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INTROPUCTION 

I. The Mammalian Oyary . 

The mammalian ovary is composed of several structures which 

undergo cyclical changes during reproductive life. Of these 

structures, the most important is the mature ovarian 

follicle, the primary function of which is to release the 

oocytes in each cycle. This process involves the growth and 

maturation of follicles as well as enlargement to a stage 

where they are capable of rupturing to release the oocyte. 

The ovulatory process marks the end of the first phase of the 

cycle known as ' folliculogenesis' and at the same time marks 

the beginning of the 'luteal phase ' where the ruptured 

follicle is converted into the corpus luteum. The corpus 

luteum is essential for the maintenance of pregnancy and 

ultimately degenerates to contribute to the interstitial 

tissue of the ovary . 

The ovary is composed of follicles in various stages of 

development, corpora lutea, interstitial gland tissue and 

accessory luteal tissue. The number and arrangement of these 

basic components vary during the cycle according to the stage 

of development. These components undergo cyclical changes 

according to a sequential developmental process. The basic 

functional unit, the follicle (Figure 1) , encloses the oocyte 

and is mainly composed of two other cell types which are: the 

1 



Figure 1 Component structures of 

developmental course 

ovary . 

a 

in 

follicle and its 

the mammalian 

The size of a follicle is directly related to 

the number of cells comprising it and the 

format ion of the ant rum with accumulation of 

follicular fluid. 

(Artwork adapted from 

Richardson et al., 1978) 
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FOLLICLE DEVELOPMENT IN THE MAMMALIAN OVARY 
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inner layer of granulosa cells surrounded by a basement 

membrane and the cell layer outside the basement membrane, 

the thecal cells. These cells comprising the follicle and the 

luteinized cells comprising the corpus luteum undergo 

functional modifications and are responsible for the changing 

cyclical activity of the ovary throughout reproductive life. 

The process of follicular maturation is complex, cyclic and 

imparts the ovary with its unique ability to select a 

species-specific number of dominant follicles from a pool in 

which most competing follicles degenerate. Follicular 

development begins with a few slowly dividing less 

differentiated granulosa cells surrounding the oocyte 

(Figure 1). These cells divide rapidly and accumulate in 

several layers. As development continues, there is increased 

secretory activity in the cells and a fluid-filled central 

cavity (the antrum) appears . The cells also begin to express 

different iati ve function. Ultimately, cell division ceases 

and the developed follicles progress to two possible end 

stages - the majority (>99%) degenerate and contribute to the 

secondary interstitium. A few others, however, are selected 

to develop further into preovulatory follicles, which may 

ovulate and result in formation of corpora lutea. The corpora 

lutea also function for a species- specific length of time and 

then regress. Therefore, the destined fate of all follicles, 

whether atretic or ovulatory, is disintegration, to be 

replaced by newer growing follicles . 
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The ovary resembles other renewal tissues in which 

differentiated functional cells are continuously 

replaced by proliferation of younger primitive 

(Hirshfield and Schimdt, 1987). The proliferation 

differentiation occur within the follicles which 

being 

cells 

and 

are 

arranged in a hierarchy . At one end of the hierarchy are the 

small primordial follicles consisting of the oocyte 

surrounded by a layer of granulosa cells which have the 

potential to multiply rapidly. At the other end of the 

gradient are the fully developed large preovulatory follicles 

with highly differentiated granulosa cells possessing little 

or no proliferative potential. In this way, follicles in the 

ovary are arranged along a maturation gradient; as follicles 

progress down the gradient, they become more and more 

restricted in their developmental program, acquiring 

biochemical markers of differentiation but at the same time, 

losing their potential to divide (Mckillop et al, 1983). In 

this manner, the stage of maturation of a follicle is related 

to its size at any time point during development. 

Stages of Follicle Development 

A. Fo~~icu~ar Growth : Follicular growth begins with a few 

primordial follicles entering the pool of growing follicles 

(recruitment; Figure 2). The oocyte enlarges and the single 

layer of granulosa cells starts rapid mitotic divisions. As 

cell number increases, the follicle increases in size. The 

gradual appearance of the fluid-filled antral cavity also 
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Figure 2 Schematic of the hormonal control of the 

stages of follicle development 

role of PMSG and DES . 

and the 

The two sequential stages of proliferation and 

differentiation of follicle development are the 

fundamental events. PMSG stimulates both stages 

while DES stimulates only proliferation. 

Abbreviations : E2 = estrogen; 

PMSG = pregnant mares serum gonadotropin; 

DES = diethylstilbestrol; 

FSH follicle stimulating hormone. 
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contributes to follicular size. Ultimately mitosis ceases and 

the antral follicle proceeds to the next step in its 

developmental program. 

B. Foiiicuiar Differentiation Certain biochemical 

markers of differentiated function appear as the follicle 

reaches preovulatory status. These features include the 

appearance of LH and prolactin receptors, induct ion of the 

enzyme aromatase, the capacity to ovulate and the ability to 

synthesize steroids, particularly estrogens (Mckillop et al., 

1983). However, only a limited number (<1 \ ) of the growing 

follicles complete the differentiative process. Most 

degenerate (atresia) and only a species-specific number 

differentiate further, acquire dominant status and proceed to 

ovulation . 

Hormonal Control of Follicular Development 

The process of follicular development is composed of two 

components - proliferation and differentiation (Figure 2). 

Folliculogenesis spans 3-4 cycles in the rat (each having a 

duration of four days - metestrus, diestrus, proestrus and 

estrus (Figure 3), and is regulated by several factors. 

Gonadotropins (FSH and LH) from the pituitary are ascribed 

major roles in initiation and maintenance of follicular 

growth (Richards, 1980) , select ion of the dominant follicle 

(Hirshfield and Midgley, 1978) and maturation to preovulatory 

status. Evidence for this is derived from the changing 

circulatory patterns of FSH and LH (Figure 3), the 
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concomitant alterations in gonadotropin receptors in 

follicular cells and from the secretion of several steroidal 

and non-steroidal products in response to gonadotropins. 

However, it has also been proposed that the very early stages 

of follicle development are independent of any gonadotropins 

(Peters et al., 1975 ; Hirshfield, 1985). FSH levels, which 

rise on the afternoon of pro-estrus (Figure 3) and also on 

the morning of estrus in the rat , are thought to be the 

primary stimuli for growth of primary follicles. FSH also 

induces the enzyme aromatase which converts androgens to 

estrogen. Estrogens along with FSH, then stimulate mitosis of 

granulosa cells (Rao et al . , 1978). When preovulatory status 

is reached, the LH surge on the afternoon of proestrus leads 

to ovulation. These important roles of FSH and LH have been 

determined by studies with pentobarbital blockade of FSH and 

LH release from the pituitary (Hirshfield & Midgley, 197 8) . 

These experiments showed that LH induces ovulation and corpus 

luteum formation , while FSH stimulates recruitment and growth 

of primary follicles and also selection of the dominant 

follicles. 

The major follicular steroid hormones, estrogen and 

progesterone also play critical roles by exerting positive 

and negative feedback influences on the hypothalamus and 

pituitary, thereby regulating gonadotropin secretion 

(Richards, 1980) . Estradiol and estrone are produced by the 

granulosa cells from androgen precursors, these androgens 

(androstenedione and testosterone) are secreted by the thecal 
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cells. Estrogen synthesis is catalyzed by the cytochrome P450 

enzyme, aromatase, which is induced by FSH and can serve as a 

marker for granulosa cell differentiation. Estrogens exert 

feedback action on the hypothalamo-pituitary unit to affect 

synchronized pre-ovulatory release of gonadotropins (Hseuh et 

a 1., 198 4) . In addition, estradiol plays a series of vital 

organizing roles at its site of formation (Hseuh et al., 

1984) including : 

1 . Granulosa cell proliferation (growth of follicles) 

2. Anti-atretic action (prevention of degeneration of 

follicles) 

3. Increase in gap junction formation and intercellular 

communication between follicular cells. 

4. Synergizes with FSH in : 

- antrum formatiom 

- LH and FSH receptor induction 

- estrogen receptor content 

- cAMP formation 

- aromatase activity 

- progesterone production. 

Progesterone also regulates follicle growth by 

regulating gonadotropin surges (Hsueh et al., 1984), 

increasing its own production and can be both facilitatory 

and inhibitory to hCG-induced growth of small follicles. In 

rats, progesterone has stimulatory effects on follicle 

development (Richards and Bogovich, 1982) . In contrast, this 

progestin has a direct local inhibitory action on follicle 
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development in the 

monkeys (Goodman 

rabbit (Setty and Mills, 1987) and in 

and Hodgen, 1979). The actions of 

progesterone therefore, show discrepancies related to 

species-specificity, dose-dependency or interplay with other 

hormones. 

Paracrine 

Development 

and Autocrine Control of Follicle 

Even though gonadotropins are the primary 

regulators of follicle development, a series of studies has 

shown that events within the follicle modulate the follicular 

response to gonadotropins (Tonetta & diZerega, 1989). 

Gonadotropins alone can not account for the dynamic events 

that are associated with this complex process (Goodman e t 

al., 1979) . Rather, it has been suggested that alterations in 

follicular sensitivity to and changes in the production of 

several autocrine and paracrine factors in the ovary are 

determinants of the responsivity of follicles to gonadotropic 

stimulation (Cahill et al., 1985; Tonetta & diZerega, 1989). 

These regulatory factors include several growth factors like 

Insulin-like Growth Factor, Epidermal Growth Factor, 

Transforming Growth Factor-B and Fibroblast Growth Factor 

(Derrington et al . , 1988; Hammond & English, 1988; May et 

al. 1 1988), various peptides like inhibin (Channing et al., 

1981), follistatin (Ueno et al., 1987), oxytocin (Schaeffer 

et al., 1984), GnRH-like molecules (Li et al.,. 1987), 

proteoglycans (Bushmeyer et al. 1 1985), renin-angiotensin 

(Fernandez et al., 1985), substance P (Ojeda et al . , 1985), 

luteinization inhibitor (Bernard et al., 1975) 1 gonadotropin-
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binding inhibitor ( Sluss & Reichert, 198 7) , plasminogen 

activator (Reich et al., 1986) and oocyte maturation 

inhibitor (Tsafr iri and Channing, 197 5) The product ion of 

these intra-ovarian factors is controlled by the rna jor 

hormones and the concentrations of these factors change 

continuously as the follicle develops, thereby providing a 

changing intrafollicular environment. 

Kinetics of Follicular Growth in the Rat 

The kinetics of follicle development in the rat and its 

relationship to changes in the hormonal milieu are depicted 

in Figure 3. The upper panel shows the changing patterns of 

serum FSH and LH levels in 3 consecutive four day cycles. A 

surge of both FSH and LH takes place on the afternoon of 

proestrus while a second surge of FSH extends into the 

morning of estrus. The middle panel shows the changing levels 

of estrogens during the cycle while the lower panel shows the 

sequence of follicle development. Dominant follicles which 

ovulate in response to the LH surge of one cycle actually 

began growing at least 19 days earlier as a part of a larger 

pool of growing follicles (Pederson, 1970) . It is apparent 

that, once committed to grow, a follicle is exposed to three 

or more consecutive surges of gonadotropins and high 

estradiol levels. It has been proposed that the FSH surge in 

the preceding cycle selects from the pool of preantral and 

early antral follicles those that will ovulate in the next 

cycle (Hirshfield, 1985) 
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Figure 3 Schematic of follicle development and its 

relationship with pituitary gonadotropins 

and estrogen production during the four 

day estrous cycle in the rat . 

This figure shows the events during the 

reproductive cycle in the rat. FSH stimulates 

the recruitment and selection processes while LH 

induces ovulation. Maximal atresia is noted on 

metestrus. 

Abbreviations used: M - metestrus; D - diestrus; 

P -proestrus; E -estrus. 
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Granulosa cell proliferation forms an integral and 

essential part of follicle development. A typical primordial 

follicle consists of about 4 granulosa cells while a fully 

grown preovulatory follicle (approximate diameter of 600-750 

~m) contains 2000-2500 cells (Hirshfield & Schmidt, 1987). 

Therefore, the growth of a follicle involves extensive 

mitosis with granulosa cells dividing in an 

manner during the estrous cycle of the rat. 

exponential 

The rate of 

granulosa cell proliferation, however, varies with the stage 

of the estrous cycle (Hirshfield, 1984) and also the size of 

the follicle. The most rapid follicular growth takes place in 

the diameter range of 150-300~m , mainly during late diestrus 

and early proestrus , a time when FSH and estradiol levels are 

high . Follicles with 200-500 cells (diameter 200-300 ~m) have 

the shortest cell doubling times . On the morning of estrus, 

immediately after ovulation, a few antral follicles larger 

than 518 ~m in diameter are still present but are incapable 

of ovulating (Peppler & Greenwald , 1970) . Also , on the 

morning of estrus , follicles in the cohort destined to 

ovulate in next cycle are between 350- 518 ~m in diameter . By 

metestrus (Day 2) , the largest follicles in the ovary are 

between 450-517 ~m and these continue to gro w at 

approximately 60 ~m/day until the morning of proestrus 

(Peppler & Greenwald , 197 0) . However , the preponde ranee of 

atretic follicles are in the early antral class 

(approximately 300-350 ~m) and they are uncommon on estrus 

but can be found with great frequency in ovaries of animals 
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killed at metestrus (Hirshfield, 1988). These evidences show 

that follicles with diameters ranging from 200-400 ~m are at 

a developmentally critical stage and can either be stimulated 

to grow further or can undergo atresia. 

Role of EstrotJen 

Under physiological conditions, estrogen is a major 

endocrine secretion of the preovulatory follicle and exists 

in follicular fluid in very high concentrations. Hence it is 

believed to fulfill a multitude of roles in coordinating 

follicle development by acting locally in an autocrine or 

paracrine manner. Historically, 

recent evidences 

estrogens are thought to be 

show that the function of mitogenic but 

these steroids can be two fold - stimulatory as well as 

inhibitory - i.e. having a positive and a negative effect on 

cell proliferation (Soto & Sonnenschein, 1987). The 

predominant function depends upon species, dose and duration 

of exposure (Hutz, 1989) . Each of these two types of effects 

can be direct or indirect. This concept has been 

schematically depicted in Figure 4. The "direct positive" 

mechanism proposes the interaction of estrogen with the cell 

receptor triggering multiplication. The "indirect positive" 

theory suggests that estrogen induces the synthesis of 

stimulatory growth factors which in turn cause proliferation 

of the cell thus constituting an autocrine or paracrine 

effect of estrogen. The "direct negative" hypothesis proposes 

that estrogen directly limits cell multiplication depending 
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Figure 4 Established and proposed roles of estrogen 

in granulosa cell mitosis . 

Estrogen has both stimulatory and inhibitory 

effects on cell proliferation and these effects 

can be direct or indirect. The negative effects 

have been proposed and investigated in this 

project. (Adapted from Soto & Sonnenschein, 

198 7) . 

Abbreviations : E2 = estrogen; 

G cell =granulosa cell. 
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on the level of estrogen to which the cells are exposed. 

According to the "indirect negative " hypothesis (a) 

estrogen may inhibit the synthesis of a stimulator of mitosis 

or induce the synthesis of an inhibitory factor; or, (b) the 

estrogen may cause the release of a second effector (LH, FSH) 

which in turn causes the synthesis of an inhibitor. This 

indigenous cell-multiplication inhibitor could then inhibit 

the cell's own constitutive capacity to divide (Stormshack et 

al, 1976; Wiklund et al 1981; Soto & Sonnenschein, 1984) It 

has been suggested that a combination of positive and 

negative influences modulate cell proliferation (Bullough, 

1977; Iversen, 1985) . 

Significance of Follicular Fluid : 

Follicular fluid fills the antral cavity of developing 

follicles (Figure 1) . Once considered to be an ultrafiltrate 

of plasma, it has been found to have many local regulatory 

components which make it a unique biological fluid (Edwards, 

197 4) . The components of follicular fluid change with the 

stages of the estrous cycle (Eiler & Nalbandov, 1977) and 

with the size of the follicle (Ledwitz-Rigby et al., 1975). 

Recently, a number of reports have shown that some specific 

components of follicular fluid are capable of influencing the 

function of granulosa cells (Ledwitz-Rigby et al., 1975), 

maturation of oocytes (Tsafriri & Channing, 1975), follicular 

growth (Peters et al., 1973) and the hypothalamo-pituitary 

axis (Schwartz & Channing, 1977). Thus follicular fluid 
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constitutes a changing internal milieu for the cells of the 

developing follicle. 

Use of Diethylstilbestrol 

Diethylstilbestrol (DES), a stilbene (a hydrocarbon 

derived from ethylene) was found to possess very potent 

estrogenic properties . The properties of DES are similar to 

those of naturally occuring estrogens (Korach et al, 1978). 

However, since it did not have the basic ring structure of 

natural estrogens, it was classified as a non-steroidal 

estrogen. The estrogenic 

ability to interact with 

activity of DES was due 

the estrogen receptor. 

to its 

Several 

parameters studied with estradiol-17B and DES have been found 

to be identical (Korach et al., 1985) and DES has been used 

as an estrogen for several studies. 

In clinical studies, DES has been assigned a special 

cancer causing role because of reports of carcinogenic 

incidences after in utero exposure to DES. However, it has 

been shown that these observations do not confer any special 

additional carcinogenic potential to this compound because 

all estrogens have been implicated as causative agents in 

several forms of cancer, particularly after chronic high 

level of exposure (Herbst et al., 1971). 

Interaction of PES with DNA and effects on cell mitosis : 

Most chemical carcinogens exert their activity through 

covalent interactions of a reactive metabolite with DNA in 

the target organ and are hence called genotoxic (Glatt e t 

1 6 



al . , 1979). Co-carcinogens or tumor-promoters on the other 

hand do not react with DNA but apparently modulate one or 

several varieties of biochemical and biological steps related 

to carcinogenesis. Carcinogenic hormones are thought to 

belong to this second group because of their proliferative 

effect on target cells and lack of demonstrable covalent 

binding in vitro. However , there is evidence that DES can 

undergo covalent interaction with proteins in vivo and with 

DNA in vitro and also DES can be converted to other reactive 

metabolites . The covalent binding to DNA of rat liver 

exhibited by DES was shown to be very low [Lutz et al, 1982) 

when expressed per unit dose as CBI (Covalent Binding Index) 

This genotoxic activity is so low for DES that mechanisms 

other than direct DNA modification are more likely to be 

responsible for carcinogenic effect of DES observed in 

animals . 

Objectiyes of Study 

A . Rationale : In each cycle , ovarian 

is regulated so that the number of 

follicular development 

follicles that reach 

ovulatory status is species-specific and controlled within a 

narrow range . The regulation of follicular development by 

circulatory feedback between the ovary and the pituitary

hypothalamic axis is well - known but it is not known how thi s 

feedback alone can separate the developing follicle population 

in a cycle into two groups - follicles which ovulate and those 

which become atretic . This separation takes place maximally in 
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the follicles that are in the size range of 200-300 ~m in 

diameter in the rat (Hirshfield, 1985), at a time when the 

preovulatory follicles of the previous cycle are producing 

maximal amounts of estradiol (Figure 3). Therefore it is 

postulated that estradiol may have a role in this winnowing out 

process. Estradiol has been implicated as a major factor used 

by the follicles as a chemical messenger for communication 

among follicles as well as between the ovary and the pituitary 

(ErbMeuli et al., 1987). Besides this, there are other indirect 

evidences of estradiol action on follicle growth. For example, 

when estradiol antibodies are given to cycling rhesus monkeys, 

several more follicles than normal reach ovulatory status 

(Zeleznik et al., 1985). It has also been shown that when 

estradiol concentrations are raised prematurely on metestrus t o 

mimic the high pro-estrous levels, the growth of new 

preovulatory follicles 

small follicles is not 

estradiol is thought 

is prevented but the recruitment of 

(ErbMeuli et a1.,1987). The effect of 

to be mediated at least partly via 

suppression of gonadotropin release (Burns & Douglas, 1981; 

Dierschke et al., 1985) . However, a direct role of estradiol in 

fine-tuning follicle development is also a strong possibility. 

The present study was designed to investigate how estrogens may 

directly regulate the development of follicles. The 

developmental features of specific sizes of follicles have been 

studied because the kinetics of follicle growth differ with 

follicle size. 
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B. Specific Aims 

1 . To determine whether follicle development initiated by DES 

treatment is different from the normal follicular 

development seen in adult cycling rats. The basis for 

comparison was the PMSG-treated rat model in which the 

ovarian development resembles the proestrus stage of the 

adult cycling rat . These studies will trace developmental 

parameters such as proliferation (incorporation of 

radiolabeled thymidine into cellular DNA) and 

differentiation (induction of the enzyme aromatase) in 

granulosa cells from different-sized follicles. These 

experiments will determine if the different developmental 

patterns seen after DES treatment are due to the fact that 

pre - exposure to high levels of estrogens alter the 

developmental process. Exposure to DES preceeding a 

gonadotropin exposure could affect follicle development by 

altering the responsiveness of the follicles to both 

endogenous and exogenous gonadotropins. 

2. To determine : (a) whether the developmental impairment 

seen after prolonged DES exposure is due to the DES-induced 

suppression of pituitary LH and FSH secretion levels; and 

(b) whether the gonadotropins act via the synthesis of a 

regulatory factor. 

3 . To determine whether long term estrogen 

responsible for inhibiting granulosa cell 

hence for inhibiting follicle development. 

exposure is 

function and 
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4 . To test for the presence of inhibitory factors in 

follicular fluid of specific sizes of follicles in 

estrogen treated rats and to partially characterize the 

inhibitory activity . 
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MATERIALS AND METHODS 

Animals 

Intact, immature, female Sprague-Dawley rats were 

obtained from Holtzman Laboratories , (Madison, WI.) and were 

housed in a temperature-controlled (22°C) room with a 14 hour 

light/ 10 hour dark environment (0500-1900, EST). Animals 

were caged in groups of three or four and provided with rae 

chow and tap water ad libitum. 

decapitation. 

HOBMONES AND CHEMICALS 

Animals were sacrificed by 

A. Hormones for in - vivo treatment 

1. Diethylstilbestrol (DES; Steraloids Inc., Wilton, NH) was 

administered subcutaneously at a dose of 2 mg I rat, 

dissolved in 0.2 ml of propylene glycol . 

2. Pregnant mares serum gonadotropin (PMSG - biological 

potency 2000 IU/mg; NICHD - Contraceptive Development 

Branch, G. Bialy) was injected subcutaneously at a dose of 

8 IU in 0.2 ml of 0.85% (w/v} saline. 

Both the above hormones were given to initiate follicular 

growth in the immature animals. 

3. Human chorionic gonadotropin (hCG) was given at a dose of 

6 IU/rat in 0.2 ml of saline) to induce ovulation. 
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4. Ovine FSH ( NIADDK-NIH, oFSH-16) was administered at a 

dose of 2.S ~g per rat in 0.2 ml of 0.8S\ saline. 

B. Chemicals 1. Collagenase - Type I (Sigma Chemicals, MO) 

was used for digestion of ovarian fragments at a 

concentration of 4800 units/1.S ml for 14-18 ovaries per 

incubation tube . 

2. DNAse -bovine pancreas Type III (Sigma Chemicals , MO) was 

also used at a concentration of 200 units/O . S ml/tube . 

3 . Pentobarbital was injected at a dose of 37 mg/Kg of body 

weight/rat to block endogenous gonadotropin surges. 

4. Methyl-[3H]thymidine (Specific Activity= 37 Ci/mmol ; ICN 

Radiochemicals , Irvine , CA) was used for the [3H]thymidine 

incorporation studies. 

BUFFERS 

The following is a list of buffers which were used and will 

be referred to by name throughout the dissertation . 

I. Follicle Isolation Buffers : Follicles were isolated 

from whole ovaries in the basic buffers containing McCoy ' s SA 

medium (Fisher Scientific) and 26 mM sodium bicarbonate (pH 

7.0 , McCoy ' s SA-) . 

The three buffers derived from this basic buffer were : 

i) 2S mM HEPES in McCoy ' s SA-, used to reconstitute the 

collagenase and stabilize the pH of the enzymatic 

digestion at pH 7 . 0 ; 
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ii) 1. S% BSA in McCoy's SA- was used t o suspend the 

dissected ovaries and prevent excessive digestion; 

iii) 1. 0% BSA in McCoy ' s SA- contained additional protein 

to minimize excessive digestive damage to follicles. 

II. Granul.osa Cel.l. Isol.ation Buffers : The harvesting of 

granulosa cells from the isolated follicles was done in 

McCoy ' s SA containing, 26 mM sodium bicarbonate, 10 mM Hepes, 

2 mM L-glutamine, 100 IU/ml penicillin and 100 mg/ml 

streptomycin (referred to as McCoy ' s SA+). The buffers used 

in granulosa cell isolation (as outlined in the granulosa 

cell harvesting protocol) consisting of McCoy ' s SA plus 0.2 % 

BSA, 0.1% BSA, 6.8 mM EGTA in 0.2 % BSA, 1.8 mM EGTA in 0.2 9 

BSA and O.S M sucrose in 1.8 mM EGTA, all at pH 7.2. 

III. Cel.l. cul.ture buffer contained McCoy's SA, 26 mM 

sodium bicarbonate, 10 mM HEPES, 2 mM !-glutamine, 100 IU/ ml 

penicillin, 100 mg/ ml streptomycin and 1 % fetal calf serum 

(Gibco Chemicals, treated with charcoal - 27 mg/ml for 8 h at 

4°C- to remove steroids), pH 7.2 and sterilized with a Aero 

50 A filter with a pore size of 0 . 2 ~m (Gelman Sciences) 

IV . Aromatase Buffers : In a short term assay of aromatase 

activity in isolated granulosa cells, the cells were placed 

in 0. OS M potassium phosphate buffer (pH 7. 4) containing a 

NADPH generating system consisting of 0. 27 mM reduced B

nicotinamide adenine dinucleotide phosphate (NADPH), 0.3 mM 

reduced B-nicotinamide adenine dinucleotide (NADH), 3. 8 mM 

glucose-6-phosphate, 10 IU glucose-6-phosphate dehydrogenase, 

and 2 mM adenosine triphosphate (ATP) . Assay of aromatase 
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activity in cultured granulosa cell was conducted in cell 

culture buffer (pH 7.2). 

V. Thymidine Incorporation Buffer (Short term) : ca++_ 

Mg++-free Krebs-Ringer-bicarbonate buffer contained the 

following 136 mM NaCl, 5 mM KCl, 0. 4 mM Na2HP04, 0. 4 mM 

KH2P04, 5. 5 mM glucose, 4. 5 mM NaHC03 , 5 mM EGTA, 1. 0% BSA 

and 10 mM HEPES (pH 7.0). The buffer was aerated with 5% C02 

for 10 min before adding the BSA. 

VI . Gonadotropin Binding Assay Buffers : The gonadotropin 

binding assays were done in phosphate-buffered saline 

pH 7. 5) containing 6. 8 mM sodium phosphate-dibasic, 

(PBS, 

3 mM 

sodium phosphate-monobasic, and 149 mM sodium chloride. 

Tracer hormone was made in PBS containing 1% BSA. 

VII . Steroid Radioimmunoassay Buffers : Steroid 

radioimmunoassays were conducted in 0.1 M phosphate buffered 

saline with 0.1% gelatin (PGB). The PGB contained 0.16 M 

NaCl, 0.039 M NaH2P04, 0.061 M Na2HP0 4 and 0 . 1% gelatin at 

pH 7. 

Dextran-coated charcoal (DCC) was used to remove unbound 

tritiated steroid from the aqueous phase of the steroid 

radioimmunoassay. DCC contained 0.63% Norit "A" charcoal and 

0.063% dextran in distilled water. The DCC was washed 

repeatedly to remove fine particles. 

lreatment Protocol 

A . Short term studies : Twenty-six day old female rats were 

divided into two treatment groups. Animals in Group P were 
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given a single subcutaneous injection of 8 IU of PMSG while 

those in Group D received 2 mg DES at 0 and 24 h. The animals 

were killed by decapitation at 12, 24, 36 or 48 h and trunk 

blood was collected. Ovaries were removed and cleaned of fat, 

follicles isolated and separated by size, and granulosa cells 

were harvested from follicles of three different sizes as 

described below. 

In the second set of experiments, the rats received DES (0 

and 24 h) or PMSG (0 h), or a combinations of both (PMSG given 

at 26 h , 2 h after the second DES dose) and then hCG or vehicle 

56 h after initial treatment with PMSG or DES. Animals were 

killed at 72 h and the number of oocytes present in the 

oviducts counted as a measure of the ovulation rate. 

A third set of experiments was designed to test the effects 

of relative timings of DES and FSH exposure on the 

steroidogenic capacities of the follicles. The animals received 

t wo DES injections and, in addition , ovine FSH was administered 

either 12 h or 36 h after the first DES injection. The animals 

were killed at 48 h and cell culture studies were done as 

described below. 

B . Long term studies The animals were divided into four 

groups for treatment with 2 mg of DES for four different 

durations of exposure . All animals were killed by 

decapitation at 28 days of age. The treatment groups were 

specified according to the duration of exposure to the 

estrogen and hence the number of DES injections given at 24 

hour intervals. The treatment protocol was as follows : 
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Group 

1 

2 

3 

4 

puration of 

PES exposure 

24 h 

48 h 

72 h 

96 h 

Number of 

injections 

one 

two 

three 

four 

Pay of 

injection (age) 

Day 27 

Days 2 6, 27 

Days 2S, 2 6, 27. 

Days 24,2S,26,27. 

Age of all treatment groups on the day of sacrifice was kept 

constant . 

EXPERIMENTAL METHODS 

I . Fo~~ic~e Iso~ation A method of isolating three sizes 

of follicles from the rat ovary based on the method of Roy & 

Greenwald (198S) later modified (Conway et al., 1990) has 

been further modified for use here. The ovaries of PMSG or DES 

treated rats were manually dissected under the microscope 

into small pieces before exposure to a prewarmed mixture of 

collagenase (1.S ml containing 4800 units) and DNase (O.S ml 

containing 200 units). The ovarian pieces were allowed to 

incubate in the enzyme mixture for a total of 20 minutes at 

37°C with agitation of the mixture at 10 minutes and addition 

of O.S ml of 1.0% BSA in McCoy ' s SA- medium (total volume of 

incubation = 2. S ml) to minimize the collagenase effects 

during the second 10 minutes of incubation. 

At the end of incubation, O.S ml of 1.S% BSA in McCoy ' s 

SA- was added and the tube was centrifuged at 30xg for 4 

minutes at 22°C. The supernatant was discarded and the 

follicles were washed with a mixture of 1% BSA + 1.S% BSA and 
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again with 0.1 % BSA in McCoy ' s SA+, the washing buffer was 

discarded following each centrifugation. This ensured removal 

of any residual collagenase. The follicles were resuspended 

in a measured volume of 0. 1% BSA (approximately 1 ml / tube) 

The mixture, containing follicles of a full range of sizes, 

was then serially filtered through Teflon sieves (Macro 

Filter ; Cole Parmer Instrument Co. Chicago IL) with 

precalibrated pore sizes (410 ~m , 210 ~m and 72 ~m) to give 

three sizes of follicles with approximate diameters <200 ~m, 

200 - 400 ~m and >400 ~m (referred to as small, medium and 

large). Excess filtration buffer was removed by 

centrifugation and the follicles were resuspended in a 

measured volume of 0.1 % BSA McCoy's SA . Aliquots of 50 ~1 

were examined at 40x magnification to determine the follicle 

size range and the number of follicles present. 

II Granu~osa Ce~~ Harvesting : The granulosa cells from 

the isolated follicles were harvested based on modifications 

of the method of Campbell (1979). Isolated follicles in the 

size ranges <200, 200-400, >400 ~m were incubated with 2 ml 

6. 8 mM EGTA buffer containing 0. 2% BSA, for 10 minutes at 

37°C in a 02-co 2 (95:5) atmo sphere. The follicles were 

collected by centrifugation at 65 x g for 5 min at room 

temperature. The resulting pelleted follicles were then 

incubated with 0.5 M sucrose buffer containing 1.8 mM EGTA 

for 5 min at 37°C in a 02-co2 atmosphere. Following the 

incubation, three volumes of 1.8 mM EGTA buffer were added 

and the fractions centrifuged . The supernatant was discarded 
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and the pellet was resuspended with BSA-free buffer and the 

follicles gently pressed with a Teflon pestle to break them 

open and release the granulosa cells. The preparation was 

centrifuged and the supernatant was collected and termed 

" follicular fluid" (see below) . The pellet of granulosa cells 

was resuspended in 0. 2 % BSA and an aliquot was used to 

determine the total number of granulosa cells per fract1on 

and to check viability by Erythrosin B dye exclusion. 

III . Follicular Fluid Collection Following the EGTA

sucrose incubation, isolated follicles were ruptured by 

gently pressing them with pestles. Rupturing released the 

granulosa cells and the antral fluid into 0.5-1 ml of BSA

free buffer. The cells were separated by centrifugation and 

the supernatant was collected as "follicular fluid" (FF). 

IV. Treatment of Follicular Fluid : Follicular fluid was 

subjected to the following treatment (a) stirring with 

charcoal (Norit A, 10 mg/ml of FF) on an ice-bath for 4 h, to 

remove steroids, steroid metabolites, eicosanoids and other 

small molecules. The charcoal was then removed by 

centrifugation and the fluid was filtered through a 0.2 ~m 

Acrodisc filter . An aliquot was set aside for steroid RIA; 

(b) heating to 85°C for 10 min; (c) treating with trypsin (40 

mg/ ml of FF) and then with soyabean trypsin inhibitor (Sigma 

Chemicals; 16 mg /ml) to remove the effects of trypsin on 

granulosa cells in culture. 
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V . Fractionation and Partia~ Purification of 

Fo~~icu~ar F~uid : The follicular fluid was heated to 85°C 

for 10 min and then centrifuged at 7000xg for 15 minutes to 

remove any particulate components. The clear supernatant was 

then serially filtered (by centrifugation) through micro-

concentrators (Centr icon f i l ters1 Ami con 1 Danvers 1 MA) with 

membranes with the following molecular weight cut-off points 

3,000 1 10 1 000 and 30 1 000. This yielded four fractions 

containing proteins in the MW ranges : <3,000, 3,000-101000, 

10,000-30,000 and >30,000. 

VI . Ce~~ Cu~ture to study the effects of FF protein on 

~ong-term thymidine incorporation Isolated granulosa 

cells (0 .125 x 106 cells/0 . 9 ml of cell culture buffer) were 

cultured in a total volume of 1.0 ml/well . The plates, each 

containing 12 1 22.6 mm wells (Gibco), were incubated in 95% 
0 

air:5% C02, under a humidified atmosphere and at 37 C for 36 

h. During this time, the granulosa cells were exposed to the 

FF proteins in different amounts (unfractionated or 

fractionated by MW range) or buffer alone. At the end of the 

36 h period, [3H] thymidine was added (0. 5 J..l.Ci /well in 0.1 ml) 

without removal of FF. After an additional 12 h incubation, 

the cells were first washed three times with McCoy ' s SA 

buffer to remove excess radiolabeled thymidine and then 

removed from the culture wells by treatment with 0.1 M KOH 

containing 1% triton. The cells were transferred to 

polystyrene tubes and the DNA was precipitated by addition of 

1 ml of 10% (w/v) trichloroacetic acid (Fisher Scientific) . 

29 



The radioactivity of the precipitated DNA pellet was counted 

by dissolving the DNA pellet in 10 ml of a mixture of 

Permablend solution (Fisher Scientific; 5.5 gm/L of toulene) 

and triton in the ratio 2:1 (by volume) . The radioactivity 

was counted using the Beckman L800 liquid scintillation 

counter using a single-label DPM program. 

In a separate study, the time of cell culture was 

extended for an additional 48 h (total 96 h) to test for the 

effects of removal of FF protein after the cells were 

incubated with the protein for the first 48 h. Two plates of 

cells were incubated for 48 h, each containing cells treated 

with either buffer alone (control) or with FF protein from 

medium follicles. The first plate was designed to show the 

effects of FF protein during the first 48 h of culture. To 

this plate, radiolabeled thymidine was added at 36 h and the 

culture terminated at 48 h. The second plate was designed to 

show the rate of incorporation after removal of the FF 

protein. After the initial 48 h, the cells in this plate were 

washed twice with cell culture buffer (to remove any FF) and 

cultured for an additional 48 h withoout FF protein, 

[ 3H]thymidine added 12 h before the culture was terminated. 

Viability check of cultured cells : At the end of the 48 

h cell culture period, some plated cells were examined for 

viability to confirm that there had not been significant cell 

death. This was done in the following way : the cells were 

washed three times with Dulbecco' s ca++-Mg++ free buffer 

(Sigma Chemicals, MO) to remove serum. One ml of 0.25% ice-
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cold trypsin solution in 1 mM EDTA (Sigma Chemicals, MO) was 

added and then removed 90 sec later. The plates were then 

incubated at 3 7°C for 2 5 min and 0. 2% BSA in McCoy ' s SA 

medium containing 0.1% soyabean-trypsin inhibitor (Sigma 

Chemicals, MO) was added and the cells dispersed by gentle 

agitation with a Pasteur pipet. The cells were then counted 

and viability checked by Erythrosin dye exclusion. This 

procedure is a modification of the method described by 

Freshney (1987). 

VII . Thymidine Incorporation Short term : 

Proliferative potential of granulosa cells harvested from 

three sizes of follicles after PMSG and different regimens of 

DES treatment was studied by a short-term culture (Roy & 

Greenwald, 198 6) . Viable cells ( 1X1 06) from each follicle 

size were incubated in triplicates (4 h, 37°C) with 1. 0 )lCi 

of [3H] thymidine in 1 ml of ca++-Mg++ free Krebs-Ringer

bicarbonate buffer with 1% BSA and 5 mM EGTA. The incubation 

was terminated by immersing the tubes in an ice bath and 

adding 100 fold excess (1mg/ml) of unlabeled thymidine. The 

cells were washed three times with ice-cold buffer and DNA 

precipited with 10% TCA. The radioactivity of the DNA pellet 

was counted as previously described. 

VIII . Aromatase Assay : Conditions for measuring aromatase 

activity were standardized using different cell 

concentrations and different times of incubation . The enzyme 

reaction was linear when 750,000 viable cells were incubated 

for 60 min at 37°C. Viable granulosa cells from each follicle 
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size and from each treatment group were incubated in the 

aromatase buffer with 0.5 ~M testosterone substrate 

(Schwarzel et al., 1973). The reaction was stopped by placing 

the tubes in boiling water for 5 min. The estrogen produced 

by conversion of the testosterone substrate was extracted 

with diethylether and assayed by RIA. The values obtained 

were expressed as pg estradiol produced per 750,000 viable 

granulosa cells . 

IX . Cell Culture for Steroidogenesis Viable granulosa 

cells were plated at a concentration of 0.5x106 cells / ml / wel l 

and incubated for 36 h with or without FSH (20 ng / ml) under 

the same conditions as described earlier. After 36 h, fresh 

medium containing 0. 5 ~M testosterone as substrate for 

aromatase was added. Control cultures received buffer only. 

After 12 h of incubation, media was collected and assayed for 

estrogen and progesterone content. 

X . Ovulation Studies Ovulation rates were determined 

according to the methods of Burdick and Whitney (1941). The 

ovaries were removed and cleaned of fat and the oviducts were 

excised and compressed between two glass slides. The oviducts 

were viewed at lOOx magnification under reduced light and the 

number of oocytes (surrounded with cumulus cells) was 

counted . The number of abnormal ova indicating cleaved 

(parthenogenic) ova or ova lacking cumulus cells was also 

recorded. 
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Polyacrylamide Gel Electrophoresis 

One-dimensional polyacrylamide gel electrophoresis was 

done under denaturing (with SDS 1 sodium dodecyl sulphate, 

SDS-PAGE) and also under non-denaturing conditions (NO-PAGE) 

according to the methods described by Laemmli (1970) and 

Maizel (1974) using lmmxl6mm gels. Resolving gels contained 

18% acrylamide. Stacking gels were 4% acrylamide and measured 

2 em. The composition of the gels and buffer systems used 

have been described below : 

A. Buffers and Solutions: 

!.Separating Gel Buffer : 1.5 M Tris. HC1 1 pH 8.8 

18.2 gm of Tris (Schwarz-Mann Inc., NY) were dissolved in 

50 ml of distilled de-ionized water (ddH20) 1 pH was 

adjusted to 8.8 and final volume was adjusted to 100 ml 

with ddH20. 

2. Stacking Gel Buffer : 0.5 M Tris. HCl, pH 6.6. 

6.06 Gm of Tris were dissolved in 50 ml of distilled de

ionized water (ddH20) 1 pH was adjusted to 6. 6 and final 

volume was adjusted to 100 ml with ddH20. 

3. Running Buffer : Tris-Glycine buffer, pH 8.3, 

[stored at 4°C) 

Tris 

Glycine 

SDS * 

12.0 gm (0.5 M) 

57.0 gm (0.38 M) 

4.0 gm (0.2 %) 

[* Omitted for non-denaturing PAGE) 

4 Liters 
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4. SpS- Sample buffer with Bromophenol Blue (pH 7.5) 

Tris.HCl (50 roM) . • .........•. • ... • 0.6 gm 

Glycerol (10 %) ....... 0. 0 ••• 0 0 0 0 •••• 10.0 ml 

KCl (100 roM). o. o. o o o. o. o o .. o. o o o ... 0. 75 gm 

SDS ( 5 %) ... o ........... o ........... 5 . 0 gm 

Mercaptoethanol (5%) .. . . . ... . . . ... . 5 . 0 ml 

Bromophenol blue (0.1%) ............ 20 mg 

Tris, KCl and SDS were dissolved in 50 ml of ddH20 and 

pH was adjusted to 7.5. Mercaptoethanol and glycerol were 

added and the final volume was adjusted to 100 mlo 

Bromophenol blue was dissolved in the final solution. 

5. Sample buffer for non-denaturing PAGE was prepared in the 

same way as above omitting the SDS and mercaptoethanol. 

6. Coomassie Blue Stain : 1 Liter 

Coomassie Blue R-250 (Bio-Rad) ....... 0.1 gm (0.1 %) 

Methanol ............................. 400 ml (40 %) 

Glacial acetic acid ............ . ... . . 100 ml (10 %) 

dd H20 ............................... 500 ml 

The stain was dissolved in methanol, water was then added 

followed by acetic acid just prior to staining the gel. 

The solution was filtered through Whatman # 1 paper. 

7. Pestaining Solution : 3 Liters 

Methanol ................ 0 •••••••• 900 ml (30 %) 

Glacial acetic acid . ............. 300 ml (10%) 

dd H20 ................. . . . ....... 1800 ml 
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8. Stock Solutions for Gel : 

(a) 30 % Acrylamide solution was prepared by dissolving 

30 gm of acrylamide (Bio-Rad Chemicals, CA) and 

0.8 gm bis-acrylamide (Bio-Rad) 

in 100 ml of ddH20 and filtering the solution through 

Whatman #1 filter paper. 

(b) 10 % Soduim Dodecyl Sulphate (Bio-Rad Chemicals, CA) 

was prepared by dissolving 10 gm of SDS in 100 ml of 

ddH20 and filtering through a Whatman ~1 paper. 

(c) Ammonium Persulfate solution as catalyst (10%) 

1 gm of ammonium persulfate (Bio-Rad Chemicals, CA) 

was dissolved in 10 ml of ddH20. This solution was 

prepared fresh everytime. 

B. Preparation of Gels 

I. Resolving Gel (18%> for SDS-PAGE : 

SPS-PAGE 

1.5 M Tris.HCl (pH 8.8) ....... 18 ml 

10 % SDS . . . . . . . . . . . . . . . . . . . . . . 700 J.Ll 

30% Acrylamide .... . . . ......... 42.0 ml 

dd H20 . . . . . . . . . . . . . . . . . . . . . . . . 9 . 5 ml 

The above mixture was subjected to vacuum for 

15 min to remove air bubbles and then the 

following were added : 

10% Ammonium persulfate . . . . . . . . 200 J.Ll 

TEMED (Bio-Rad, CA) . . . . . . . . . . . . . 4 0 J.Ll 

NO-PAGE 

18 ml 

OMITTED 

45 ml 

10 ml 

250 Ill 

40 J.Ll 
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II. Stacking Gel : (4%) 

0.5 M Tris . HCl (pH 6.6) .......... 10 ml 

30% Acrylamide .................... 6 ml 

10% SDS . ................. . ... . .... 400 j..Ll 

ddH20 .............................. 22 ml 

The above mixture was similarly subjected to 

vacuum for 15 min and was mixed with 

10% Ammonium persulfate . . . . . . . . . . . . 80 j..Ll 

TEMED .................. . ........... 100 j..Ll 

For non-denaturing PAGE, SDS was omitted. 

C. Standards 

I . For SQS-PAGE Two sets of standards appropriate for SDS

PAGE were used 

1 . Bio-Rad Low MW Markers (MW in parenthesis); 

Phosphorylase B, rabbit muscle (97,400) 

Albumin, bovine serum (66,000) 

Ovalbumin (42,900) 

Carbonic Anhydrase (31,000) 

Soyabean Trypsin Inhibitor (21,500) 

Lysozyme (14,400) 

2 . Sigma MW-SpS-70L (Dalton VII L; Sigma Chemicals, MO) 

Albumin, bovine serum (66,000) 

Albumin, chicken egg (45,000) 

Glyceraldehyde 3-Phosphate Dehydrogenase (36,000) 

Carbonic Anhydrase, bovine erythrocytes (29,000) 

Trypsinogen, PMSF treated (24,000) 

Soyabean trypsin Inhibitor (21,000) 
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alpha-Lactalbumin, bovine milk (14,200) 

3. A third set of standards for gel filtration GF-70 

(Sigma Chemicals, MO) were also used, containing : 

Albumin, bovine serum. (66,000) 

Carbonic Anhydrase (29,000) 

Cytochrome C (12,500) 

Aprotinin (6,500) 

Preparat i on of standards : The first two sets of standards 

were dissolved in SOS-sample buffer with bromophenol blue 

according to instructions accompanying the MW marker Kits. 

The volume to be loaded onto gel wells (20 Jl l of each 

standard) was heated to 100°C for 5 min and cooled. 

For the third set of standards, 1 mg of each protein was 

dissolved separately in 0.5 ml of NO-PAGE sample buffer and 

10 JlL of each were mixed with 40 Jll of SOS-sample buffer with 

bromophenol blue and heated to 100°C for 5 minutes. 

II . For NO-PAGE : Two sets of standards were used 

1. Sigma MW-N0-500 (Sigma Chemicals, MO) 

Albumin, bovine serum (66,000) 

Albumin, chicken egg (45,000) 

Carbonic Anhydrase, bovine erythrocytes (29,000) 

alpha-Lactalbumin, bovine milk (14,200) 

2. Sigma GF-70 (described above) 

Preparation of standards : The first set of standards was 

prepared by dissoving a mixture of 1 mg each of the four 

proteins in 1 ml of NO-PAGE buffer and 20 Jl l of the mixed 

solution was loaded on the wells. The second set of standards 
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was prepared as described above in NO-PAGE sample buffer only 

and a mixture of 15 ~1 of each was loaded on to the gels. 

D. Preparation of Samples 

For SOS-PAGE Partially purified FF protein samples 

(containing 40-80 ~g of proteins) were lyophilized and 

dissolved in 30 ~1 of SOS sample buffer with bromphenol blue. 

The solutions were heated to 100°C for 5 min. 

Fo r NO-PAGE Partially purified FF protein samples were 

mixed with 10% glycerol ( 30 ~1/ 300 ~1 of FF fraction) and 

0 . 1% of bromphenol blue (10 ~1 of a stock solution containing 

3 grn/rnl) This mixture was directly loaded into 1 ern wide 

wells. 

E. Method : To separate FF proteins electrophoretically, a 

current of 30-50 rnA was applied per gel until the tracking 

dye reached the bottom edge of the gel (about 3-4 h) . For the 

NO-PAGE, prior to application of samples, the gels were 

conditioned by pre-electrophoresis for 1 hour to remove the 

harmful agents used in acrylarnide polymerization. 

Gels were stained for 3 h with Coornassie Blue stain and 

then destained. For the NO-PAGE, the whole gel was sliced 

longitudinally into two halves, one containing the lanes with 

the standards and the other with lanes containing the FF 

proteins. The half containing the standards was stained . The 

remaining half was quickly frozen on dry ice for subsequent 

bioassay of eluted proteins. 
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F I A:s:say for activity of protein:s :separated by NO-PAGE 

The activity of proteins localized on NO-Polyacrylamide 

gels was tested based on their ability to affect 

incorporation of thymidine into granulosa cell DNA in a 

short-term bioassay (4 h) . The frozen gel was sectioned into 

1 mm slices using a Mickles Gel Slicer (Brinkman Instruments , 

NY) and the slices were transferred to 10x75 mm g l ass tubes 

(5 slices I tube) 

(McCoy ' s SA with 

containing 700 ~1 of cell culture buffer 

1% fetal calf serum) . The tubes were 

incubated at 37°C with gentle shaking for 6 h to elute the 

protein. 

Aliquots of 500 ~1 of the buffer containing the eluted 

proteins were added to 400 ~1 of cell suspension containing 

0.125xl06 viable granulosa cells. The cells were incubated 

with the eluted FF proteins for 4 h at 37oc and then 

[3H]thymidine was added (0.5 ~Ci/well in 0.1 ml) and 

incubation was continued for another 4 h. Incubation was 

terminated and the incorporation rate was measured as 

described before . 

ASSAYS 

I I Lowry Protein Assay 

Tissue protein content was determined by the method of 

Lowry et al , (1951) modified for detecting small amopnts of 

protein. Five reagents were used. 

Reagent A: 2.0% Na2co3 in 0 . 1 N NaOH 

Reagent B: 1 . 25 gm CuC04 .SH20 in 250 ml distilled water 
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Reagent C : 1.0% sodium-potassium-tartrate 

Reagent 0 : 50 ml of A+ 0.5 ml B + 0.5 ml C 

Reagent E: Folen-Ciocalteu reagent diluted 1: 1 with 

distilled water to yield 1N solution. 

Reagents 0 and E were prepared fresh immediately prior to 

use. 

A standard line was constructed using bovine serum 

albumin (5 to 50 J..Lg). Samples were diluted to 100 J..L l using 

distilled water and 1 ml of reagent D was added. The tubes 

0 
were mixed and incubated for 15 min at 22 C after which 100 

J..L l of reagent E was added to each tube, followed by mixing 

0 

and incubated at 70 C for 3 min. Absorbance was measured at 

750 nm after 30 minutes . 

A standard line was generated by linear regression 

plotting absorbance at 750 nm against J..Lg protein. The 

correlation coefficient of this line was routinely greater 

than 0.98. The protein content of the samples was determined 

by comparing the absorption at 750 nm to that of the 

standard. 

II. Burton DNA Determination~ 

The DNA content of granulosa cell nuclei was determined 

by a modification of the method of Burton (1956) using the 

diphenylamine reaction to detect deoxyribose after nucleic 

acid hydrolysis with perchloric acid (PCA) 
0 

at 70 C. Three 

reagents were used: 

Reagent A: 144 J..L l of pure acetaldehyde diluted in 

9.86 ml water. 



Reagent B: 1.5 gm diphenylamine dissolved in 100 ml 

glacial acetic acid and 1. 5 ml 36 N H2 so 4 was 

added. 

Reagent C: 0.5 ml A + 99.5 ml B 

DNA (calf liver) stock solution was prepared in 0.005 N 

0 
NaOH (250 ~g/ml) and stored at 4 C. Four milliliters of DNA 

stock solution was combined with 1 ml of 1 N PCA and the 

solution heated for 20 minutes at 70°C. A standard curve was 

constructed ranging from 5 to 150 ~g DNA per tube with a 

final volume of 1 ml in each standard tube using appropriate 

volumes of PCA:NaOH (1 : 1, 1 N PCA: 0.005 N NaOH). 

The DNA content of whole granulosa cells and follicle 

homogenates was determined . After diluting the samples to 1.0 

ml with distilled water, the DNA and protein in each tube 

were precipitated by the addition of 1.0 ml of 0.5 N PCA. 

Each tube was mixed and incubated at 4°C for 45 minutes. 

Tubes were then centrifuged at 860 x g for 10 minutes , 

supernatants were discarded, and 1. 2 ml PCA : NaOH (1: 1, 1 N 

PCA : 0.005 N NaOH) was added per tube. Samples were mixed, 

0 

incubated at 70 C for 20 minutes and centrifuged at 860 x g 

for 10 minutes. One ml aliquots of the supernatant were 

removed for DNA analysis as described above. 

A standard line was generated by a linear regression 

program which plotted absorbance at 600 nm against ~g DNA. 

The correlation coefficient of this line was routinely 

greater than 0.99. DNA content of the samples were determined 

41 



by comparing their absorption at 600 nm to that of the 

standards. 

III. Measurements of Steroids 

A . Extraction of Steroids from Serum or Culture 

Medium : Steroids were extracted from serum and tissue 

homogenates by mixing 0.1 to 0.5 ml aliquots with 5 ml of 

diethyl ether . These samples were vigorously mixed for two 

minutes and after the phases had separated, the aqueous phase 

was frozen in a methanol/dry ice bath. The resulting ether 

phase , containing the steroids, was decanted and evaporated 

under a light stream of nitrogen . The resulting residue was 

then reconstituted in steroid RIA buffer and assayed for 

steroid content . 

B . Radioimmunoassay (RIA) of Steroids : Once the sample 

was extracted, aliquots were diluted for assay. For the cell 

culture studies, the RIA was done directly with the culture 

medium as comparison of measurements with extracted and 

unextracted media showed no significant differences . 

Antibodies utilized included MCG 03 for progesterone (cross

reactivity was 1% with both deoxycorticosterone and 

corticosterone while cross-reactivity was <1 % for androgens, 

estrogens and 20a -dihydroprogestrone), Collins PG - E2K for 

estradiol (cross - reactivity was 90% with estrone and 9% with 

estriol while cross - reactivity was <1% for androgens and 

progestins), 

antibody was 

incubation at 

(Parker et al . , 1975) A standard amount of 

added to each tube followed by a one hour 

4°C . [3H] -steroid was next added and another 
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one hour incubation followed. Bound and free [3H] -steroid 

were separated with dextran-coated charcoal and 

centrifugation with the resulting supernatants, containing 

the bound steroid, counted in toluene based scintillation 

cocktail. The standard curves for these steroids ranged from 

5 pg to 1,000 pg. The steroid content of unknown samples was 

measured using a RIA data reduction program which gave a 

linear fitted standard curve with 95% confidence intervals. 

The linear part of the curve was between 15 pg and 250 pg per 

tube. 

IY . Measurement of Gonadotropins 

Gonadotropin Radioimmunoassay : Concentrations of LH and 

FSH in serum samples were determined by the double-antibody 

RIA method as described by O' Conner et al. (1982) and Rao and 

Mahesh (1986). Purified LH and FSH standards and first 

antibody for LH (NIAMDD-rLH-S7; final dilution of 1:234,125) 

and FSH (NIAMDD-rFSH-S11; final dilution of 1 : 125 , 000) were 

obtained from the Rat Pituitary Distribution Program of the 

National Institute of Arthritis, Metabolism and Digestive 

Diseases (NIAMDD) and the second antibody (dilution = 1 : 250) 

was purchased from Arnell Inc. (Brooklyn, NY). A modification 

of the chloramine-T method of Greenwood et al. (1963) was 

used to iodinate the purified LH and FSH. Separation of 

labeled hormone from unlabeled hormone was achieved using gel 

filtration through a column of Sephadex G-100. This method 

generally yielded a specific activity in the range of 25-50 

~Ci/~g for 125I-LH and in the range of 65-90 ~Ci /~g for 125r-
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FSH. The labeled gonadotropin was diluted with gonadotropin 

binding buffer containing 1.0% BSA to a final concentratio n 

of 30,000 cpm/ 0.1ml. 

The assay was linear in the range of 1-256 ng / tube for LH 

and 4-512 ng / tube for FSH with percentage bindings of 16-20% 

and 25-30 % respectively. The intra- and interassay 

variations, determined by analysis of replicate serum pool 

samples , were 6 . 2% and 11 . 6 % for FSH and 7.4% and 10 . 9% for 

LH, respectively. Hormone levels were expressed in terms of 

the NIAMDD-rLH-S7 (dilution = 1:234, 125) for LH and NIAMDD

rFSH-Sll (dilution= 1 : 125,000) for FSH. 

STATISTICAL ANALYSIS Results were analyzed by one-way 

and two-way analysis of variance (ANOVA) and Tukey ' s multiple 

range test using the STATGRAPHICS statistical programme 

(Statistical Graphics Corp, STSC, Inc.). Results were 

analyzed either between time points within a particul r 

follicle size or between follicle sizes at any one particular 

time point (as indicated in Figures) and values were 

considered significant at an alpha level of 0 . 05-0 . 01. 
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RESULTS 

I. Development of model to study the effects of DES on 

follicle development: 

A. Treatment Schedule : Earlier reports about the effects 

of estrogens on follicle development are conflicting. It is 

not clear from these earlier studies the extent to which 

estrogens alter the follicular growth process directly. As 

discussed in the Introductory section, the main factor 

determining the nature of the estrogen effect is the duration 

of estrogen exposure. As such, the studies outlined in this 

project have been designed to test the effects of short term 

exposure (0-48 h) and long term exposure (48-96 h) on various 

parameters of follicle development. In order to do this, 

intact immature rats were treated with DES for different time 

periods as outlined in Table 1. This table presents the type 

of studies done and the other treatment protocols with 

additional hormones used either for comparative purposes 

(PMSG) or to study differentiative responsiveness to hormones 

such as FSH or hCG . Figure 5 

experimental protocol. 

outlines the sequential 

B. Use of the PMSG model Intact immature rats, when 

treated with PMSG, show rapid follicle development within 72 
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Table 1 : Treatment protocol used for the short and 

long term studies with DES . 

In the first set of short term studies designed to 

test responsiveness to FSH, there were three groups 

1) PMSG only , 2) DES only , 3) DES with FSH at 

either 12 hours or at 36 hours after the first DES 

injection 

In the second set of short term studies designed to 

test ovulatory response to hCG, there were also 

three groups : 1) PMSG only (0 hours); 2) DES only 

(0 and 24 hours), 3) DES (0 and 24 hours} + PMSG 

(26 hours) . The "Time of kills " represents the time 

after the first injection, either with DES or PMSG. 

The "Number of Injections " correspond to the number 

of each type of hormone injections administered at 

the corresponding time. 

Abbreviations : [3H]TdR - [3H] thymidine 

FF - follicular fluid 



SHORT TERM DES EFFECTS : 

Treatment (vivo) Time of No. of injections Time of kill Type of study 
1st 2nd lnject.(hours) (each treatment) (Day 28) 

1.PMSG - 0 one 48 hours [3H]TdR incorporation 
Aromatase activity 

2.DES- 0,24 two 12, 24,36 &48 FSH response in vitro 

--------------------------------- ------------------------ --------------------------- ------------------------ ------------------------------------------------

3.DES 0,24 two 
+ FSH 12 or 36 One/two 48 hours FSH response in vivo. 

---------------------------------------------------------- --------------------------- ------------------------ ------------------------------------------------
OVULATION STUDIES: 
4.PMSG - 0 one 

+ hCG 56 one 72 hours Ova count 

5.DES 0,24 two 
+ hCG 56 one 72 hours Ova count 

6.DES 0 & 24 two 
+ PMSG 26 one 
+ hCG 82 one 96 hours Ova count 

LONG IERM EEFEQIS ; 
DES ONLY I. 0 one 24 hours [3H]TdR incorp. 

II. 0 & 24 two 48 hours Aromatase 
Ill. 0,24 & 48 three 72 hours FF analysis &its effects 
IV. 0,24,48 & 72 four 96 hours 



Figure 5 Schematic of experimental protocol . 

This Figure outlines the experimental 

protocol followed in the present study . 

Abbreviations : TdR - [3H]thymidine ; 

PAGE -polyacrylamide gel electrophoresis. 
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h mainly due to the FSH component in PMSG. This development 

has been shown to be comparable to normal follicle 

development (Parker et al., 1976). As such, this model will 

serve as a basis for comparison between short term DES 

effects and normal follicle development. 

The relative sequence of changes occuring with time 

after treatment in the two models used is shown in Figure 6. 

It also shows how the two models compare to the events in the 

normal four day cycle of the rat. In the normal cycle (upper 

panel), rapid follicular growth takes place during metestrus, 

diestrus and proestrus (days 1-3), with estradiol levels 

rising to high levels on late diestrus and proestrus (Days 2 

and 3) The gonadotropin surges occur on the afternoon of 

proestrus (Day 3), causing ovulation approximately 10-14 h 

later on estrus (Day 4). 

The ovaries of intact 24 to 28 day old rats contain 

follicles in all stages of development and these follicles 

can be stimulated to grow and ovulate by administering 

exogenous FSH or PMSG. Following PMSG treatment at 0 h on Day 

1 (middle panel), follicular growth and differentiation take 

place during the first 48 h (Days 1-3) . Estradiol levels rise 

between 24-48 h (Day 2 and 3 of treatment) and the 

gonadotropin surges, occuring between 56-60 h (Day 3, Conway 

et al,. 1990) cause ovulations at 72 h (Day 4). 

When DES is given on Day 1 (0 h) and also on Day 2 (24 

h), follicle growth takes place for the first 48 
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Figure 6 Schematic of t hree main events during the 

reproductive cycle in the rat . 

Figure shows the relative time course of follicle 

growth , gonadotropin surges and rise in estradiol 

levels in the normal four day cycle (upper panel). 

The two other panels show how the treatment models 

used in the present study compare with the t~~ing 

of events in the normal cycle (see text). The lower 

panel shows rise in DES levels after 1 and 2 

injections. 

Abbreviations M - metestrus; 0 - diestrus, 

P - proestrus, E - estrus 
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h, as reported earlier in ovarian weight gain studies 

(Goldenberg et al . ,1972) Estrogen levels are elevated 

between 12-36 h (Days 2 and 3 of treatment) and gonadotropin 

surges take place at 36 h (see below) . Hence, it is apparent 

from this Figure that the total duration of high estrogenic 

exposure following DES treatment is comparable to that seen 

in normal and PMSG treated rats. The difference however, is 

that in the DES model, estrogen exposure occurs even earlier 

and precedes gonadotropin exposure, whereas in the other two 

models, gonadotropin exposure is either concurrent with 

(normal) or prior to (PMSG) the exposure to estrogen. As 

such, the results in the present studies can be interpreted 

as altered follicle development following pre-exposure to the 

estrogen. 

C. Follicle isolation by size As previously discussed, 

the stage of development of a follicle is directly related to 

its size. Smaller follicles (with diameters < 200 ~m in the 

rat) have cells that have very high proliferative potential 

and little or no differentiative function. Larger follicles 

(>400 ~m), on the other hand, have just the reverse 

characteristics (Hirshfield and Schmidt, 1987). The 

intermediate stages ( 200-4 00 ~m) however, are even more 

significant since at this stage, two important events occur. 

Transition takes place from proliferation to differentiation 

and secondly, 99 ¥ of the growing follicles stop developing 

and undergo atresia . 
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Figure 7 Photomicrographs of isolated follicles 

A small follicles (<200 ~m) 

B medium follicles (200 - 400 ~m) 

C large follicles (>400 ~m) 

All photographs have been taken at the same 

magnification and the solid bar in Figure 7C 

represents 400 ~m. 
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Since the developmental parameters change with size, it 

was necessary to study the differential effects of DES on the 

three important size ranges. A procedu t·e for isolating 

follicles of the size ranges <200 ~m, 200-400 ~m and >400 ~m, 

developed by Conway et al., ( 1990) has been modified for use 

and Figure 7 shows the relative sizes and purity of the 

isolated follicles. 

D. Follicle number and Granulo:sa cell number : 

The number of isolated follicles (Table 2A) in each size 

range at 24 and 48 h after DES (Group D) and PMSG (Group P) 

was counted to validate the isolation technique by comparison 

with previously reported values. The number of medium 

follicles at 48 h in Group D was significantly increased as 

compared to the number at 2 4 h. In Group P however, the 

number of mediu.n follicles was significantly higher at 24 h. 

No significant changes were seen in the other two size ranges 

or in the total number of follicles. 

The number of granulosa cells (Table 2B) in Group D was 

significantly increased for the medium follicles at 36 and 48 

h and for the large follicles at 48 h, when compared to the 

other time points. In Group P, significantly higher numbers 

of cells were isolated at 12 h for the small follicles and at 

24 h for the medium follicles. Furthermore, at 48 h, total 

granulosa cell number was higher in Group D (5.6x106) than in 

Group P (3.lxl06) , showing the strong mitogenic effect of the 

estrogen . 
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Table 2 The number of follicles and granulosa cells 

isolated by collagenase - DNAse digestion. 

Table lA shows the number of follicles I ovary 

isolated from rats in Groups D (DES-treated) and P 

(PMSG-treated) at 24 and 48 hours after initial 

treatment. Table lB shows the number of granulosa 

cells I follicle size obtained from the three sizes 

of follicles 12, 24, 36 and 48 hours after initial 

treatment with DES (0) or PMSG (P) . Values are mean 

± SEM from 4 experiments, each with pooled ovaries 

from 10-15 animals. For Table 2A, * P<0.01 compared 

with values at the other time point. F9r Table 2B, 

values with asterisks are significantly different 

(P<O. 05) from values at other time points within 

the same follicle size. When more than one value is 

significantly different, those having similar 

supersripts are significantly different from each 

other also (P<0.01). 



Group 

D 

p 

Group 

D 

p 

Follicle 
size 

Small 

Medium 

Large 

Small 

Medium 

Large 

Fn!licie 
size 

Small 

Medium 

Large 

Small 

Medium 

Large 

Table 2A 

Iim~ aft~r ~atm~nt 

24 h 48 h 

120±17 137±13 

34± 8 65±7* 

2± 1 5±2 

147±26 194±16 

58±8* 38± 6 

5±2 8± 3 

l:Atll~ 2B 

Iime after trearrnem 

12h 24h 36h 48h 

(Granulosa cell number X 1 06) 
1.5±0.3 0.9±0.1 0.7±0.2 0.9±0.1 

1.3±0.2 2.1±0.1 2.8±0.1 a 3.8 ±0.43 

0.9±0.2 0.85±0.1 0.95±0.1 1.85±0.1 * 

1.5±0.2* 1.0±0.1 0.9±0.1 0.5±0.1 

1.8±0.2 2.9±0.2* 2.0±0.1 1.8±0.1 

0.5± 0.2 0.9±0.1 0.8±0.1 0.6±0.1 

----- ------------ = ----- -------- ----------------
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II . Standardization of in yitro bioassays for measuring 

granulo~a cell proliferation and differentiation : 

A. Thymidine incorporation into granulo~a cell DNA 

The proliferative potential of granulosa cells was 

determined by measuring incorporation of [3H]thymidine into 

granulosa cell DNA. Conditions for this assay were optimized 

in two ways : (i) The time of incubation of cells with 

[3H]thymidine was optimized by measuring incorporation rates 

after incubation periods of 2, 4 and 6 h. The results (Figure 

8A) show that 4 h was the optimal duration of incubation, 

particularly for the PMSG treated cells. 

(ii) Methods of expression of incorporation rates were 

also compared. Figure 88 shows that the pattern of 

[ 3H] thymidine incorporation was the same when rates were 

expressed as DPM/ lxl06 viable cells and as DPM/ j..lg of DNA . 

Therefore, all subsequent results have been expressed as 

DPM/lxl06 viable cells . 

Non-specific thymidine incorporation rates were measured 

by incubating one million cells killed by heating to 100°C for 

5 min. Rates were found to be very low (1985 ± 89 DPM I lxl06 

cells) . 

B. Aromata~e assay : The activity of the enzyme aromatase 

was measured as an indicator of cell differentia~ion by 

determining the capacity of the cells to convert exogenous 

testosterone to estradiol. The assay was standardized by 

54 



Figure 8 Standardization of in vitro assays for 

measurement of thymidine incorporation and 

aromatase activity . 

All the cells used in the these studies were 

obtained from whole ovaries (not from individual 

follicle sizes) by puncturing and pressing ovaries 

after 

shows 

incubating with EGTA and sucrose. 

[ 3H] thymidine incorporation for 2 I 

Fig . 8A 

4 and 6 

hour incubations in granulosa cells isolated :rom 

DES and PMSG treated ovaries at 48 hours after 

treatment. 

Fig 88 shows the comparative pattern of thymidine 

incorporation when expressed as DPM per million 

viable cells and as DPM per J.Lg of DNA in vehicle 

(CONT) 1 DES or PMSG treated ovaries. 

Fig 8C shows aromatase activity in three different 

concentrations of viable cells over four time 

periods of incubation in PMSG-t rea ted granulosa 

cells also at 48 hours after treatment. 
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using three different concentrations of granulosa cells from 

PMSG treated rats and four incubation time periods. Figure 8C 

shows that incubation of 7 50, 000 viable cells for various 

time periods yielded a linear relationship between estradiol 

produced and the time of incubation. With cell concentrations 

of half- and one million, the estradiol production tapered 

off with time, particularly between 60 and 120 min. Estrogen 

content of cells at Time 0 and that in the same number of 

heat-denatured cells, was very low. These values were 

subtracted from the final values of estrogen measured at the 

end of the 60 minute incubation period to give the estrogen 

produced during the incubation. 

III. SHORT TERM EFFECTS OF DIETHYLSTILBESTROL ON THE 

OVA R X : ..~o.<....,1...,2u,:..._.-2L..;l4L.I,:..._.-3u6'---¥at.&;n:.Jid...__,4...,8.___...,b'---ox.af---:e"xQ.II:p.JIIo...,suui&Jr~o..:eliiU..) 

1. Thymidine incorporation into granulosa cells : 

In these studies , the proliferative potential of 

granulosa cells was measured in terms of thymidine 

incorporation in a short term assay for 4 h. Figure 9 shows 

the rates of [3H)thymidine incorporation 12, 24, 36 and 48 h 

after DES and PMSG (inset) treatment. In Group D, small 

follicles are stimulated to the same extent at all time 

points while rates of incorporation are significantly 

increased only at 48 h in the medium and large follicles. 

These findings are similar to observations made in follicle 

number and granulosa cell number presented in Table 2A. In 
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Figure 9 Short term effect of DES on thymidine 

incorporation 

Incorporation of [3H] thymidine into DNA of granulosa 

cells from 3 sizes of follicles isolated from ovaries of 

rats treated with DES and PMSG (inset) for 12 , 24 , 36 

and 48 h . Each value represents mean ± SEM of values 

from 3 (12 h) , 4 (24 h), 2 (36 h) and 4 (48 h) 

experiments , each with pooled ovaries from 10-15 rat:s 

for each time point. Significantly different values have 

been denoted by asterisks and the alpha levels a~e as 

follows 

Group p P<0 . 01 for small follicles at both 12 h and 36 

h compared to values for medium and large follicles at 

the same times points . 

P<0.01 for medium follicles at 48 h compared to values 

at other time points . 

P<O. 05 for large follicles at 4 8 hours compared to 

values at other time points. 

Group P P<0 . 01 for small, medium and large follicles 

at 12 h when compared to respective values at the ot:he~ 

time points . 

P<O . 01 for medium follicles at 24 hours compared to 

values at other time points as well as to other sizes 

at the same t ime point , i . e . 24h . 
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Figure 10 Aromatase activity of granulosa cells 

after short term exposure to DES . 

Aromatase activity of granulosa cells from 

follicles of 3 sizes isolated from ovaries of racs 

treated with DES (a) or PMSG (b) . The ovaries were 

collected at various times after initial treatment, 

granulosa cells were harvested from isolated 

follicles and incubated with testosterone. The 

estradiol formed was measured by RIA. Each value 

represents mean ± SEM of values from 3 experimencs, 

each with pooled ovaries from 10-15 rats per 

treatment group per time point. Values are 

significantly different for large follicles in 

Group P between time points and have been denoted 

by asterisks (P < 0.01) . 
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Group P however, the pattern of incorporation was different. 

Small follicles were stimulated maximally at 12 h and medium 

ones at 24 h. Rates of incorporation declined thereafter with 

time in all follicle sizes. Granulosa cell number shown in 

Table 28 showed similar trends. 

2. Aromatase actiyity 

Aromatase activity (Figure 10) in granulosa cells from 

follicles in Group D (A) was significantly lower than that in 

Group P. The range of estrogen production in Group D was from 

a minimum of 7.8 ± 3.2 pg/ million viable cells in the small 

follicles at 12 h to a maximum of 142 ± 13 pg/million viable 

cells in the large follicles at 48 h. In Group P, estrogen 

product ion increased with time, especially in the large 

follicles (B) . In this group, the amounts of estradiol 

produced were higher in the small and medium follicles at 48 

h when compared to the 12, 24 and 36 h time points. 

3. Serum and follicular fluid steroid levels 

A . Serum estradiol and progesterone concentrations 

Serum estradiol concentrations (Figure 11A) in Group D 

animals remained unchanged with time, while those in Group P 

gradually increased with time (Figure 11A) In Group D, there 

was a peak in progesterone levels at 36 h with no significant 

changes at other time points (Figure 118). Proqesterone 

concentrations in Group P did not change significantly with 

time. 
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Figure 11 Serum estradiol and 

short 

progesterone 

concentrations 

treatment . 

Serum estradiol 

concentrations in 

after term DES 

(A) and progesterone (B) 

rats 12, 24, 36 and 48 h after 

treatment with either PMSG or DES. Each bar 

represents mean ± SEM of two experiments, each with 

9 rats per treatment group per time point (N=l8) 

Asterisks denote significantly different values (P< 

0.01) compared to controls. 
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Table 3 Fo llicular fluid stero id content 

Follicular fluid estradiol content (A) and 

progesterone content (B) , after 12, 

hours of treatment with DES (D) or 

24, 36 and 48 

PMSG (P) . All 

values, expressed as pg/million granulosa cells, 

are mean ± SEM of 3 experiments, each with pooled 

ovaries from 10-15 animals. Values significantly 

different between time points for a particular 

follicle size in a treatment group have been 

denoted by asterisks (P<0.05), when only one value 

is significantly different among 4 values. When 

more than one value is different, significance has 

been denoted by supercripts and values with similar 

superscripts are significantly different from each 

other (P<0.01) as well as from the other remaining 

values for that follicle size. 
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Table 3. 

Time after treaunent 

12 h 24h 36h 48h 

A. Estradiol (pg!one million granulosa cells) 

Small 2,3±0.6 5.6±1 8. 1±1.5 7.2±2· 

Group D Medium 3.7±.9 7.8±2 6.6±1.8 13.0±2.5* 

Large 13±2.5 18±3.6 19±3 29±2.9* 

Small 32±63 78±113 140±123 262±213 

Group P Medium 85±10 95±9 310±3Ib 209±23b 

Large 114±13C 581±33 634±41 1178±56C 

B. Proeesterone (pg!million granulosa cells) 

Small 339±32 262±21 1488±85* 362±45 

Group D Medium 297±12 209±36 1283±46* 312±22 

Large 770±76C 321±33 1275±96C 412±65 

Small 73±9 299±21* 33±5 52±18 

Group P Medium 56±8 141±21d 67±7 13±5d 

Large 131±17e 238±11 e 83±12e 32±8e 



B . Fo~~icu~ar estrogen and progesterone content . : 

Follicular estrogen content (Table 3A) was significantly 

lower in Group D in all follicle sizes and time points when 

compared to estrogen content in Group P follicles. However, in 

Group D, estradiol content did increase in the medium and large 

follicles at 4 8 hours. In Group P, maximal increase in 

estradiol content was seen in the large follicles, particularly 

at 4 8 hours. In contrast, progesterone content (Table 3B) was 

significantly higher in Group D than in Group P, particularly 

at 36 and 48 h. Progesterone content was, however, low at 48 h 

in Group P at 48 h. 

4. Responsiveness to FSH in yitro and in yiyo 

A . Effects of FSH in vitro on steroidogenesis . 

Estrogen (A) and progesterone (B) production by granulosa 

cells exposed to FSH in culture are shown in Figure 12. For 

simplicity of presentation, values at 12-24 h and 36-48 h (for 

each follicle size and each treatment group) were combined as 

they were found not to be significantly different. When the 

control estrogen production values 

for each follicle size in Groups 

(Figure 12A) were compared 

D and P, there were no 

significant differences at 12-24 h but significant differences 

(a) were present at 36-48 h. Group P medium and large follicles 

produced greater amounts of estrogen. When FSH-stimulated 

estrogen production was compared, responses were significantly 

greater (b) in Group P for follicles of all sizes at 12-24 h 

and 36-48 h. Similarly, progesterone production (Figure 
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Figure 12 Effect of FSH in vitro on steroidogenesis 

after DES exposure for 12 - 24 hours and 36 - 48 

hours . 

Production of estrogen (A) and progesterone (8) by 

lx106 granulosa cells during 12 h in culture , after 

36 h with or wi~hout FSH . The cells were collected 

from ovaries afte r 12 - 24 h and 36 - 48 h of DES or 

PMSG treatment . Each value represents the mean of 

quadruplica~e determinations. The SEM values ~ave 

been denoted numerically , the first number der.o~es 

the SEM value fo r con~rols and the second for FSH

stimulated values . Significantly different. values 

have been denoted by a (P<O . 05) when con~rols for 

each follicle si z e were different bet ween DES and 

PMSG treatments and by b (P<O . Ol) when FSH 

stimulated values were significantly different 

between treatment groups in each follicle size . 
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12B) was not significantly different for Groups D and P and in 

the control groups, but, the FSH response was significantly 

lower in Group D follicles than in Group P follicles at both 

time points. When the percentage increase over control values 

was compared, production in all follicles was affected by FSH 

at 12-24 h but at 36-48 h the medium follicles were maximally 

affected . 

B . Effect of FSH in vivo at 12 b I versus at 36 b after 

exposure to DES : 

Estradiol produced by cultured granulosa cells of three 

sizes of follicles in three in vivo treatment groups 

(Treatment 1) DES (12 h) + FSH (36 h), (Treatment 2) DES (36 h) 

+ FSH (12 h), and (Treatment 3} PMSG (48 h), which were 

cultured for 48 h with or without (Control} additional FSH. 

This was done to determine whether the duration of pre-exposure 

to DES affected FSH responsiveness. Results (Table 4) showed 

that not control but FSH-stimulated values were significantly 

different for the small follicles among the three treatment 

groups. In the medium follicles, both control values and FSH

stimulated values were significantly lower after Treatment 2. 

In the large follicles, control estrogen production was 

different between Treatments, being significantly increased in 

Treatment 1 and lowered in Treatment 2, showing that FSH 

treatment after only 12 h of exposure to DES increased.estrogen 

production in granulosa cells from large follicles. The FSH

stimulated estrogen production in the large follicles was 

significantly different in all the three treatment groups, 
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Table 4 Responsiveness of DES pre- treated cells to 

FSH in vivo. 

Estradiol production (ng/million viable cells) by 

granulosa cells in culture after prior exposure to 

one of the following treatment regimens ( 1) DES 

and FSH given at 12 hours after the first DES 

injection, (2) DES and FSH given 36 hours after the 

first DES, ( 3) PMSG only. Each value represents 

mean ± SEM from 2 experiments, each with triplicate 

wells. For each follicle size, values with similar 

superscript letters are significantly different 

from each other, i.e. between the 3 treatment 

groups (P<O. 05). Asterisks denote single values 

that are significantly different (P<O.OS) from the 

other two values for the other 2 treatment groups. 



Table 4 . 

( 1) 

Follicle size In Yitro Treatment (DES 12 h+ FSH) 

In-yiyo treatment 

(2) 

(DES 36 h + FSH) 

(3) 

(PMSG) 

-----------------------------------------------------------------------------------------
ESTRADIOL PRODUCTION Cpg I mllion viable cells /12hrs) 

Small Control 247±22 260±23 141±21 

FSH 540±96* 397±35 209±33 

Medium Control 292±47 162±38* 232±22 

FSH 848±91 287±65* 904±86 

Large Control 1040±660 193±420 420±760 

FSH 2680±110b 244±69b 972±92b 

0'> 
(Jl 



Table 5 

---- ~- --

Ovul.atory response to hCG after exposure to 

DES , PMSG or DES+PMSG . 

Ova count was done in animals after treatment with 

DES only , PMSG only or PMSG given at 26 hours after 

a pre-exposure to 2 injections of DES 0 and 24 

hours. Ova were counted 72 hours after DES only in 

Treatment 1 and 72 hours after PMSG administrations 

in Treatments 2, 3 and 4. 



~--- ----------------------------------------

Ia.~l~ 5 . 

Treatm~nt Time of No. of Time of Percentage NQ, Qf0va 

lnj~~tiQn Animals Ova Count OvulatiQn per animal 
per group after DES at Ohr AfterPMSG 

1. DES 0 & 24 hr 18 72hr - 0% 0 

2. PMSG 0 hr 18 - 72 hr 100% 8±2 

3. DES+ 0 & 24 hr 
PMSG 26 hr 10 72 hr 0% ' 0 

4. Vehicle+ 0 & 24 hr 
PMSG 26 hr 10 72 hr 100% 12± 3 

0) 
0) 



the important observation being a marked reduction in Treatment 

2 when compared to that in the other two treatments. In 

addition, pre-exposure to DES for 12 h (Treatment 1) enhanced 

estrogen production when compared to the Treatment 3 group. 

5. Re:sponsiyeness to LH I hCG Oyulation 

All animals (N=15) treated with PMSG ovulated (Table 5) in 

response to hCG with an average of 8 ± 2 eggs per rat while 

none of the animals (N=12) treated with DES ovulated. 

Furthermore, when PMSG was given at 26 h, after treatment with 

two DES injections (0 and 24 h), none of the animals (N=10) had 

ovulated by 96 h. 

IV. SHORT TERM EFFECT OF DES ON THE PITUITARY 

Serum gonadotropin concentrations . Since the patterns of 

[3H]thymidine incorporation were different between Groups 0 

and P, serum gonadotropin concentrations were measured to 

investigate whether the exogenous estrogen was altering 

gonadotropin secretion thereby leading to the different 

patterns of follicular development. In Group D, (Figure 13) 

FSH levels increased 2.5 fold and LH concentrations rose 8 

fold at 36 h following treatment. Values at 12, 24 and 48 h 

were comparable to control values in the vehicle treated 

group. In Group P, serum FSH and LH values remained unchanged 

at 12, 24, 36 and 48 h after injection. 
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Figure 13 Serum gonadotropin levels after 12 , 2 4 , 36 

a nd 4 8 hour s of DES treatment 0 

Serum gonadotropin concentrations in rats 12, 24, 

36 and 48 h after treatment with PMSG (solid bars) 

or DES (hatched bars) treatment 0 Each bar 

represents mean ± SEM of two experiments, each with 

9 rats per treatment group per time point (N=l8) 0 

Values significantly different from controls are 

denoted by asterisks (P<OoOl) 0 
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V . EFFECTS OF LONG TERM DES EXPOSURE ON THE OVARY 

l24, 48, 72 and 96 h of exposure) 

I . Thymidine incorporation in short term assay 

Proliferative activity ([ 3H] -thymidine incorporation into 

DNA) of granulosa cells isolated from three sizes of follicles 

from ovaries treated with 1-4 DES injections is shown in Figure 

14. Incorporation rates did not change significantly in cells 

from the small and large follicles with increasing duration of 

DES treatment. However, marked changes were seen in the cells 

from the medium follicles. Two injections of DES significantly 

increased [3H] thymidine incorporation but chis effect was 

abolished after 3 and 4 injections and rates were significantly 

lower when compared with rates seen after 1 or 2 doses. The 

rise in incorporation rates after 2 injections corresponded to 

the effect seen at 48 h in the short term studies. 

2. Aromatase activitv 

Analysis of the estrogen synthetic capacity of the 

granulosa cells after different number of DES injections 

(Figure 15) showed that aromatase activity was present in 

granulosa cells after 1 or 2 injections but was significantly 

inhibited after 3 and 4 injections. The inhibition was seen 

across all follicle sizes. 
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Figure 14 Effects of extended DES exposure on 

thymidin e incoporation . 

[3H]thymidine incorporation in granulosa cells fro~ 

3 sizes of follicles after 1, 2 , 3 and 4 DES 

injections. Each value represents mean ± SEM from 5 

experiments, each with pooled ovaries from 10-12 

animals.Values within each follicle size were 

compared bet ween t rea tmen t s and the 

decrease was seen in the medium sized follicles as 

denoted by asterisks (P<O . Ol) . A significant 

increase in rates was seen in the large follicles 

after 2 DES injections (P<O.OS) 
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Figure 15 : Aromatase activity in granulosa cells after 

prolonged DES exposure . 

Aromatase activity in granulosa cells after 1-4 DES 

injections . Each value represents mean ± SEM from 5 

e xperimen t s , each with pooled ovaries from 10 - 12 

animals . Values for all follicle sizes after 3 and 4 

DES injections were significantly different (der.oted 

by aste r isks) when compared with the correspo nding 

values after 1 and 2 injections (P<O . Ol) . 
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3. Granulosa cell and follicle number 

Follicle number (Table 6A) increased in the medium 

follicles but decreased in the large follicles with increased 

duration of exposure to DES. The significant rise in medium 

follicle number was seen after 3 and 4 DES injections, when 

compared with the values after 1 and 2 DES injections. 

However, the number of granulosa cells expressed per 

follicle-size per ovary (Table 68) declined in the medium 

follicles decreasing significantly with increased DES 

exposure. A significant increase was seen in the cell number 

in the large follicles after 2 and 3 injections, while in the 

small follicles, the numbers increased after 3 and 4 

injections of DES. 
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Table 6 Follicle and granulosa cell number after 

extended DES exposure. 

The number of follicles per ovary (A) and the 

number of granulosa cells per follicle (B) were 

counted after 1, 2, 3 and 4 DES injections. Values 

are mean ± SEM of 5 experiments, each with pooled 

ovaries from 10-12 animals. Comparisons have been 

made between treatment groups within each follicle 

size and significantly different values (P<O.OS) 

have been denoted alphabetically. Values with 

similar superscripts are significantly different 

from each other. 
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Table 6 

Follicle Size 

Doses of DES Small Medium Large 

A. Follicle number I oyary: 

One 120±24 25±4° 8±0.8b 

Two 145±72 34±5 6±2 

Three 136±11 69±9 5±1 
Four 144±15 83±110 4±0.4b 

B. Granulosa cell number I follicle: 

One 323±3JC 3915±16Qd 5350±250e 
Two 354±42 2960±2Q4d 7900±121 
Three 480±42 1760±133d 8150±206e 
Four 592±72C 2100±124d 6250±415 



VI EFFECTS OF FOLLICULAR FLUIP 

1. Protein content of follicular fluid 

Protein content of follicular fluid was measured and 

expressed as micrograms per million granulosa cells (Figure 

16) . Results were statistically analyzed by ANOVA 1 comparing 

between the number of DES injections within each follicle size. 

No significant changes were seen in follicular protein content 

in the small follicles with increasing number of DES injections 

but the protein content of follicular fluid from the medium 

follicles did increase significantly with increasing treatment 

with the estrogen. 

2. Effects of follicular fluid CFFl on thymidine 

incorporation. 

A . Effects of heating, steroid removal and trypsin 

treatment : 

The effects of FF on thymidine incorporation was tested in 

preliminary experiments by adding different volumes (25 1 50 and 

100 j..l l) of FF to cultured granulosa cells for 36 h and 

measuring [3H]thymidine incorporation during the following 12 

h. Results (Figure 17A) showed that the larger volumes of 

medium FF had inhibitory effects on cell proliferation. 

In order to determine the nature of the inhibitory 

activity 1 100 j..ll a 1 iquot s of FF were subjected to three types 

of treatment heating to 85°C (to denature the large 

proteins) 1 charcoal treatment to remove steroids (and other 

small molecules) or tryptic digestion to inactivate all sizes 
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Figure 16 Protein content of follicular fluid 

Protein content of follicles after 1, 2, 3 and 4 DES 

injections. Each value represents mean ± SEM from 5 

experiments , each with pooled ovaries from 10-12 

animals . Significant changes , seen in the medium

sized follicles , have been denoted by single 

asterisks (P<O.Ol) and in the large follicles by 

double asterisks (P<0.01) 
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Figure 17 Effects of treated and untreated FF on 

thymidine incorporation . 

A. Effects of untreated whole FF (three differer.: 

volumes) on incorporation of thymidine into granulo sa 

cell DNA . Cells (1x106) were pre-incubated with 25, 5 0 

and 100 Jll of FF for 36 hours and [3H J thymidine 

incorporation during the next 12 hours was measured. 

Control wells received buffer instead o: ::. 

Significant inhibition, compared to contro:s, (P<O. OS; 

denoted by asterisks) was seen with 50 and 100 Jll o : F= 

from medium follicles. Each value represents mean ± SE~: 

from 3 experiments. 

B. Effects of treatment of FF with heat, charcoal and 

trypsin on thymidine incorporation under the same 

conditions as described above. Significant inhibit ion 

(P<O.OS, denoted by asterisks) was seen in Intact and 

heated FF when compared to control (CONT) values. Each 

value represents mean ± SEM from 3 experiments . 

Abbreviations : CONT : control; INTACT - untreated FF; 

HEAT : Heated FF; 1 CHARC 1 
- FF treated with charcoal to 

remove steroids; 1 TRYP 1 Trypsin digested FF. 
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of proteins. Results (Figure 178) showed that trypsin treatment 

removed the inhibitory effect, while removal of steroids led to 

some loss of activity. Heating however, did not abolish the 

inhibitory effect. These findings suggested that the inhibitory 

component was a small peptide. 

B. Effect of FF protein 

Two doses, 150 ~g (Figure 18A) and 300 ~g (Figure 188) of FF 

proteins were tested for their effect on [3H] thymidine 

incorporation into DNA of rapidly dividing granulosa cells. In 

addition, 300 ~g of BSA (Figure 18A) and 300 ~g of heated FF 

protein (Figure 188) from the medium sized follicles were also 

tested. FF containing 150 ~g protein from the small follicles 

did not have any significant effect while that from the large 

follicles stimulated incorporation after 2 doses of DES. 

However, 150 ~g of FF protein from the medium follicles after 3 

and 4 DES injections significantly inhibited incorporation. 

When 300 ~g of the protein was tested, FF from the large 

follicles after 2 injections also stimulated incorporation but 

that from the small follicles inhibited incorporation after 2 

and 3 injections. FF protein from the medium follicles (300 ~g) 

inhibited the rates of incorporation even more, showing a dose

dependent effect. 

Restoration of thymidine incorporation into granulosa cells 

after removal of FF inhibitory protein is shown in Figure 19. 

FF containing 300~g protein from medium follicles collected 

after 4 DES injections inhibited incorporation significantly 

77 



Figure 18 Effects of FF protein on thymidine 

incorporation 

Effects of BSA, 150 )lg (A) and 300 )lg (B) of 

follicular f 1 u id protein (in tact and he a ted) from 

different sizes of follicles on [3H] thymidine 

incorporation into cellular DNA of granulosa cells 

during 48 hours in culture. Each value denotes mean 

± SEM from 5 experiments, each with poolPd ovaries 

from 10-12 animals. Control ± SEM (incorporacion 

rates in the absence of any follicular fluid) 

values and incorporation rates with 300 )lg of BSA 

have been numerically denoted. All values 

significantly different from controls have been 

denoted by asterisks (P<0.01). 

Abbreviations : MED-INT Medium untreated FF 

MED-HTD Medium heated FF 
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Figure 19 Reversible effects of FF protein on 

thymidine incorporation . 

Reversibility of the effects of FF inhibitory 

protein was seen after removal of FF after 48 hours 

of culture followed by an additional 48 hour 

culture without the inhibitory protein. Each value 

represents mean ± SEM from 3 experiments, each wi~h 

p o o 1 e d ova r i e s f rom 1 0 - 1 2 an i rna 1 s . S i g n i f i c a :-: t. l y 

dif:erent va.:..ues have been denoted by ast.e!:"isks 

(P<O. 01) . 
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during the first 48 h of culture but when the protein was 

removed and cells were washed, there was a restoration in the 

rates of incorporation during the following 48 h of culture, 

after an inhibition during the first 48 h. 

3, Effects of FF protein on steroidogenesis 

When granulosa cells were cultured with or without 300 ~g 

of follicular supernatant protein and media assayed for 

estrogen and progesterone content, no inhibition of 

steroidogenesis was seen (Figure 20). On the contrary, there 

was a stimulation of both estrogen and progesterone production, 

possibly due to other factors present in the supernatant along 

with a ready supply of substrates. 

4, Yiabilitv check of cells at the end of culture 

period : 

Since thymidine incorporation was found to decrease after 

culturing granulosa cells for 48 h with follicular fluid, it 

was nesessary to check the viability of the cells at the end of 

culture with or without FF proteins to rule out cell death. The 

number of viable cells in each of four wells in each group was 

counted after dispersion with trypsin. Table 7 shows that FF 

protein did not cause cell death since there was no significant 

difference in viability between buffer and FF treated cells. 
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Figure 20 : Effects of FF protein on steroidogenesis . 

Effects of FF protein (300 ~g) and BSA (300 ~g) on 

estrogen and progesterone production in culture was 

tested. Cells were incubated for 36 h with BSA, 

without (Control) or with FF protein from animals 

treated with 4 DES injections (MED-FF). At the end 

of 36 h fresh medium was added which was collected 

after an additional 12 h of incubation. This was 

assayed for estrogen and progesterone content. Sach 

value represents mean ± SEM from 3 e:-:perimen::s, 

each with duplicate wells. Significantly differe~~ 

values between treatment groups have been denoted 

by asterisks (P<O. 05) . 

Abbreviation MED-FF follicular fluid from 

medium follicles . 
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Table 7 Viability check at the end of cell culture. 

The granulosa cells at the end of 48 hours of 

culture (with or without FF protein from DES

treated medium follicles) were detached from the 

well surfaces by trypsin treatment and the 

viability checked and cells counted by erythrocin 

dye exclusion. Values are mean ± SEM from four 

wells for each treatment group. Viability was 95 %-

100% when cells, not treated with trypsin, were 

examined microscopically while still attached to 

the culture plates. 



la.l2le 

Cell Number plated at the onset of culture : 

Cell number 

Viability 

Cell Number after 48 hours of culture : 

1. CONTROL Cell number 
(buffer only) 

Viability 

2.DES-FF 
(with 300J,1g protein) Cell number 

Viability 

1 

125,000 

77% 

101,000 ± 2190 

69% 

107,000 ± 4325 

71% 

Recovery 
from wells 

80% 

86% 
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DETERMINATION OF TIME AND DOSE OF DES NEEDED FOR 

SYNTHESIS OF THE INHIBITORY PEPTIDE : 

Three and four DES injections were found to stimulate 

production of the inhibitory peptide. However, it was necessary 

to determine whether the peptide was synthesized in significant 

amounts with just one or two DES injections, provided 

sufficient time was allowed to elapse after the second 

injection. Animals were treated with one or two DES injections 

and killed either 24 or 48 h after the last DES injection. 

Results in Figure 21A show that protein content of FF in 

medium follicles was significantly increased after 2 DES 

injections when animals were killed 48 h after the second 

injection. Figure 218 shows that both (i) one injection of DES 

and a time period of 48 h and (ii) two DES and a 24 hour time 

period did not result in the synthesis of sufficient amounts of 

the protein so that 200 ~g of the FF protein failed to inhibit 

thymidine incorporation. However, when animals were killed 48 h 

after the second DES injection, the inhibitory peptide could be 

detected. Therefore, all subsequent experiments where the 

principal objective was to collect the peptide, were done in 

animals receiving two DES injections and killed 48 h after the 

second DES injection. 
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F i gure 21 . Fo llicular pro t e in con t ent a n d its effect s 

on thymidine incorporation following variation o f 

time of kill after DES treatment . 

Protein content of follicles (A) and the effects of 200 

~g of FF protein from each follicle size on thymidine 

incoporation (B) was measured after killing animals 48 

hours after one DES injection (ONE), 24 hours after the 

second DES injection (TW0/24HR) or 48 hours after the 

second DES injection (TW0/48HR). Each value represents 

mean ± SEM from 4 experiments, each with pooled ovaries 

from 15 animals. In (A), significantly different values 

between treatment groups within a follicle size have 

been denoted by asterisks (medium follicles; P <0. 05) 

and a<b (large follicles , P<O. 01) . In (B) values 

significantly different from control value ± SEM (shaded 

area) have been denoted by asterisks (P<0.05) 



A 

0 ..... 
X 
0 

160 i : 
1 20 II 

SMALL 

MEDIUM 

LARGE b --
!::: 4 0 
z 
w .... 
0 
~ 20 
Cl 
:::1. 

8 
M . 
0 ,... 
>< -.r:: 
('II ,... -
t/) 

G) 
u 

U) 

0 ,... -
::E 
Q. 
Q 

120 

80 

40 

0 

0 N E TW0/ 24HR TW0/ 48HR 

TREATMENT (DES) 

-a-- SMALL 

• MEDIUM 

• LARGE 

ONE TW0/24 TW0/48 

TREA TME~T (DES) 

84 



VII . ROLE OF GONADOTROPINS IN INHIBITORY PROTEIN 

ACTION; Effect of blocking FSH and LH surges. 

Since DES treatment led to a gonadotropin surge at 36 h, 

it was necessary to determine whether the activity of the 

inhibitory peptide was modulated by FSH and/or LH. This was 

determined by blocking the gonadotropin surges with 

pentobarbital . 

1. Blockage of FSH and LH surges Pentobarbital (PB) was 

administered i. p. ( 37 mg/kg body weight) at 30 h after the 

first DES injection and serum samples were collected every 2 h 

up to 40 h. Levels of FSH and LH in serum are shown in Figure 

22 A and B respectively in control (saline) and pentobarbital 

treated animals. Surges of both gonadotropins were abolished by 

the pentobarbital treatment. 

2. Effect of blocking gonadotropin surges on FF protein 

content: Figure 23 shows the concentration of total protein in 

follicular fluid from small, medium and large follicles after 

one and two DES injections and after two DES + PB. Protein 

content in FF from the medium follicles increased after 

pentobarbital treatment. The protein content of FF from large 

follicles was likewise increased after 2 DES injections (48 h) 

when FSH and LH surges were present (36 h), but this rise was 

abolished when the gonadotropin surges were blocked. Protein 

content of small follicles remained unchanged. 
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Figure 22. Pentobarbital blockage of gonadotropin 

surges caused by DES treatment . 

Serum gonadotropins , FSH (A) and LH (B) were measured 

every 2 hours , starting at 32 hours after the first DES 

injections with or without pentobarbital treatment at 30 

hours. Each value is mean ± SEM from 18 animals and 

values significantly different from controls have been 

denoted by asterisks (P<O.Ol) . 
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Figure 23. Protein content of follicles with or 

without pentobarbital treatment following DES 

exposure . 

Protein content of follicles was measured after one 

(ONE) , two (TWO) DES injections , or two DES injections 

plus pentobarbital (TWO+PB) treatment at 30 hours. All 

animals were killed 48 hours after the last DES 

injection. Each value represents mean ± SEM from 5 

experiments , each with pooled ovaries from 10 - 12 

animals. Significant differences between treatment 

groups, seen in the medium (*) and large follicles( **), 

have been denoted by asterisks (P<0 . 01). 
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Figure 24 . Effect of 

incorporation after 

gonadotropins . 

FF protein 

pentobarbital 

on thymidine 

blockage of 

Two doses of follicular proteins (A:l50 ~g and B : 300 ~g) 

from three sizes of follicles were tested for effects on 

thymidine incorporation into DNA of granulosa cells 

cultured for 48 hours. Each value represents mean ± SEM 

from 4 experiments. Control value ± SEM has been denoted 

by the shaded area. Values significantly different from 

control, denoted by asterisks (P<O.OS), are seen for FF 

from medium follicles after two DES and for FF from 

medium and small follicles after two DES + pentobarbital 

(Figure 24 A) . Similar differences are depicted in 

Figure 24 B where, FF from small follicles after two DES 

injections and FF from large follicles after two DES + 

pentobarbital were significantly inhibitory. 

Treatment groups were : 

ONE one DES injection 

TWO two DES injections 

TWO W/ PB : two DES +pentobarbital at 30 hours. 

All animals were killed 48 hours after the last DES 

injection. 
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4. Follicle and granulosa cell number after blocking 

gonadotropin surges 

Table 8 shows follicle number per ovary (A) and granulosa 

cell number per follicle (B) after 1 or 2 DES injections, with 

or without pentobarbital. An increase in the number of medium 

follicles was seen after 2 DES injections when gonadotropins 

were present. However, this increase was absent when 

gonadotropin secretion was blocked. A similar increase was seen 

in the large follicles. 

Granulosa cell number (B) remained unchanged in the small 

and medium follicles but in the large follicles, there was a 

significant increase in number after 2 DES injections when 

gonadotropins were present.There was however, a marked decrease 

when gonadotropins were absent. 
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Table 8 . Follicle and granulosa cell number after DES 

treatment with or without pentobarbital . 

The number of follicles per ovary (A) and granulosa 

cells (B) per follicle size were counted after one 

or two DES injections and also after two DES with 

pentobarbital given at 30 hours. Values are mean ± 

SEM from 4 experiments, each with pooled ovaries 

from 10-15 animals. For Table 7A, * P<0.01 compared 

with medium follicle values in the other two 

treatment groups. For Table 7B, values with similar 

superscripts are significantly different from each 

other (P<0.01). 



Table 8 . 

Treatment (DES) 

Follicle Size ONE TWO TWO + PB 

A. Follicle Number I oyary 

small 146±20 142±7 166±32 

medium 24±3 46±3* 26±4 

large 4±1 8±2* 5±1 

B. Granulosa Cell Number I follicle size 

small 310±19 306±11 295±13 

medium 1764±82 2028±106 188 6±57 

large 3400±125a 5526±25oa 1876±106a 



YII. Effect of PMSG on actiyity of the Inhibitory 

Peptide : 

The studies with pentobarbital suggested that 

gonadotropins had no modulatory role on the actions of the 

inhibitory peptide. They also suggested that the peptide was 

estrogen-induced. To confirm this, FF from medium follicles 

from PMSG treated ovaries was tested for the presence of 

inhibitory activity at 24 and 48 h after treatment. Figure 25 

shows that 300 ~g of FF protein was inhibitory to thymidine 

incorporation only after 48 h of PMSG treatment suggesting that 

inhibitory activity was present, when endogenous estradiol 

levels were high (Table 3A). Estrogen synthetic capability was 

high in the medium follicles even at 24 h (Figure 10) thereby 

providing the estrogenic stimulus needed for production of the 

inhibitory peptide. 
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Figure 25 . Effect of FF 

incorporation after DES or 

protein on thymidine 

PMSG treatment . 

Animals were treated with DES (4 injections), or PMSG 

and killed either 24 hours (PMSG24) or 48 (PMSG48) hours 

later. FF protein (250 J.lg) from medium follicles was 

tested for inhibitory effects on [3H] thymidine 

incorporation. Each value represents mean ± SEM from 3 

experiments and values significantly different from 

controls are denoted by asterisks (*P<O.Ol; **P<O.OS). 
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CBABACTERIZATION OF THE INHIBITORY PEPTIDE ANALYSIS 

OF FOLLICULAR FLUID 

Follicular fluid from all sizes of follicles from animals 

treated with two DES injections and killed 48 h after the 

second inject ion, was used as a source of the inhibito ry 

peptide. The FF was analyzed to characterize the peptide in two 

ways : 

(1) Microconcentration with Centricon filters which 

fractionated the FF into 3 or 4 fractions having proteins o f 

different molecular weight (MW) ranges. 

(2) Polyacrylamide gel electrophoresis - with SDS (SDS

PAGE) and also under non-denaturing conditions (NO-PAGE) . 

1. Fractionation of FF according to molecular weight 

A. Effects of three MW fractions on thymidine incorporation 

In the first set of studies, FF was separated into fracti ons 

containing proteins of MW ranges <1 0, 000, 10, 000-3 0, 000 and 

>30, 000. Figure 26A shows that the inhibitory effect was 

present in the <10,000 MW fraction and that there was a 50-60% 

inhibition with 4-8 ~g of the partially purified protein, as 

opposed to 150 ~g of unfractionated FF protein . This 

represented a 30-40 fold purification of the peptide by 

microconcentration. 

Dose dependent inhibition Three doses of proteins (4, 8 and 

16 ~g) with MW <10,000 were tested in a 48 hour culture system 

in which cells were pre-incubated with the FF fractions for 36 
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Figure 26. Effects of partially purified inhibitory 

peptide on thymidine inc orporation . 

Follicular fluid was subjected to microconcentration and 

proteins were separated into three fractions with MW 

ranges of <10,000, 10,000-30,000 and >30,000 . The effect 

of each fraction on thymidine incorporation (A) was 

tested. Since the inhibitory activity was located in the 

<10, 000 fraction, three doses of proteins in this 

fraction (B) were tested. Each value represents mean ± 

SEM from 3 experiments and values significantly 

different from controls have been denoted by asterisks 

(P<O. 01) . 
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h. Figure 268 shows that there was a linear dose-related 

inhibitory effect of the peptide on thymidine incorporation. 

B. Effects of four MW fractions on thymidine incorporation 

The peptide was further purified by using an additional 

microconcentrator with MW cut-off point of 3,000. This yielded 

four FF fractions with protein having MW ranges <3, 000, 

3,000-10,000 , 10,000-30,000 and >30,000 . Each of these 

fractions was tested for its effect on thymidine incorporation 

in a short term culture, where cells were pre-incubated with 

each fraction for 6 h and incorporation rates were measured 

during the following 4 h. The amount of proteins added from 

each fraction (denoted in Figure 27) was not the same since 

this experiment was done to confirm previous findings and 

further determine whether the inhibitory activity was in the 

<3,000 or the 3,000-10,000 MW range fractions. Two doses of the 

<3 , 000 MW fraction were tested. Figure 27 shows that the 

inhibitory activity was present in the <3,000 MW fractions and 

that the inhibition was dose-dependent. The other fractions 

and 100 ~g of BSA had no effect . The short term culture method 

used in this latter study will be described below. 
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Figure 27 . Effects o f FF proteins (purified into four 

MW ranges) on thymidine incorporation . 

FF proteins were fractionated into four MW ranges, 

<3,000, 3,000-10 , 000 , 10,000-30,000 and >30 , 000 and each 

tested for its effect on thymidine incorporation in a 

short term (10 hour) culture. Random doses of FF protein 

were used since this was a validation procedure. Figure 

shows mean of duplicate values from a single experiment. 

Two doses of the <3,000 fraction were tested and found 

to inhibit in a dose-dependent manner. 
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2. Polyacrylamide Gel Electrophoresis 

A. spS - PAGE analysis is shown in Figure 28. Distinct bands 

of protein were not demonstrable, probably due to very low 

amounts of protein loaded (30-60 )lg/ lane in the <10, 000 

fractions). However , diffuse bands were seen in lanes 4 and 5 

(A) and in lane 6 (B) corresponding to a molecular weight range 

of <10 , 000 when compared to the bands of the standard proteins 

(lanes 1 , 2 a nd 3) . Lanes 4 and 5 in Figure 2 8B show an 

additional standard of MW 6,500. 

B. Non- denaturing PAGE and Actiyity of Eluted Peptide : 

98 

Since SDS- PAGE failed to demonstrate any distinct bands, 

PAGE was done under non-denaturing conditions and the separated 

peptides were eluted from the gel and tested for bioactivity in 

a short term cell culture method as described below. 

1 . Short term cu l ture of granulosa cells ; effect of FF protein 

Short term culture consisted of a pre-incubation period 

with the protein for 6 h followed by [3H] thymidine 

incorporation during the next 4 h , with the peptide present. 

This method was established and validated (Figure 29 A and B) 

since the long term culture method used in the earlier studies 

was cumbersome as it necessitated maintenance of sterile 

conditions throughout the gel electrophoretic procedure. Figure 

29 shows a comparison between long and short term culture 

effects. Inhibitory effects are demonstrable in the short term 

culture (A), even though the rates of incorporation were one

tenth of those seen in the long term culture system (B) . 



Figura 28 . 50S- Polyacrylamide gel electrophoresis of 

ll'F proteins of different MW ranges . 

Migration profiles of standard proteins (A: lanes 1, 2 

and 3; B : lanes 1-5) and FF proteins having different 

molecular weight ranges. Diffuse bands of proteins are 

seen in lanes 4 and 5 in (A) and lane 6 in (B) due to 

very low amounts of protein loaded in each lane. 
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Figure 29 . 

for 

Comparison 

testing the 

of short 

effects 

thymidine incorporation. 

and 

of 

long 

FF 

term cultures 

prote ins on 

Short term culture (A) was done by pre-incubating cells 

with FF proteins for 6 hours and measuring incorporation 

during the following 4 hours. Control values represent 

incorporation rates in the absence of any FF protein. 

For the long term culture (B), the time periods for pre

incubation and incorporation were 36 hours and 12 hours 

respectively. Different doses of fractionated FF (MW 

ranges of <10,000 and >10,000 ) were tested. Each value 

represents mean ± SEM from four wells and values 

significantly different from controls have been denoted 

by asterisks. 
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2. Effect of proteins eluted from NO-PAGE : 

The effects of the different fractions of eluted proteins 

from a non-dentaturing gel are shown in Figure 30. This 

experiment has been repeated and yielded the same pattern of 

activity of the inhibitory peptide. However, data from only one 

experiment have been shown here for simplicity. There were two 

sets of controls, one set of cells was incubated with buffer 

only while the other set was incubated with buffer in which 

identical gel slices 

added. The proteins 

(Figure 30A) had no 

from lanes without proteins, had been 

with molecular weight ranges >10, 000 

significant effect on [3H] thymidine 

incorporation during the short term culture. However, proteins 

with molecular weights <10,000 (Figure 30B) did significantly 

affect incorporation rates in these cultures. In this MW range, 

fractions 4-7 showed significant inhibition of thymidine 

incorporation. 

The distance migrated by the standard proteins was 

measured in order to determine the MW range of the fractions 

showing inhibitory activity. The distances migrated by the 

proteins were as follows 

Standards : Albumin (bovine serum, MW 66,000) 

Ovalbumin (MW 45,000) = 1.70 ern 

1. 30 ern 

Carbonic Anhydrase (MW 29,000) = 2.45 ern 

alpha-Lactalbumin (MW 14,200) = 3.95 ern 

Bromphenol blue (tracking dye) = 11.5 ern 



Figure 30 . Effects of proteins eluted from non -

denaturing PAGE on thymidine incorporation . 

FF proteins with two molecular weight ranges, >10,000 

{A) and <10, 000 {B) were separated by non-denaturing 

PAGE and eluted from 0. 5 em slices of the gel. The 

eluted proteins were tested for bioactivity on thymidine 

incorporation in short term culture. Control values 

(denoted by the horizontal line for easy reference) and 

± SEM have been denoted numerically in Figure 30A (same 

for both figures) . Values significantly different from 

controls as well as from other fractions have been 

denoted by asterisks. 
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Figure 31 . Calibration curve of standard proteins used 

for non- denturing PAGE . 

Relationship between the logarithm of the molecular 

weight of protein standards and their mobility on a non

denaturing polyacrylamide gel. 
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Unknown proteins 

Fraction 4 

Fraction 7 

7.5 ern (7.1-7.7 ern) 

9.2 ern (8 . 8-9.5 ern) 
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The mo lecular weight of the unknown protein fractions was 

determined by plotting a calibration curve (Figure 31) with 

logarithm of molecular weights of standards against the Rf 

value (where Rf is the relative mobility or the migration 

distance of the protein relative to the fastest migrating 

component of bromophenol blue). The principal fraction (#7) 

exhibiting the greatest inhibitory properties migrated with an 

average Rf value of 0.6 (range 0.58-0.63) corresponding to a 

molecular weight between 1700-2300. Some inhibitory property 

was also present in a fraction (f4) with an average Rf value of 

0. 7 6 (range 0. 6 9-0. 7 9) corresponding to a molecular weight 

range between 900-1300. 



DISCUSSION 

The process of follicular growth and maturation is complex 

and is regulated by a host of factors. These regulatory 

factors are stage-specific along a maturation gradient 

(Hirshfield and Schmidt, 1987). The most important effectors 

are the pituitary gonadotropins FSH and LH and the ovarian 

steroid estradiol produced by the granulosa cells themselves. 

While all follicles are apparently exposed to the same 

fluctuations in these hormones, not all follicles are equally 

responsive some continue to grow while others become 

atretic. This suggests that specifically timed interactions 

between these major hormones and as well as interactions with 

other intragonadal factors modulate the developmental 

process. Of these factors, estrogens play a critical role in 

coordinating changes during the reproductive cycle (Hillier, 

1985). Estrogens are the major endocrine secretion of the 

preovulatory follicle, existing in follicular fluid of many 

mammals in concentrations exceeding 1 ~g/ml (Na et al., 1985) 

and can behave locally in an autocrine and paracrine manner. 

These functions of estrogen are classified as .either 

inhibitory or stimulatory, the particular effect depending 

upon conditions such as duration and relative timing of 

exposure as well as the species used. 
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A strong dichotomy exists between the positive effects 

of estrogens on rat granulosa cells and the non-stimulatory or 

inhibitory effects observed in a majority of other species. 

Studies by Hutz et al., (1988), Dierschke et al. (1985) and 

Koering ( 1987) have shown that estrogens are inhibitory in 

primates and can even induce atresia in the preovulatory 

follicle if given in high enough amounts. Erb Meuli et al. 

(1987) have shown a similar inhibitory effect of estrogen on 

follicle growth in the rabbit . A species difference in estrogen 

action also exists between the hamster and the rat. Hence, 

disparities of estrogen action can be attributable not only to 

differences in mode, dosage and duration of administration but 

also to the species of animal. Even in the rat model, while an 

exaggerated augmentative response to estrogen is seen in the 

hypophysectomized-estrogen treated immature rat, estrogens have 

failed to elicit any stimulatory response in the intact 

immature rat (Goff & Armstrong, 1977) . Hence the objective of 

the present study was to investigate whether estrogens could be 

inhibitory in the rat . The present study focuses on the 

apparent dichotomy of estrogen effects, i.e. why estrogens are 

stimulatory under some circumstances and inhibitory under 

others. This study addresses mainly the effects of short and 

long term exposure to the synthetic estrogen, 

diethylstilbestrol and the relative timing of interaction of 

the estrogen with gonadotropins. The experiments also present 

evidence of an anti-mitogenic effect of estrogen exerted via 



107 

the synthesis of a previously undescribed intragonadal peptide 

factor. 

I. EFFECTS OF SHORT TERM EXPOSURE TO DIETHYLSTILBESTROL 

INTERACTION WITH GONAQOTROPINS 

A. Development of animal model to study follicle 

development caused by diethylstilbestrol: 

The growth and differentiation of ovarian follicles in the 

rat are dependent upon appropriate stimulation by both 

estrogens and gonadotropins (Richards et al., 1976). The effect 

of these hormones is related to the stage of morphological 

development and also to a complex relationship between 

granulosa cell proliferation and differentiation. Estrogen

gonadotropin interactions have been extensively studied (Payne 

& Hellbaum, 1955; Smith & Bradbury, 1963; Goldenberg et al., 

1972} but the rapid sequence of events in a cycling rat makes 

it difficult to determine which hormones are responsible for 

the cyclic events. To overcome this problem, many studies have 

been done in the prepubertal rat in which, due to the absence 

of cyclic gonadotropins, recruitment and selection do not take 

place and in which follicle growth can be initiated by 

administration of exogenous hormones. 

Exogenous estrogens increase granulosa cell proliferation 

by directly acting on the ovary (Bradbury, 1961; Merk, 1972}. 

Williams (1940) and Pencharz (1940) were the first to 

demonstrate that diethylstilbestrol increased ovarian weight in 

hypophysectomized immature rats and also that the 
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responsiveness to exogenous gonadotropins was greatly augmented 

by prior diethylstilbestrol treatment. These findings were 

reaffirmed in many subsequent studies (Goldenberg et al . , 1972; 

Richards, 1975; Rao et al., 1978; Nakayama et al., 1981). The 

value of diethylstilbestrol as the most potent estrogen in this 

regard was established by Payne & Hellbaum (1955) who reported 

an optimal dose of 1-2 mg daily injections for 3-4 days. This 

model was subsequently used for studies of gonadotropin 

receptors (Sanders & Midgley, 1982), atresia (Harman et al., 

1975), androgen effects (Nimrod, 1977; Daniel & Armstrong, 

1980), the effects of exogenous gonadotropins on aromatase 

(Erickson & Hsueh, 1978), and the ovarian effects of various 

growth factors (Adashi et al., 1985) . Most of these studies 

were done in the hypophysectomized rat in which the effects of 

the pituitary gonadotropins were eliminated and most utilized 

granulosa cells obtained only from the larger follicles. The 

present study investigated the development of follicles 

stimulated by diethylstilbestrol in the presence of the 

pituitary. These studies further involved isolation of three 

sizes of follicles by modifying the enzymatic digestion method 

previously established in the hamster ovary by Roy & Greenwald 

( 1985) and modified in this laboratory (Conway et al., 1990) . 

The recovery of follicles by this modified procedure was 

assessed by comparing the number of follicles isolated from 

ovaries of the PMSG-treated rats killed at 48 h to the numbers 

reported earlier by Butcher & Kirkpatrick-Keller 

pro-estrous rats and by Hirshfield & Midgley 

(1984) for 

(1978) in 
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metestrous rats . The number of each follicle size in the PMSG

treated rats (Table 2) closely resembles the previously 

reported follicle populations. The comparatively reduced number 

of small follicles obtained by the present method could be 

attributed both to differences in the models used and to losses 

of very small follicles through the filter of pore size 72 ~m. 

Diethylstilbestrol has been frequently used in 

hypophysectomized rat models as a tool to obtain a large and 

relatively homogeneous population of granulosa cells. These 

cells are reported to be markedly responsive to gonadotropins. 

However, to our knowledge, no attempt has been made to 

determine whether the degree of this enhanced responsiveness, 

(aromatase activity and hence estrogen production, ovarian 

weight gain, etc.) seen in hypophysectomized animals, is 

comparable to the high levels of gonadotropic responsiveness 

seen in intact animals. Several studies have shown that 

response of granulosa cells to exogenous gonadotropins is 

greatly enhanced by diethylstilbestrol pretreatment, 

particularly after hypophysectomy (Ry le, 19 69) However, the 

majority of the published studies have dealt with the 

augmenting actions of diethylstilbestrol on gonadotropin 

effects in terms of ovarian weight gain (Smith & Bradbury 1963, 

Goldenberg et al., 1972). The present study analyzes the 

interaction of diethylstilbestrol and the gonadotropins on two 

main developmental parameters - granulosa cell proliferation 

and granulosa cell differentiation; these were analyzed with 

respect to time and to follicle size. Since DES was found to 
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cause an endogenous FSH surge, this model was thought to be 

appropriate for the study of this interaction. As such, the 

effects of relative duration and timing of the two hormonal 

stimuli (estrogen and FSH) on follicle growth has been 

specifically addressed in the first part of this study. It 

should be noted that the study was not designed to compare the 

two treatments - DES and PMSG. The PMSG-treated model was used 

only as a basis for evaluation of the data obtained with DES 

treatment and provided a measure of the pattern of 

proliferative activity and the level of steroidogenesis that is 

to be expected normally in a cycling animal. 

B. Model used to study cell proliferation in response 

to DES : 

The model chosen to study granulosa cell proliferation was 

in vitro incorporation of tritiated thymidine into cellular DNA 

of isolated granulosa cells from three sizes of follicles. It 

is possible that the growth characteristic of isolated cells 

would be different from those of cells within follicles because 

the gap junctions which normally couple granulosa cells are 

disrupted. However, the study of whole follicles was found to 

have some limitations which required the use of isolated 

granulosa cells. Firstly, since the numbers of cells harvested 

from the three sizes of follicles were so different, it was 

difficult to determine the basis of comparison, e.g . how many 

of the small follicles (with 4-250 cells) would be equivalent 

to a large follicle (with 1000-2500 cells; etc.). Small 
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follicles having fewer cells would, therefore, show lower rates 

of incorporation than large follicles with more cells, a 

condition not true in vivo. In some preliminary experiments, 

intact follicles were incubated with tritiated thymidine and 

the results were expressed as ' d.p . m./~g DNA'. Further studies 

revealed that the patterns of incorporation were the same when 

expressed as "D.P.M.per ~g DNA " and as " D.P.M.per lxl06 viable 

cells " (Figure 88) . In the former method, however, the presence 

of some non-viable cells would contribute to the total DNA 

measurement but not to the thymidine incorporation. Moreover, 

isolated cells were removed from any influences of 

intrafollicular factors which might affect thymidine uptake 

differentially according to follicle size. Hence, since the 

objective of the study was to compare the mitotic activity of 

granulosa cells from three sizes of follicles, the method of 

incubating a standardized number of viable cells was deemed 

both advantageous and appropriate. However, to preserve the 

integrity of the cells, extreme care was taken to rupture the 

follicles gently and thereby prevent extensively damaging the 

cells. 

c. Comparison of folliqle deyelopment by DES and PMSG 

Granulosa cell proliferation : The pat tern of proliferative 

activity after diethylstilbestrol treatment differed 

considerably from that after PMSG treatment. Diethylstilbestrol 

produced an increase in proliferation of cells from the small 

follicles between 12 and 36 h and a sudden increase in cells 
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from the medium and large follicles at 48 h. This effect could 

be due to the FSH surge seen at 36 h. However, FSH did not 

affect the small follicles significantly, as would be expected 

based on the observation that PMSG stimulated the small 

follicles first at 12 h. The absence of FSH action in the small 

follicles suggests that diethylstilbestrol had inhibited their 

responsiveness to FSH . It is unlikely that the concentration of 

FSH produced during this surge is below a critical threshold 

level because both incorporation and aromatase activity rose to 

a limited degree at 48 h in the medium and large follicles. 

Hence FSH receptivity is apparently not totally absent. 

Granulosa ce 11 differentiation In these studies aromatase 

activity was used as one of two markers for granulosa cell 

differentiation; the other being ovulatory response to hCG. 

While the granulosa cells from the diethylstilbestrol-treated 

rats continued to proliferate, the aromatase activity remained 

low , indicating that the cells were generally undifferentiated. 

This was to be expected as it is well known that aromatase 

induction requires FSH and that a low but extended exposure to 

the gonadotropin is required for maximal enzyme activity (Gore

Langton & Derrington, 1981). Hence the single FSH surge at 36 h 

was insufficient to stimulate estrogen production 

significantly. Furthermore, a subsequent 36 h exposure of the 

granulosa cells to FSH in vitro also had a reduced effect on 

estrogen and progesterone production when compared to the 

stimulation seen in the PMSG-treated cells. The FSH treatment 

in vitro did increase estrogen and progesterone production over 
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controls in both diethylstilbestrol and PMSG-treated cells 

However, the degree of responsiveness to FSH between the 

treatment groups differed significantly, particularly at the 

later time points, even though the diethylstilbestrol-treated 

cells had been exposed twice to FSH : once in the endogenous 

surge and again during the prolonged in vitro FSH exposure. 

The control levels at the earlier time points were not 

significantly different from each other (bet ween treatment 

groups for each follcles size) , suggesting that only the FSH

stimulatable activity had changed due to diethylstilbestrol 

exposure. Moreover, comparison of FSH-stimulated increase over 

controls (Figure 12) between the Lhree sizes of follicles shows 

that the difference in responsiveness was greatest in the 

medium follicles at 36-48 h for both estrogen and progesterone 

synthesis . Estradiol and progesterone content of the follicles, 

as measured in follicular fluid, also reflected similar trends 

in vivo. 

These findings demonstrate that the follicular growth 

pattern when initiated by diethylstilbestrol is different from 

the normal developmental process. 

D. Effect of different time of DES pre-exposure and 

gonadotropic responsiveness 

1 . Response to FSH : In addition to the above observations on 

steroidogenesis, it was found that aromatase activity also 

differed with in vivo exogenous FSH treatment depending on the 

time of FSH administration (Table 4) . Aromatase activity was 
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even greater than that seen in PMSG-treated rats at 48 h when 

pure ovine FSH was injected 12 h after the first 

diethylstilbestrol injection. However, the activity was 

significantly lower when the same amount of FSH was injected at 

36 h, 12 h after the second dose of diethylstilbestrol. 

However, 12 h of pre-exposure to diethylstilbestrol enhanced 

estrogen production in large follicles and this finding 

confirms previous reports of estrogens augmenting the actions 

of FSH (Richards, 197 9) . Nevertheless, the inhibit ion of 

estrogen production seen with FSH after 36 h of 

diethylstilbestrol exposure suggests that the duration of 

estrogenic exposure and the timing of FSH administration were 

critical for a differential effect of the estrogen. Addition of 

FSH to the cell culture not only ensured adequate exposure to 

FSH for proper induction of aromatase (particularly in the "DES 

(36 h) + FSH (12 h)" group), but also yielded a measure of FSH

stimulatable aromatase activity . 

2 . Response to Lh/hCG : Ovulatory response to human chorionic 

gonadotropin (hCG) was the second marker adopted as an 

indicator of differentiative function. When an ovulatory dose 

of hCG was injected into the PMSG treated rats, all the animals 

ovulated while the same dose of hCG was without effect in the 

diethylstilbestrol-treated animals. This was not unexpected, as 

a single surge of FSH in the diethylstilbestrol group was 

inadequate to lead to successful follicle development and 

ovulation. It has been shown that diethylstilbestrol-treated 

rats ovulate upon additional FSH treatment (Smith & Bradbury, 
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1963). However, in this study, when PMSG was given at 26 h (2 h 

after the second dose of diethylstilbestrol) and ovaries were 

examined at 96 h, there were no ovulations in spite of the 

additional effect of the endogenous FSH surge. A similar 

asynchrony of follicle development and ovulation after 

estrogen-induced gonadotropin surges has been shown in the 

adult hamster by Greenwald (1975). Failure of the follicles to 

respond to LH may reflect lack of development of LH receptors. 

Studies in this laboratory have shown that, at 4 8 h, LH 

receptor content in diethylstilbestrol-treated granulosa cells 

was low (Rao et al., 1991). LH receptor levels and 

morphological signs of luteinization were not measured in che 

present study, but functional luteinization was studied in 

culture by measuring progesterone production in response to hCG 

in vitro. Results showed that progesterone production was also 

inhibited after prior exposure to diethylstilbestrol and 

synthesis was considerably lower when compared to the 

progesterone produced by cells from the PMSG-treated animals 

(data not shown). 

E. Conclusions of short term study 

The significance of this study is evident from the 

findings that not all follicles were affected equally by the 

estrogen and that variations in response existed w_ith time 

after treatment. It shows that a certain level of pre - exposure 

to estrogen reduced responsiveness to gonadotropins in 

follicles of specific sizes. It also establishes that the 
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a ugmen tat ion of response to FSH, as reported in ear 1 ie r 

studies, was seen only after a short period of estrogenic 

exposure. After a longer interval, the responsiveness was not 

significantly lower than that seen physiologically (the measure 

of which has been provided by the use of the PMSG model). The 

findings also show that diethylstilbestrol caused growth of all 

follicles but its greatest action was on the small follicles, 

particularly after 12 h of exposure . However , cont r ary to the 

case after PMSG treatment , no shift in proliferative potential 

was seen from small follicles at 12 to medium follicles at 24 

h . This shift was seen only at 48 h - 12 h after the DES

induced gonadotropin surge at 36 h. There was a greater number 

of small follicles available to respond to the gonadotropic 

stimulation at that time and this led to the enhanced weight 

gain documented in previous studies (Goldenberg et al . , 1972). 

Hence , it is evident that gonadotropins not only stimulate 

proliferation initially but also bring about the progression of 

small follicles to medium ones - not just by stimulating antrum 

formation (Hillier et al. , 1980) but also by increasing 

granulosa cell multiplication . Diethylstilbestrol apparently 

fails to act in this manner and hence the absence of this 

progression could be affecting the later differentiative 

functions . This is reflected in the low aromatase activities in 

the diethylstilbestrol-treated group even after the 

gonadotropin surge . Diethylstilbestrol also restricted 

gonadotropin effects on steroidogenesis , particularly in the 

medium follicles . A diminished steroidogenic response after in 
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vitro diethylstilbestrol treatment of PMSG-primed hamster 

granulosa cells has also been shown by Hutz et al. (1987). A 

reduced response is not unusual as proliferation and 

differentiation are inversely related. It has been shown here 

that estrogenic exposure for 12 h does not hamper 

responsiveness of the granulosa cells to FSH but 36 h of pre

exposure to the estrogen does inhibit steriodogenic potential. 

The requirement for appropriately timed hormonal stimuli 

to regulate granulosa cell development may be one of the 

mechanisms determining the fate of a given follicle. The timed 

interactions of FSH and estrogens have been previously examined 

primarily in the estradiol or DES treated hypophysectomized 

immature female rat (HIFR) . In this model, estrogens enhance 

FSH stimulated [3H] thymidine uptake (Goldenberg et al., 1972; 

Ryle, 1969}. However, Rao et al. (1978} have shown that the 

labeling index and the incorporation ratio of granulosa cells 

show maximal increase after two days and then decline after 

four days of estrogen treatment. They have proposed that, 

depending upon the duration of treatment, FSH and estrogen can 

concommitantly increase or decrease the length of the specific 

cell cycle times, particularly the S phase. In the HIFR model 

it has also been shown that estradiol and testosterone (not DHT 

a non-aromatisable androgen) enhance FSH stimulatable 

aromatase activity (Erickson and Hsueh, 1978). However the 

mechanism of this action is still unclear since the estrogen

induced augmentation of FSH actions is not related to an 

increase in the number of FSH receptors per granulosa cell 
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(Richards et al., 1976) . The HIFR-DES model is unique in its 

exaggerated augmentative follicular response to estrogens and 

FSH in vivo and in vitro. 

Another puzzling aspect of the dichotomy of estrogen 

action is the inability of estrogens to enhance FSH stimulation 

of cAMP production in the intact, immature rat (Goff and 

Armstrong, 1977). The present study attempts not only to 

clarify this aspect of estrogen action in intact rats but also 

provides a rationale for the disparate effects of estrogens 

reported in earlier studies. 

It has been demonstrated in this study that the timing 

and degree of exposure of a follicle to steroids and 

gonadotropins, as well as the stage of development of the 

follicle, largely determine its responsiveness and ultimately 

its fate. The pre-exposure of certain sized follicles (medium 

and large) to high levels of estrogens modifies the extent to 

which these follicles will respond to subsequent gonadotropins. 

Other findings of this study suggest that DES stimulates 

proliferation mainly in the small follicles and medium 

follicles but inhibits the gonadotropin-controlled completion 

of development. This mechanism could be operative in normal 

cycles also since estrogen is produced in high amounts (Figure 

3) by the pre-ovulatory follicle on the morning of pro-estrus. 

The high level of estrogen could act on selected follicles to 

increase their estrogen receptor number (Richards, 197 5) and 

increase their estrogen sensitivity, thereby making them less 

responsive to the gonadotropin surges in the afternoon of 
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proestrus. As a result, these follicles may have inadequate 

aromatase activity and diminished estrogen production which 

would ultimately lead to atresia. In this manner, estrogen 

could play a major role in the follicle selection process. 

This speculation on the relevance of high estrogen levels 

affecting physiological follicular development in the cycling 

animal is based upon the fact that, in cycling anima 1 s, 

follicles at some stage in their developmental process, are 

exposed to high levels of estrogen for 24-28 h (between 

diestrus II and afternoon of proestrus) and a majority of them 

degenerate on metestrus, 48-72 h later (Figure 3) . 

II. EFFECTS OF LONG TERM EXPOSURE TO DIETHYLSTILBESTROL 

INHIBITION OF GROWTH OF SPECIFIC - SIZED FOLLICES BY A 

PEPTIDE 

As stated previously 1 the most important effectors of 

follicle development are FSH and LH. Not all follicles respond 

equally to these hormones, indicating the presence of 

intragonadal regulatory factors which modulate the effects of 

gonadotropins. The sources of the intragonadal factors are the 

follicular components and these factors are present in high 

amounts in the follicular fluid. Several growth factors are 

produced by the ovary and they are thought to serve as fine

tune modulators of gonadotropin effects (Derrington et al. 1 

1988) . Some of these factors could be important in determining 

the relative sequence of proliferation and differentiation or 

degeneration. Besides these factors, estradiol itself plays a 
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major paracrine and autocrine role, thereby also acting as a 

fine-tune modulator of follicle development. It has been shown 

that estradiol can be both stimulatory and inhibitory 

depending on the amount and duration of exposure (Leung et al., 

1978; Hutz, 1988). Two days of DES treatment increases 

granulosa cell proliferation and causes ovarian weight gain 

(Goldenberg et al. , 1972) while four days of treatment leads to 

degeneration of follicles, reduced viability of cells, reduced 

steroid levels in follicular fluid and diminished steroidogenic 

capability of cells in vitro (Dierschke et al., 1983; 

Sadrkhanloo et al., 1987). It has been postulated that 

estrogens may be initially mitogenic but may also induce the 

synthesis of a "regulatory protein" in the follicle (Hutz et 

al., 1986) which inhibits further growth. This postulate formed 

the basis of the second part of the study. 

A. Effects of prolonged DES exposure on follicle growth 

and maturation 

1 . Granulosa cell proliferation Prolonged DES treatment 

inhibited proliferation of granulosa cells from medium sized 

follicles. In vivo, multiplication rates increase steadily as 

the follicles grow from small primary follicles to large antral 

follicles. Hirshfield (1985} has shown that mitotic index 

clearly varies under different physiologic conditions~ Mitotic 

indices of small follicles in prepubertal rats are far greater 

than those of adult animals. This suggests that the rate of 

early follicular growth is not constant but rather is modulated 
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by hormonal cues. Endogenous FSH has been shown to stimulate 

development of antral follicles maximally (Hirshfield, 1985), 

whereas we find that estrogen stimulates multiplication rates 

in the small follicles maximally (Figure 9) . The rise in the 

proliferation rates of cells from the medium follicles at 48 h 

could be due to the endogenous FSH surge at 36 h. Therefore, 

the similarity in multiplication rates of the small and medium 

follicles seen in the present study may reflect a combined 

effect of estrogen on the small follicles and FSH on the medium 

follicles in the first 48 h after DES treatment. With continued 

treatment however, there is a decrease in the rates of cell 

division, specifically in the medium follicles. 

The data presented in Table 6, showing an increase in the 

number of medium follicles with increasing DES treatment, seems 

to contradict the hypothesis that estrogen restricts the 

proliferation of medium follicles by stimulating the synthesis 

of an inhibitory peptide. However, careful analysis of the 

rates of proliferation seen in Figure 14 will show that the 

growth rate of small follicles remains unaffected by prolonged 

DES treatment. Small follicles continue to grow and contribute 

to the total number of medium follicles in the ovary . But, 

since the activity of the inhibitor is maximal in the medium 

follicles, the further growth of medium follicles is arrested, 

leading to fewer large follicles but an increase in the pool of 

medium-sized follicles. Furthermore, the results in Table 6B 

show a decrease in granulosa cell number in the medium 

follicles, suggesting that though there are more medium 
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follicles, these follicles do not have their full complement of 

granulosa cells because cell proliferation has been inhibited. 

This reduction in the number of granulosa cells supports the 

inhibitory hypothesis. 

2 .Graoulosa cell differentiation : Prolonged DES treatment also 

inhibited aromatase activity. Estrogen production after 1 or 2 

injections was low when compared to normal cycling levels 

(Figure 10) as little aromatase activity develops without FSH 

exposure. However, even this low estrogen synthetic capacity 

was significantly inhibited with continued DES treatment. It 

has been reported that a number of enzymes in the steroidogenic 

pathway are inhibited by estrogens (Veldhuis et al., 1985b) 

including 38-hydroxysteroid dehydrogenase and 17alpha

hydroxylase (Munabi et al., 1983). An indirect action of DES on 

these enzymes is ruled out in the present study as testosterone 

was added as substrate for the enzyme aromatase and a ready 

supply of cofactors was present. Therefore, the estrogen effect 

seen here could be directly a specific inhibition of either the 

synthesis or the activity of the aromatase enzyme. The latter 

effect is more likely as the inhibition was present after the 

FSH surge seen at 36 h which results from 2 injections of DES 

(Figure 10). This indicated that DES directly and irreversibly 

inhibits aromatase so that the enzyme does not respond to 

either endogenous or exogenous FSH. This strongly suggests that 

diethylstilbestrol was affecting differentiative functions in 

one of two ways : either by inhibiting aromatase or by reducing 

its response to FSH, the effect depending on the degree of 
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exposure to the estrogen. The reduced response to FSH could 

result from the lack of development of adequate FSH receptors. 

B. Peptide factor induced by estrogen 

Since the granulosa cells are a rapidly proliferating cell 

type, both growth stimulators and inhibitors may be involved in 

regulating growth of follicles. Inhibition is apparently 

required in the cells from the small and particularly the 

medium follicles (diameters 200-300 IJ.m in the rat), the 

majority of which are prevented from further growth and undergo 

atresia in each cycle (Hirshfield, 1985). Several peptide 

factors serve as regulators of this dynamic process and most 

are found in the follicular fluid (Tonetta & diZerega, 1989) . 

To investigate the cause of the inhibition seen in the medium 

follicles (Figure 14}, the effect of follicular fluid 

supernatant from medium and other follicles sizes on 

[3H]thymidine incorporation into granulosa cell DNA was 

investigated. The term "follicular fluid" supernatant has been 

used to denote the fluid collected after gentle rupture of the 

follicles. Follicular fluid may consist of antral fluid from 

the medium and large antral follicles as well as extracellular 

fluid collecting between granulosa cells in the small and 

medium pre-antral follicles. Even though the term " follicular 

fluid" is generally equated with the antrum, we have used this 

terminology in a somewhat different context here, since there 

is evidence that the first indication of antral formation in 

the rat is fluid-filled intercellular spaces of follicles of 
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70-80 ~m diameter. Well defined antra appear in follicles 120-

130 ~m in diameter (Butcher & Kirkpatrick-Keller, 1984). The 

possibility of contamination with intracellular fluid cannot be 

entirely ruled out but it is likely to be minimal as the cells 

had a viability of 70 - 80 % after isolation , suggesting that 

contribution by damaged cells was relatively low. 

Studies with some sizes of follicles showed that 

follicular fluid supernatant inhibitory activity depended on 

the duration of estrogen treatment and the dose of follicular 

fluid. Since there was a dose related inhibition , the 

inhibitory effects were likely due to a specific factor present 

in the supernatant fluid. To rule out steroids as the 

inhibitory factor , charcoal-treated follicular supernatant was 

also tested and it was found that charcoal - treatment did 

remove the inhibitory effects to a limited extent, suggesting 

that the major effects were not primarily due to steroids and 

that the partial loss of inhibitory activity could be due to 

another small molecule which was partially removed by the 

charcoal . Treatment with trypsin however , abolished the 

inhibitory effect , indicating the peptidic nature of the 

inhibitory factor. When heated fluid was added to the granulosa 

cell cultures, the inhibitory properties were still present, 

suggesting that the peptide had a low molecular weight and was 

heat-stable. Follicular supernatant proteins in doses ranging 

from 50-300 ~g were tested and doses of 150-300 ~g were found 

to be inhibitory, depending on the follicle size and duration 

of diethylstilbestrol treatment. Non-specific protein action 
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was ruled out by the demonstration that 100-300 ~g of BSA had 

no effect on [3H]thymidine incorporation into DNA of cultured 

granulosa cells. The inhibitory characteristics were related to 

diethylstilbestrol exposure and follicle size in the following 

ways small follicles produced effective levels of the 

inhibitor only after 4 injections of DES and 300~g of the 

protein was required to demonstrate the inhibitory effect . The 

medium follicles however, produced greater amounts of the 

protein at an earlier time point (after 3 and 4 injections) and 

the protein was effective at a concentration of 150 ~g, with a 

greater inhibition obtained with 300 ~g (Figure 18). The 

follicular fluid supernatant from the large follicles did not 

have any inhibitory effect even after prolonged DES exposure 

but rather was stimulatory in some situations. The possibility 

that the decreased incorporation was due to cell death was 

tested in two ways : Firstly, 

of culture and counted by 

cells were dispersed at the end 

a modification of the method 

described by Freshney (1987). The recovery was 75-80% in both 

control and follicular fluid treated cells with no significant 

differences in viability. However, Table 7 shows a partial 

loss of viability (69 %, 71 %) when the cultured cells were 

removed from the plates after trypsinization. This could be 

masking partial cell death during culture. But, addition of dye 

to cells still attached to the plates showed 95-100 % v}ability. 

No attempt was made to count the cells while they were still 

attached to the plates. This indicated the absence of massive 

cell death during culture. Also, recovery and an increase in 
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thymidine incorporation was seen during an additional 48 h of 

culture after removal of the follicular fluid supernatant 

containing media. These findings show that the inhibition was 

reversible and not associated with cell death. 

Failure of charcoal treatment of the follicular fluid 

supernatant to remove the inhibitory activity completely, the 

failure of exogenous steroids to inhibit incorporation and the 

loss of activity upon trypsin-treatment suggest that the 

inhibitor is peptidic in nature. Preliminary analysis using 

Centricon microconcentrators showed that the inhibitory 

activity in the follicular fluid was associated with a material 

of MW < 10,000. Further fractionation localized the inhibitory 

peptide in the <3,000 MW fraction. An ovine follicular fluid 

inhibitor with molecular weight < 10,000 and insensitive to 

heat-denaturation has been reported to inhibit thymidine 

incorporation in fibroblasts (Carson et al., 1988). Several 

similar peptides have been demonstrated in follicular fluid as 

well. For example, Follicle Regulatory Protein (FRP, MW 12,500-

15, 000) isolated from human follicles (diZerega et al., 

1982,1983; Tonetta et al., 1988) specifically inhibits 

steroidogenesis. In contrast, the protein inhibitor found in 

the present study was produced mainly by granulosa cells of 

medium follicles, affected only thymidine incorporation and not 

steroidogenesis and is, therefore, unlikely to be FRP. 

Moreover, the MW range of this peptide was determined to be 

around 2,000 by non-denaturing PAGE analysis. Other peptides 

have been found to inhibit binding of FSH to its receptors 
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(Reichert et al., 1984) and the MW of these peptides range 

between 500-5000. 

C , Effects of gonadotropins on inhibitory peptide 

actiyity 

Gonadotropins, particularly FSH, affect granulosa cell 

proliferation. Studies have shown that FSH can stimulate the 

growth of small as well as large follicles (Roy and Greenwald, 

1986). LH, on the other hand, has been implicated in inhibiting 

DNA synthesis in large follicles (Chiras and Greenwald, 1977) 

and thus counteracting FSH effects. Phenobarbitone blockade of 

FSH caused a decrease in the uptake of [3H]thymidine, primarily 

in small follicles (Roy and Greenwald, 1986a). LH is said to 

dampen the FSH effect. For example, PMSG which has both FSH and 

LH c o ponents, causes growth of small pre-antral follicles but 

reduces thymidine uptake in large antral follicles in hamsters 

(Chiras and Greenwald, 1978b). In the rat, while both estrogens 

and FSH were shown to stimulate granulosa cell proliferation 

initially, continued administration of either hormone resulted 

in a decrease in proliferative activity (Rao et al., 1978). 

Furthermore, LH-induced luteinization caused a cessation of 

granulosa cell mitosis. 

All the above evidences show that gonadotropins can play 

an important regulatory role in granulosa cell mitosis . In the 

present study, diethylstilbestrol produced a gonadotropin surge 

at 36 h. To rule out any gonadotropic influence in modulating 

the activity of the inhibitory peptide, follicular fluid 
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protein effects were analyzed after blocking the FSH and LH 

surges with pentobarbital. As is evident from Figure 24 (A and 

B), elimination of the gonadotropins had no significant effect 

on the inhibitory activity of the follicular fluid protein, 

thereby suggesting that the peptide was induced only by 

estrogen. Further evidence of this was provided by the analysis 

of peptide activity following PMSG treatment (Figure 25) . 

Effective amounts of the inhibitory peptide were detected in 

follicular fluid of medium follicles only after 48 h of 

treatment, following a period of high estradiol synthesis 

between 24-36 h. The presence of the inhibitor at 48 h also 

helps explain the decline in [3H)thymidine incorporation in all 

follicles 48 h after PMSG treatment (Figure 9) . 

Pentobarbital blockade of gonadotropin secretion however, 

did affect large follicles. The granulosa cell number was 

significantly reduced and this finding confirms earlier reports 

of FSH stimulating growth of large antral follicles (Roy and 

Greenwald, 1986) . FSH is known to stimulate the production of 

several growth factors, particularly Insulin-like growth factor 

I ( IGF-I; Hsu and Hammond, 1987) and IGF-I is known to 

stimulate DNA synthesis (Baranao and Hammond, 1984). A 

stimulatory factor of molecular weight >30,000 was detected in 

follicular fluid in this study (Figure 26) and follicular fluid 

proteins from large follicles were found to be consistantly 

stimulatory to granulosa cell thymidine incorporation (Figure 

18 A and B) particularly after two injections of DES, 12 h 

after the FSH surge. Also, the rise in protein content in 
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follicular fluid from large follicles seen after the 

gonadotropin surge was not seen with FSH blockade with 

pentobarbital. This suggests that FSH causes the synthesis of 

stimulatory proteins and that FSH may stimulate large follicle 

growth via the synthesis of a stimulatory peptide of MW 

>30,000. 

D. Characterization o f the inhibitory peptide : 

Attempts to determine the exact molecular weight of the 

inhibitory peptide were made using SDS-PAGE but results were 

inconclusive possibly due to two factors : (i} the amount of 

the actual peptide loaded on to the gel lanes was too small; 

(ii) the peptide did not withstand denaturing. Determinations 

of MW <12, 000 by SDS-PAGE can be very unreliable even with 

concentrated gels (Osterman, 1984). The differences in 

composition and charge distribution of the low MW proteins 

which enables them to bind with SDS are not pronounced enough 

to be accurate (Osterman, 1984) . Lack of appropriate low MW 

standards was a second limiting factor in determining the exact 

MW of the peptide. Purification of the peptide by non

denaturing gel electrophoresis however, showed by bioassay that 

2 peaks of inhibitory activity existed, one with a MW around 

1,100 and a second greater activity with MW around 2 , 000. 

These observations can be interpreted to mean that the 

inhibitory peptide is induced solely by estrogens, with 

gonadotropins exerting no direct control over its synthesis or 

activity. Estrogens have been reported to affect the synthesis 

of proteins in different ways - at the level of transcription, 
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at the post - transcription stage by changing the stability of 

mRNA levels (Pastori et al . , 1990) and also by regulating 

peptide elongation reactions by ribosomes (Whelly and Barker, 

1982). The synthesis of several specific proteins has been 

demonstrated to be directly linked to estrogen and they are as 

follows : 

- substance P , neuropeptide Y and neurotensin i n the p ituitary 

(0 ' Halloran et al ., 1990) . 

- epidermal growth factor in the ovary (Huet - Hudson et al . , 

1990) 

-transforming growth factor in the ovary (Bates et al. , 1988) 

- corticoid binding- and steroid binding globulins (Kurabekova 

et al. , 1990) . 

- prodynorphin in the pituitary (Spampinato et al., 1989) 

- uterine glycoproteins (Carson and Tang , 1989) 

- thrombin - a potent mitogen for epithelial cells (Hen rikson 

et al ., 1990) 

- alpha- trypsin and chymotrypsin (Krull and Briand , 1988) 

- pro-enkephalin in hypothalamus (Romano et al. , 1988) 

- galanin in pituitary (Kaplan et al. , 1988) 

-angiotensin I and II in the ovary (Pucell et al ., 1987) 

- kallikrein in the pituitary (Hatala and Powers , 1987) 

The proteins which have been shown to increase in the ovary 

on estrus and early diestrus (following high levels of estrogen 

synthesis) but not directly known to be estrogen- induced are: 

-oxytocin (Kiehm et al., 1989) 

- pro- enkephalin (Jin et al. , 1988). 
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Follicular fluid has been shown to contain several of 

these peptides 

- FSH binding inhibitors in the MW range of 500-5000, showing 

FSH antagonist activity (Sluss & Reichert, 1984) 

- B-endorphins (Lim et al., 1983) 

- Neuropeptide Y in three different forms (Jorgensen et al., 

1990) 

-atrial natriuretic factor (Steegers et al., 1990) 

-Angiotensin I, II ( Miyata et al., 1990; Culler et al., 1986) 

- GnRH-like peptides (Ying and Guillemin, 1981) 

-oxytocin (Kiehm et al., 1989) 

- proenkephalin (Jin et al., 1988) 

- vasoactive intestinal peptide; VIP (Davoran and Hsueh, 1985) 

- prorenin (Glorioso et al., 1986) 

-arginine-vasopressin (Pannonen et al., 1985) 

- small peptides having some sequence homology with prolactin 

(Nolin, 1982) . 

The exact functions of most of these factors have not yot been 

defined but they are believed to play autocrine or paracrine 

roles in follicle development. Of the above peptides, the ones 

that fall within the MW of the inhibitory peptide identified in 

the present study are : 

- Angiotensins I and II 

- Enkephalin 

- alpha-neo Endorphin 

- oxytocin 

- Substance P 
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- arginine-vasopressin 

- gamma-endorphin 

- somatostatin-14 

Other peptides within the same MW range but not demontrated in 

follicular fluid are - dynorphin, alpha - and beta- MSH, rat 

little gastrin, bradykinin, B-lipotropins, neurotensin and 

endothelin. 

Angiotensins and renin are mainly involved in angiogenesis 

during follicular development and the activity was 

significantly greater in follicular fluid than in serum 

(Paulson et al., 1989). A positive correlation has been 

demonstrated between renin-angiotensin and estradiol levels in 

the ovary while FSH was found to decrease angiotensin II 

receptors (Tonetta and diZerega, 1989). The exact role of 

renin-angiotensin in follicular fluid is still unclear. 

Neurohypophyseal hormones, oxytocin and arginine

vasopressin have been found in follicular fluid. The main known 

role of oxytocin is the regulation of luteal production of 

progesterone and the release of prostaglandins. Substance P has 

been identified in the nerve fibers in the theca externa of 

antral follicles but not in granulosa cells and is said to 

alter blood flow to the follicle (Ojeda et al., 1985). 

Gonadal GnRH-like factors have been identified in 

follicular fluid and they have a direct inhibitory effect on 

the rat ovary (Hsueh et al., 1984). All differentiative 

functions (LH receptor induction, FSH-stimulated aromatase and 

progesterone production) are inhibited. These peptides are of 
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granulosa cell origin and are immunochemically different from 

the hypothalamic peptides (Hsueh and Jones, 1984) . A great 

heterogeneity exists in the molecular weights of the GnRH-like 

peptides, even ranging up to 6000 (Peterson and Swerdloff, 

1983). Their role in granulosa cell proliferation is not known. 

Recently Mori et al. (1984) have reported the presence of 

somatostatin (the 14 amino acid variant) in ovarian extracts. 

Its defined role has been the inhibition of meiosis of oocytes. 

Another polypeptide factor inhibiting oocyte meiosis, known as 

oocyte maturation inhibitor (OMI), has been found in follicular 

fluid and is produced by granulosa cells (Tsafriri et al., 

1982). The molecular weight of this peptide ranges between 

1000-2000 and its synthesis is stimulated by FSH, but not by 

estradiol (Channing and Evans, 1982). 

Other peptides that have been recently reported to affect 

granulosa cell function are : 

a low molecular weight ( 1000-3000) peptide in porcine 

follicular fluid, inhibiting sterodogenesis (Kigawa et al., 

1986) 

- protein electrophoretic patterns showed a common band of 

protein in bovine and porcine medium (3-8mm) follicles and it 

has been suggested that it may be a regulatory factor 

(Cabrera et al., 1985) . 

a low molecular weight peptide (<10,000) inhibiting 

progesterone synthesis in cultured human granulosa cells 

(Hillensjo et al., 1983). 
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- FSH increased production of secreted proteins (from granulosa 

cells) having MW 16000, 17000, 20000, 35000, 36000, 40000 , 

46000, 111000 and 153000 and decreased those of MW 38000, 48000 

and 250000 (Knecht et al., 1986) . Continued presence of FSH was 

necessary, removal caused disappearance of most proteins within 

6- 24 h . One of these factors could be the stimulatory factor 

(MW >30,000) identified in the present study (Figure 26A) which 

was produced transiently following the DES-induced FSH surges 

or after PMSG. 

It is difficult to speculate about the exact nature of the 

peptide found in the present study, since the exact function of 

most of the peptides listed above in the specific MW range are 

still unknown. This inhibitory peptide is most likely to be 

either GnRH-like peptide or somatostatin-14, since both have 

been found, in general, to be inhibitory to most developmental 

processes in the ovary (Hseuh et al, 1984; Mori et al, 1984) . 

However, the possibility of the peptide being a hitherto 

unknown factor cannot also be ruled out. 

All the above evidence suggests the modulation of follicle 

growth by stimulatory influences of gonadotropins as well as 

the modulation by estrogens - both exerting their actions via 

the synthesis of different peptides. In the present study, it 

is apparent that granulosa cell proliferation is likely to be 

modulated by the estrogen-induced inhibitory and the FSH

induced stimulatory factors and the final outcome is a net 

effect of the two factors. In the absence of persistent high 
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FSH levels (hence diminished stimulatory factor), the estrogen

induced inhibitory effects predominated. 

Nature of inhibitory action of the peptide: 

The mechanism of inhibitory action of the peptide found 

in the present study could be due to : 

i) an antimitogenic effect, 

ii) a cytostatic or cytotoxic effect . 

An anti-mitogenic effect is usually manifested after 24-36 h 

corresponding to the minimum time taken by the cells to 

traverse the S-G2 phases of the cell cycle. The inhibition seen 

with the peptide in the 48 h cell culture studies (Figures 17-

26) is suggestive of an anti-mitogenic effect. However, in the 

short term culture studies (Figures 27, 29b and 30), inhibition 

was seen within 10 h. This suggested a cytotoxic or a 

cytostatic effect. A cytotoxic effect was unlikely since the 

studies on cell viability after culture showed 95-100% of the 

cultured cells to be viable even after 48 h. The presence of 

[3H)thymidine incorporation and steroidogenesis during 48 h of 

culture also rules out a massive cytotoxic effect. A cytostatic 

effect is more likely particularly because the steroidogenic 

enhancement seen with FF (Fig.20) was only 30-40%. This is much 

lower than expected since FF contains several molecules which 

are greatly stimulatory to steroidogenesis (particuJ,.arly FSH 

and LH) . It is possible that a separate inhibitory molecule 

could be operative in lowering steroidogenic responses. The 

other indication of a cytostatic phenomenon occuring after 3 
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and 4 DES injections is the sudden loss of aromatase (Fig. 15) 

within 24 h. However, a definite conclusion about the exact 

mechanism of action of the inhibitory peptide cannot be drawn 

at this time and awaits further study . FF contains several 

diverse factors and complete interpretation of the present 

findings needs further investigations. However, since the same 

peptide in the same MW range showed inhibitory activity in both 

long (48 h) and short (10 h) term culture, it can be definitely 

concluded that, whatever be the mechanism of its action, the 

peptide has a MW range of 1700-2300. 

Final conclusions 

The effects of estrogen in coordinating follicle 

development by positive and negative actions reflect an 

interplay between systemic and local paracrine systems. Many 

investigators have hypothesized that the timely induction of 

the aromatase system together with concomitant changes in 

granulosa cell proliferation profiles and intrafollicular 

steroids are major determinants of (1) selection of the 

dominant follicle early in the cycle (Richards, 1979; McNatty, 

1982) and (2) the atresia of the majority of the growing 

follicles during that cycle. 

of estrogen effects by 

folliculotropic effect in 

In general, reduction or removal 

anti-estrogens results in a 

most model systems, i.e. other 

follicles in addition to the dominant one are allowed to grow 

(Hutz, 1989) . Therefore, estrogen from the dominant follicle 

has been implicated in suppressing the development of other 
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follicles by inducing atresia (Dierschke et al., 1985; Zeleznik 

et al., 1985; Hutz et al., 1988). The dominant follicle itself 

is said to escape because it has an elaborate microvasculature 

delivering more FSH and because it acquires abundant LH 

receptors and LH can increase cAMP levels to continue 

maintaining growth (Zeleznik et al., 1985). 

There are several mechanisms regulating the process of 

atresia. One such regulator is the androgen content of the 

follicle and it has been shown that the atretic process can be 

induced/enhanced by high levels of androgens, particularly the 

5-alpha reduced androgen, dihydrotestosterone - DHT (Bagnell et 

al., 1982; Conway et al., 1990). DHT is a potent inhibitor of 

aromatase (Hillier et al., 1980); this effect is temporary and 

can be reversed by estrogens. As such, estrogen has been 

ascribed an anti-atretic role i.e. rescuing follicles from 

atresia. This protective action of estrogen on androgen insult 

has been interpreted in the context of the findings of the 

present study in the following section . 

Production of adequate estrogen is critical to the welfare 

of the developing follicle, particularly the small ones. This 

is because estrogen is required for several purposes including 

its well known mitogenic action, increasing the number of its 

own receptors as well as FSH receptors and inducing LH 

receptors along with FSH. Hence, in the early stages of growth, 

a certain amount of estrogen is absolutely essential for the 

growth of a follicle. If deprived of this essential level, the 

follicle undergoes atresia. The androgens, particularly DHT, by 
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inhibiting aromacase could be reducing estrogen synthesis in 

the growing follicle and thereby depriving the follicle of the 

minimal critical level of estrogen required for growth. 

Exogenous estrogen administration could therefore , reverse this 

inhibitory effect of androgen and hav e an protective role. 

Hence , a high level of estrogen has been thought to be 

conducive to follicle growth . A high estrogen : androgen ratio is 

facilitatory to follicle growth and a high androgen : estrogen 

ratio is found in atretic follicles (McNatty et al ., 1979) . The 

latter finding could be a result rather than a cause of 

atresia , according to the finding of the present study . The 

inhibition of growth of granulosa cells of growing follicles by 

high levels of estrogen (from the dominant follicle) could 

result in fewer cells and hence lower aromatase levels . This 

could lead to the accumulation of androgens , due to a block in 

conversion to estrogens. This would lead to a high 

androgen : estrogen r atio . 

The protect ive action of estrogens on the atretic action 

of androgens has also been viewed in terms of rescue from 

atresia (Harman et al . , 1975 ; Bagnell et al ., 1982) . However, 

according to studies done by Hirshfield ( 198 9) , 11 rescue 11 from 

atresia can be interpreted in at least two different ways -

actual ' reversal ' of the atretic process or ' prevention ' of 

atresia . She has shown that, instead of reversal , prevention of 

atresia is responsible for the development of higher numbers of 

healthy follicles and ovulations after administration of PMSG. 

These extra healthy follicles may be derived from the cohort of 
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slightly smaller healthy follicles (termed as " reserve " 

follicles by Greenwald) . If an additional stimulus (PMSG or 

estrogen) had not been given, these follicles would not have 

been a part of the growing cohort of the present cycle as they 

were too immature , nor would they have contributed to the 

growing cohort of the oncoming cycle as they were already too 

advanced in development to be retained for 4 more days . As a 

result , without PMSG (or estrogen) , they would have 

degenerated. Hence , the ' rescuing ' role of estrogen on atresia 

following an androgen insult could be interpreted in a similar 

way , i.e. growth of reserve follicles after estrogen t r eatment. 

It is important to note that these roles of androgens and 

estrogen are dependent on size and the stage of development of 

the follicle and the destiny of the follicle is determined by 

the steroid effect which predominates at a particular time and 

stage of the developmental process . 

The findings of the present study are in keeping with the 

conclusions from studies using monkeys treated with exogenous 

estrogens . Koering ( 1987) showed that prior exposure to high 

levels of exogenous estradiol reduced the mean percentage of 

developing antral follicles and increased the number of early 

atretic follicles . No change was seen in the number of small 

follicles . Based on this published work along with the findings 

of the present study, it is proposed that the high levels of 

estrogen produced by the dominant follicle regulate the growth 

of small and medium follicles via the synthesis of a local 

factor which may be pept idic in nature and which inhibits 
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proliferation . It is further proposed that the medium follicles 

are most sensitive to this inhibition since these follicles are 

at a critical stage of development when their fate is decided . 

It is possible that synthesis of the inhibitory protein is 

increased as the follicle grows from a small to a medium size , 

under the effect of increasing estradiol concen trations . This 

effect , together with inhibition of aromatase , deprives the 

follicle of t he min imal critical mitogenic level o f estrogen 

needed to maintain growth and the follicle undergoes atresia. 

However , the relative concentration of the inhibitor is 

effectively lowered by continued growth of selected medium 

follicles into large ones, possibly due to dilution in large 

amounts of antral fluid as the synthesis is stage- or size

specific. Thus, in addition to the action of estrogen in 

reducing gonadotropic support of follicle growth via negative 

feedback (Zeleznik et al ., 1985), our studies suggest that 

premature elevation of estradiol affects growth of medium 

follicles by causing the synthesis of local regulatory factors . 

This proposed mechanism, schematically depicted in Figure 32 , 

would also help explain the previously reported detrimental 

effects of locally administered estrogens on follicle growth 

(Dierschke et al. , 1983, 1985). 



Figure 32 Schematic of relationship between findings 

of present study and normal follicular 

development . 

This figure shows the relationship between the 

inhibitory role of estrogen proposed in this study and 

the normal follicular developmental process. The 

dominant follicle (DF) in each cycle produces very high 

amounts of estradiol which leads to elevation of serum 

and intra-ovarian estrogen levels. This high level of 

estrogen acts upon the growing small and medium 

follicles in that particular cycle. Since the entire 

process of growth of a follicle from the small to the 

large size stage takes approximately 4 cycles, most 

(99%) of these growing follices are subjected to the 

inhibitory effects of two to three cycles of high 

estrogen levels. The inhibitory effects are manifested 

in two ways : 

1. A reduced responsiveness to FSH and LH, the effect 

being manifested very early in the growth process, 

affecting mainly the small follicles, and 

2. Synthesis of the inibitory peptide to stop further 

growth. 

Those few follicles which escape the inhibitory effects, 

reach dominant status in subsequent cycles. 
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SUMMARY 

Estrogen plays a critical role in coordinating follicle 

development, being both stimulatory and inhibitory . The 

objective of the present study was to investigate the 

disparate effects of estrogen on follicle development in the 

ovary. Intact immature rats were treated with DES (2mg/rat) 

for different durations (up to 48 h-short term; up to 96 h

long term) . Ovaries were collected, follicles of three sizes 

<200 J..Lm 200-4 00 J..Lm ·and >4 00 J..Lm ( sma 11, medium and large} 

were isolated and granulosa cells were harvested from these 

follicles. Sera from treated animals were assayed for steroid 

and gonadotropin content. Parameters studied with the 

granulosa cells were incorporation of [3H] thymidine into 

granulosa cell DNA (as a measure of proliferation) and 

activity of the enzyme aromatase (as a measure of 

differentiation). 

In the first set of studies, it was shown that prior 

exposure to DES diminishes the response of granulosa cells to 

gonadotropins. Short term exposure to DES for 12 , 24 , 36 and 

4 8 h and subsequent treatment with FSH in vivo or in vitro 

yielded follicles which differed from normal (after PMSG 

treatment). Depending upon the duration of DES pre-exposure, 

there was loss of responsiveness of the cells to subsequent 
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gonadotropin stimulation. This effect was maximal in the 

medium follicles. As a result , there was diminished 

steroidogenesis and loss of ovulatory response when the pre

exposure to DES was for a minimum duration of 36 h. However, 

there was an augmentation of FSH effects when DES exposure 

was for 12 h only. This suggested that estrogens could be 

both stimulatory and inhibitory to follicle development, 

depending on the duration of exposure. 
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In the second study, the animals were exposed to DES f o r 

2 4, 48, 7 2 or 9 6 h and follicles of three sizes were isola ted 

from the ovaries. Rates of [3H] thymidine incorporation into 

granulosa cells from the three sizes of follicles was assessed. 

Follicular fluid supernatant was collected, its protein content 

quantified and the proteins were tested for their effects o n 

[3H]thymidine incorporation into granulosa cells. 

Results showed that 24 and 48 h of DES exposure were 

stimulatory but 72 and 96 h of exposure were inhibitory t o 

growth of the medium follicles. Follicular fluid from the 

medium follicles at 72 and 96 h also had higher protein 

content. Unfractionated follicular fluid protein (150-300 ~g) 

from medium follicles was inhibitory to granulosa cel l 

proliferation. The same amounts of BSA had no effect. When 

follicular fluid proteins were separated by size, the 

inhibitory effects were found to be present only in the <3K MW 

fraction. The inhibitory activity of the peptide was reversible 

and heat-stable but destroyed by trypsin digestion . A 30-4 0 

fold purification was achieved by the Centrico n 
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microconcentrators and a dose-dependent inhibition was seen 

with 4-16 ~g of the partially purified protein. 50S

polyacrylamide gel electrophoresis (PAGE) of the fractionated 

follicular fluid verified purity of the fractions but failed 

to show any well-defined protein bands, probably due to the 

very low protein content of the follicular fluid fractions. 

The <3K MW fraction was further analyzed by non-denaturing 

PAGE . Separated proteins were eluted from 5 mrn gel slices and 

the eluates bioassayed for inhibitory effects on thymidine 

incorporation into granulosa cell DNA. Inhibitory activity 

corresponded to two peaks with molecular weights of 1,100 and 

2, 000, the latter showing significantly greater inhibition. 

These findings suggest that the inhibitory actions of estrogens 

are mediated by the synthesis of a specific heat-stable peptide 

of low molecular weight. This effect of estrogen could be a 

determining factor in cessation of granulosa cell proliferation 

during normal follicle development. 
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