-induced 

androsterone synthesis by 27% while the 10 µM concentration 

decreased the androgen levels by 84%. In addition, 

treatment with 1 µM hydroxyflutamide was effective in 

partially reversing.the inhibitory action of mibolerone.on 

hCG-st~mulated aridrosterone production. Thus, the data 

indicated that mibolerone's mode of abtion may be mediated, 

at least in part, via an androgen receptor. 

Th~ possibility that mibolerone had multi~le sites of 

action prompted investigations on the ef·fectiveness of this 

androgen to alter various signaling pathwayso In this 

study, treatment with increasing·concentrations (0.01 - 100 

nM) of the phorbol ester 12-0-tetradecanoylphorbol 13-

acetate (TPA), which directly activates protein kinase C 

(PKC), resulted in a 75% decrease in hCG-stimulated androgen 

production at dose of 100 nM TPA. However, treatment with 

mibolerone (100 nM) was unable to enhance the action of TPA 

on androgen synthesis when doses of 1 and 10 nM TPA were 

employed. Alternatively, it was determined that calcium 

+2 (Ca ) can serve as a mediator of mibolerone action. 

Treatment with a 0.01 µM dose of A23187, a Ca+2 ionophore 

kno;n to increase intracellular Ca+2 , was ineffective in 
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altering hCG-stimulated androsterone synthesis. Moreover, 

the concurrent treatment of mibolerone (100 nM) and A23187 

(0.01 µM) resulted in the potentiation of mibolerone's 

inhibitory effects on· hCG-stimulated androgen production 

thereby suggesting that the an~rogen can stimulate Ca+2 

influx. Additional studies revealed that the administration 

+2 of a 1 µM dose of the L-type Ca channel blocker, 

verapamil, to TIC cultures was able to partially block the 

inhibitory effect of mibolerone on androgen synthesis. 

' +2 
Thus, this finding further supports a role for Ca as a 

mediator of mibolerone's action. 

Evidence for an additional site of mibolerone action 

was revealed through an analysis of the mRNA levels of 

P450scc and P45017a enzymes. Although hCG and IGF-I 

treatment resulted in 20- and 32-fold increases in the 

amount of P450scc and P45017a mRNA respectively, the 

addition of mibolerone reduced only P45017 a mRNA levels. In 

fact, mibolerone (100 nM) decreased hCG and IGF-I-induced 

P45017 a mRNA levels by 91%. The latter finding was 

supported by data demonstrating that mibolerone treatment 

not only resulted in a 64% decrease in androsterone 

synthesis but also led to an enhancement of hCG and IGF-I 

action on progesterone synthesis by approximately 2-fold. 

It can be concluded, therefore, that one site of mibolerone 

action appears to be at the level of the gene in which 

mibolerone selectively lowers the levels of P45017 a mRNA. 

Overall, the results demonstrate the existence of an 
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autoregulatory process for androgen production in TIC which 

may be important in limiting the oyerproduction of 

androgens. 
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