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Introduction 

Reproductive Cycle in the Rat 

The reproductive life .of the adult rat is three to six months long; this is relatively short 

compared to cycle lengths in most higher mammals. To compensate for the short 

reproductive life span, the cycle in the adult r~t is four to five days in contrast to 

primates and other mammals such as humans in which- the cycle is 28 days. Despite 
. / . 

the difference in cycl~ length, both types of animals require a series of highly 

· coordinated events which leads to the developm_ent and selection of dominant follicles. 

Ultimately, a species specific number of ovarian follicles is selected to ovulate at the end 

of each cycle. This synchronized process is dependent upon steroid hormones 

produced by ovari,an follicles and their triggering of the preovulatory gonadotropin surge. 

In the rat cycle, during proestrus and estrus, serum concentrations of ovarian 

steroids and gonadotropins are at their highest. Each is secreted in a highly 

coordinated sequence which is essential for prop~r follicle growth and development. 

Serum estrogen levels begin to rise on the evening of diestrus, day two of the cycle, 

and reach a maximum on the following afternoon of proestrus. This rise in estrogen in 

combination with an increase in serum progesterone on the a_fternoon of proestrus are· 

necessary fC?r· the timing ·and· triggerin~ ·of the gonadotropin surge from the anterior 

pituitary. Serum follicle stimulating hormone (FSH) levels exhibit -slight fluctuations· 

throughout the cycle, but these . changes· .are not as dramatic as the increase in FSH 

secretion measured on the afternoon ofproestrus· and again on the .~orning of estrus. 

Unlike FSH,' serum levels of luteinizirig hormone (LH) remain'· constant throughout the 
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cycle _except for the ovulatory surge which occurs on the afternoon of proestrus. This 

surge ~f LH stimulates Graafian follicl~s to ovulate. 

Follicle Growth in Ovaries 

During estrus, follicular growth occurs more· rapidly than during ·than proestrus. Small 

follicles have relatively low mitotic. _indexes -~n both · estrus and proestrus, while the 

mitotic in~ex of larger follicles is significantly greater on estrus compa~ed to proestrus. In 

adult cycling female rats, there are non-uniform growth rates across the follicular class 

sizes (1 ). In the cycling hamster, which has a four day estrous cycle that is similar to 

the rat, small pre-antral follicles show a significant increase in DNA synthe$iS on the 

afternoon of proestrus, at the time of t~e gonadotropin surges. There is another 

increase in DNA synthesis on the morning of estrus, which correlates with the increasing 

serum FSH levels (2). 

Unlike the adult, prepubertal · animals do not exhibit cyclic .fluctuations in the 

secretion of gonadotropin and ovarian steroids. In the· rat, the first signs of puberty are 

seen between day 33 and 37 of life. · Between day 1 O to 21, there ·are small non-cyclic 

fluctuations in serum LH and FSH levels, but these levels remain low until day_33 of. age 

(3,4 ). This drop in serum gonadotropin levels experienced in the immature female 

occurs because during this period (d10-21 ); serum estradiol is ·present in maximally high 

concentrations, but these extreme levels decrease by day 21 (4). The high levels of 

estradiol result from the· decreasing concentrations of the fetal-specific estrogen-binding . . 

protein, a-fetoprotein (5). By sequestering .estradiol during fetal life, a-fetoprotein may 

play a role in limiting ovarian follicle development during this time. Du~ing the 

prepubertal period, serum FSH concentrations are highest and yet, the occurrence of 

atresia, follicular degeneration, is common; this is most likely due to the lack of available 
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_ :estrogen due to binding to a-fetoprotein (6). Therefore, it is understandable that the 

. growth and . development patterns in immature animals are quit~· different compared to 

adults. In contrast to.the adult ov.ary,. the most rapi~ly growin·g class of follicles in the 

prepubertal rat is the smallest follicles; as the follicular'_s.ize increases, the rate of growth 

decreases. In addition, the ovaries of prepubertal rats are dominated by atretic follicles 

(1 ). 

In all mammalian species, the fetal ovary possesses all the oocytes it will ever 

produce. In the female rat fetus, there are approximately 75,000 germ cells by 

embryonic day 18.5 but by day two postpa_rtum, through a continuous degeneration 

process, only about 27,000 remain (7). fHis degenerative process continues throughout 

the reproductive life of the animal. These germ cells enter . meiosis and become 

recognized as oocytes upon becoming arrested in the diplotene stage of the first meiotic 

· division. The oocytes will remain at this stage of meiosis un~il the time of ovulation (8). 

The adult mammalian ovary, is a dynamic heterogeneous tissue containing 

follicles at various stages_ of development and degradation (Figure 1 ). Follicles are 

genetally categorized according_ to their size and function; the smallest and simplest in 

structure and function are referred to as the primordial follicles (Figure 2). Primordial 

follicles consists of an oocyte surrounded by a single layer of flattened granulosa cells 

and a basement membrane which creates a micro-environment for the oocyte. At this 

stage in development, the granulosa cells do not exhibit any differentiated functions, nor 

are they dividing (8). Within_ the confines . of the basement membrane, there are_ 

approximately four ~ranulosa cells in the largest cross section of the primordial follicle 

and the structure is approximately 25 µm in diameter. By the time the follicle has 

reached preovulatory size it eontains nearlY. · 2009-2500 granulosa cells in the largest 

cross section and Js more than 500 µm in diameter (9). · 1i, rats, the follicle selection 
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Figure 1. Cross section of an ac;tult ovary. 

The adult ovary is a heterogeneous tissue comprised of follicles of various stages of 

development. Adapted from: Gorbman A and Bern H: Textbook of Comparative 

Endocrinology. Wiley, 1962. 
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Figure 2. Sequential development of an ovarian follicle. 

The stages of development and the hormones regulating the respective stages 

are noted. (estrogen (E2), follicle stimulating hormone (FSH)). Adapted from J. 

Richards: (1994) Endocrine Reviews. (15) 726 . 
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process has occurred by the time the follicle exceeds 400 µm in diameter because 

atresia usually occurs in follicles with a diameter of 200-400 µm (10.). 

The_·source of preovulatory follicles is the pool of non-growing primordial follicles. 

By a · selection process that is based upon a set of yet unknown criteria, a cohort of 

follicles is selected to grow. Once a f~llicle enters into the pool of growing follicles it will 

continue to grow leading ultimately to one of two possible fates: the follicle may ovulate 

or it will degenerate. Degeneration is the most common fate with fewer than 1 % of all 

follicles growing and maturing to become preovulatory; the majority un~ergo atresia 

upon reaching the antral stage. The formation of the antral cavity is one of the final 

phases in folliculogenesis and is characterized by the formation of a fluid filled cavity 

within the granulosa cell layer. The follicular fluid is· rich in growth factors, steroid_s and 

other paracrine factors, all which are instrumental in follicular development. 

Approximately every four · days in the rat, ten to ~elve Graafian follicles will 

develop and ovulate at the end of the cycle (11 ). At the beginning of the next _cycle, 

another cohort of growing follicles will have acquired the still unknown features which 

will allow these follicles to become dominant and proceed to ovulate in the next cycle 
. ' . ' 

instead of becoming· atretic. Simultaneously, another cohort of non-growing primordial· 

follicles is stimulated to enter the pool of growing follicles. Thus, the follicles selected to 
. - ' . . ' 

ovulate must possess some characteristic that sets them apart frorn .the. _other follicle 

within the growing pool. 

Role of FSH in Ovarian Follicle Growth 

Granulosa cells of growing follicles must possess the ability to respond to FSH. In the 

adult cycling rat, a wave of follicle development is initia~ed by the mid-cycle preovulatory 

surge of FSH; it has been postulated that this FSH surge also selects follicles which will 
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ovulate in the subsequent cycle (12). · FSH binds to a FSH specific membrane-bound 

receptor which is found exclusively within the granulosa cells (13); this receptor is a 

-member of the G-protein coupled receptor family (14). The _appearance of FSH 

receptors on· granulosa cells is an early step in the transition to puberty. Between days 

15 and 18 of age there is a s_ubstantial increase in FSH receptor mRNA levels which is 

paralleled by an increase in FSH binding· sites; no further increase is seen up until day 

27 of age (15). Because of the lack of FSH receptor, follicles of preovulatory size are _ 

not seen in-prepubertal females. 

The development of primary follicles to the antral stage cannot proceed in the 

absence of FSH. Female rats that have undergone hypophysectomy, which eliminates 

the effects of the pituitary, have a distinct absence of antral· follicles within their ovaries. 

Without FSH, atresia is common prior to the antral stage of follicle development but FSH 

.has been shown to suppres~ atresia in C!,.!ltur.ed antral follicles by as much as 60% (16). 
. . .; - ' . , 

However, past studies relied on commercially· available preparations of FSH known to . 

have some LH contamination, which may have played an active role in these· 

experirr1ents. But, studies using re·combinant FSH completely void of LH contamination 
. . 

. ' ' . 

. have confirmed the ability of FSH alone to increase the number of antral follicles as well 
. . 

as decrease the percent of atretic follicles (17). Also, administration of recombinant 

FSH leads to folli?ular growth to the· preovulatory stage· in· immature hypophysectomized 

rats (18). Since the withdrawal of FSH stimulation results in diminished. growth and 

increased follicular atresia, the capacity of granulosa cells to respond to FSH is a 

requisite for the selection and maturation-of follicles. 

In addition _to its actions upon growth, FSH also induces differentiation of 

granulosa cells. As the follicular phase progresses P450-aromatase activity,_ the enzyme 

which catalyzes the conversion of thecal de~ived androgens to· estrogens, increases 
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under FSH control (19-22). This secreted estrogen acts as a paracrine factor within the 

ovary as well as in an endocrine manner systemically. 

Role of Estrogen in Ovarian Follicle Growth 

In the ovary, estrogen receptors were thought to be restricted to the granulosa cell layer 

within the follicle (23), but untfl recently only one isoform of estrogen receptor was 

known. The recently discovered estrogen receptor-~ (E,R~) (24) has been shown to be 

the predominant isoform of estrogen receptor expressed in the ovary and is localized in 

the granulosa cells of small growing and preovulatory follicles (25). Whereas the 

expression of the c~nventional estrogen receptor (ERa). has no specific cellular 

localization within the ovary (25). 

In 1940, Pencharz (26) and Williams (27) established that the synthetic estrogen 

diethylstilbestrol (DES) given to immature . hypophysectomized rats, resulted in 

increased ovarian weight. Goldberg (28) showed that in hypophysectomized animals, 

the DES-induced ovarian weight gain was attributed to an increase in granulosa cell 

number. These studies demonstrated an increase in the mitotic rate of granulosa cells 

collected from the ovaries of DES treated rats. It has been proposed that the 

stimulatory action of estrogen is confined to the early stages of foliicle development, 

whereas FSH is not_ involved at these stages (29,30). Pencharz (26) observed that the 

ovaries of DES-treated animals contained only medium size follicles and there was a 

marked reduction in the amount of interstitial tissue. Chakravorty et al. (31) observed a 

similar action in which the number of small and medium follicles increased and 

prolonged DES treatment resulted in the accumulation of medium sized follicles with no 

change in the number of large follicles. These authors concluded that the accumulation 

of medium follicles was due to DES-stimulated growth of small follicles which were 
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transform~d i~to medium sized follicles, but the medium sized follicles do not possess 

the ability to become large follicles. 

In addition to serving as mitogens of granulosa cells, estrogen play a major role 

in coordinating follicular development by. increasing the number of FSH receptor binding 

sites (32,33). This is an essential role since a high degree of sen·sitivity of granulosa 

cells to FSH is necessary for the follicles to progress into the later stages of 

development. 

Hormonal Interactions i_n the Regulation of Follicle Growth 

Despite the fact that estrogen and FSH have been shown to individually enhance and 

modulate specific steps in the process of follicular development, during the estrous 

cycle, these hormones act simultaneously. However, the effects of these ·hormonal 

cues on follicle development is stage dependent. During the life of a follicle, there is a 

period in development when the granulosa cells are responsive to estrogens followed by 

a transition period in which the cells are sensitive to both estrogen and FSH and finally 

granulosa cells become gonadotropin dependent. Richards (34) has shown that 

estrogen pretreatment alters granulosa cells response to FSH and has proposed that 

prior estrogen exposure may determine which follicles eventually ovulate. Estradiol 

secreted by ·tt1e dominant foilicles Jn a cycle,· through :a negative feedback mechanism 

on th~ hypothalamic-anterior pituitary axis inhibi_ts the release of FSH which is a means 

of coordinating follicle developmenL But, estradiol synergizes with · FSH to stimulate 
. ' 

' . . 

. granulosa . c~II proliferation and · differentiation by i"ncreasing. · the number of FSH · 

receptors per gr~nulosa cell_ (32,33) which. increase·s their sensitivity to ·FsH. This 

process continues and eventually LH receptors _appear. (35) which are necessary for the 

dominant follicle to ovulate in response to the mid-cycle gonadotropin surge. 
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Importance of the Duration of Estrogen Exposure to Follicle Development 

There is a great deal of evidence which suggests that, depending on the dose and 

duration of treatment, estrogen exerts both a stimulatory and inhibitory action. on the 

hypothalamic-anterior pituitary axis thereby controlling the release of gonadotropins. In 
.. 

addition, experimental evidence shows that the actions of estradiol in the ovary can also 

be both stimulatory and inhibitory depending on the dosage and duration of exposure 

(36,37). 

It has been reported that DES stimulates proliferation in granulosa cells (28), 

increases ovarian weight (26,27), and prevents atresia (38), but extended exposure to 

DES results in reduced viability, diminished steroidogenic capabilities in granulosa cells 

(39) and increased follicular atresia (40-42). Chakravorty et al. (39) demonstrated that 

there was no significant difference in the rate of granulosa cell proliferation in small 

(<200 µm) or medium (200-400 µm) follicles of DES treated rats. However, in these 

same studies, there was a significant increase in [3H] thymidine incorporation into 

granulosa cell DNA of medium sized follicles when the duration of DES was extended 

from 24 to 48 hours. This enhancement proved to be transitory because the degree of 

[
3H] thymidine incorporation was significantly decre<:3sed if the duration of DES exposure 

was extended from 48 hours to 72 or 96 hours.- It was also shown that aromatase 

activity was significantly decreased in all follicle sizes after 72 or 96 hours of DES 

treatment, but no difference was seen between 24 or 48 hours DES exposure. While 

these studies were performed with DES-alone, they do not take into account the effects 

of estrogen on FSH and other regulators of follicle development. 

Proper estrogen priming is necessary for granulosa cells to become responsive 

to FSH (34 ); Chakravorty et al. (31) exposed immature female rats to 12 or 36 hours of 
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DES fol.lowed by 36 hours of FSH treatment. In this ·series, ·12 hr DES pretreatme_nt 

prior to FSH ·exposure resulted :in an ·enhancement in. ~~or11atase activity in medium and 

large follicles; ~his effect was not seen when the du'ration of DES was prolonged to 36 

hours prior to_ FSH treatment. However, this phenomenon does not appear to be solely 

dependent · on DES. In hypophysectomized hamsters, injections of the long acting 

estrogen, estradiol.:cyclopentylpropionate, did not enhance the effects of FSH on 

follicular development (43) and injections of estradiol benzoate, another long acting 

estrogen, resulted in the suppression of follicular development as well as a reduction in 

the number of ovulated follicles (44). 

These conflicting effects . of estrogen are not specific to rodents. Hutz and 

Dierschke (41,45) ·have shown that at the appropriate dose and duration of treatment, 

estradiol can either increase follicular growth or induce follicular atresia in prim.ates. In 

addition, the synergism between estradiol and FSH in the induction of aromatase activity 

is lost when marmoset granulosa cells are pr~treated with estradiol 48 hours prior to 

FSH (46). These studies show that effects of estrogen within the ovary are dependent 

upon the dose and duration of exposure. 

Physiology of Puberty 

In the adult female rat, the actions and interactions of estrogen and FSH may be quite 

different than in the immature animal which lacks the cyclic pattern of t~eir release. It is 

n~t until after puberty that the female begins to experience a routine and predictable 

cycle. The understanding of puberty has been guided by two different approaches. 

i=rom an endocrine perspective, _the most appropriate explanation seems to be that the 

onset of puberty is a netiro~ndocrine. event. -A~ increase in the pulsatile release of 

gonadotropin releasing hormone which stimulates the pulsatile release of LH and FSH is 
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considered to be one of the initial steps in. puberty. Though gonadotropins are slightly 

elevated just after birth in humans and rats, they remain relatively low in- the prepubertal 

period and more importantly gonadotropins are not ~ecreted i~ a cyclic pattern in this 

period. 

As. the animal nears puberty~_ the· hypothalamic-pituitary axis becomes more 

sensitive to estrogen. In the rat, by day 15 of age, estrogens are responsi~le for the 

tonic suppression of gonadotropins (47), but by day 22. the·. pituitary releases 

gonadotropins in response to proesfru_s leyels of estradiol (48). In the rat ovary, antral 

size follicles are present by day 21 of. age but do not develop into preovulatory follicles 

even though they possess FSH and LH receptors (4~). Thus, in the prepubertal period, 

the hypothalamus-pituitary-ovarian axis. is functioning, but the 'synchronization 

necessary for development of the· estrus cycle is lacking. The first signs of v~ginal · 

_· opening, an indicator for the onset of puberty, does not occur until around day 33-37. 

What is missing from the proposed neuroendocrine explanation of puberty is the 

source of the signal which initiates the transition through puberty. Suprisingly, the most 

likely origin of this·· signal appears. to be an un_likely source: adipose tissue. The 

association between reproduction and· body fat is· primarily a function _of energy because 

both pregnancy and lactation are energy demanding processes and their success is 

dependent upon sufficient stores of energy. It is well known that infertility and 

amenorrhea, absence of menses, in women are associated with low body weight, eating 

disorders and ·excessive exercise (50_-53). Frisch (54) has shown that in women, weight 

.loss in the range of 10-15% results in amenorrhea. However, infertility has also been 

associated with excessive weight (55,56). Finally, it has been well established that the 

timing of menarche is more closely associated with body mass than with age (57). 
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These observations demonstrate a strong connection between body fat and fertility, 

however the factor that.connects b_ody mass.and reproduction is unknown. 
. ... -: . 

Leptin, the protein ·product of the ob gene (58), ·is secrete~ by adipocytes into the 

general circulation and acts to incr~ase. _metabolism and to decrease appetite (59-62). 

Serum leptin levels are highly correlated with body mass in· both hu~ans and rodents. 

lnterestingi'y enough, leptin has become ttle most likely c.andidate as the missing link 

between body weight and t_he:: reproduc~ive .· axis. Increasing evidence supports the 

hypothesis that leptin directly. modulates reproduction. The mutant mice ob/ob lacks the 

functional leptin protein and as a result these animals are extremely obese a·nd are 

infertile. Unlike · the male which will become fertile with weight loss due to food 

restriction, females do not. · However, when females are given recombinant leptin, 

gonadotropin secretion and follicular development increa~e and fertility is _restored. 

Leptin receptors are expressed in the ovary, uterus, hypothalamus and anterior 

pituitary (63) which suggests a direct action in these tissues. A physiological 

significance for leptin receptors _within the hypothalamus-pituitary axis has been shown 

by the ability of leptin to stimulate an increase in the secretion of ~H from the .anterior 

pituitary in vivo and the secretion of both LH and FSH in vitro (64 ). 

It has also been proposed that leptin is involved in the initiation of puberty. The , 

age of vagi_nal opening, an indication of the first estrus, was advanced in leptin treated 

normal immature mice (65). Although weight loss is associated with a delay in puberty, 

the timing of vaginal opening in leptin treated animals occurred at the same time as 

control animals despite the weight loss· (66). Leptin treatment in ob/ob mice, which do 

not produce functional leptin, stimulat~d an increase in uterine and ovarian weights as 

well as an increase in serum LH and FSH levels (67). It is unclear if these responses 

are a direct or an indirect action of leptin on · ovarian steroid synthesis. Nonetheless, 
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these results support the involvement of leptin in reproductive function, although the 

specific actions of this hormone have yet to be defined. 
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Objectives 

It has been well documented that the duration of estrogen exposure regulates the 

release of gonadotropins from the hypothalamic-anterior pituitary axis. However, there 

are conflicting data as to the effects of estrogen in the ovary. Within the ovary, cyclic 

exposure to estrogen initiates follicle growth and development, which ultimately results 

in the formation of follicles capable of ovulating. However, some studies have shown 

that prolonged estrogen exposure may inhibit follicle development. Therefore 

characterizing this biphasic action of estrogen on ovarian follicle development will 

provide an explanation for these previously conflicting results. The following hypothesis 

is proposed:_ Short durations of estradiol exposure synergizes with follicle stimulating 

hormone by inducing FSH receptor; longer durations of estradiol not only decrease 

circulating levels of FSH but also suppress the responsiveness of granulosa cells to 

FSH. 

The adult cycling rat experiences cyclic fluctuations in estradiol, from the 

preovulatory follicle, and gonadotropins, by the pituitary. Estradiol and FSH are well 

known to act in concert with one another in follicle development, but their_ actions and 

release are dependent upon one another. However, prior to the onset of puberty serum 

levels of FSH and estradiol are low and non-cyclic. During this period, follicle growth 

and atresia do occur but follicles do not reach preovulatory stage which suggests 

estrogen dependent growth. The question then becomes, in the absence of FSH 

responsive follicles in the immature rat, what is the source of estradiol which is required 

for early follicle development. To address this question, the following hypothesis is 

proposed: In the immature female rat, adipose tissue is the source of estrogen for 

prepubertal follicular development. Therefore, the following specific aims are proposed: 
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• To deter~ine the time frame in which estradiol exposur~ stimulates .or reduces the 

responsiveness of granulosa cells to FSH. 

• To determine if the duration of : estradiol exposure alters -the responsiveness of 

granulosa cells to FSH from different size follicles_. 

• To determine if extended duration of estradiol affects the growth and/ differentiation 

of smaller follicles vyhich will ovulate in subsequent cycles. 

• To determine if the biphasic effect of estradiol is due to· the modulation of FSH 

receptor and LH receptor gene expression. 

• · To determine if adipose tissue, ahd its secretions alters steroidogenesis • in the 

prepubertal female rat. 
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Materials and Methods 

Animals 

Intact immature female rats (Harlan, Indianapolis, IN) were used in all experiments. The 

animals were housed in rooms with a light cycle of 14 hours light and 10 hours dark. 

Commercial rat chow -and water were provided ad libitum. Unless otherwise stated, the 

age of the animals at the beginning of all experiments was day 25 with sacrifice on day 

28. All animal protocols received prior approval from the Institutional Committee for 

Animal Use in Research and Education and were conducted in accordance with the 

guidelines of the National Institutes of Health and the U.S. Department of Agriculture. 

Effects of estradiol on isolated granulosa cells 

A. Buffers and Reagents 

1. Modified McCoy's SA medium ---2 mM I-glutamine, 10 mM HEPES, 26 mM sodium 

bicarbonate 

·2. FSH --- biological potency= 4453 IU/ mg (NIDDK o~SH-20, National Hormone and 

Pituitary Program, Bethesda, MD) 

B. Method 

On day twenty-five of life, two 4 mg estradiol pellets (3-mm diameter, 1-mm thick) were 

implanted subcutaneously in the dorsal side of the neck; control animals were sham 

operated. After the respective duration of estradiol exposure, two i.p. injections of FSH 

(0.25 µg FSH in 0.2 ml saline, NIDDK-oFSH-20, National Institute of Diabetes and 

Digestive and Kidney Diseases, National Hormone and Pituitary Program, . Bethesda, 

MD) were given to all 'animals at 24 hour intervals. The animals in all groups were 
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sacrificed 36 hours after the initial FSH injection ( day. 28 of age), peripheral blood was 
! 

collected and the ovaries removed, cleaned of fat, and pooled by group. In ice cold 

modified McCoys SA medium, the ovaries were teased apart and then digested with 

3,200 U/ml collagenase (Sigma, St. Louis, MO) and 400 U/ml DNAse I (Sigma, St. 

Louis, MO) to release the follicles. The follicles were sorted (small < 200 µm or medium 

200 - 400 µm) and pooled by size. 

For the experiments·· in which intact follicles were used; follicles were sorted 

according to size and then resuspended in a known volume of buffer. The number of 

follicles isolated was determined by counting the number of follicles present in an aliquot 

from each sample. In the experiments using isolated granulosa cells · from sorted 

follicles, cells were expressed from follicles in each group by the following protocol 

based upon the published method of Campbell (68). Follicles were placed in 6.8 mM 

EGTA modified McCoy's SA medium and 0.2% (wt/vol.) bovine serum albumin (BSA) 

and incubated for 1 O minutes at 37° C in an atmosphere of 95% 02: 5% CO2. The 

follicles were washed with modified McCoy's 5A medium and reconstituted in 500 µI 

modified ~cCoy's SA medium an~ then pressed to rupture the follicles and release 

granulosa cells. Granulosa cells were isolated centrifugally at 80 x g for S minutes and 

then resuspended in a measured volume of modified McCoy's 5A medium. The number 

of cells present was determined by · counting with a hemacytometer and viability was 

determined by the erythrocin B dye exclusion method. 
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Effects of the duration of estradiol exposure on ovulation 

A. Buffers and Reagents 

1. Pregnant mare's serum gonadotropin (PMSG) --- biological potency = 2300 IU/ mg 

(Center for Population Research, National Institute of Child Health and Human 

Development, Bethesda, MD) 

2. Human chorionic gonadotropin (hCG) --- A commercial preparation (LyphoMed, 

Melrose, II) containing 5,000 U was diluted with saline and aliquotted prior to use. 

B. Method 

On day twenty-four of life, animals were implanted with either two estradiol pellets or two 

cholesterol pellets (PMSG ONLY). The pellets were implanted , either 12 (12h E2 + 

PMSG) or 36 (36h E2 + PMSG) hours prior to subcutaneous (sc.) injections with 8 IU 

PMSG in 0.2 ml saline. A 6 IU human chorionic gonadotropin (hCG) in 0.2 ml saline i.p. 

injection is given 40 hours after PMSG treatment, and the animals were sacrificed 16 

hours later (day 28 of age). The ovaries and oviducts were removed and the number of 

ova present in the oviducts is counted as a measure of ovulation. 

Effects of estradiol exposure on the ovulation rate in subsequent cycles 

Twenty four day old intact female rats were implanted with two estradiol pellets for 24 . 

hours or 36 hours prior to gonadotropin stimulation while PMSG ONLY animals, which 

. served as control, were sham operated (Figure 3). After the respective duration of 

estradiol exposure, the animals receive 8 1.U. PMSG in 0.2 ml saline sc. and 54 hours 

later an injection of 6 IU hCG in 0.2 ml saline administered i.p. Half of the animals from 

each group wer~ sacrificed 16 hours post hCG. The ovaries and uteri were removed 

and the oviducts placed between two glass slides and examined microscopically with 
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Figure 3. Treatment regimen used for determining effects of estradiol 

exposure on the ovulation rate .in subsequent cycles. 

Twenty-four day old immature female rats were randomly divided into six grou·ps: PMSG 

ONLY (CYCLE1 ), 24h E2 + PMSG (CYCLE1 ), 36h E2 + PMSG (CYCLE1 ), PMSG 

ONLY (CYCLE2), 24h E2 + PMSG (CYCL!=2), and 36h E2 + PMSG (CYCLE2). PMSG 

administration marked the beginning of each cycle: Oh (CYCLE1) and 106h (CYCLE2). 
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the number of ova present counted as a measure of the ovulation rate. The estrogen 

pellets ·were removed from the remaining animals and 36 hours later another PMSG

hCG regimen begins. The animals were sacrificed 16 hours after hCG treatment and the 

ovulation rate was determined. 

Effects of leptin on ovarian function 

Twenty-five day old intact female rats were treated with recombinant leptin produced 

accqrding to_ the method published by Zamorano et al. (132). Two treatment regimens 

were employed in these studies. Regimen 1: Animals were divide~ into two groups and 

were implanted with osmotic pumps on the dorsal side of the neck which delivered 0.91 

µg leptin/hour (LEPTIN) or 1 µI saline per hour (CONTROL). The animals were weighed 

and the state of vaginal opening was checked daily. Regimen 2: Animals were exposed 

to leptin for 24 hours (24 h), 48 hours (48 h), 72 hours (72 h), or 93 hours (93 h). Leptin 

was administered in two 25 µg injections 12 hours apart for the respective durations. 

Following leptin treatment, the animals were sacrificed and the ovaries were harvested 

and homogenized for determination of steroid content and .steroidogenic capability. 

Determination of aromatase activity in isolated granulosa cells V 

A. Buffers and Reagents 

1. Phosphate buffer saline {PBS} --- 6.8 mM sodium phosphate dibasic, 3mM sodium 

phosphate monobasic, 149 mM sodium chloride, pH 7.4. 

2. Phosphate gelatin buffer {PGB} --- 160 mM sodium chloride, 61 mM sodium 

phosphate m·onobasic, 39 mM sodium phosphate dibasic and 0.1 % (w:v) gelatin, pH 

7.0. 
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3. NADPH/NADH generating system--- 0.27 mM reduced '3,-nicotinamide adenine 

dinucleotide phosphate (NADPH), 0.3 mM reduced ~-nicotinamide adenine 

dinucleotide (NADH), 3.8 mM glucose-6-phosphate, 21U/ ml glucose-6-phosphate 

dehydrogenase, and 2mM adenosine triphosphate 

B. Method 

Aromatase activity was determined by measuring the conversion of testosterone 

substrate to estradiol. Seven-hundred and fifty thousand cells from each group in 

triplicate were incubated for one hour in PBS supplemented with 0.5 µM testosterone 

(Steraloids, Wilton, NH) and NADPH/NADH generating system. At the end of the one 

hour incubation at 37° C in a 95% 02' 5% CO2 atmosphere, the steroids were extracted 

twice with five volumes of redistilled ether and the ether was evaporated under a stream 

of nitrogen. The resulting residue was redissolved in a measure volume of PGB and the 

quantity of estradiol in each sample was determined by radioimmunoassay. 

Determination of steroid production in ovarian homogenates 

Ovaries were homogenized with a sintered glass homogenizer in a measurec;t volume of 

PBS and aliquots taken in duplicate. In addition, one aliquot from each sample is frozen 

to serve as a control to determine the quantity of steroids present prior to incubation. 

Each tube is supplemented with 0.1 ml of PBS and NADPH/NADH generating system. 

In addition, to the tubes desiQnated for estrogen measurements, 0.5 µM testosterone 

was added as substrate for the enzyme aromatase. At the end of the one hour 

incubation, the steroids were extracted twice with five volumes of redistilled ether and 

the ether was evaporated under a stream of nitrogen. The resulting residue was 

dissolved in a measure volume of PGB. The quantity of testosterone and progesterone 

present was determined by radioimmunoassay. 
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Steroid Radioimmunoassays (RIA) 

A. Buffers and Reagents 

1. Phosphate gelatin buffer {PGB) --- 160 mM sodium chloride, 61 mM sodium 

phosphate monobasic, 39 mM sodium phosphate dibasic and 0.1 % (w:v) gelatin, pH 

7.0. 

2. Dextran coated charcoal- 1 % Norit "A" charcoal (Sigma, St. Louis, MO) and 0.4% 

dextran (wt/vol.) in deionized water. The charcoal was washed three times with 

deionized water to removed fine particles before use. 

B. Method 

RIA is used to determine the concentration of the specific steroids in both serum and 

cellular incubates used in the aromatase assays. For estradiol, progesterone and 

testosterone assays, standard curves range from 5 pg to 1000 pg / ml PGB. 

Appropriate volumes of ether extracted samples were aliquotted such that the 

concentration in a final volume of 0.5 nil, is within the linear part of the standard curve. 

The samples were incubated at 4° C for one hour with 100 µI diluted antibody, specific 

for the steroid of interest, followed by another one hour incubation with tritium labeled 

steroid (10,000 cpm I 0.1 ml). Unbound steroid is absorbed to dextran coated charcoal 

and separated by centrifugation at 3,000 rpms for 10 minutes. The supernatant is 

transferred to scintillation vials and [3H] activity counted with Scintiverse-8D (Fisher, 

Pittsburgh, PA). The concentrations of steroids in each sample was calculated by a 

double legit- transformation program. 
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Measurement of serum LH levels 

A. Buffers and reagents 

1. Phosphate buffer saline (PBS) ---- 6.8 mM sodium phosphate dibasic, 3 mM sodium 

phosphate monobasic, 149 mM sodium chloride in deionized water. 

2. Purified hormone, standard and primary antibody {NIAMDD-rLH-S-1 O} was obtained 

from NIDDK (NaUonal Hormone Pituitary Program, Bethesda, MD). 

B. Method 

LH levels were determined by a double-antibody radioimmunoassay method (69). 

Purified LH was iodinated with · 1251 (NEN, Boston, MA) by the Chloramine-T method 

(133) and the labeled hormone was separated from the unincorporated 1251 by filtering 

through a Sephadex G-100 colu·mn. The assay range was from 0.04 ng/tube to 5 

ng/tube The primary antibody was used at a 1 :25,000 dilution yielding 29% binding. 

The goat anti-rabbit secondary antibody (Arnell, Brooklyn, NY) was used at a 1 :250 

dilution. The labeled hormone, standards, antibodies and incubation was carried out in 

1% (wt:vol) PBS. Serum LH levels were expressed in terms of NIAMDD-RP-1 standard. 

Measurement of serum leptin levels 

A. Buffers and reagents 

1. Assay buffer (Linco Research, St. Charles, MO), --- 0.05 M phosphosaline, pH 7.4, 

containing 25 mM EDTA, 0.1% sodium azide 0.05% Triton X-100 and 1% RIA grade 

BSA. 

B. Method 

A commercially available r~t leptin RIA kit (Linco Research, St. Charles, MO) was used 

to measure serum leptin levels and the assay was performed according to the 
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manufactures protocol. Briefly, 0.1 · ml of each sample, in duplicate,_ was added to 0.1 

ml of assay buffer. Each sample was incubated overnight at room temperature with 0.1 

ml of the antibody specific for rat leptin and followed by addition of ,0.1 ml 125I-leptin for 
) 

an additional 24 hours at room temperature. The antibody-bound leptin was separated 

from the free leptin by centrifugation and the 1251 activity was counted in Beckman 5500 

gamma counter. The sensitivity of leptin assay ranged from 0.5 ng to 100 ng. · 

Measurement of cell proliferation 

A. Buffers and reagents · · 

1. Krebs Ringer-bicarbonate (KRB)---- 136 mM sodium chloride, 5 mM potassium 

chloride; 0.4 mM sodium phosphate monobasic, 0.4 mM potassium phosphate 

monobasic, 5.5 mM glucose, 4.5 mM sodium· bicarbonate, 10 mM HEPES, 1 % BSA 

(w:v), pH 7.0. KRB was aerated.with 5% CO2 prior to use. 

2. [3H]-thymidine -~- [methyl-3H] thymidine (specific activity = 37 Ci/ mM; ICN 

Radiochemicals, Irvine, CA) 

B. Method 

Two methods to measure the degree of cell division was used. In the whole ovary 

experiments, the thymidine incorporation assay was performed with one million viable 

· cells from each group incubated at 37°· C in triplicate in 1 ml Krebs Ringer-bicarbonate 

buffer (1 % BSA, 5 mM HEPES, pH 7.0) with 1 µCi of [3H]-thymidine. The incubation 

was terminated by adding 100 µg unlabeled thymidine and the cells were washed three .. 
times with ice-cold buffer to remove excess labeled thymidine. DNA was isolated by 

tricholoracetic acid (TCA) precipitation and after washing the DNA pellet with TCA, the 

r3H]thymidine content in the DNA is determined by scintillation counting. Nonspecific 
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[3H] thymidine incorporation was determined by incubating an equal number of heat

denatured cells (5 min in boiling water) under identical conditions. 

In the follicle separation experiments, cell proliferation was determined by 5-

bromo-2'-deoxyuridine (BrdU) incorporation into DNA. One million viable cells from 

each group were incubated in triplicate with 10 µM BrdU in 1 ml Krebs Ringer 

bicarbonate buffer supplemented with 1 % BSA and 5 mM HEPES (pH 7.0) for four 

hours at 37° C. The cells were washed twice with 1 % BSA/ PBS and resuspended in 

200 µI of PBS. The cells were then fixed in 5 ml of 70% ice cold ethanol followed by 

DNA denaturation with 1 ml 2 N HCI with Triton X-100 (0.5% v:v). After a 30 minute 

incubation, the cells were washed with 0.1 M Borax (pH 8.5). After reconstituting in 1 

ml PBS containing 0.5% Tween 20 (v:v) and 1 % BSA (w:v), 20 µI fluorescein 

.isothiocyanate (FITC) labeled BrdU antibody (Becton Dickinson lmmunochemicals, San 

Jose, CA) was added per . million cells and incubated for 30 minutes at room 

temperature. The cells were washed and then resuspended in 1 ml propidium iodide 

(0.5 µg Pl/ ml PBS). The incorp.oration of BrdU was determined by analysis by a Epics 

Elite flow cytometer (Coulter, Hialeah, FL) with argon laser excitation at 488 nm. 

Extraction of total RNA from Granulosa Cells and Whole Ovaries 

For RNA analysis, total RNA was extracted using either Tri-Reagent (Sigma, St. Louis, 

MO) or RNAzol (Biotecx Laboratories, Inc., Houston, TX) following the manufacturers 

protocol. The protocol for both methods is similar; the protocol for Tri-Reagent is as 

follows. Isolated cells were resuspended in 1 ml of Tri-Reagent and lysed; for tissue, 1 

ml of Tri-reagent was added per 100 ~g of tissue and homogenized. The samples were 

allowed to stand at room temperature for; at least five minutes prior to adding 0.2 ml 

chloroform per ml of Tri-Reagent used. The samples were then mixed vigorously and 
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allowed to stand at room temperature for approximately 1 O minutes. Centrifugation of 

the sample at 12,000x g for 15 minutes at 4° C leads to. three phases; the upper 

aqueous phase containing RNA was transferred to a fresh 1.5 ml microcentrifuge tube 

and the RNA was precipitated by the addition of 0.5 ml isopropanol per ml of Tri

Reagent. The precipitated RNA was then pelleted by centrifuging at 12,000 x g for 10 

minutes at 4° C and then washed once with 1 ml of 75% ethanol. The RNA was air 

dried and then dissolved in diethylpyrocarbonate (DEPC) treated water. For storage, 

three volumes of absolute ethanol was added to the one volume of DEPC treated water 

and then stored at -20° C until ready for use. 

Measurement of mRNA by Northern blotting 

A. Buffers and reagents 

1. Hybridization buffer--- 10% (v:v) dextran sulfate, 50% (v:v) deionized formamide, 1 % 

(w:v) SOS, 1 M NaCl, 50 mM Tris (pH 7.5) 

2. Glyoxal-DMSO solution--- 17% glyoxal, 50% DMSO, 40 mM Tris-acetate, 1 mM 

EDTA 

3. Tris-Acetate-EDTA (TAE)--- 10 mM Tris, 0.03 mM EDTA, 5 mM sodium acetate. 

4. SSC--- 150 mM NaCl, 15 mM sodium citrate, pH 7.0 

B. Method 

Northern blotting was used to determine the level of expression of the FSH receptor and 

aromatase mRNA from granulosa cells isolated from whole ovaries. For this procedure, 

20 µg of total RNA aliquots were precipitated by adding 1/10th volume of 3M sodium 

acetate (pH 5). The RNA was pelleted by centrifugation at 10,000 x g for 1 O minute; 

followed by washing with 75% ethanol. The RNA pellet was reconstituted in 20 µI of 
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glyoxal-DMSO solution. The RNA was denatured by incubating at 50° C for 30 minutes 

and then separated electrophoretically on a 1 % agarose-T AE gel with T AE as the 

running buffer. A RNA standard was included so that band sizes can be determined. 

The separated RNA was transferred overnight to a nylon membrane (GeneScreen Plus, 

NEN Research Products, Boston, MA) by capillary action using 1 Ox SSC. The RNA was 

fixed on the membrane by immersing in a 50 mM NaOH solution for 15 seconds; 

followed by a· rinse in a solution of 200 mM Tris-Cl (pH 7 .5), SSC for 30 seconds and 

then allowed to air dry overnight. 

The membrane was incubated at 42° C in the hybridization buffer for at least two 

hours prior to adding the labeled probe. The cDNA probe was labeled using 

Oligolabelling Kit (Pharmacia Biotech Inc., Piscataway, NJ) following the manufacturer's 

protocol. Briefly, 50 ng of cDNA probe ~as denatured by heating to 100° C for three 

minutes and then cooling immediately on ice for two minutes. The following reagents 

were added to the cDNA probe, 10 µI 5x · proprietary reagent mix (solution containing 

dATP, dGTP, dTTP, and random hexadeoxy-ribonucleotide primers), 50 µCi [a-32P] 

dCTP, 5-10 U Kienow fragment (Pharmacia Biotech Inc., Piscataway, NJ) and the 

appropriate volume of sterile water to make the final volume 50 µI. The labeling reaction 

w~s incubated for one hour- at 37° C. The probe was purified with a Sephadex G-_50 

column (Pharmacia Biotech Inc., Piscataway, NJ). To the purified labeled cDNA probe, 

shear~d salmon sperm DNA (final concentration of 100 µg/ ml) was added to block non

specific binding and the mixture was ~gain denatured by heating to 100° C for ten. 

minutes then immediately placing it on ice for five minutes. The labeled probe was 

added to the hybridization buffer and hybridization was carried out for 16-24 hours at 

42° C. The membrane was washed three times at 65° C with a solution containing 30 
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mM NaCl, 3mM Na citrate, 0.1 % (w:v) SOS; followed by a final wash at room 

temperature with 360 mM NaCl, 20 mM NaH2P04 and 20 mM EDTA. The membrane 

was wrapped in plastic wrap and exposed to x-ray film at -80°C. _The areas of_ exposure 

were quantified by using a densitometer with a digitizing computer program (Alpha 

lnnotech Corp., San Leandro CA). ~-actin was used to standardize for RNA transfer. 

The cDNA probe used for the detection of FSH receptor was obtained from Dr. A.J.W. 

Hsueh (Stanford University, Stanford, CA) (36) and P450-aromatase cl;)NA probe was 

provided by Dr. J.S. Richards (Baylor College of Medicine, Houston, TX) (33,34). 

Measurement of mRNA by quantitative RT-PCR 

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) was used when 

the amount of tissue available was less than optimal for Northern blotting. To generate 

the first cDNA strand, 1 µg of total RNA from each sample was transferred to a 0.5 ml 

thin-walled microcentrifuge tubes. After the addition of 1 µI oligo-dT primers (500 µg/ml, 

Promega, Madison, Ml), the total volu_me was brought to 14 µI with sterile deionized 

water. All samples were _heated to 75° C for 1 O minutes and immediately placed on ice 

for at least three minutes to allow primers to anneal. The RT reaction was carried out in 

a solution of 250 mM Tris-HCI, pH 8.3, 375 mM KCI, 15mM MgCI and 50 mM DTT), 10 

mM dATPs, 10 mM dCTPs, 10 mM dGTPs, 10 mM dTTPs, and 200 U MML-V reverse 

transcriptase (Promega, Madison, WI) for a final volume of 20 µI. Each sample was 

incubated at 42° C for one hour and then heated to 75° for 15 minutes to inactivate the 

enzyme. The samples were stored at -20° C until ready for PCR. 

To measure the level of expression of the gene of interest by quantitative PCR, 

the target gene must be amplified simultaneously with a known quantity of standard and 

the _ratios of Target: Standard will permit accurate comparison between samples. The 

29 



exact amount of standard . t~ .· add for ·each tissue was· determined by co-amplifying by 

PCR a 1 µI aliquot from a reverse transcription reaction and various dilutions of a known 

quantity of standard template under typical assay conditions. The amplification step 

was carried out in a 50 µI reaction containing a final concentration of 50 mM KCI, 10 mM 

Tris-HCI, pH 9.0 at 25°C, 1 % Triton X-100, 0.2 mM dNTPs, 2 mM MgCl2, 50 pmol 

forward and reverse gene specific primers {Table 1 ). This reaction undergoes 32 

cycles of one minute denaturing at 95° C, followed· by primer specific annealing 

temperature for one minute and finally, a one minute extension. step at 72° C. A 5 µI · 

aliquot of each PCR reaction was separated on a 2 % metaphor- 0.5% agarose gel 
. . 

containing 0.5 µg ethidium bromide/ ml. The gel was scanned and the intensity of the 

bands quantified with an image analyzer (Alpha lnnotech Corp., San Leandro, CA). The 

ratio of the intensities of the -target and standard band was used for comparison 

between samples. To correct for pipetting errors and individual reaction differences, the 

sample ratio was expressed as a ratio to B-actin. 

Statistical Analysis 

In the studies involving granulosa cells isolated from whole ovaries, comparisons were 

made between durations of estradiol exposure. These results were analyzed by One

Way-ANOVA followed by post-hoc analysis. using Student-Newman-Keuls multi-range 

test. Comparisons between time of. estradiol exposure ·and follicle size were. used in the 

isolated follicle studies. Two-Way-ANOVA followed by Student-Newman-Keuls multi-
. . ' . 

range post-hoc analysis was used to · test for statistical significance. Means differing 

with a p<0.0~ were considered significant. 
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Table 1. Primer sequences used for quantitative RT-PCR. 

Gene specific primers were designed for each gene of interest. The primer sequences, 

annealing temperatures and PCR product size are listed. The forward and reverse 

primers are indicated by 'F' and 'R', respectively. 
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Table 1. Primer sequences for quantitative RT-PCR. 

Annealing Fragment 
Temperature Size 

Target Primer Sequence (OC) (bp) 

FSH Receptor F:5'-CA TTTGCTGGA TTTGGAGACC-3' 60 308 

R:5'-TCCCATGAAGGAGTTCCTGG-3' 

LH Receptor F:5'-GCTGGCTGTTGCTCTTCTCT-3' 61 371 

R:5'-GGTGTTGGATGTCTGTGGGA-3' 

Estrogen Receptor B F:5'-AATGCTCACACGCTTCGAG-3' 60 292 

R:5'-AACTTGGCATTCGGTGGTAC-3' 

Estrogen Receptor ex. F:5'-AGTCCTGGACAAGATCAACGA-3' 59 220 

R:5'-ATGAAGACGA TGAGCA TCCAG-3' 

B-actin F:5'-TACAACCTCCTTGCAGCTCC-3' 58 290 

R:5'-ACAA TGCCGTGTGTTCAA TGG-3' 



Results 

Determination of the time frame in which estradiol exposure stimulates or 

reduces the responsiveness of granulosa cells to FSH. 

FSH stimulated estrogen synthesis and mitosis were used to determine the effects of 

estrogen on granulosa cells responsiveness to FSH. Animals were treated according to 

the following: 36 hrs estradiol (E2 ONLY), 36 hrs FSH (FSH ONLY), 12 hrs estradiol 

prior to 36 hrs FSH treatment (12h E2 + FSH) and 36 hrs estradiol prior to 36 hrs FSH 

treatment (36h E2 + FSH). To correct for animal variability between the different 

experiments, the results were expressed relative to the E2 ONLY group. The 

incorporation of thymidine into granulosa cell DNA was used to measure proliferation 

(Figure 4 ). There was a significant enhancement (p<0.05) in thymidine incorporation in 

the 12h E2 + FSH group compared to E2 ONLY, FSH ONLY and 36h E2 + FSH. 

The conversion of androgen substrate to - estradiol was used to measure 

aromatase activity (Figure 5), an indirect measurement of aromatase protein level. 

Though not significant, there appeared to be some increase in aromatase activity in the 

12h E2 + FSH group compared to both FSH ONLY and 36h E2 + FSH groups, and this 

increase was significant when compared to the E2 ONLY group. 

The aromatase assay was used as a measure of the protein level of the enzyme, 

to characterize the biphasic action of estradiol on the responsiveness of granulosa cells 

to FSH at the gene level Northern analysis was used. The abundance of aromatase 

mRNA (Figure 6) in the short term estradiol (12h E2 + FSH) and the FSH ONLY 

treatment groups were comparable but both were significantly greater {p<0.05) than the 

extended estrogen treatment groups (36h E2 + FSH and E2 ONLY). The expression of 
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Figure 4. The effects of estradiol pretreatment on FSH stimulated [3H] . 

thymidine incorporation into DNA of isolated granulosa cells. 

One million viable granulosa cells, isolated from whole ovary, were incubated in the 

presence of ·tritiated thymidine for four hou"rs. After incubation, the excess labeled 

thymidine w~s washed and remaining radioactivity was counted; boiled cells served as 

control. Values shown are the means of triplicate determin~tion from four sepa'rate 

experiments and are expressed relative to_ the level of [3H] thymidine incorporation of E2 

ONLY. Results _ were analyzed by One-Way-ANOVA followed by Student-Newman

Keuls multi-range test. Means with unlike superscripts are significantly different (p < 
' . 

0.05). 
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Figure 5. The effect of estradiol pretreatment on FSH stimulated aromatase 

activity of isolated granulosa cells. 

The capacity of isolated granulosa cells from whole ovaries to synthesize estrogen was 

determined by incubating 750,000 total granulosa cells for one hour in the presence of 

testosterone substrate and NADH generating system. The reaction- was stopped by 

extracting steroids with ether before measuring estradiol synthesis by RIA. Values are 

the means of triplicate determination from four separate experiments and are expressed 

relative to E2 ONLY. Results were analyzed by One-Way-ANOVA followed by Student

Newman-Keuls multi-range test. Means with unlike superscripts are significantly 

different (p < 0.05). 
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Figure 6. Northern blot analysis of aromatase mRNA from isolated 

granulosa cells collected from whole ovaries. 

Total RNA was isolated from isolated granulosa cells. Twenty micrograms of total RNA 

was transferred to a nylon membrane and hybridized with a labeled· aromatase cDNA 

probe. After exposing the membrane to x-ray film, the density of the single 2.6 kb band 

was quantified with an image analyzer. Results were expressed as a percentage of the 

· housekeeping gene '1-actin. The values shown are the mean densities from four 

separate experiments and are expressed relative to the E2 ONLY group. Results were 

analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi-range test. 

Means with unlike superscripts are significantly different (p < 0.05). 
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FSH receptor mRNA was similar to· aromatase mRNA in that there was a significant 

enhancement (p<0.05) seen in the 12h E2 + FSH treatment group compared to all other 

groups including FSH ONLY (Figure 7). 

From these observations, · it appears that a short duration (12h) of estradiol 

priming augments FSH stimulated wanulosa cell_ pro.liferation and differentiated 

functions but this augmentation is lost when estradiol exposure is extended to 36 hours 

prior to FSH treatment. The enhancement is most likely a result of an increase in FSH 

receptor gene expression. Measurement of proliferation, FSH receptor mRNA, 

aromatase activity, and aromatase mRNA levels characterize the effects of estradiol on 

FSH dependent functions of granulosa cells. 

Preovulatory follicles have two possible fates: ovulation or atresia. To determine 

the effects of estradiol priming on PMSG-hCG induced ovulations, the number of ova · 

present in the oviducts following 54 hours of PMSG and 16 hours hCG treatment were 

counted. Estradiol pretreatment for 12 hours did not alter the ovulation rate in PMSG

primed animals (Figure 8);_ there was no significant difference between 12h E2 + PSMG 

and PMSG ONLY. However, extending the duration of estradiol exposure to 36 hours 

prior to PMSG-hCG treatment resulted in a significant decrease (p<0.05) in both the 

percentage of animals that ovulated as well as the number of ovulations per animal. 

For the rem.aining experiments the· E2 ONLY group was eliminated because the 

studies focused on the effects of estradiol on the responsiveness of granulosa cells to 

FSH and the FSH ONLY group was better suited as a control for baseline comparisons. 

In addition, the 12 hr estradiol pretreatment was originally selected because this 

. · duration had been shown previously to stimulate an enhance FSH response, so it was 

necessary to determine the optimal period of estradiol exposure prior to FSH treatment. 

l~mature animals were exposed to various durations of estradiol prior to FSH 
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Figure 7. Measurement of ~SH receptor mRNA lev~ls in granulosa cells by 

Northern analysis. 

Twenty micrograms of total RNA, isolated from granulosa cells collected from whole 

ovaries, was transferred to a nylon membrane and hybridized with a labeled FSH 

receptor cDNA probe. After exposing the membrane to x-ray film, there were two 

species o~ FSH receptor mRNA, 7.0 ahd. 2.5 kb, the density of the single 7.0 kb band 

was quantified with an image analyzer. Results were expressed as a percentage of the 

housekeeping gene ~-actin. The values shown are the mean densities from four 

separate experiments and are expressed relative to the E2 ONLY group. Results were 

analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi-range test. 

Means with unlike superscripts are significantly different (p < 0.05). 
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Figure 8. Effects of estradiol treatment prior to gonadotropin stimulation 

on ovulation in immature female rats. 

The following group designations were used: 54 hours PMSG treatment followed by 16 

hrs hCG (PMSG ONLY), 12 hours estradiol treatme_nt prior to PMSG plus hCG 

treatment (12h E2 + PMSG) and 36 hours estradiol exposure prior to PMSG plus hCG 

treatment (36h E2 + PMSG). Each group consisted of eight animals. The percentage 

of animals which ovulated (upper panel) was determined in addition to the number of 

ova present in the oviduct at the time of sacrifice (lower panel). The values for the 

number of ovulations is the mean ± SEM of. the number of ova present in the oviduct. 

Results were analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi

range test. Means with unlike superscripts were significantly different (p < 0.05). 
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stimulation. Estradiol enhancement of aromatase (Figure 9) and thymidine 

incorporation (not shown). started· after 6 hours of pretreatment and remained 

coniparable .. at.12 and 24 hours. At 36 hours an:inhibition was seen. B_ased upon these 

results, the working. model .was defined as 24- hours estradiol (24h- E2 + FSH) or 36 

hours estradiol (36h E2 + FSH) pretreatment :prior to FSH exposure or FSH ONLY as 

control. The 24h estradiol expo"sure was selected because in the normal ovulatory cycle 

in the rat, the length of estrogen secretion is approximately 24-29 hours. 

For this model, the estradi~I pellets generated significantly elevated circulating · 

levels of estrogen in the 24h E2 + FS.H and 36h E2 + FSH groups compared to FSH 

ONLY animals (Table 2) .. Though serum progesterone levels were elevated in the·24h 

E2 + FSti and 36h E2 + FSH groups compared to FSH ONLY, these levels were not 

statistically significant; likewise, LH and leptin levels were also · found to be not 

significantly different between the treatment groups. Serum testosterone levels were 

significantly greater in the FSH ONLY and 24h E2 +· F~H groups compared to the 36h 

E2 + FSH groups. 
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Figure 9. Effects of various durations of estradiol pretreatment on 

aromatase activity in granulosa cells. 

Immature female rats were exposed to estradiol for 3 hrs, 6 ,hrs, 12 hrs, 24 hrs or 36 hrs 

prior to 36 hours FSH treatment and treatment with 36 hours of FSH ONLY served as 

control. Aromatase activity was determined in the same manner as in figure 5. The 

values shown are the means of triplicate determination from a single experiment. 
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Table 2. Serum hormone levels in the estradiol primed intact immature . 

female rat model. 

Peripheral blood was collected at the time of sacrifice and frozen at -20° C until ready 

for assay. Aliquots (400µ1) for measurement of steroid levels were extracted twice with 

redistilled ether before submitting to RIA. The LH and leptin assay required 100µ1 

aliquots for RIA. Five animals were used for each group and the values shown are the 

nieans ± SEM. The differences between groups for each hormone assay were 

analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi-range test. 

Means with unlike _superscripts were significantly different (p < 0.05). 
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Table 2. Serum hormone levels in the estrogen primed intact immature 
female rat model. · · -. 

E2 P4 T LH Leptin 
Group (pg/ml) (pg/ml) (pg/ml) (pg/ml) (ng/ml) 

FSH Only 124 ~ 21A 385 ± 86 240 ± 34A f.1 ± 0.03 2.6 ± 0.2 

24h E2 + FSH 3492 ± 6468 1089 ± 228 316 ± 12A 1.2 ± 0.10 2.2 ± 0.3 

36h E2 + FSH 3614 ± 3528 983 ± 439 152 ± 48 0.9 ± 0.10 2.1 ± 0.3 



Effects of the duration of estradiol exposure alters ·responsiveness of 

granulosa cells to FSH from different size follicles. 

To test the actions of estradiol and FSH on granulo~a cells from different size follicles, 

FSH stimulated proliferation and aromatase were measured in follicles< 210 µm (small) 

and 21 0 - 420 µm (medium). The proliferative capacity (Figure 10) of granulosa cells 

from small and medium sized follicles from animals pretreated with estradiol for 24 or 36 

hours was determined by BrdU incorporation into isolated granulosa cells. The 

incorporation of BrdU in the 24h E2 + FSH group was significantly greater than in both 

the FSH ONLY and 36h E2 + FSH groups. But, there was no difference in BrdU 

· incorporation between follicle sizes within a group. 

The pattern of FSH stimulated a_romatase activity (Figure 11) was identical to 

the pattern of BrdU incorporation. Aromatase activity in the 24h E2 + FSH group was 

significantly greater (p<0.05) than both FSH ONLY and 36h E2 + FSH. There was no 

statistically significant difference in aromatase activity between small and medium sized 

follicles within each group. Thus, the effect of estradiol appea·rs to be time dependent 

but not follicle size dependent. 

The ovary is comprised of foll_icles of various sizes, but more importantly there is 

a disproportionate number of follicles in each size group. While the number of small and 

medium follicl.es did not change with estradiol pretreatment (Figure 12),- there was a 

significantly greater number of small follicles (p<0.05) than medium follicles, but this was 
I 

indep~,ndent of estradiol treatment. Since there is a remarkable difference in the number 

of small and medium follicles in the ovary, the arom_atase activity was measured per 

. follicle. Figure 13 shows there was a significant increase (p <0.05) in estrogen synthesis 

per follicle after 24 hours of estradiol pretreatment in the medium sized follicles but there 
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Figure 1 o. Incorporation of BrdU into DNA of isolated _granulosa cells. from 

different sized follicl.es of estradiol treated rats. 

BrdU incorporation into granulosa cell DNA was used to quantify the degree of 

proliferation. From treated animals, the ovaries were harvested and digested with 

collagenase to release the follicles which were subsequently sorted. based upon size. 

Granulosa cells were expressed from pooled follicles from each size within the 

respective groups· and 1x106 viable cefls were incubated for four hours in KRB in the 

presence of 1 0mM BrdU. The incorporation of BrdU into DNA was quantified by using a 

fluorescently labeled antibody which was detected by flow cytometry. The magnitude of 

the response from each group is expressed relative to the BrdU incorporation into the 

respective follicle size of the FSH ONLY. group. Samples from each group were 

assayed in duplicate and the values are the.mean± SEM for three experiments. Results 

were analyzed by Two-Way:.ANOVA followed by Student-Newman-Keuls multi-range 

test. Means with unlike superscripts are statistically different (p<0.05). 
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Figure 11. Aromat~se enzyme activity in isolated granulosa cells from 

different size follicles. 

Isolated granulosa cells (750,000 total) from sorted follicles were incubated in triplicate 

with testostero_ne substrate for one hour. Aromatase activity was quar:,tified by the 

conversion of testosterone to estradiol; the resulting estradiol was extracted and then 

measured by RIA. The magnitude ·tram each group is expressed. relative to aro_matase 

activity of the respective follicle size of the FSH 'ONLY _group. The values are the mean 

± SEM for three separate experiments. Results were analyzed by Two-Way-ANOVA 

followed by Student-Newman-Keuls _ multi-range test. Means with unlike -superscripts 

are statistically different (p<0.05). 
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Figure 12. Effects of estradiof pretreatment on the total number of small 

and medium follicles. 

Ovaries were harvested from treated immature female rats. Three pairs of ovaries were 

pooled and digested with collagenase to release the follicles which were separated into 

small and medium sizes. From each group, the number of follicles isolated was counted 

under a microscope from an aliquot of each follicle preparation (n=3) in both size 

categories. The results shown are the means ± SEM of the number of follicles isolated 

from each follicle size category within each treatment group. Results were analyzed by 

Two-Way-ANOVA followed by Student-Newman-Keuls multi-range test. Means with 

unlike superscripts are statistically different (p<0.05). 
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Figure 13. Aromatase activity per isolated follicle. 

Follicles isolated from estradiol treated im~ature female rats were incubated for one 

hour with substrate· and NAO PH-generating system. Neither substrate nor generating 

system was added to control. tubes. Values. shown are the mean ± SEM of three 

observations for each follicle size category per treatment group; each observation 

performed in duplicate. Results were analyzed by Two-Way-ANOVA followed by 

Student-Newman-Keuls multi-range test. Means with unlike superscripts are statistically 

different (p<0.05). 
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was no change in . estrogen sy.nthesis in small follicles. Furthermore, medium sized 

follicles showed a significant increase (p <0.05) in aromatase activity in follicles collected 

from the 24h E2 + FSH group compared to 36h E2 + FSH and FSH ONLY groups. 

There was no difference in aro.matase activity between small follicles in any treatment 

group. Calculating the total contribution of estrogen production (Figure 14) by small and 

medium follicles reveals that estrogen synthesis in the 24h E2 + FSH group was 

significantly greater (p<0.05) than both FSH ONLY or 36h E2 + FSH groups. However, 

because of the larger number of small follicles, the total estrogen production by small 

and medium follicles was similar. These results are similar to the data shown in Figure . 

11. Taken as a whole, these -results demonstrate that 24 hours of estradiol priming 

re~ulted in an enhancement in FSH stimulated prolife.ration and differentiated functions, 

but the enhancement was not follicle size dependent. On the other hand, extending the 

estradiol pretreatment to 36 hours resulted in a loss in the enhanced response to FSH. 
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Figure 14. Total estrogen production by each group of follicles. 

One of the contributing factors to differences in follicles sizes is the number of granulos_a . · 

cells that make up the follicle. To correct for these differences and determine the total 

estrogen production for each follicle size, the number of follicles from each sample 

(Figure 12) was multiplied by the . estradiol synthesized in the short term aromatase 

assay (Figure 13). The values shown are the mean ± SEM of the calculated 

contribution of each follicle size. Results were analyzed by Two-Way-ANOVA followed 

by Student-Newman-Keuls multi-range test. Means with unlike supers~ripts are 

statistically different (p<0.05). 
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The effects of the duration -of estr~diol on the ovulation in subsequent 

cycl_es. 

Acquiring the capability to respond to FSH is but one step in the process of follicle 

development. It is the final step, the acquisition ·of LH receptors by_ granulosa cells in 

preovulatory follicles, . that sensitizes follicles to the_ preovulatory LH surge which 

subsequently results in ovulation and corpus luteum formation. The follicles that ovulate 

at the end qf a cycle were selected at the end of the previous cycle. Therefore, the 

effects of estradiol priming on the responsiveness of granulosa cells to FSH will extend 

to future cycles. 

Two artificial cycles were used to determine the effects of estradiol on the 

ovulation rate in subsequent cycles. Table 3 represents the number of ovulations which 

occurred during two artificial ovulatory cycles induced by PMSG or PMSG plus hCG. In 

treatment groups in which no hCG was given, only animals in the PMSG ONLY group of 

CYCLE1 ovulated. However, after CYCLE2, only one animal in the PMSG ONLY group 

ovulated. No ova were observed .in the oviducts of the 24h E2 + PMSG or 36h E2 + 

PMSG groups of either cycle. ·on the other hand, when hCG·was given at 54 hours post 

PMSG, the percentage of animals in each group that ovulated varied from 100% to 50% 

after CYCLE1, but by the end of CYCLE2 only 75% to 33% of the animals ovulated. 

Similar to the ·results shown in Figure 8, there was no difference in the number of ova 

present in the oviduct when comparing ·the PMSG ONLY group and the 24h E2 + Pfy1SG 

group, but again there was a significant decrease (p<0.05) in the number of ovulations 

in the 36h E2 + Pfy1SG group. This pattern hel~·true for both:-CYCLE1 and CYCLE2. 

Due to the implanted estradiol pellets, serum estrogen levels (Table 4, upper 
. ' 

parel) were significantly elevated· in· both 24h E2 + PMSG and the 36h E2 + PMSG 
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Table 3. Effect of estradiol on the ovulation rate in PMSG primed immature. 

female rats. 

Immature female rats were implanted with estradiol pellets 24 or 36 hours prior to 

PMSG treatment; in one experiment at 54 h post PMSG, hCG was given. All animals 

were sacrificed at 70 hours post PMSG. The number of ova present in the oviduct 

(upper panel) and the percentage of animals (lower panel) that ovulated were measured 

for two conseGutive cycles, designated CYCLE1 and CYCLE2. The 24h E2 + PMSG 

and 36h E2 + PMSG groups had estradiol pellets implanted for CYCLE1 and the pellets 

were removed for CYCLE2. Eight animals were used in each group for each cycle. 

Results were analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi

range test. Means with unlike superscripts are significantly different (p < 0.05). 
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Table 3. Effect of estrogen on the ovulation rate in PMSG-primed immature 
female rats. 

Number of ova present in the oviduct 

-hCG 

FSH Only 6.3 ± 0.5 3.0± 0 

24h E2 + FSH 0 0 

36h E2 + FSH 0 0 4.1 ± 0.98 2.7 ± 1.28 

Percentage of animals that ovulated 

-hCG + hCG 

Group 

FSH Only 100 1.1 100 75 
' 

24h E2 + FSH 0 0 50 67 

36h E2 + FSH 0 0 88 33 



Table 4. Serum estrogen and progesterone le_vels in subsequent cycles in 

estradiol treated PMSG primed immature female rats. 

Peripheral blood was collected at the time of sacrifice ·and steroids were extracted twice 

with redistilled ether. The results for the estrogen (upper panel) and proijesterone 

(lower panel) are shown as the mean ± SEM for eight animals from e~ch group per 

cycle. Groups and treatment designations are the same as Table 3. Results were 

compared between groups within each cycle and analyzed by One-Way-ANOVA 

followed . by Student-Newman-Keuls multi-range test. Means with unlike superscripts 

are statistically different (p<0.05). 
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Table 4. Serum estrogen and progesterone levels in subsequent cycles in 
estradiol treated PMSG primed immature female rats. 

Serum estrogen levels 

-hCG +hCG 

CYCLE1 CYCLE2 CYCLE1 CYCLE2 · 
Group (pg/ ml) (pg/ ml) (pg/ ml) (pg/ ml) 

FSH Only 144 ± 50A 127 ± 6A 260 ± 105A 143 ± 15 

24h E2 + FSH 2957 ± 10888 482 ± 1228 2829 ± 3228 300 ± 20 

36h E2 + FSH 4660 ± 1771c 383 ± 92A•8 2301 ± 2108 228 ± 45 

Serum Progesterone levels 

-hCG +hCG 
CYCLE1 CYCLE2 CYCLE1 CYCLE2 

Group (ng / ml) (ng / ml) (ng I ml) (ng / ml) 

FSH Only 5.0±0.6A 30.6 ± 4.7A 31.7 ± 4.9A 25.7 ± 6.6A 

24h E2 + FSH 2.4 ± 0.9A 20.7 ± 2.88 9.4 ± 2.08 60.4 ± 9.58 

36h E2 + FSH 12.2 ± 3.48 8.5 ± 1.ac 14.5-± 1.38 46.6 ± 10.4A,B 



groups; but after removal of. the pellets for CYCLE2; serum estradiol levels decreased 

dramatically. If no hCG was given,. by the end of CYCLE2, serum levels of estradiol in 

the 24h E2 + PMSG group were still significantly higher (p<0.05) than PMSG ONLY, but 

levels in neither group were different from levels in the 36h E2 + PMSG group. In 

contrast, if hCG was given by the end of CYCLE2, all groups had similar . serum 

estrogen levels. 

Unlike serum estrogen levels, there was no consistent pattern to serum 

progesterone levels (Table 4, low.er panel). If no hCG was given, serum progesterone 

• levels after CYCLE1 were significantly elevated in the 36h E2 + PMSG g_roup but 

significantly less after CYCLE2. After CYCLE2, serum progesterone levels in the PMSG 

ONLY and 24h E2 + PMSG groups were respectively six and ten folds higher than in 

CYCLE1, but the levels in the·36h E2 + PMSG group remained approximately_ the same. 

In contrast, when hCG was included in the treatment regimen, serum progesterone 

levels were significantly elevated {p<0.05) in the PMSG ONLY group after CYCLE1, but 

no difference was found between the 24h E2 + PMSG and 36h E2 + PMSG groups. 

This pattern was reversed .after· CYCLE2 where serum progesterone had significantly 

incre~sed in the 24h E2 + PMSG and 36h E2 + PMSG groups over PMSG ONLY which 

did not change. 
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Effects of the duration of estradiol pretreatment on hormone receptor 

mRNA expression. 

Competitive quantitative RT-PCR is a highly sensitive method for comparing the 

expression pattern of the genes of interest, but this sensitivity can also be a 

disadvan"tage of this method. Therefore, before reliable measurements of mRNA levels 

can be made, the appropriate assay conditions must b,e analytically determined for each 

gene of interest. The method for determi~ing the appropriate concentration of cDNA 

standard to add to each competitive RT-PCR reaction is represented in Figure 15. The 

amplified template and standard products were fractionated on a metaphor-agarose gel 

and the ratio of the band densities were plotted versus the concentration of the 

standard. Based upon the graph generated, the following equation is derived: 

/og(Samp/e:Standard Ratio) = slope x /og(pg Standard) - y intercept 

Substituting a Sample:Standard ratio value of one into the equation results in the 

appropriate amount of standar~ to add as a competitor in each PCR reaction. This 

procedure was repeated for all genes of interest. 

The expression of estrogen receptor-a mRNA is depict~d in Figure 16. There 

was a significant decrease in estrogen receptor-a mRNA expression in the 24h E2 + 

FSH and 36h E2 + FSH groups compared to FSH ONLY (p < 0.05) but there was no 

difference in the expression pattern between small and medium follicles within the 

respective groups. In contrast, there wa·s· a significant increase (p<0.05) in estrogen 

receptor-B mRNA levels (Figure 17) in the small follicles of the 24h E2 + FSH group 

compared to all follicle sizes and treatments groups except the small follicles of FSH 

, ONLY group, but no other differences were seen. Comparison of the ratio of estrogen 

receptor-a and estrogen receptor-B describes the relationship of both receptor isoforms 
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Figure 15. Method for calculating the appropriate amount of cDNA 

standard to add to quantitative RT-PCR reaction. 

To determine the appropriate amount of cD_NA standard to add to each PCR reaction, a 

fixed quantity of sample cDNA is amplified simultaneously with various amounts of 

cDNA standard which differs in size. The upper panel is a representative metaphor

agarose gel in which the amplified products of a PCR reaction containing 1 µI aliquot of 

reverse transcribed granulosa cell mRNA plus increasing quantities of the_ respective 

standard cDNA are separated electrophoretically. The ratio of the respective template 

and standard densities are plotted versus the amount of standard added (lower panel). 
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Figure 16. Measuremen,~ of estrogen receptor-a mRNA by quantitati~e RT-

PCR. 

Total RNA was isolated from small and medium sized follicles of estradiol treated 

immature female rats. One microgram of RNA was reverse transcribed with MML-V in a 

20 µI reaction primed with . oligo-dT primers. , One microliter' of each sample was 

coamplified with 10 fg of ER a standard for 32 cycles. Five microliters of PCR product 

was separa.ted on an 2% metaphor-0.5% agarose gel, and the intensity of ethidium 

bromide fluorescence of each band was quantified by an image analyzer. The values 

shown are the means ± SEM of three samples for each follicle class per ,group. The 

data was analyzed by Two-Way-ANOVA followed by Student-Newman-Keuls multi-
- ' 

range test and a statistical difference of p<0.05 is indicated by unlike superscripts. 
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Figure. 17. Quantitative RT-PCR measurement of estrogen receptor-B 

mRNA expression in granulosa cells from different sized follicles. 

One microgram of RNA isolated from granulosa cells from small and medium sized 

follicles was r~verse tram:;cribed_ with MML-V reverse transcriptase in a 20 µI reaction 

primed with oligo-dT primers. · One microliter of each sample was amplified 

simultaneously with 200 fg of ERr1 standard for 32 cycles. Five microliters of PCR 

product was separated on an 2% metaphor-0.5% agarose gel, and the intensity of 

ethidium bromide fluorescence of each band was quantified by an image analyzer. 

The values shown are the means ± SEM of three samples for each follicle class per 

group. The data was analyzed by Two-Way-ANOVA followed by Student-Newman

Keuls multi-range test and different superscripts mark significant difference (P<0.05). 
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(Figure 18). In the absence of exogenous estradiol (FSH ONLY), estrogen receptor-ex is 

the predominate (p<0.05) isoform in the immature ovary whereas the estrogen receptor

B is the major isoform found in the presence of estradiol (24h E2 + FSH and 36h E2 + 

FSH). This relationship is similar to the adult ovary, which contains estrogen secreting 

preovulatory follicles. 

Measurement of the abundance of FSH receptor mRNA as determined by 

competitive quantitative RT-PCR (Figure 19) revealed a significant increase (p < 0.05) in 

the 24h E2 + FSH group compared to FSH ONLY and 36h E2 + FSH groups. The small 

follicles within the 24h E2 + FSH group had the highest expression of all groups, 

including the medium follicles of the 24h E2 + FSH group. There was no difference 

between expression in small and medium sized follicle within FSH ONLY and 36h E2 + 

FSH groups. 

The effects of estradiol pretreatment on expression of LH receptor mRNA is 

shown in Figure 20. The 36 hour estradiol treatment stimulated a significant_ increase in 

LH receptor mRNA levels compared to expression in both 24h E2 + FSH and FSH 

ONLY groups. However, there was not a statistical difference between small and 

medium follicles within each group. 
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./ 

Figure 18. Comparison of · estrogen receptor-a to estrogen receptor-B 

expression in the ovary of estradiol_ treated immature female rats. 

The ratio of ERa to ER~ gene expression for each sample was calculated by the 

· following formula: Ratio = (ERa + ERB) + B-actin. The values shown are the means ± 

SEM of the ratios for three samples for each follicle class per group. The data was 

. analyzed by Two-Way-ANO VA followed by Student-Newman-Keuls multi-range test and 

. a statistical difference of p<0.05 is indicated by unlike superscripts. The values 

representing the expression of ERa and ER~ in adult female rats (adult ovary, corpus 

luteum, and uterus) were kindly provided by Dr. V;B. Mahesh. and Lynn Chorich . 
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Figure 19. Measurement of the abundance of FSH receptor mRNA in 

granulosa cells from small and medium sized follicles by quantitative RT

PCR. 

,:-otal RNA (1 µg) isolated from granulosa cells of small and medium sized follicles 

was reverse transcribed with MML-V reverse transcriptase primed with oligo-dT primers. 

One microliter of the RT reaction from each sample was coamplified with 160 fg of FSH 

receptor. standard for 32 cycles. Five microliters of PCR product was separated on an 

2% metaphor-0.5% agarose gel, and the intensity of ethidium bromide fluorescence of 

each band was quantified by an image analyzer. The values shown are the means ± 

SEM of three samples for each follicle class per group. The data was analyzed by Two

Way-ANOVA followed by Student-Newman-Keuls multi-range test a statistical· difference 

of p<0.05 is indicated by unlike superscripts. 
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Figure 20. Levels of LH receptor mRNA in granulosa cells from isolated 

follicles by quantitative RT-PCR. 

Total RNA (1 µg) isolated from granulosa cells of small and medium sized follicles 

was reverse transcribed with MML-V reverse transcriptase primed with oligo-dT primers. 

One microliter of the RT reaction from each sample was amplified for 32 . cycles. Five 

microliters of PCR product was separated on an 2% metaphor-0.5% agarose gel, and 

the intensity of ethidium bromide fluorescence of each band was quantified by an image 

analyzer. The values shown are the means ± SEM of three samples for each follicle 

class per group. The data was analyzed by Two-Way-ANOVA followed by Student

Newman-Keuls multi-range test and different superscripts mark significant difference 

(P<0.05). 
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The effects of adipose tissue in the initiation of follicle development in the 

immature female rat. 

It is known that the onset of puberty is more closely related to body mass (fat) than age; 

increasing evidence suggests that the hormone leptin,_ secreted from adipocytes, may 

link the adipose tissue to the reproductive axis. Continuous infusion of 1 µg leptin per 

hour for nine days did not alter the steady progressive weight_ increas~ of the immature 

female rat (Figure 21) which averaged 7.6 ± 0.3 and 7.4 ± 0.2 g/day respectively for 

saline and leptin treated animals. Employing the first visible sign of vaginal opening as 

the -indicator for the onset of puberty, the constant infusion of leptin did not alter· the 

body weight at the onset of puberty . (Figure .22, upper panel), nor was the age of vaginal 

9pening advanced (Figure 22, lower panel). _Also, there was no significant effect on 

/ovarian weight at the time of sacrifice (data not shown). 

While the implanted osmotic pumps delivered approximately 24 µg of leptin per 

day, it was unclear what the normal serum levels of leptin was in this age animal. 

Because of this problem, the model was modified such that leptin was administered as 

two 25µg injections approximately 12 hours apart for durations of 24, 48,_ 72 or 93 

hours. CONTROL animals received saline only. The effects of leptin on serum 

hormone levels at the time of sacrifice are presented in Table 5 (upper panel).· There 

was no significant change in either serum estrogen or progesterone level~ with leptin 

treatment. On the other hand, the level of serum testosterone began decreasing after 

24 hours of leptin exposure and was statistically less (p < 0.05) than CONTROL after 72 

and 93 hours of l~ptin treatment. This decrease in serum testosterone may have been 

preceded by the significant deqrease (p < 0.05) in serum LH levels seen after 48 hours 

of leptin treatment but unlike testosterone levels, serum LH returned to CONTROL 
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Figure 21. Effects of continuous leptin infusion on body weight in 

immature female rats. 

Twenty five day old female rats were implanted with an osmotic pump -on the dorsal side 
.. . ~ ' . . 

of the neck which delivered 0.91 µg leptin/µ1 per hour or 1 µI saline per hour. for eight 

days. The animals were weighed daily at approximately the same time. Values showri 

are the means ± SEM of the body weights of eight animals. Results were analyzed by 

One-Way-ANOVA _ and showed that the regression lines were not different _for the two 

treatment groups. 
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Figure 22. ·Effects of leptin on body weight and age at the onset of puberty 

in immature female rats. 

The bo9y weights and· age at the time of vaginal opening were measured in leptin 

treated and control rats. The values are the m'3ans ± SEM of the weight (upper panel) 
• I 

and age at the first sign of vaginal opening (lo~er panel). These data were analyzed by 

One-Way-ANOVA and found not to be significantly different. 
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Table 5. Effects of leptin on s_erum hormone levels and short term ov~rian 

production of gonadal steroids. 

· Serum hormone (upper panel) measurements were performed in duplicate for each 

. animal (n = 6). Aliquots for steroid measurements. were extracted with ether prior to 

assay. The short term ovarian production (lower panel) assay was performed by 

incubating ovarian homogenates (n = 6) from each group in duplicate for one hour in the 

presence of generating system and for the estrogen assay, testosterone was also 

added. Afterwards, steroids were extracted with ether prior to· assay. Results shown 

are the means ± SEM serum and were analyzed by One-Way-ANOVA followed by 

Student-Newman-Keuls multi-range test Means with unlike superscripts denote 

statistical significance (p<0.05). 
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Figure 5. Effects of leptin on serum hormone levels and short te,rm ovarian 
production of gonadal steroids. · 

Serum Hormone Levels 
P4 E2 T LH 

Group (ng/ml) (pg/ml) (pg/ml) (pg/ml) 

Control 4.2 ± 1.1 309±9 347 ± 47A 1.26 ± 0.25A 

24h Leptin 2.0 ± 0.7 275 ± 11 301 ± 45A,B 1.20 ± 0.12A 

48h-leptin 3.5 ± 1.2 261 ± 14 216 ±
0

208 0.78 ± 0.078 

72h leptin 4.2 ± 1.2 291 ± 28 180 ± 78 0.94 ± 0.04A,B 

93h leptin 5.8 ± 1.4 278 ± 15 222 ± 178 1.14 ± Q.15A 

Short term ovarian production 
P4 E2 T 

Group (pg/µg (pg/µg (pg/µg 
protein) protein) protein) 

Control 2.0 ± 0.5 2.5 ± 1.2 8.8 ± 1.8 

24h Leptin 2.4 ± 0.4 2.8 ± 0.9 14.1 ±3.4 

48h leptin 2.9 ± 0.1 2.3 ± 0.4 11.8 ± 1.1 

72h leptin 2.4 ± 0.3 2.5 ± 0.4 11.1 ± 1.7 

93h leptin 2.4 ± 0.1 2.4 ± 0.2 11.4 ± 1.1 



levels by 93 hours. 

While steroids in· the serum may originate from either the ovary (estradiol, · 

progesterone and testosterone) or the adrenal (progesterone), only the synthetic 

capacity of the ovary was examined in these studies. With minor modifications the 

. same short term steroid synthesis protocol used in Figure 5 was employed to de~ermirie 

the effects of leptin on the capacity of the ovary to synthesize estrogen, progesterone or 

testosterone in one hour {Table 5, lower panel). Though _there were slight fluctuations in 

the steroidogenic capability of the ovary with leptin treatment, none of the changes ~as 

found to be statistically significant. It is apparent that the cap~city of the ovary to 

synthesize steroids did not coincide with serum steroid levels, suggesting an alternative 

source for the sex steroids. 

In the intact rat, the ovaries are surrounded by and are prac~ically embedded in a. 

fat pad. Because fat has been shown to have some steroidogenic capability, a 

comparison of the steroid content of the ovaries and the fat pad that surrounds the 

ovaries (periovarian fat) was made. Figure 23 shows that the ovarian content of 

progesterone was statistically greater (p < 0.05) in• the ovary with 72 hours and 93 hours 

of leptin treatment. Though there was variations in ovarian testosterone content (Figure 

24 ), only after 72 hours of leptin treatment was ov~rian content significantly increased (p 

< 0.05). 

Unlike testosterone and progesterone, estradiol levels were. higher in perio'-'.'arian 

fat than in the ovary. There· was a marked increase in the level of estradiol in 

periovarian fat after 48 hours of leptin treatment and levels were significantly greater (p 

< 0.05) by 72 hours and 93 h0t~rs of leptin treatment (Figure 25). The most interestihg 

aspect of these results is that even after leptin treatment was discontinued, the levels of 
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Figure 23. Comparison of progesterone content. in the ovary and 

, periovarian adipose tissue of leptin treated animals. 

Twenty five day old female rats were exposed to leptin for 93 hours (93 hr), 72 hours (72 

hr), 48 hours (48 hr), or 24 hours (24 hr) or saline (Control). The quantity of 

progesterone pres~nt in the ovary and periovarian fat were measured by homogenizing 

the ovaries and periovarian fat from each animal (n = 6) in PBS. The protein content of 

each sample was also measured and these results were used to correct for differences 

in tissue weight. Steroids were extracted with ether and each sample was assayed by 

RIA. The values shown are the means ± SEM and the results were analyzed by One-
.. 

Way-ANOVA followed by Student-Newman-Keuls multi-range test. Means with unlike 

superscripts signify statistical difference (p<0.05)~ 
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Figure 24. Comparison of testosterone content in the .. ovary and 

periovarian adipose tissue of leptin treated animals. 

The quantity of testosterone present in the ovary and periovarian fat were measured by 

homogenizing the ovaries and periovarian fat from each animal (n = 6) in PBS. The 

protein content of each sample was also measured and these results were used to 

correct for differences in tissue weight. Steroids were extracted with ether and each 

sample was assayed by RIA. The values shown are the means ± SEM and the results 

were analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi-range 

test. Means with unlike superscripts signify statistical difference (p<0.05). 
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Figure 25. Comparison of estradiol content in the ovary and periovarian 

adipose tissue _of leptin tre~ted. animals. 

!he quantity pf estradiol present in the ovary and periovarian fat were measured by 

homogenizing the ovaries and periovarian fat from each animal (n = 6) in PBS. The 

protein content of each sample was also measured and these results were used to 

correct for differences in tissue weight. Steroids were extracted with ether and each 

sample was assayed by RIA. The values shown are the means ± SEM and the results 

were analyzed by One-Way-ANOVA followed by Student-Newman-Keuls multi-range 

test. Means with unlik~ superscripts signify statistical difference (p<0.05). 
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testosterone (p < 0.0042) and progesterone (p < 0.0077) were significantly greater in the 

ovary than in the fat. Even though the major source of estrogen in the adult cycling rat 

is thought to be the ovary, suprisingly in the immature ·female rat the estradiol content 

was greatest in periovarian fat (p < 0.0029). 

Northern analysis was utilized to compare between the ov~ry and the periovarian 

fat the expression levels of leptin receptor (OBR) and _. the expression of the 

steroidogenic enzymes cholesterol-side chain cleavage, 17 a.-hydroxylase and 

aromatase. The expression of cholesterol-side chain cleavage, 17a.-hydroxylase and 

leptin receptor were comparable in ovary and fat {Table 6). However, aromatase 

(Figure 26) expression was significantly greater in periovarian fat after 48 hours of leptin 

treatment than in the ovary. These results· suggests that periovarian fat has a greater 

capacity to synthesize estrogen than the ovary in the immature rat. 

;. 
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Table 6. Abundance of cholesterol side chain cleavage, 17 a-hydroxylase 

and OB receptor mRNA in the ovary and periovarian adipose tissue. 

Total RNA was extracted from ovaries and periovarian fat from leptin treated animals. 

Five micrograms of total RNA from each sample was fixed to a nylon membrane and 

hybridize~ with cDNA probes· for cholesterol side chain cleavage enzyme (CSCC), 17-a. 

·hydroxylase (17-a. OHase) and. leptin receptor (OBR). The results were expressed as a 

percent of~ actin, the housekeeping gene. The values shown are the means± SEM for 

the each mRNA species. The level of gene expression was compared to the expression 

level wi~hin all groups by One-Way-ANOVA, but there was no statistical difference in the 

expression levels in any of the three mRNA species. 
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Table 6. Abundance of cholesterol-side-chain cleavage, 17 a-hydroxylase, 
and leptin receptor in. the ovary and periovarian adipose tissue. 

Control 24h leptin 48h leptin 72h leptin 93h leptin 
Probe Tissue (A.U.) (A.U.) (A.U.) (A.U.) (A.U.) 

cscc Ovary 2.1 ± 0.4 1.6 ± 0.3 4.0·± 0.9 3.0 ± 0.7 2.7 ± 0.7 

17-a. OHase Ovary 0.38 ± 0.06 0.42 ± 0.04 0.52 ± 0.05 0.40 ± 0.07 0.33 ± 0.03 

OBR Ovary 0.79 ± 0.09 0.83 ± 0.10 1.21 ± 0.04 0.90±0.15 0.71 ± 0.10 

Fat 0.72 ± 0.07 0.77 ± 0.06 0.73 ± 0.07 1.10 ± 0.28 0.91 ± 0.13 



Figure 26. . Comparison of aromatase mRNA in ovarian and periovarian 

tissue of ·1eptin treated animals. 

· Immature female rats were· treated with leptiil for 24~ 48, 72, or 93 hours. Total RNA 
. . 

was isolated from the ovaries and periovarian fat harvested from five animals from each 

treatment group. Total RNA was fixed to a nylon membrane as a dot blot and 

~ybridized with a labeled aromatase cDNA probe. The results are the means ± SEM of 

density · from autoradiograph expressed as a percent B-actin. One-Way-ANOVA · 

followed by Student-Newman-Keuls multi-range test was used to determine statistical 

difference. Asterisks signify statistical difference (p<0.05) in the level of aromatase 

expression between fat and ovary. 
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Discussion 

Throughout the course of folliculogenesis, there are a series of _coordinated events 

which ultimately result in the formation of an ovulatory follicle. At the center of this 

process is the necessity for above average growt_h and differentiation of granulosa cells, 

both of which are due to follicular responsiveness to gonadotropins. Before reaching 

the advanced stage of development, the growing follicles are responsive to estrogens. 

It has been well established that estrogens sensitize granulosa cells to gonadotropins 

(35, 70), but it has also been demonstrated that the eff~ct of estradiol in the ovary is 
~~~ 

dependent upon ,the dose and the duration of exposure (37). Previously, the synthetic 

estrogen DES was shown to both enhance -and inhibit responsiveness to FSH 

depending upon the duration of exposure prior to gonadotropin treatment. It was the 

purpose of this study to characterize the mechanism by which the natural estrogen, 

estradiol, exerts it biphasic effects upon granulosa cells sensitivity to FSH. The studies 

were also designed to determine which class of follicles are most sensitive to the 

biphasic effect of estradiol. 

. Determination of the ·time frame in which estradio~ exposure stimulates or 

reduces the responsiveness of granulosa cells to FSH. 

The primary source of estrogen in the ovary of the adult cycling rat are the preovulatory 

follicles which have , already achieved the capability to respond to gonadotropins. 

Because preovulatory follicles are the source of high levels of estradiol (71 ), it is thought 

that estrogen diffuses from these __ large follicles to neighboring primordial follicles and 

in'fluences their development. To mimic this estrogen saturated microenvironment in 

immature female rats lacking preovulatory follicles, estradiol pellets were implanted at 
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various times prior to treatment with FSH. The implanted p~l~ets raised serum levels of 

estradiol to a range of 3-4 ng/ml, which is well above levels reported during the normal 

cycle ( estrogen levels peak on the afternoon of proestrus when levels are 40-50 pg/ml) 

(72). Yet, these supraphysiological levels of estradiol served a dual role: 1) suppresses 

the hypoth~lamic-pituitary axis preventing the release of endogenous gonadotropiris; 2) 

to raise intrafollicular levels of estrogen to mimic the in vivo environment created by 

preovulatory follicles (34 ). 

Prior studies from this lab have demonstrated that varying periods of exposure to 

diethylstilbestrol (DES) influenced the responsiveness of granulosa cells to FSH 

(31,39,73). DES has been used extensively in characterizin~ ovarian follicle 

development, partly due to its ability to generate large numbers of preovulatory size · 

follicles. However DES is a synthetic estrogen and its mechanism of action may differ 

from the .natural estrogen, estradiol. Extended exposure to DES resulted in reduced 

viability and decreased steroi_dogenic capabilities of granulosa cells (39) and increased 

rates of atresia (40-42). Chakravorty et al. (31) demonstrated that short term exposure. 

to DES (12 hrs) prior to FSH treatment resulted in an enhancement of aromatase 

activity but this enhancement was lost if the length of DES pretreatment was extended 

to 36 hours. Therefore our. initial studies w~re designed to determine if varying the 

duration of estradiol exposure also infl~enced the responsivene~s of granulosa cells to 

FSH. 

Initially, the duration of estradiol pretreatments were _the same as those 

employed in the DES studies by Chakravorty ·et al. (31); likewise FSH stimulated 

proliferation and estrogen synthesis were used. as parameters to measure the degree of 

responsiveness to FSH. Estrogens alone are known to stimulate mitosis in granulosa 

cells (26,27) as does FSH (74). However, a short duration (12h) of estradiol priming 
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prior to FSH treatment resulted in an enhancement of granulosa cell proliferation 

compared to animals treated with estradiol or FSH alone. However, if the duration of 

estradiol exposure was extended to 36 hours prior to FSH stimulation, no enhancement 

was observed. Goldenberg (28) has shown that treatments combining DES and FSH 

resulted in a four fold increas~ in ovari~m weight gain over DES treatment alone. 

Estrogens increase granulosa cell proliferation (26,27) and this appears to be 

responsible for the increase in ovarian weight in the DES primed rat (28). Selva raj (7 4) 

has shown that the increase .in uterine weight reported in PMSG primed rats can be 

blocked with an aromatase inhibitor, but this inhibition of endogenous estrogen fails. to 

block the ovarian weight gain. This finding suggests FSH, like estrogen, can induce 

mitosis of granulosa cells. Taken together, these observations suggest there are at 

least two independent signaling pathways which stimulate cell division in granulosa · 

cells. Therefore the. enhancement in granulosa cell proliferation after 12 hours of 

estradiol priming is likely ·due to the increase ,n responsiveness to both the estradiol and 

FSH dependent mitotic signaling pathways. 

Unlike granulosa cell mitosis, the expression of aromatase is _an FSH dependent 

feature. However, similar to its effects on mitosis, the short duration of estradiol 

pretreatment resulted in an enhancement of FSH stimulated estrogen synthesis 

compared to animals treated with estradiol only. · The capability for estrogen syAthesis 

was elevated in the animals exposed to 36 hr E2 prior to FSH or FSH only and while this 

increase did not achieve statistical significance, the finding supports'the requirement for 

FSH in_ stimulating aromatase activity. The lack of endogenous FSH was evident from 

the finding of low levels of estrogen production by animals treated with 36 hours 

estradiol only. Taken as a whole, our results show that the effect of twelve hours of 

estradiol priming on estrogen synthesis was not as dramatic as its effect on proliferation 
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because there was no significant enhancement compared to animals treated with 

gonadotropin only. Noneth~less, th_ese effects of the natural estrogen, estradiol, 

mimicked those previously reported (31 ;39,_73) in which short term DES enhanced 

granulosa cells responsiveness to FSH but extended D.ES resulted in a diminished 

gonadotropin stimulation. Thus, our results show that the natural occurring estrogen 

enhances responsiveness to FSH and that the prior reports of DES effects were not due 

to a pharmacological effect of this synthetic estrogen. 

Estrogens not. only stimulate granulosa cells to divide but also enhance cellular 

differentiation by the induction of FSH receptor and the subsequent expression of 

gonadotropin responsiv~ genes, such as aromatase. In the present studies, the 

expression of aromatase mRNA displayed the same pattern as aromatase enzymatic 

activity. Likewise, the expression pattern of both aromatase and FSH receptor genes 

were significantly less in animals exposed to extended durations of estradiol compared 

to shorter estradiol priming. The 36h estradiol group which received FSH apparently 

failed to respond to gonadotropin stimulation because the aromatase activity was similar 

to the E2 ONLY group in which animals received the same estradiol exposure but 

lacked FSH treatment. In this study, the addition of FSH had no effect on the induction 

of aromatase gene expression in the long term estradiol treatments. Again following the 

same pattern as aromatase activity, the expression of both aromatase mRNA and FSH 

receptor mRNA was-_elevated following the short duration of estradiol priming, but there 

was also an enhancement in the expression of aromatase mRNA in the FSH ONLY 

group. In the classical theory of steroid hormone action, the estrogen-estrogen receptor 

complex acts as a transcription factor and is responsible·for regulating the expression of 

genes that contains the unique estrogen response element sequence (ERE) in its 

promoter region. The promoter region of the FSH receptor gene contains an ERE 
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whereas the aromatase gene appears not to posses this response element but it does 

contain a cAMP response element (75). FSH, acting via a cyclic AMP pathway, has 

been shown in granulosa cells to induce transcription of c-fos and c-jun, ~o members of 

the AP-1 transcription factor family (76-78). Bas~d upon these observations, the 

, enhancement of aromatase gene expression in the 12hr E2 group is likely due to the 

induction of F.SH receptor.· However, ·this does not explain ·the response seen in the 

FSH ONLY group which had a FSH receptor mRNA pattern similar to the long duration 

estradiol treatments but the synthetic capabilities of granulosa cells from each. group 

were not significantly different from the short estradiol group. A possible explanation for 

this observation is that the estrogen.;;,-estrogen-receptor complex serves as a 

transcription factor which alters the transcription of respectiye genes and that the mRNA 

measurements only suggest the potential translation into protein. Although no specific 

protein levels were measured di'rectly, estrogen production can serve as an indirect 

measurement of the aromatase protein.levels. Therefore it is probable that 12 hours of 

estradiol exposure is too short a period to result in an increase in FSH receptor protein 

levels. The comp~rable expression of FSH receptor in the long duratiqn estradiol 

treatment group a~d the gonadotropin only treatment group suggests that estrogen 

receptor is down regulated in the long estradiol exposure animals~ 

The loss of enhanced FSH stimulated aromatase activity may be attributed to 

prolactin. Although prolactin was not measured, this hormone must be taken into 

consideration, since estradiol stimulates prolactin release. The. significance of this 

concern is the fact that prolactin has been shown to inhibit steroidogenesis .'(79,80), 

specifically estrogen synthesis, by inhibiting the expression of aromatase mRNA (81 ). 

Thus it is plausible that compared to the short estradiol priming, the diminished estrogen 

synthesis .capability and aromatase mRNA seen in the 36h E2 + FSH group is a 
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prolactiri effect. However, contradicting these negative effects of prolactin, Advis (82) 

reported that hyperprolactinemia actually enhances ovarian estrogen production and 

responsiveness to gonadotropins in immature female rats. Wuttke (83) showed that 

hyperprolactinemia resulted in precocious puberty presumably by increasing estrogen 

and progesterone secretion. Furthermore, ovarian aromatase levels are elevated in 

aging rats despite elevated serum prolactin (84 ). These various effects may be due to 

the· expression of different prolactin . receptor isoforms at specific stages of 

granulosa/luteal cell differentiation (85). Richards (81) suggests that the inhibitory 

actions of prolactin on aromatase are dependent upon the stage of granulosa cell 
. ' 

differentiation and the endocrine status of the rat. Tsai-Morris (86) has also suggested 

.. ' 
that prolactin may not play a major role in reducing estrogen synthesis prior to the LH 

surge in the rat. 

The formation of a follicle capable of qvulating is . the ultimate outcome of 

granulosa cell proliferation and differentiation. · Therefore ovulation was used to 

determine if varying periods of estradiol treatment alter the number of follicles capable of 

ovulating. Though differentiated function was the same in the FSH ONLY and in the 12 

hour estradiol primed rats, the loss of enhanced FSH stimulated proliferation 

experienced with extended estradiol pretreatment was sufficient to inhibit the 

development of follicles capable of ovulating in response to exogenous gonadotropin 

stimulation. It has been demonstrated that treatment with estradiol benzoate, a long 

acting estrogen, resulted in the suppression_ of follicular development as well as 

reducing the number of ovulated follicles (44)- Whereas the shorter period of estradiol 

treatment and the FSH ONLY treatment resulted in similar ovulation rate. 

Taken together, the findings that granulosa cell proliferation was enhanced with 

12 hours estradiol priming but aromatase activity was not augmented may explain the 
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failure for an enhanced . ovulation rate. Combined these results suggests that an 

ovulatory follicle must ·reach a certain _size as well as .attain an advanced degree of 

differentiation. , However, 36 hburs of estradiol priming had. the same · effect as 

gonadotropin only stimulation on proliferation and aromatase activity.· The fact that 36 

hours of estradiol priming· failed to ready follicles to ovulate suggests that another 

mechanism was inhibited. 

Based upon these findings, it was necessary to determine the duration of 

estradiol pretreatment that. resulted in the maximum enhancement of FSH. stimulation. 

With regards to FSH receptor mRNA levels and the levels of aromatase activity and 

aromatase mRNA, it appears that 12 hours of. estradiol priming may not be the optimal 

duration for enhancement of granulosa cells sensitivity to FSH. ·. Estradiol pretreatment 

from 6 to 24 hours prior to FSH stimulation resulted, in marked enhancement of .FSH 

stimulated estrogen synthesis and granulosa cell proliferation compared to both FSH 

ONLY and 36h E2 + FSH. Therefore based upon these findings, 24 hours estradiol 

pretreatment was adopted as the duration for enhanced responsiveness to 

· gonadotropin. This ·Iength of estradiol exposure resembles more closely the natural in 

vivo situation in the rat where there is a period of approximately 24-29 hours in which 

serum estrogen levels are elevated between proestrus and estrus (87). 

Effects of the duration of estradiol exposure alters responsiveness of 

gra~ulosa cells to FSH from different si·ze follicles. 

The mammalian ovary is a highly compartmentalized, heterogeneous organ and is 

comprised of different sized follicles with size dependent differences_ in sensitivity to 

steroids and gonadotropins. Smaller follicles have low responsiveness to gonadotropins 

but cannot proceed to the antral stage without acquiring the capability to respond to 
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FSH. However, these smaller follicles are sensitive to estrogens. Under estrogen 

stimulation small follicles grow and develop into medium .sized follicles which becomes 

receptive to FSH and FSH stimulates antrum formation (28). . It is the medium size 

follicles which undergoes rapid growth on proestrus to become preovulatory (1 ). 

Differences in hormone sensitivity can be used to characterize follicle types, but 

this· functional aspect is closely associated with follicle size. The size of ~ follicle is 

attributed to the number of granulosa cells and the size of the antral cavity. Because 

the hormonal response of granulosa cells differs between follicle sizes, •in order to 

characterize the biphasic effect of estradiol, it is essential t.o determine the effect of 

durations of estradiol treatment on various follicle sizes. It is also important to connect 

the physiological and physical characteristics of each follicle class. Follicles were 

classified based upon the DES model employed by Chakravorty (31 ), although the 

current estradiol regimen failed td produce follicles greater than 420 µm in diameter or 

large follicles; including preovulatory follicles. This failure is likely due to differences in 

the biological pote".lCY between estradiol and DES. Nonetheless two follicle populations 

were isolated including: small (<200µm) and r:n.edium (200-420 µm). 

Granulosa cell proliferation and estrogen synthe.tic capability were employed as 

det~rminants of res.pensiveness to· FSH." Bromodeoxyuridine incorporation and 

aromatase activity in granulosa cells from small and medium sized follicles from animals 

pretreated with estradiol showed a significant enhancement with 24 hours pretreatment. 

However, there was no enhancement in these responses when small and· medium 

follicles were compared within each treatment. Extending estradiol pretreatment to 36 · 

hol;JrS resulted in a loss in the augmented FSH response so that there was· no difference 

in the 36hr E2 and FSH ONLY treatment groups.· · With respect to granulosa cell 

proliferation, the duration of 24h and 12h estradiol pretreatment stimulate~ a significant 
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increase compared ·to 36h estradiol pretr~atment and FSH ONLY. But, unlike the 12 hr 

estradiol pretreatment the duration of 24 hr priming lead to an enhancement in estrogen 

synthesis. This observation supports the ~xplanation that 12 hr estradiol pretreatment 

was not sufficient duration for enhanced. responsiveness to FSH. Since both FSH and 

estradiol can stimulate mitosis but aromatase is solely FSH dependent, the responses 

seen with 12 hr estradiol were likely effects of only the estrogen whereas the 24 hr 

estradiol treatment resulted in the complete induction of responsiveness to FSH. 

Dividing cells are generally not considered to exhibit differentiated features and 

differentiated cells normally do not undergo mitosis. However it appears as though 24 

hours of estradiol priming invokes a unique response in which granulosa cells are 

capable of undergoing mitosis and performing differentiated functions simultaneously. 

But this may not be the case, because it has previously been reported that there are two 

populations of granulosa cells within ovarian follicles. Using percoll gradients, Rao et al. 

(88) separated the two populations based upon density. This method yielded a 

population of large steroid secreting cells and a population of smaller cells which were 

not capable of steroidogenesis. Lederer (89) also showed that only a select population 

of cells can be induced to undergo mitosis and suggested t~ese smaller cells undergo 

gonadotropin stimulated differentiation into the larger steroid secreting cells. Taken 

together, these observations support Hirshfield's observation (8) that larger steroid 

·secreting follicles have a slower growth rate compared to smaller follicles. This 

suggestion implies that smaller follicles contain more of the smaller mitotically active 

cells and by the time the follicle reaches preovulatory size it consists mainly of the larg-~r 

steroid secret_ing cells. However, these present findings su·ggest that 24 hours of 

estradiol pretreatment enhances responsiveness of granulosa cells to F$H in both cell 

types whereas extending the duration of estradiol pretreatment for 36 hours the cells 

80 



lose their gonadotropin sensitivity and are not different from the cells which received no 

estradiol priming. 

Many investigators believe that small follicles are incapable of synthesizing 

estrogens because, in the rat, the smallest follicles are unresponsive to ,gonadotropins 

(30). !he growth of this class of follicles does not require gonadotropins but their growth 

rate differs in the presence of specific hormones (1 ). If the growth rate differs 

depending upon the hormor:,al milieu in which the granulosa cells exist, then it can be 

assumed ·that the state of differentiation of these cells is also affected. In the present 

studies, all small follicles are exposed to the same supraphysiological levels of estradiol, 

whereas in the cycling rat the development bf these follicles is partially influenced by the 

estrogen secreted by adjacent preovulatory follicles. By giving high doses of estradiol to 

the immature rats a uniform class of follicles is created. In addition, the size 

classification used in these experiments is arbitrary and based upon the DES model 

previously used in this laboratory (31,39) which may be somewhat different from the 

current estradiol model. FSH induces antrum formation and aromatase activity within 

granulosa cells of follicles with diameters of 1 so·µm and greater (90) so there is some 

overlap. Furthermore, it has been suggested that follicles of similar size may respond to 

hormonal cues differently depending on the conditions under which they develop_ (1 ). 

Since estradiol acts primarily on smaller follicles, the fact that there were no differences 

between follicle sizes within each size group can be attributed to the high levels of 

estradiol for 24h which make small follicles sensitive to FSH while maint~ining medium . 

follicles. 

The present findings describe the responsiveness of granulosa cells to FSH, as 

determined by estrogen synthesis, of the ·total population of granulosa cells from each 

follicle size groµp, but the contribution of each follicle size was not taken into account. 
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In the ovary of 22-25 day old female rats, the most abundant class of follicles are the 

small antral follicles (91 ). The total number of cells found within the follicle varies from 

four cells· in 25 µm follicles to 2500 in follicles 500 µm in dia~eter (9). Though the 

smaller follicles have fewer granulosa cells per area, they are present in large numbers 

and thereby contribute a significant number of granulosa cells to the. ovary. 

Furthermore, it is from this pool of small follicles which the preovulatory follicles of 

future cycles are derived. As expected, there was ~ohanced arom~tase activity in 

medium size follicles with 24 hours of estradiol pretreatment compared with no 

pretreatment or 36 hours estradiol prior to gonadotropin stimulation. Estrogen 

production by small follicles was comparable and independent of treatment. However, 

when the total number of follicles that make up the pool of small and medium follicles is 

considered, it is clear that the small follicles contribute significantly to the total ovarian 

estradiol synthesis. 

Overall the results show that estradiol enhancement of aromatase activity at 24 

hours is partially due to an increase in the number of small follicles but also results from 

a potentiation of estrogen production in medium follicles·. The inhibitory effect of 36 

hours of eslradiol pretreatment occurs primarily at the level of the medium follicles that 

normally form the population of follicles from which ovulatory follicles are derived. 

Estradiol inhibition of the responsiveness -·to gonadotropins in medium follicles may 

account for the suppression of the ovulation rate. 

The effects of the duration of estradiol on the ovulation in subsequent 

cycles. 

A wave of follicle growth begins several cycles prior to the cycle in which the follicles will 

ovulate. Initially the growth and degree of development of these follicles is regulated- by 
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estradiol which provides granulosa cells with the capability to respond to FSH, a 

requirement for their continued development. Throughout their life as growing follicles, 

the ultimate fate of these follicles is influenced by the cyclic secretion of estradiol from· 

preovulatory follicles; the growing follicles are exposed to several cycles of elevated 

estradiol. Results from the present studies suggest that e~tended durations of estradiol 

exposure prior to gonadotropin stimulation result in a decrease in the number of follicles 

capable of ovulation after only one cycle. This is an interesting observation and follows 

from the finding that the inhibitory effect of 36 hours of estradiol priming is experienced 

in the medium follicles. However, estradiol effects the earlier stages of development but 
. 

it is not clear how this extended duration of estradiol exposure in early development 

alt~rs the FSH regulated stages later in follicle developm~nt. It was necessary to 

determine if the transitory elevated exposare to estradiol affects PMSG-hCG induced 

ovulations and whether this effect was manifested in subsequent cycles. Since the final 

ou~come of the whole process of follicle development is the creation of a follicle capable 

· of ovulating, measuring the ovulation rate was the ultimate determination of the 

responsiveness of granulosa cells to FSH. 

Immature female rats· experience an endogenous LH su~ge 54 hours after a 

bolus injection of PMSG. However the extremely high circulating estradiol levels 

created by the implanted pellets prevented this endogenous gonadotropin surge and 

thereby prevented ovulations in the estradiol primed animals. Though ova were present 

in .the oviducts of unprimed animals (PMSG ONLY) after the first cycle, none were found 

after the second cycle. It was an unex·pected finding that serum progesterone was not 

elevated in the PMSG ONLY rats even though corpora lutea were present in the 

ovaries. Progesterone was also low in the 24h E2 + PMSG groups but was significantly 

elevated in the 36h E2 + PMSG group after the first cycle. However, after the end of the 
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second artificial cycle this. pattern of serum progesterone was reversed even though 

there were no visible ova . present in the oviduct and serum · estrogen levels were 

dramatically reduced. 

This observation may be·explained by the following: PMSG has a long circulating 

half life and in prepubertal rats PMSG stimulates follicles of all classes to grow more 

rapidly than size match controls whereas FSH stimulates only medium size follicles (1 ). 

However, in the present study 24 hours of estradiol priming enhanced FSH stimulated 

proliferation and aromatase activity in both· small and medium sized follicles. 

Therefore, compared to the other treatment regimens, 24 hour estradiol primed follicles 

have achieved· a more advanced stage of development and are therefore more sensitive 

to gonadotropins than follicles in the 36h E2 + PMSG group. This creates an 

asynchrony between the cycles which makes it very difficult to predict the time of 

ovulation in the second cycle. 

In an attempt to synchronize the cycles, exogenous hCG was employed to mimic 

an endogenous LH surge which had been inhibited by the elevated estradiol. Though 

ovulations were visible in all groups (50-100% of the animals ovulating after the first 

cycle and 33-75% after the second cycle) all animals had visible signs of previous 

. ovulations; this observation supports the sug.gestion that the cycles are asynchronous. 

Twenty-four hours estradiol exposure prior to PMSG administration did not increase the 

number of ovulated ova compared to the ovulation rate in the unprimed animals. This 

suggests that 24 hours of estradiol priming advances follicle. development in immature 

animals and increases the sensitivity to gonadotropins so that follicles ovulated earlier 

. than expected. In contrast, extending estradiol pretreatment· to 36 hours suppressed 

follicle development in both cycles and slowed the recovery in the responsiveness of 

granulosa cells to FSH. 
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Effects of the duration of estradiol pretreatment on hormone receptor 

mRNA expression. 

The conversion of androgen substrates to estradiol was used as an indirect 

measurement of aromatase protein level. Aromatase mRNA was also measured to 

describe another level of control of the granulosa cells responsiveness to FSH by the 

estrogen-estrogen receptor complex. The estrogen-estrogen receptor complex acts as a 

transcription factor by altering the expression of specific genes. The present studies 

have shown that if the duration of estradiol exposure was extended from 12 hours to 36 

hours prior to FSH treat_ment, the decrease in the capacity to synthesize estrogen was 

directly related the expression level of P 450-aromatase mRNA. It _is likely that the. 

decrease in P 450-aromatase gene expression was a direct result of a lack of expression 

of FSH receptor mRNA. Though the expression of FSH receptor and P 450-aror.natase 

mRNA are localized in granulosa cells, the previous results describe the effects of 

estradiol within the whole ovary. Therefore the effects of varying periods of estradiol 

exposure on key receptor mRNA levels were measured. from different size follicles. 

The quantity of mRNA obtained from isolated follicles was too small for Northern 

analysis so quantitative reverse-transcriptase polymerase chain reaction {RT-PCR) was 

used. Even though there are numerous published papers describing various 

quantitative RT-PCR methods (92-98) the basic principle of this method is the same. In 

quantitative RT-PCR, a portion of the gene of interest is amplified to a detectable level 

but is amplified in such a way that the level r~mains proportional to the _original. This 

permits reliable comparison between treatments. Each protocol has its pros and cons 

and the negative aspects are generally related to the inherent nature of PCR itself since 

any error introduced into the assay will also be amplified and this can lead to erroneous 
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results. Therefore to reduce the errors, assay conditions have to be rigorously 

controlled. 

The most common and reliable method of quantitative RT-PCR ·is the 

competitive form (99) in which the reverse transcribed mRNA species of interest is 

coamplified ~ith a known amount of cDNA standard (Figure 27). The cDNA standards 

used in the present experiments were created by a modified method described by 

Santagati (95) and were generated such that the same primer pair would anneal to both 

the standard and the sample cDNA. . . Two methods were used. to create these 

standards: 1) the respective amplicon was cloned int<;> a vector and a small fragment of 

the i'nsert was deleted to create a standard Which is smaller than the sample cDNA 2) 

complementary primers were ligated to a nonsense gene that would generate an 

· amplified product that has a size difference compared to the- target gene. For both 

types of standards, the coamplified PCR products used the same primer pairs but their 

size difference allowed the two PCR products to separate on an agarose gel. Using the 

same primer pair for both the standard and sample cDNA eliminated errors resulting 

from differences in annealing characteristics. 

The quantity of standard added to each PCR reaction is another parameter that 

was optimized by coamplifying a fixed amount of ovarian· cqNA with increasing 

concentrations of the respective cDNA · standard. After· separation on a_n agarose gel, 

the ratio of the quantities of sample and s~andard were plotted against the concentration 

of standard added. Linear· regres_s.ion was used to fit the plotted line and an equation 

was derived. The quantity of standard that produced a ratio of one was used. The 

samples were coamplified with the calculated amount of standard and the ratio of the 

sample to standard intensities were calculated. Comparison of ratios eliminated errors 
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due to differences in volume of PCR products loaded onto a gel as well as sample 

aliquotted for the PCR reaction. 

Finally, like Northern analysis and other techniques for quantifying mRNA levels 

the samples must be corrected for procedural losses by comparing a housekeeping 

gene. B-actin was chosen as the housekeeping gene because its levels remain 

constant in most tissues including the ovary. The use of B-actin eliminates error due to 

differences in RNA aliquotted for the reverse transcriptase step as well as the efficiency 

of the reverse transcriptase reaction itself. 

The present studies have shown that the degree of responsiveness of granulosa 

cells to FSH is dependent upon the· duration of ~stradiol exposure prior to FSH 

administration. The effects of estradiol are· mediated by the estrogen receptor, a ligand 

inducible transcription factor that modulates gene ·expression. The classical estrogen 

receptor, now named estrogen receptor-a (ERcx.), has been considered the major 

vehicle for inducing an estrogen response, but the significance and the role of ERa in 

the ovary is· being reconsider~d due to the -discove~. of estrogen receptor-B (ERB), an 

isoform of estrogen receptor (24). ERB mRNA is expressed in the granulosa cells of 

small, growing, and preovulatory follicles; whereas ERa has. no specific cellular 

localization within the ovary (25). Either ERa or ERB has the potential to play a role in 

regulating responsiveness of grar:,ulosa cells to FSH. Both estradiol pretreatment 

regimens (24h E2 + FSH and 36h E2 + FSH) induced an estradiol dependent down 

regulation of ERa mRNA which was independent of follicle size. Conv~rsely, the 

expression of ERB was dependent upon follicle size and estradiol pretreatment. 
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Figure 27. Competitive quantitative RT-PCR reaction. 

One microgram of sample RNA is reverse transcribed to complementary DNA ( cDNA) 

using poly dT primers [A]. A 1 µI aliquot of the RT product containing the targe~ cDNA is 
' 

amplified [B] simultaneously with a fixed concentration of standard cDNA which uses the 

same primer set as the target cDNA. The re~ulting PCR products are separated 

electrophoretically and visualized by ethidium bromide fluorescence [C]. Adapted from 

Zamorano et al. (96). 
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Estradiol priming increases FSH receptor binding sites as well as estrogen 

. receptor and this· increase in receptor number acts to sensitize- the cell to both estradiol 

and FSH. Though the expression of FSH receptor can be induced by cholera toxin, 

forskolin, and FSH itself (32, 100-102), the expression pattern ·of FSH receptor mirrored 

the expression pattern of ERB. This conclusion is supported by the present study . 

considering the results of the expression of ERa, ERB, and FSH receptor. The 

expression of ERa was highest with FSH only treatment but ERB in the FSH only group 

was · statistically not different from the 24h E2 + FSH group. ~owever, the~e was no 

enhancement in FSH stimulated granulosa cell proliferation or aromatase activity. of the 

24h E2 + FSH treatment. Likewise, 36 hours estradiol treatment also failed to augment 

FSH functions, but this was due to a loss in the capacity to respond to both FSH and 

estradiol. On the other hand, 24 hours estradiol pretreatment, like 36. · hours 

pretreatment, caused a down regulation of ERa expression, but 24 hours of estradiol 

exposure stimulated an increase in transcription of ERB and FSH receptor mRNA which 

lead to an enhanced FSH • stimulated granulosa cell· proliferation and differentiation. 

This suggests that the estradiol dependent i~duction of FSH receptor and the 

subsequent enhancement in the responsiveness to FSH, are mediated by ERB. 

Although ERa is down regulated by estrogens and may not play a direct role in 

regulating the responsiveness to FSH, the presence of ERa -in the ovary suggests some 

action although its not .clear what that action might be. In fact, the ovary of the ERKO 

mouse, deficient. in ERa, has primary and secondary follicles suggesting that ERB· is 

responsible for early follicle development, but both ERa and ERB are required for 

complete folliculogenesis (103). 
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Considering both observations, it appears that the enhancement of the responsiveness 

of granulosa cells to FSH ·involves the. ~ form of estrogen re_ceptor. It has been 

suggested that the effects of estradiol are predominately on the smaller follicles and in 

fact the expression of ER~ is highest in small follicles of the FSH ONLY or 24 hours 
. ' 

estradiol pretreatment groups. But, the expression of ER~ mRNA in the medium 

follicles was independent of estradiol treatment suggesting that it is granulosa cells from 

small follicles ·that acquire the ability to respond to FSH. However, the pattern of FSH 

receptor gene expression does not necessarily support the evidence which suggests 

FSH effects are confined to the later stages of follicle development. 

The responsiveness of granulosa cells to FSH ·is dependent upon the presence 

of FSH receptor which is found exclusively·in granulosa cells (13,32). Twelve hours of 

estradiol priming induced a significant enhancement in FSH stimulated aromatase 

activity in granulosa cells isolated from whole ovaries and this enhancement can be 

attributed to the up. regulation of FSH receptor gene expression. Similarly, 24 hours 

estradiol exposure prior to stimulation. by FSH resulted in a significant enhancement in 

aromatase activity In small and medium size follicles. Again, this enhancement was 

attributed to an increase in the aoundance of FSH receptor mRNA. Richards et al. (33) 

showed the uptake of labeled FSH increased by 300% with 12 or 24 hours estradiol 

priming. In addition, these same investigators demonstrated an enhancement of the 

FSH stimulated increase in FSH receptor activity with 24 hours estradiol priming (32). In 

contrast, Louvett (104) used estradiol and DES to show that estradiol did not alter the 

average number of FSH binding sites per cell. These authors credit the increase in FSH 

binding sites reported by Goldenberg (28) to be due to an increase in granulosa cell 

proliferation. Howe_ver, the circulating estradiol levels seen in Louvett's model (104) 

varied from 0.2-1 ng/ml. These .circulating levels may not be sufficient to elevate 
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· intrafollicular estradiol levels · to concentrations necessary to induce FSH receptor 

expression. In the present experiments,· serum levels of estradiol averaged 3ng/ml and 

t_hese supraphysiological levels were apparently sufficient to increase FSH receptor 

activity. 

In contrast to these results, is the finding that the lack of estradiol priming (FSH 

ONLY) yielded the same effect on aromatase · activity as did 36 hours of estradiol 

pretreatment which can be attributed to the similar FSH receptor levels in the two 

groups. However, the expression pattern of the two isoforms of estrogen receptor 

varied. This could reflect an intraovarian feedback mechanism in which the·preovulatory 

follicle, the major source of estradiol, to limits estradiol production. This down regulation 

of FSH receptor activity · by extended exposure - to estradiol may represent an 

intraovarian feedback mechanism in which the preovulatory follicle, the major source of 

estradiol, limits estrogen production. Typically, continuously stimulated receptor 

sys.terns exhibit ligand dependent down regulation by a desensitization· process. This 

process occurs due to changes in the functional properties of the receptor, recep~or 

number, or alterations in the effector system (105). Considering the receptors of 

interest in the present study, in addition to other receptor species, LH receptor (32, 106-

109) a·nd ERcx. (Figure 16) both demonstrate this principle. · However, ERB exhibits a 

time dependent ligand induced up regulation which may be a part of an intraovarian 

feedback mechanism. Byers et al. (25) has shown that ERB is the predominate form of 

estrogen receptor in the ovary. If the ratio of expression of ERcx. to ERB is considered, 

comparison of estradiol treated immature animals, adult ovary, and carper lutea of 

pregnant adults do support this fi_nding. However, ERcx. predominates in the immature 
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female rat treated with FSH ONLY .. These results sugg.est that changes in the ratio of 

ERa. and ER~ may play a role in altering ovarian function. 

Unlike FSH receptors, LH receptors are present in both granulosa cells and 

theca cells (102). In the rat ovary, there are three major LH receptor mRNA species 

(5.8, 2.6, and 2.3 kb) and four minor mRNA species (8.0, 4.4, 1.9, and 1.4 kb) 

(102,110). In a recent review, Themmen et al. (111) .noted there are 13 splice variants 

of LH receptor but the physiological role of these various isoforms remains in question 

and the multiple splice variants complicate reliable measurement of LH receptor gene 

expression by RT-PCR. Fortunately, the size differences between the major mRNA 

species are due to the length ot'the 3' untranslated region (112) and based upon the 

sequence published by He et al. (112), PCR primers used in this study were designed to 

amp.lify within the region specific for the full length LH .receptor mRNA (4735-5066 bp). 

The initial induction, of LH receptor is regulated by FSH and estradiol. 

(19,32, 113). In the present study, 36 hours of estradiol pretreatment induced a 

moderate increase in the abundance of LH receptor mRNA. This observation suggests 

that the enhancement of LH receptor steady-state levels are associated with the loss in 

estradiol responsiveness. In DES primed immature female rats, thirty-six hours of FSH 

treatment stimulated a nine fold increase in LH receptor mRNA levels; although DES 

was required for LH receptor induction, it did not directly alter LH receptor expression 

(114). Even though the LH receptor gene lacks a definite cAMP response element or 

ERE in its promoter region (1'15), treatment of hypophysectomized rats with FSH or 

estradiol alone failed to stimuiate LH receptor expression but the combination of FSH . 

and estradiol together led to the induction of LH receptor mRNA in granulosa cells (116). 

Piquette et al. (117) demonstrated a time dependent increase in FSH dependent LH 

receptor expression. However, mRNA levels do not necessarily correlate to protein 
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levels or receptor levels in this case. Although mRNA levels for LH receptor were 

elevated in the 36 hour estradiol treated group, serum LH levels were the same 

regardless of treatment, but the secretion of proge5.terone wa~ equal in the estradiol 

treated groups. This suggests, despite the elevated mRNA levels· experienced with 36 

hours estradiol pretreatment, the 24 hour estradiol treatment ·had comparable or 

enhanced sensitivity to LH with respect to the 36 hours estradiol treatment. This 

difference in LH sensitivity was also exhibited in the present ovulation studies in which 

36 hours estradiol resulted in a decrease in ovulations. 

The effects of adipose tissue on follicle development in the immature 

female rat. 

It has been well documented that both estradiol and -~FSH are critical to successful 

folliculogenesis, and within the ovary the actions of one is closely dependent upon the 

other. In the adult cycling animal, estradiol from preovulatory follicles stimulates smaller 

follicles to grow. This linkage creates a paradox; small follicles are stimulateq to grow 

by estrogens, but it is the more developed gonadotropin sensitive secondary follicles 

which secrete estrogen. In the rat, ovarian responses to gonadotropins increased rapidly 

with age (118) and_ ~n the · untreated immature· fe~~le, the're is an increase in FSH 

binding sit~es in ·the ovary during the prepubertal period (49). Ho~ever, it ·should s~em 

obvious that folliculogenesis would ··ne,ver be initiated because the source of estrogen, 

the gonadotropin_ sensitive follicle, ·could not have developed without estrogen. 

Therefore, an alternative source . of estradiol. must be available to stimulate the initial 

wave of follicle growth and lead to the_ development of gonadotropin responsive follicles. 

In the female animal, the ovary is not the only tissue producing estrogen, an alternative 

source of estrogen is the peripheral conversion of androgens by adipose tissue. Obese 
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women, particularly postmenopausal women, experience an increase in estrogen 

production compared to lean women; whereas in p~emenopausal women the adipose 

contribution is oversha~owed by ovarian synthesis of estrogens (119). It is not known to 

what extent adipose derived estrogens contribute to the development of the prepubertal 

female. 

In the immature female, follicle development occurs but it is not until after the 

onset of puberty that follicles reach ovulatory stage (120). It has become well 

established that the onset of puberty is more closely associated with the attainment of a 

relative body mass rather than with age. However the hormonal link connecting body 

mass with the reproductive axis has remained illusive until recently. The discovery of 

the protein product of the ob gene, leptin, secreted by adipocytes has become the most 

likely candidate for this link. In humans, serum leptii1 levels rise before the onset of 

puberty (121) but the actions of this hormone within reproductive tissues are still largely 

unknown. Leptin has been shown to stimulate gonadotropin release through pituitary 

and hypothalamic actions (64) and the presence of leptin receptors within the ovary (63) 

suggests a role in this tissue. 

Considering adipose tissue, such as periovarian fat, as the source of leptin and 

an alternative source for estrogens,· adipose tissue has potential for stimulating 

· prepubertal ovarian steroidogenesis and folliculogenesis. Therefore it is plausible that 

either adipose-derived estrogens or leptin may stimulate the initiar rise in estradiol which 

would in turn stimulate follicular growth and increase the responsiveness to . FSH. 

Perhaps, the combination of these factors could account for the initial wave of 

successful follicle growth and development. 

Despite a reduction in body weight, prepubertal animals experience an 

advancement in the age of puberty in response to leptin (65-67, 122). However, in the 

95 



present study, administration of leptin in a chronic manner by osmotic pumps (24 

µg/day) failed to induce a decrease in body weight after eight days of treatment, 

however the daily weight gain of the leptin treated animals (7.4 ± 0.2 g/day) was the 

same in the control group (7 .6 ± 0.3 g/day). Likewise, leptin treatment did not advance 

the age of vaginal opening, which is associated with the rise in estrogen and an indicator 

of the onset of puberty. This contradicts a similar experiment by Chehab (65) in which 

leptin administration to normal prepubertal mice advanced the age of vaginal opening by 

one to four days. :Even though the biological activity of the leptin was determined by 

weight loss in ob/ob mice prior to use in the present study (data not shown), the 

apparent ineffectiveness of leptin treatment in immature female rats may have been due 

to a difference in the dosage of leptin administered or a species difference. Most of the 

early studies with leptin were comparisons of ob/ob mice treated with leptin versus 

untreated ob/ob mice or ob/ob mice versus lean mice. 

Leptin is released in .a pulsatile manner in a circadian rhythmic pattern and has a 

circulating half life of 30 to 60 minutes (65, 123,124). The present treatment regime~ 

was modified such that immature animals received two 25 µg _doses of leptin 12 hours 

apart. Again, there was no change in body weight or advancement in the age of vaginal 

opening. The dosage in this regimen was still less than the dose used by Chehab (65) 

who administered 4 µg leptin/g body weight (bw) to mice. Cheung et al. (66) using 23 

day old female rats was able to induce a response similar to the mice studies in which 

body weight decreased but the dosage of leptin was 6.3 µg/g bw compared to the dose . 

given in the current model {<1 µg -,g bw) to animals of the same age. Studies to date 

have used doses of leptin ranging from 3 to greater than 300 µg. per day (59-

62,66,67, 122). Harris et al. (·125) · demonstrated an increased sensitivity to leptin in 

ob/ob mice compared to lean mice; therefore· smaller doses of leptin are required to 
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stimulate a response in ob/ob mice. The age of the animals may also be a factor and it 

· has been suggested that the response to leptin in juvenile animals may be regulated by 

binding proteins (126) or a specific transport protein (127). This may explain why obese 

humans are unresponsive to the high circulating leptin levels (123)., 

In the present study, the lack of leptin response in weight loss and its effect on 

puberty are not necessarily n~gative · findings. It is probable that physiological levels of 

l_eptin may "not_ play a direct role in ovarian function whereas the supraphysiological 

levels may. Cheung et al. (66) has suggested that leptin is not the primary signal in 

initiating the onset of puberty, but it plays a permissive role by acting as a metabolic 

gate to allow pubertal maturation to proceed. 

Leptiri; treated · prepubertal animals exhibited an increase in steroid dependent 

functions such as an increase· in ovarian and uterine weights by as much as 50% (65). 

These findings suggest leptin stimulates steroidogenesis in the ovary. However, results 

from the present study showed no change in ovarian, uterine, or adrenal weights in 

immature female rats exposed to 50 µg leptin per day for up to four days. The 

production of gonadal steroids are also reflected in serum levels. Leptin treatment had 

no effect on serum levels of progesterone or estradiol but did cause a decrease in 

testosterone. Although testosterone is an intermediary in the synthetic pathway from 

progesterone to estradiol, it is u11likely the decrease, in serum testosterone levels are 

consumption as substrate f~r the synthesis of estradiol. If that were the· case then _there 

should have been a subsequent increase in serum estradiol levels, but this did not 

occur. The decrease in serum testosterone levels most likely is attributed to the 

decrease in LH release from the pituitary. These findings conflict previous reports that 

demonstrated a positive effect of leptin on LH release from the anterior pituitary 

(64, 122, 128). Nonetheless, the decrease in LH would inhibit the production ·of 
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testosterone by theca!" cells of the ovary. However, the capacity of the ovary to 

synthesize.. all, three steroids was found to · be independent · of leptin treatment. 

Furthermore, the levels of LH stimulated ch<?lesterol-side-chain-cleavage and 17 q

hydroxylase gene expression and serum progesterone levels were comparable despite 

differences in ser6m LH or testosterone· Ievels. · Thus, the exact mechanism is unclear 
. -' - . . . ~ . .. 

but the decrease in serum testosterone may be a result of increased clearance of 

testosterone or increase in androgen binding proteins. 

The ovary is surrounded by adipose tissue (periova~ran fat). The hydrophobic 

nature of the gonadal steroids allow them to freely diffuse from the ovary to the 

periovarian fat and vice versa. · it is possible that this fat• pad serves as a ·pool for 

gonadal steroids or it m~y be actively synthesizing steroids. Comparison of steroid . 

· content and mRNA levels of key steroidogenic enzymes of th.e ovary versus the content 

of the periovarian fat suggests the origin of each steroid. The levels of progesterone 

and testosterone were-. higher in the ovary than in adipose tissue, while estrogen was 

found in greater concentrations in the periovarian fat. These results suggest the ovary 

is synthesizing progesterone and testosterone in greater quantities than periovarian fat. 

Whereas the periovarian fat is · synthesizing more estradiol · than the ovary. 

Measurements of mRNA levels for cholesterol side chain cleavage and 17 a

hydroxylase, and aromatase mRNA support this conclusion. Results from the present 

study demonstrate periovarian adipose tissue does not express cholesterol-side-chain

cleavage or 17 a-hydroxylase mRNA. Therefore, progesterone and testosterone cannot 

be synthesized in this tissue and so the quantities of these steroids present in the fat 

pad are likely due to diffusion -from the ovary. 
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Aromatase mRNA, like estrogen concentrations, was significantly greater in 

periovarian fat than the ovary, and therefore both the ovary and fat have potential to 

synthesize and secrete estradiol. As with postmenopausal women, adipose tissue may 

serve as the primary source of estrogen in the immature rat. Price and O'Brien (94) 

have shown that adipose stromal cells have elevated levels of aromatase mRNA 

compared to adipocytes, whereas ER mRNA levels are higher in adipocytes, suggesting 

a paracrine role in fat tissue. While the significance of leptin in prepubertal ovarian 

function is still unclear, the current findings qo suggest that periovarian fat contributes a 

significant amount of estrogen to the immature female and may influence early follicular 

development. 
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Conclusions 

Two key functions of the ovary are_ to generate follicles for ovulation and secrete 

steroids. Both functions are tightly regulated by steroids and gonadotropins whose 

actions and release are dependent up.on qne another. Althougti'-the effects of estrogen 

on gonadotropin release have been well characterized, the effe·cts ~pen the ovary ar~ 

dose,-time~. and species dependent. Jn the rat ovary, estrogens stimulate proliferation of 

granulosa cells and sensitize follicles to go11adotropins·. Results from this study have 

demonstrated that the physiological duration of estrogen (approximately 24 hrs) prior 

FSH release enhances the responsiveness of granulosa cells to ,,FSH. However, if the 

duration of estradiol pretreatn:ient is extended to 36 hours, there is a loss in the 

enhanced FSH dependent functions. This enhancement or loss of the ability to respond 

to FSH appears to be due· to the estradiol-dependent differential regul~tion of the two 

isoforms of estrogen receptor. The augmented FSH res·ponse experienced with 24 

hours of estradiol pretreatment was a result of ERl1 mediated induction of FSH receptor, 

while the 36-hours estradiol pretreatment caused a loss estradiol responsiveness which 

lead to the loss of FSH sensitivity. This loss of FSH stimulated proliferation and 

differentiation inhibits the maturation process to such a degree that follicles fail to reach 

a stage capable of ovuiating. The suppressed development caused by the prolonged 

estradiol exposure is manifested in future generation of follicles because estradiol 

treatment also affects the pool of small growing follicles. This time dependent response 

to estradiol may be a part · of a intraovarian feedback mechanism which serves to 

regulate the selection of follicles for ovulation. 

In the adult cycling -animal, the preovulatory follicle, in response to gonadotropin 

stimulation ,synthesizes and secretes estradiol which in turn. regulates both ovarian 
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functions as well as gonadotropin release. However, the immature animal lacks 

preovulatory follicles and cyc;::lic gonadotropin secretions, both do not occur until after the 

onset of puberty. Thus, in order for prepubertal follicle development to occur an 

alternative source or stimulator of ·estrogen synthesis must be available. The adipose 

tissue that surrounds the ovary secretes leptin and estradiol. Although leptin has been 

implicated as playing a role in reproduction such as initiating puberty, results from this 

current study demonstrated that leptin did not alter the steroidogenic capability of the 

ovary in the immature female rat. However, the capacity of periovarian fat to synthesize 

estrogen was significantly greater than the capacity of the ovary, and therefore the 

contribution of adipose-derived estradiol may influence follicular development prior to 

the onset of puberty. 
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.Appendix 

List of abbreviations 

BrdU ................................ ; .... ~.5'-bromo-2'-deoxyuridine · 
DEPC ·········••_••········.···············diethylpyrocarbonate 
DES ............................... ~ ...... diethylstilbestrol 
E2 ......................................... 1711-estradiol 
ERa. ........................................ estrogen receptor a. 
ERB ....................................... estrogen receptor B 
FITC ...................................... fluorescein isothiocyanate 
FSH ....................................... follicle-stimulating hormone 
FSHR .................................... follicle-stimulating·hormone receptor 
hCG ....................................... human chorionic gonadotropin 
i. p .......................................... intra peritoneal 
KRB ..................................... ;krebs-ringer bicarbonate 
LH ......................................... luteinizing hormone 
LHR. ...................................... luteinizing hormone receptor 
OBR ................ ~ ..................... leptin receptor 
P4 ......................................... progesterone 
PBS ....................................... phosphate buffer saline 
PGB ...................................... phosphate-gelatin buffe~ 
PMSG ···············~·······~···········Pregnant mare serum gonadotropin 
s.c .......................................... subcutaneous 
T ............................................ testosterone 
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