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In bovine ovaries, a pool of primordial follicles forms before birth. 

Progesterone and estradiol can inhibit formation and activation of primordial follicles 

in fetal ovarian tissue in vitro. Fetal ovarian capacity to produce steroids decreases 

around the time follicles form. The roles, regulation, and mechanisms of action of 

progesterone and estradiol in early ovarian development remain unclear. Three 

hypotheses were tested: 1) LH and FSH can stimulate fetal ovarian steroid production, 

2) endogenous progesterone and estradiol can inhibit follicle formation and activation 

and 3) nuclear steroid receptors mediate the inhibitory effects of progesterone and 

estradiol. To test these hypotheses, pieces of fetal bovine ovaries were cultured under 

various conditions and the accumulation of progesterone and estradiol in the medium 

and/or numbers of follicles in ovarian pieces were determined.  

LH and FSH had dose-dependent, differential effects on ovarian steroid 

production; LH increased androgen production and FSH stimulated aromatization of 

testosterone (T) to estradiol. These results suggest the presence of two different cell 

types in the fetal ovary, one that responds to LH by producing androgens and another 

that responds to FSH by converting androgens to estrogens. Treatment with LH+FSH, 



T, and T+FSH increased the accumulation of total steroid (progesterone + estradiol) in 

the culture medium. LH+FSH and T+FSH inhibited follicle formation and activation 

whereas there was only a tendency for T to inhibit follicle development. Reduction of 

estradiol production in cultures with T+FSH with an aromatase inhibitor partially 

reversed the inhibition of follicle development by T+FSH. Antagonists for the 

progesterone receptor (RU 486) or estrogen receptors (ICI 182,780) completely 

reversed the inhibition of follicle formation by exogenous progesterone and estradiol, 

respectively. Furthermore, use of agonists or antagonists specific for estrogen receptor 

α or estrogen receptor β showed that both receptors can mediate the inhibition of 

follicle development by estradiol. 

Taken together, the results support the initial hypotheses. Furthermore, they 

suggest that steroidogenesis is regulated similarly in adult and fetal ovaries, that fetal 

ovarian progesterone and estradiol are negative regulators of follicle formation and 

activation in vivo, and that inhibitory effects of steroids can be mediated through their 

nuclear receptors. 
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CHAPTER I 

 

REVIEW OF THE LITERATURE 
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Introduction 

It has been known for decades that fetal mammalian gonads produce steroids 

and that fetal testicular androgens are necessary for the development of the male 

reproductive tract (1). Conversely, fetal ovaries produce predominantly estrogens, but 

ovarian estrogen production does not appear to be necessary for the development of 

the female reproductive tract. During ovarian development, primordial germ cells 

migrate from the epiblast to the genital ridge of the developing ovary where they 

divide by mitosis and differentiate into oogonia. Oogonia also divide by mitosis to 

increase the number of germ cells. Mitosis ceases when oogonia enter meiosis and 

develop into oocytes. A subset of these oocytes becomes incorporated into a finite 

number of primordial follicles. The resulting primordial follicle pool supplies females 

with follicles throughout reproductive life. Primordial follicles form before birth in 

cattle and follicle formation in fetal ovarian tissue can be inhibited by progesterone 

and estradiol in vitro (2). The production of progesterone and estradiol by fetal ovaries 

begins to decrease around day 90 of gestation, which is when the first primordial 

follicles appear (2, 3). This evidence implies that fetal ovarian (endogenous) steroids 

are negative regulators of follicle formation in vivo, but little is known about how 

steroid production is regulated and how progesterone and estradiol exert their 

inhibitory effects. 

 

Early development and establishment of germ cell populations in the fetal ovary 

The development of mammalian ovaries is remarkably similar among larger 

species like cattle, sheep, and humans, from the overall ovarian morphology and 



3 

 

timing of folliculogenesis, to the steroids that they produce. Mammalian ovarian 

development, with particular attention to the rodent model, has been reviewed in detail 

elsewhere (4). We are only just beginning to understand the regulation of early 

follicular development in larger species. Therefore, this review will focus on bovine 

ovarian development as a model for other large mammals and as background for 

Chapters II and III. The length of gestation in cattle (and women) is about 279 days. In 

many of the studies reviewed here, including our own, bovine fetuses were obtained 

from slaughterhouses and fetal age estimated by crown-rump length (5-7). However, 

other studies involved timed matings and thus the exact age of fetuses was known. 

Given the variability among studies in the breed/species used and the methods used to 

determine fetal ages, the ages at which developmental events occur are discussed 

generally, or in reference to our own studies, which have been reviewed previously (8-

10). 

In mammals, primordial germ cells (PGCs), the precursor cells of oogonia and 

spermatogonia, migrate from the epiblast to the genital ridge of the bipotential gonad. 

It is unclear how PGCs determine their path, but signaling molecules such as kit ligand 

(KITLG) and bone morphogenetic protein 4 (BMP4) appear to guide the PGCs to their 

destination (4). In female cattle, PGCs reach the primitive gonad (mesonephros) 

around day 36 of gestation (11), where they continue to increase in number in what 

will become the outer part of the ovary, the ovarian cortex. The fetal testes are 

discernable around day 39, whereas ovarian tissue generally forms about 2 days later 

(40 to 49 days), depending on the study (11-15). In females, PGCs differentiate into 

oogonia around day 50 - 60, when they fail to separate completely after mitotic 
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division. At this point, oogonia divide synchronously to form masses (i.e., germ cell 

clusters) and the oogonia remain connected via intercellular bridges (13, 14, 16, 17).  

Bovine oogonia continue to divide by mitosis until about day 150 (11). 

Interestingly, beginning around day 75-80 of gestation (11, 17, 18), some oogonia 

enter meiosis and differentiate into oocytes while others continue mitotic divisions. 

Thus, not all germ cells are at the same stage during ovarian development. The factors 

regulating the differentiation of oogonia into oocytes are unknown, but are of great 

interest. Between days 50 and 110 of gestation the total number of germ cells (oogonia 

+ oocytes) in fetal bovine ovaries increases from about 16,000 to over 2 million (11). 

This dramatic increase in the number of germ cells contributes to the increase in 

ovarian mass observed at this time. There are few to no apoptotic oogonia prior to day 

75-80, but after meiosis initiates, waves of germ cells become apoptotic, resulting in a 

dramatic decrease in the number of germ cells. Female cattle are born with about 

200,000 germ cells (oocytes) in total, although individual variation seems to be high in 

this species (11, 19) and in humans (20), which may affect an individual’s fertility 

later in life. Since this pattern represents a huge loss of genetic material and energy, it 

is unclear why so many more germ cells develop than will ever survive. This 

phenomenon appears to be conserved in mammalian species, since dramatic declines 

in fetal germ cell numbers are also observed throughout ovarian development in sheep 

(21), rodents (22), and primates (23, 24).  
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Formation and regression of the ovigerous cords 

The ovarian surface epithelium (OSE) is the epithelial layer surrounding the 

ovary. Cells of the OSE are mitotically active and comprise multiple layers until about 

200 days of gestation, after which the OSE is composed primarily of one layer and 

begins to be separated from the ovarian cortex by a uniform basal lamina (16, 25). 

Grossly, the differentiated ovary consists of two regions: the outer cortex and the inner 

medulla, which are distinguishable after about day 70 (2, 11). The cortex develops 

from the genital ridge and consists mainly of connective tissue, OSE and germ cells, 

whereas the medulla develops from the glomeruli and rete tubules of the primitive 

mesonephric kidney [reviewed in (26)]. As development progresses, the medulla 

becomes composed primarily of vasculature. The vascular, connective and nervous 

tissue enter the ovarian medulla through a discrete region known as the hilus. 

Connective tissue, endothelial cells, and cell streams (15) from the medulla invade the 

cortex and eventually reach the ovarian surface epithelium, partitioning the ovary into 

ovigerous cords beginning around day 60 to 70 (2, 11, 15, 25). In this process, groups 

of germ cell clusters, along with some somatic cells, become enclosed within 

ovigerous cords and remain isolated from the surrounding stroma by a basal lamina. 

However, the ovigerous cords maintain an open connection with the OSE (16, 25). 

The connection with the OSE eventually is severed by the invading basal lamina and, 

in a wave-like pattern beginning near the medulla, the ovigerous cords disassemble 

and essentially disappear by 200 days of gestation. During this time, apoptosis reduces 

the number of germ cells within ovigerous cords, but the somatic cells remain present. 

It is believed that oocyte death is an integral part of follicle assembly, at least in mice, 
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since only about 33% of oocytes survive and are assembled into follicles (27). As the 

cords continue to regress, individual oocytes, along with several somatic cells, become 

enclosed by the basal lamina to form primordial follicles (Fig. 1.1). The formation of 

ovigerous cords (or germ cell nests/cysts in rodents) and the disassembly of these 

structures to form individual follicles is a general pattern of development also 

observed in rodents (22), sheep (21, 28-30), and primates (23, 24, 31-33). 

 

Folliculogenesis in fetal ovaries 

The structure and development of ovarian follicles, with particular emphasis on 

the later stages of growth (i.e., antral and preovulatory), has been reviewed in detail 

elsewhere (34). The timing of follicle formation is species-specific. In rodents, 

primordial follicles form in a fairly synchronous pattern shortly after birth (22), 

although a more recent study showed that occasional follicles can be found at the 

boundary between cortex and medulla in near-term (18.5 days post conception) fetal 

mouse ovaries (35).  

The timing of folliculogenesis in fetal bovine ovaries has been studied 

extensively (2, 3, 11, 13-17, 25, 36-38). However, the age at which primordial follicles 

first appear in fetal bovine ovaries varies in the literature from 74 to 110 days. Our lab 

closely examined the timing of follicle formation and subsequent development in fetal 

bovine ovaries between 83 and 244 days of gestation (2) and found results very similar 

to those of Rüsse (14) and Dominguez (17), with primordial follicles first observed 

around 90 days of gestation. The first primordial follicles appear around 75 and 135 

days of gestation in sheep (39) and humans (40), respectively. Primordial follicles 
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Figure 1.1. Schematic depicting the processes of follicle formation and activation. 

Ovigerous cords form around germ cells (oogonia and oocytes) and somatic cells (i.e., 

pregranulosa cells). Ovigerous cords degenerate during the formation of primordial 

follicles, which consist of an oocyte surrounded by several somatic (granulosa) cells, 

enclosed by a basal lamina. During follicle activation, granulosa cells become 

cuboidal in shape and the oocyte begins to grow.
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consist of a primary oocyte, which is in the first meiotic prophase, surrounded by a 

single layer of flattened granulosa cells (Fig. 1.1). The origin of the granulosa cells has 

been debated for some time. Previous reports hypothesized that granulosa cells 

originate from the mesonephros/rete tubules (32, 41) or from the OSE (21, 28, 42). 

However, a more recent study with cattle identified the Gonadal Ridge Epithelial-Like 

(GREL) cell, which is a progenitor to both OSE and granulosa cells (25). In this newer 

model, GREL cells divide by mitosis near the surface of the ovary, where some are 

incorporated into the developing ovigerous cords. After this point, the GREL cells 

differentiate into either OSE or granulosa cells. It has been proposed that the number 

of follicular cells (granulosa) surrounding the oocyte regulate its progression through 

meiosis (43). Interestingly, some germ cells found close to the medulla are never 

enclosed within ovigerous cords or follicles. These germ cells are lost as development 

progresses. 

The number of primordial follicles increases with gestational age as the 

ovigerous cords continue to regress. When follicle formation ceases, a variable 

number of non-growing primordial follicles comprises the primordial follicle pool. 

Follicles are recruited from this pool to initiate growth (activate) throughout 

reproductive life. During follicle activation (the transition from non-growing 

primordial follicle to a growing primary follicle), the oocyte begins to grow and the 

granulosa cells change from a flattened to cuboidal shape (Fig.1.1). The first primary 

follicles appear around days 100, 140, and 180 in fetal ovaries of sheep (21, 39), cattle 

(2, 14, 17), and humans (40), respectively. In the adult ovary, follicle activation results 

in a growing follicle that has the potential to ovulate. However, fetal ovaries cannot 
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ovulate and follicle activation in utero prematurely depletes the primordial pool before 

birth, so it is puzzling why this occurs. This observation emphasizes the importance of 

understanding mechanisms that regulate follicle formation and activation in fetal 

ovaries. 

Follicle growth continues from the primary to the secondary stage as the 

oocyte continues to grow and the granulosa cells divide and form a second layer. 

Secondary follicles appear in fetal ovaries of cattle and sheep around 210 and 120 

days of gestation, respectively (2, 39). As follicle growth continues, the number and 

layers of granulosa cells increase, while cells from the ovarian stroma differentiate 

into theca cells and form the outer layer of the growing follicle. The granulosa and 

theca layers remain separated by a basement membrane. Although the granulosa cells 

(and oocyte) are in an avascular environment, capillaries invade the theca layer. A 

fluid-filled cavity, the antrum, develops within the granulosa layer as follicles continue 

to grow. Interestingly, numerous antral (vesicular) follicles are observed in fetal 

bovine ovaries toward the end of gestation (≥ 230 days), and they contribute greatly to 

the overall ovarian weight (11, 13, 37). Since fewer than 1% of the primordial follicles 

formed will ever ovulate, the primordial follicle pool represents a vast reserve of 

genetic material. This pool has potential use for wildlife conservation and fertility 

preservation of certain species. Furthermore, because the size of the primordial follicle 

pool may determine a female’s reproductive potential, factors that regulate the 

formation and growth of follicles during fetal life are of economic and practical 

interest. 
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Regulation of follicle formation and activation 

How oocytes become enclosed in primordial follicles and why some 

primordial follicles remain dormant for years, while others begin to grow shortly after 

forming, are intriguing questions. In general, the formation and activation of follicles 

appear to be regulated by a number of locally acting factors (e.g., growth factors, 

steroids, etc.) secreted by the oocyte and/or somatic cells (44). Using a microarray 

approach, Kezele et al. identified changes in the ovarian transcriptome associated with 

follicle assembly and activation in rats (45). During follicle assembly, transcripts for 

signal transduction molecules, hormones, and growth factors were upregulated. In 

support of these findings, connective tissue growth factor (46) and KITLG (47) 

increased the percentage of assembled follicles in newborn rat ovaries. Activin, a 

member of the TGF-β superfamily, may also regulate follicle formation. Newborn 

mouse pups treated with activin in vivo had 30% more follicles than untreated animals 

(48). During the transition from primordial to primary follicle (activation), mostly 

mRNAs for metabolic and cell cycle genes were upregulated (45), which makes sense 

since the oocyte begins to grow and become metabolically and granulosa cells divide 

after follicle activation.  

Our lab developed a serum-free organ culture system to study follicle 

activation (and formation) in cortical pieces from fetal bovine ovaries (49). The 

medulla is dissected from the cortex of fetal ovaries, the cortex cut into small pieces 

(~1 mm
3
) and the pieces cultured for variable lengths of time. Cortical pieces are 

prepared for histological analysis before (Day 0) or after culture. It appears that 

follicles acquire the capacity to activate (initiate growth) around 140 days of gestation, 
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when the majority of oocytes have achieved meiotic arrest in the diplotene stage of 

prophase I (2). Primordial follicles activated during 2 days of culture when ovaries 

from fetuses older than 140 days were used, but not when younger ovaries were used. 

However, follicle activation occurred in younger fetal ovaries (90 to 140 days) after 10 

days of culture, indicating that follicles gained the capacity to activate during a longer 

time in culture [reviewed in (8, 9)]. Wholesale activation of primordial follicles 

occurred when insulin was present in the medium, but not when insulin was absent, 

suggesting that insulin promotes primordial follicle activation, at least in cattle (9). In 

the absence of insulin, KITLG (9) and BMP4 (personal communication) increased the 

number of activated follicles in fetal bovine ovarian tissue in vitro. Anti-Müllerian 

hormone (AMH) was localized to secondary and antral follicles in fetal bovine ovaries 

and AMH inhibited bovine follicle activation in vitro (9), suggesting a role for AMH 

in regulating follicle activation. In support of this, AMH inhibited both formation and 

activation of follicles in rodents (50). 

 

Regulation of follicle formation and activation by steroid hormones 

Steroid hormones are negative regulators of early follicular development in 

rodents. Exogenous progesterone and estradiol inhibited follicle assembly (formation) 

in neonatal mouse ovaries, both in vitro and in vivo (51). Both progesterone and 

estradiol inhibited the first wave of follicle activation in newborn rat ovaries in vitro, 

but only progesterone inhibited follicle assembly (52). Since follicles form in rodents 

in a fairly synchronous fashion shortly after birth, followed immediately by a wave of 

follicle activation, it was hypothesized that high concentrations of steroids in maternal 
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circulation prevent follicle formation in fetal ovaries. At birth, the pups are removed 

from this environment and germ cell nests, which are similar to the ovigerous cords in 

cattle, break down to form individual follicles. However, recent evidence indicates 

that follicle formation in mice occurs to a limited extent just before birth, as 

production of estradiol by fetal ovaries decreases (35). Estradiol secretion by ovaries 

of 1 to 3 day-old neonatal mice was negligible, suggesting that decreased intra-ovarian 

levels of estradiol also promote follicle formation. 

Exogenous progesterone and estradiol, but not the non-aromatizable androgen 

5α-dihydrotestosterone (DHT), inhibited follicle formation and acquisition of the 

capacity of follicles to activate in bovine cortical pieces during 10 days of culture (2). 

Inhibition of follicle activation by estradiol was reversible; follicles activated between 

days 10 and 14 of culture when estradiol was removed from the medium on day 10, 

but not when cortical pieces remained in the presence of estradiol (8). The fact that 

estradiol’s inhibition of follicle activation is reversible suggests that changes in local, 

endogenous concentrations of steroids regulate follicle activation (and formation) in 

vivo. Interestingly, the accumulation of estradiol in the medium of fetal bovine 

ovarian pieces cultured for 24 h decreased beginning around day 90, when the first 

primordial follicles form, and was nearly undetectable by day 140, when the first 

primary follicles appear (2). The ovarian capacity to produce progesterone also 

decreased around this time, but the decrease was much less dramatic (2). After day 

140 of gestation, most oocytes of primordial follicles have progressed to the diplotene 

stage of the first meiotic prophase morphologically (2). Estradiol can prevent meiotic 

progression to the diplotene stage (10). Interestingly, estradiol inhibited follicle 
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activation in ovarian cortical pieces from 90- to 140-day-old fetuses, but not in ovaries 

from fetuses older than 140 days. Together, these results suggest that fetal ovarian 

estradiol prevents newly formed follicles from acquiring the capacity to activate (i.e., 

reach the diplotene stage) between 90 and 140 days of gestation in vivo.  

A delay between follicle formation and acquisition of the capacity to activate 

by follicles might be a phenomenon conserved in larger mammals, since there is also a 

lag period between the onset of follicle formation and onset of activation in the fetal 

ovaries of sheep (21), humans (40), and even whales (53). Others have proposed that 

fetal ovarian estrogens support mitosis of germ cells, but inhibit their progression into 

meiosis (12, 17, 54). Meiosis begins around day 55 in fetal sheep ovaries (21, 55). 

Since estradiol was detected in the medium from cultures of 47-day-old fetal ovine 

ovaries but not in the culture medium from 62-day-old ovaries (55), it seems likely 

that estradiol prevents the initiation of meiosis in sheep. Taken together, these studies 

indicate that fetal ovarian (endogenous) progesterone and estradiol are key regulators 

of follicle formation and activation in vivo, but the role and regulation of endogenous 

fetal steroids are poorly understood. 

 

The steroidogenic pathway 

Fetal ovarian tissue of cattle (10) and sheep (55) produced estradiol during 10 

days of culture in the absence of exogenous precursors, so it is clear that fetal ovaries 

can synthesize steroids de novo. The steroidogenic pathway is conserved among 

species and begins with cholesterol as a substrate (Fig. 1.2). The synthesis of sex 

steroids from cholesterol requires several different enzymes.  
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Figure 1.2. The steroidogenic pathway from cholesterol to estradiol. Arrows represent 

enzymatic conversions and the dashed box encloses the 
5
 pathway of steroid 

production. Cholesterol side-chain cleavage enzyme (CYP11) converts cholesterol to 

pregnenolone. The enzyme 3β-hydroxysteroid dehydrogenase (3βHSD) converts 

pregnenolone to progesterone, but also converts other 
5
 keto-steroids to their 

4 

forms (e.g., DHEA to androstenedione). The enzyme 17α-hydroxylase (CYP17) 

catalyzes two sequential reactions; CYP17 converts pregnenolone or progesterone to 

their hydroxylated forms, which are then converted to androgens (e.g., progesterone to 

17α-hydroxyprogesterone to androstenedione). The enzyme 17β-hydroxysteroid 

dehydrogenase (17βHSD) produces testosterone from androstenedione precursor, but 

also converts estrone to estradiol. Aromatase is the enzyme that converts androgens to 

estrogens.
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The enzymes in the steroidogenic pathway and control of ovarian steroid production 

have been extensively reviewed (56-58).  

Broadly speaking, the production of estradiol involves conversion of 

cholesterol to progestogens, progestogens to androgens, and androgens to estrogens. 

The first, and a rate-limiting, step in the production of steroids is the transport of 

cholesterol from the outer to the inner mitochondrial membrane by the transport 

protein steroidogenic acute regulatory protein (StAR). The first enzymatic reaction in 

the steroidogenic pathway occurs at the inner mitochondrial membrane, where 

cholesterol side-chain cleavage enzyme (CYP11; P450scc) catalyzes the conversion of 

cholesterol to pregnenolone. The remaining reactions take place primarily in the 

cytosol or smooth endoplasmic reticulum. Pregnenolone is a progestogen and 

precursor to both sex steroids and glucocorticoids. From this point, there are two 

pathways that can lead to the production of androgens (and estrogens) from 

pregnenolone: the 
5 

pathway (17α-hydroxypregnenolone, dehydroepiandrosterone, 

testosterone) and the 
4
 pathway (progesterone, 17α-hydroxyprogesterone, 

androstenedione). The enzyme 3β-hydroxysteroid dehydrogenase (3βHSD) converts 

pregnenolone to progesterone, initiating the 
4
 pathway. Progestogens and androgens 

are synthesized by 17α-hydroxylase/17,20 lyase (CYP17; P450c17). The enzyme 17β-

hydroxysteroid dehydrogenase (17βHSD) is responsible for testosterone production, 

but can also convert the estrogen estrone to estradiol. Androgens are metabolized 

(aromatized) to estrogens by aromatase (CYP19; P450arom), which converts 

androstenedione to estrone or testosterone to estradiol. Testosterone can also be 

converted a potent androgen, 5α-dihydrotestosterone (DHT), but it is unlikely that 
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fetal ovaries express the 5α-reductase enzyme that synthesizes DHT. The pathway is 

not strictly unidirectional; the oxidative-reduction reactions catalyzed by enzymes can 

often occur in either direction. 

The predominant pathway of estradiol synthesis in fetal bovine ovaries appears 

to be the androstenedione to estrone to estradiol route, at least between 75 and 125 

days of gestation (17). Very little is known about ontogeny of expression of other 

steroidogenic enzymes in the fetal bovine ovary, particularly those that produce 

androgens (CYP17 and 17βHSD). Therefore, the cell types responsible for steroid 

synthesis in fetal ovaries are also largely unknown. 

 

Steroidogenic acute regulatory protein (StAR)  

In fetal ovaries of sheep, mRNA for StAR was localized by in situ 

hybridization to a band of cells in the inner cortex/outer medulla beginning around 32 

days of gestation (59). It is unknown when or where StAR protein is expressed in fetal 

bovine ovaries.  

 

Cholesterol side-chain cleavage enzyme (CYP11; P450scc) 

Transcripts for CYP11 were detected in fetal bovine ovaries on day 67 and 

144, but were marginal on day 72 (3). The steady state levels of mRNA for CYP11, as 

determined by qRT-PCR, were variable among seven additional fetuses (70 to 150 

days old). The time of first appearance and localization of mRNA for CYP11 in fetal 

ovine ovaries was similar to that of StAR (59). 
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3β-hydroxysteroid dehydrogenase (3βHSD) 

Using dehydroepiandrosterone as a substrate and histochemical techniques, 

Dominguez et al. (17) localized 3βHSD activity to the outer medulla of ovaries from 

45- to 125-day-old bovine fetuses. A positive reaction for 3βHSD activity in the 

juxtacortical region of the medulla of fetal bovine ovaries was also observed in 

another study (60). Together, these results suggest that progesterone is produced by 

cells in or around the medulla. Transcripts for 3βHSD, as determined by microarray, 

were detected in fetal bovine ovaries on days 67 and 72 of gestation, but were absent 

on day 144 (3). However, in the same study, steady state levels of mRNA for 3βHSD 

were negligible in the fetal ovaries of seven different fetuses of similar ages. 

 

17α-hydroxylase (CYP17; P450c17) 

It was once thought that CYP17 was two separate enzymes (17α-hydroxylase 

and 17,20 lyase) because it showed two distinct activities (progestogen and androgen 

production). Transcripts for CYP17 were present in fetal bovine ovaries on day 67, but 

were absent on days 72 and 144 (3). In sheep, mRNA for CYP17 was first observed in 

the boundary between the cortex and medulla beginning on day 32, but became 

increasingly isolated to the cell streams by day 55, and was only detected in 1 out of 4 

fetal ovaries around 75 days of gestation. 

 

17β-hydroxysteroid dehydrogenase (17βHSD) 

Transcripts for 17βHSD in fetal bovine ovaries were not detected on days 67, 

72 or 144 of gestation (3), which is puzzling since fetal bovine ovaries can produce 
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testosterone and estrone (17, 60, 61). When androstenedione was used as substrate, 

testosterone was produced at a greater rate by cells isolated from the medulla than 

from the cortex, suggesting that 17βHSD is primarily located in the medulla (60). 

 

Aromatase (CYP19; P450arom) 

Protein and mRNA for aromatase have been localized by 

immunohistochemistry (IHC) and in situ hybridization in fetal bovine ovaries between 

45 and 250 days of gestation (15, 36). Aromatase mRNA co-localized with the protein 

product when both were measured, so these findings will be discussed in terms of 

aromatase protein. Aromatase was not found in germ cells, oocytes, or granulosa cells 

of primordial follicles at any age studied, suggesting the primordial follicle does not 

make estrogens. At early stages of development (days 45 and 60), aromatase was 

found throughout the ovary. Between days 60 and 105, as the ovarian medulla and 

cortex developed into more distinct structures, aromatase was found increasingly 

localized and restricted to the cell streams and rete tubules of the medulla (15). At 

later stages of development (110 to 250 days), protein for aromatase was localized to 

the rete tubules, some stromal cells and to the vasculature (36). Aromatase was also 

present in the granulosa cells of some primary, secondary, and early antral follicles, 

indicating that growing follicles are capable of producing estrogens. In agreement with 

the studies by Garverick’s group (15, 36), transcripts for aromatase were found in fetal 

bovine ovaries between 67 and 144 days of gestation (3). Given that estradiol 

production by fetal bovine ovaries decreases with age (2), the presence of aromatase 

protein throughout gestation could indicate that estradiol production is regulated in 
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some other way, such as by the availability of androgen substrate. However, in 

preliminary studies, steady state levels of mRNA for aromatase in fetal ovaries 

decreased with age, in a pattern that was similar to that of estradiol secretion by fetal 

ovaries in vitro (Yang and Fortune, unpublished data). 

 

Steroid production by fetal ovaries 

Steroid production by the bovine conceptus begins early; bovine blastocysts 

produce progesterone, at least in vitro (62), and the gonads of both sexes produce 

predominantly progesterone prior to sexual differentiation (12, 17). Sex-specific 

patterns of steroid secretion by male (androgens) and female gonads (estrogens) are 

observed around the time fetal ovaries and testes of sheep (55) and cattle (17) can be 

distinguished morphologically. Steroids are also measureable in the fetal serum and 

probably include contributions from maternal, placental, and fetal adrenal sources. 

Bovine fetal serum contains alpha-fetoprotein (63), which can bind estradiol and 

decreases ovarian weight when administered to adult rats (64). Therefore, it seems 

unlikely that steroid hormones present in fetal circulation are a) representative of those 

in the ovary and b) affect the developing ovary. It seems much more likely that 

endogenous steroids made within the fetal ovary regulate folliculogenesis locally.  

 

Progesterone  

During early development (40 to 90 days) progesterone production by fetal 

bovine ovarian pieces in vitro increased and seemed to be related to the increase in 

ovarian mass (12). Ovarian progesterone decreased from about 175 ng/g to about 20 
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ng/g in bovine fetuses from 60 to 90 days of gestation (3). Secretion of progesterone 

by fetal ovarian tissue in vitro also decreased with age beginning around the time 

follicles form, although its decrease was much less dramatic than for estradiol (2). 

Ovaries of prenatal (15.5 to18.5 dpc) and newborn mice (PND 1 to 3) also produce 

progesterone in vitro (35).  

 

Estradiol and estrone 

Overall, fetal mammalian ovaries produce predominantly estradiol. In cattle, 

estradiol production by fetal ovaries begins around day 42 (12, 17). Estradiol secretion 

by fetal ovarian pieces during a 24-h culture peaked around day 50-60 (9.4 

ng/ovary/24 h) and decreased with age to less than 1 ng/ovary/24 h between 75 and 

125 days (17). In the same study, estrone increased between days 40 and 75. Our lab 

found that the capacity of fetal ovarian tissue to produce estradiol in vitro significantly 

decreased beginning around day 90 and was lowest between 140 and 210 days (2). 

Interestingly, Shemesh and Hansel (65) noticed that pieces of fetal bovine ovaries 

secreted variable amounts of estradiol (0.1 to 5.1 ng/ovary/24 h) prior to day 90 of 

gestation, but secreted negligible amounts between about 90 and 120 days. Only 

exogenous testosterone could stimulate estradiol secretion at this time, whereas LH 

had no effect (61). Similarly, ovarian tissue taken from younger ovine fetuses (31 and 

47 days old) secreted estradiol in vitro, whereas ovarian tissue from older fetuses 

(about 60 days old) did not secrete estradiol unless they were co-cultured with fetal 

testes (55). Together, these results suggest that fetal ovarian estradiol production is 

regulated, in part, by the availability of androgen precursors. 
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Androstenedione and testosterone 

Androgen secretion by fetal ovarian tissue and concentrations of androgens in 

the serum of bovine female fetuses are low, particularly in comparison to male fetuses 

(17, 66). Since the fetal ovary can synthesize testosterone from radiolabeled precursors 

(60), low circulating and fetal ovarian levels are likely due to the rapid conversion of 

androgens to estrogens by fetal ovaries. In fetal bovine ovaries, androstenedione 

appears to be the main androgen produced, since its concentration was typically higher 

than testosterone in the medium of cultures of fetal ovarian pieces (17). Previously we 

showed that accumulation of androstenedione (0-0.27 ng/ovary/24 h) and testosterone 

(0-0.15 ng/ovary/24 h) in cultures of fetal bovine ovarian pieces was low and not 

correlated with age (2). However, another study reported that much higher 

concentrations of androstenedione (<10 pg to 9 ng/ovary/24 h) and testosterone (5 pg 

to 1.4 ng/ovary/24 h) were secreted into the culture medium, at least between 45 and 

125 days of gestation (17). The reasons for these differences are unclear. 

 

Regulation of steroid production by gonadotropins 

In adults, preovulatory follicles produce the majority of ovarian steroids 

(predominantly androgens and estrogens) during the follicular phase of the ovarian 

cycle. Ovarian follicles have two types of endocrine cells, the granulosa and the theca 

cells. The theca and granulosa cells interact to produce estradiol. The regulation of 

estradiol production by preovulatory follicles is described by the two-cell, two-

gonadotropin model [Fig. 1.3; (67)]. In this model, LH stimulates the theca cells to 

produce progestogens and androgens; however, theca cells do not have aromatase and  
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Figure 1.3. The two-cell, two-gonadotropin model of steroid production. Luteinizing 

hormone (LH) stimulates the production of progestogens (e.g., progesterone) and 

androgens (e.g., androstenedione) by theca cells. Follicle-stimulating hormone (FSH) 

stimulates the conversion of thecal androgens to estrogens (e.g., estradiol) by 

aromatase in the granulosa cells and also the conversion of cholesterol to 

progestogens. 
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cannot produce estrogens. On the other hand, granulosa cells do not make androgens, 

but do have aromatase; FSH stimulates the conversion of thecal androgens to 

estrogens in the granulosa cells. The actions of gonadotropins are mediated by 

increasing intra-cellular levels of cAMP (58), so the actions of LH and FSH can be 

mimicked using compounds such as 8-Br-cAMP. 

The cells that respond to LH and FSH in younger fetal ovaries (<120 days) are 

currently unknown, but both LH and 8-Br-cAMP increased estradiol secretion in vitro 

by ovarian pieces taken from 40- to 90-day-old bovine fetuses (61, 65), indicating that 

LH receptors are present. Interestingly, in these studies Shemesh (61) and Shemesh et 

al. (12) found that 8-Br-cAMP did not stimulate estradiol or testosterone production 

after about 90 days of gestation. Based on these findings, the decreased capacity of 

fetal ovaries to produce estradiol could be due to decreased sensitivity of fetal ovaries 

to LH. At later stages of development (120 to 260 days), binding sites for radiolabeled 

hCG and FSH were primarily localized to the theca and granulosa cells, respectively, 

of early antral follicles in fetal bovine ovaries (37). Since aromatase is localized to the 

granulosa cells in fetal ovaries of similar ages (36), it seems possible that FSH 

regulates aromatase activity in fetal bovine ovaries, at least during later stages of 

development. Evidence from studies with rodents indicates that FSH can stimulate 

fetal ovarian estradiol production, particularly in the presence of exogenous androgen 

precursors (68, 69), but the effects of FSH on steroid production by the fetal bovine 

ovary are unknown. 
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Concentrations of LH and FSH in fetal serum 

Both gonadotropins are present in the fetal serum of cattle (38, 66, 70, 71), 

sheep (72), and humans (73), indicating that fetal LH and/or FSH can regulate fetal 

ovarian steroid production in vivo. In support of this, the capacity of fetal ovarian 

tissue to produce estradiol in vitro and the concentrations of LH and estradiol in fetal 

bovine serum parallel each other (2, 66, 70). Concentrations of LH in the serum of 90-

day-old bovine female fetuses were about 3 ng/ml, and decreased to about 1 ng/ml 

thereafter (66, 70, 71), although the exact timing of this decrease varied among 

studies. During the same period, concentrations of LH in maternal serum were low (~1 

ng/ml) and did not change with time (70). Pituitaries from bovine fetuses around 90 

days of gestation contained LH and secreted LH in vitro (74). Administration of 

GnRH to 120-day-old fetuses in vivo increased the concentrations of LH in fetal 

circulation, but not in maternal blood (75). Taken together, these findings suggest that 

fetal and maternal gonadotropins are regulated independently. The concentrations 

reported for FSH in fetal bovine serum are more variable (38, 71). In one study, 

concentrations of FSH in fetal serum were about 1 ng/ml between days 90 and 120 of 

gestation, but were much lower by day 150 (71). Conversely, Tanaka et al. (38) found 

that FSH was low (3 pg/ml) between days 59 and 117, but increased thereafter as the 

number of early antral follicles in the fetal ovary increased. Interestingly, the same 

study showed positive associations among concentrations of FSH and estradiol in fetal 

serum and the number of early antral follicles in fetal ovaries. 
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Progesterone receptors in fetal ovaries 

 Little is known about the expression of progesterone receptors in fetal bovine 

ovaries. Using the Affymetrix bovine genome array chip, Skinner’s group looked for 

mRNA transcripts for the nuclear progesterone receptor (PGR) in fetal bovine ovaries 

at 67, 72, and 144 days of gestation (3). Transcripts for PGR were present on days 67 

and 144, but not on day 72. Interestingly, this group observed the first primordial 

follicles around day 75, so it seems possible that downregulation of PGR around day 

75 plays a role in regulating the initiation of follicle formation. Overall, neither mRNA 

nor protein for PGR were consistently found in fetal ovine ovaries between 26 and 75 

days of gestation, although the occasional epithelial or stromal cell showed staining 

for PGR protein (76). Although the ovaries of PGR knock-out mice contain follicles 

(77), the progesterone receptor blocker RU 486 can reverse the inhibition of follicle 

assembly and activation by progesterone in newborn rat ovaries (52), indicating a role 

for PGR in the regulation of early follicular development, at least in rats. 

 

Estrogen receptors in fetal ovaries 

There are two nuclear estradiol receptors, estrogen receptor α (ESR1) and 

estrogen receptor β (ESR2), which can act as transcription factors to mediate the 

effects of estradiol. Estrogen receptors are localized to cells involved with follicle 

development (e.g., germ cells and granulosa cells) in the fetal ovaries of cattle (15, 

36), sheep (76), and primates (31, 78, 79), as well as in newborn mouse ovaries (80), 

suggesting that estrogen plays roles in early follicular development in mammalian 

ovaries.  
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 Garverick’s group used in situ hybridization and immunohistochemistry (IHC) 

to characterize, respectively, the locations of mRNA and/or protein for nuclear 

estrogen receptors in fetal bovine ovaries between days 45 and 250 of gestation (15, 

36). Protein for both estrogen receptors was present in ovarian tissue at all ages 

studied and generally co-localized with its mRNA, so only the protein will be referred 

to. In general, protein for ESR1 and ESR2 localized to the same cell types, with the 

exception of the ovarian surface epithelium, which only had ESR1. During early 

gestation (days 45 to 90), estrogen receptors were localized to the pre-granulosa cells 

and to the developing cell streams/rete tubules of the ovarian medulla, but were not 

localized to germ cells. Between days 90 and 190, when follicles form and have 

acquired the capacity to activate, estrogen receptors were increasingly localized to the 

rete tubules/rete masses of the medulla, as well as to the pre-granulosa cells and germ 

cells within ovigerous cords. Within follicles, estrogen receptors were detected 

primarily in the granulosa cells and oocytes and, at later stages of follicular 

development, in some theca cells. In a different study, transcripts for ESR2, but not 

ESR1, were present in fetal bovine ovaries at 67, 72, and 144 days of gestation (3). 

The reasons for this discrepancy are unclear, but are likely due to differences in the 

methods used for detection (in situ hybridization vs. bovine genome array chip). The 

observations that fetal ovaries have aromatase and make estrogens, and that fetal 

ovaries have estrogen receptors, suggest that fetal ovarian estradiol has a 

autocrine/paracrine function in the developing bovine ovary. 

It seems likely that estrogen receptors have roles in mediating the actions of 

estradiol on early follicular development. In support of this, the estrogen receptor 
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blocker ICI 182,780 reversed inhibition of follicle activation by estradiol in neonatal 

rat ovaries (52) and reversed estradiol’s inhibition of follicle assembly in newborn 

mouse ovaries (80). The mechanisms by which exogenous estradiol inhibits follicle 

formation and activation in fetal bovine ovaries are unknown. 

 

Androgen receptors in fetal ovaries 

Protein for the androgen receptor was localized by IHC in fetal bovine ovaries 

between 127 and 244 days of gestation (81). Androgen receptor was observed in the 

stroma, but was absent in granulosa cells of primordial and primary follicles. 

However, the granulosa cells and presumptive theca cells of secondary follicles 

showed staining for androgen receptor, and this pattern became more pronounced as 

follicular development continued. When pieces of fetal bovine ovaries were cultured 

with testosterone, the number of secondary follicles increased in the tissue. The 

stimulatory effects of testosterone were reversed by the androgen receptor blocker 

flutamide (81). In sheep, protein for androgen receptor was found in ovarian surface 

epithelium and stroma, in granulosa cells of type-2 to -5 follicles (primary to antral 

follicles), and in theca cells of type-3 to type-5 follicles [secondary to antral follicles, 

(76)]. Together, these results suggest that androgens, and the androgen receptor, have 

roles in the fetal ovary of cattle and sheep during later follicular development.  

 

Overarching goal of this research 

The formation of follicles in fetal bovine ovaries and their development of the 

capacity to activate are two critical processes during ovarian development that affect 
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the size of the primordial follicle pool calves are born with. Exogenous progesterone 

and estradiol inhibit follicle formation and activation in cortical pieces from fetal 

bovine ovaries in vitro. Therefore, it seems possible that fetal ovarian (i.e., 

endogenous) progesterone and estradiol regulate the timing of folliculogenesis in vivo. 

However, little is known about how fetal ovarian steroids are regulated, and how 

progesterone and estradiol exert their effects on early follicular development in cattle. 

Therefore, the studies presented herein were designed to elucidate the role and 

regulation of fetal ovarian steroids and the mechanisms of steroid action in fetal 

bovine ovaries. To begin to achieve this, the effects of the gonadotropins (LH and 

FSH) on steroid production, and the ability of endogenous progesterone and estradiol 

to inhibit early follicular development were tested with ovarian tissue from bovine 

fetuses in vitro. Furthermore, to begin to study the mechanism of steroid action, the 

hypothesis that nuclear progesterone and estrogen receptors mediate the inhibition of 

early follicular development by progesterone and estradiol was also tested.  
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REGULATION OF STEROIDOGENESIS IN FETAL BOVINE OVARIES: 

DIFFERENTIAL EFFECTS OF LUTEINIZING HORMONE AND FOLLICLE-

STIMULATING HORMONE  
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Summary 

The finite size of the primordial follicle pool limits reproductive capacity of 

female mammals. In cattle, follicles form before birth, beginning around day 90 of 

gestation. Exogenous progesterone and estradiol inhibit follicle formation in fetal 

bovine ovaries in vitro, and the ovarian capacity to produce progesterone and estradiol 

decreases around the time follicles form in vivo. It is unclear how steroid production is 

regulated in fetal ovaries. We hypothesized that LH stimulates progesterone and 

androgen production by fetal bovine ovaries, and that FSH stimulates aromatization of 

androgens to estradiol. To test this, ovarian pieces from 74- to 114-day-old fetuses 

were cultured for 10 days without or with exogenous hormones, and the culture 

medium was assayed for progesterone, androstenedione, testosterone, and/or estradiol 

by RIA. Both LH and FSH (100 ng/ml) increased the accumulation of progesterone 

and estradiol in the medium relative to controls, but only LH increased androgen 

accumulation (P < 0.05). LH increased progesterone, androstenedione, and estradiol at 

a range of doses (2 to 100 ng/ml), whereas only the highest dose of FSH (100 ng/ml) 

stimulated both progesterone and estradiol. In the presence of exogenous testosterone 

(0.5 µM) as substrate for estradiol synthesis, addition of FSH, but not LH increased 

estradiol relative to testosterone alone, indicating that only FSH stimulates 

aromatization of androgens. All concentrations of FSH tested (1 to 100 ng/ml) 

maximally stimulated aromatization of testosterone to estradiol. Interestingly, 

testosterone decreased progesterone accumulation even in the presence of the 

gonadotropins, implying that testosterone inhibits progesterone production. Although 

exogenous estradiol also decreased the accumulation of progesterone in the medium, 
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testosterone was still effective when its conversion to estradiol was blocked by the 

aromatase inhibitor letrozole. Furthermore, exogenous androstenedione, testosterone, 

and estradiol reduced the accumulation of progesterone (i.e., inhibited progesterone 

production) in a dose-dependent manner. Together, these results support our 

hypotheses and show for the first time that LH and FSH have different effects on 

steroid production in fetal bovine ovaries. Furthermore, inhibition of progesterone 

production by estradiol suggests that ovarian estradiol is a paracrine regulator of 

progesterone synthesis in fetal bovine ovaries. These results are consistent with the 

two-cell, two-gonadotropin model of estradiol production by preovulatory follicles, 

indicating that the mechanisms regulating steroid production in adult ovaries are 

established during fetal life.  

 

Introduction 

A pool of non-growing, primordial follicles supplies female mammals with 

oocytes throughout reproductive life, thus determining their reproductive potential. 

Despite the importance of the primordial pool to reproductive success, the 

mechanism(s) regulating its formation and size are poorly understood, particularly in 

non-rodent species. Primordial follicles consist of an oocyte surrounded by a single 

layer of squamous granulosa cells and remain quiescent for variable lengths of time 

before initiating growth. During follicle activation, the transition from resting 

primordial to growing primary follicle, the oocyte begins to grow and the squamous 

granulosa cells become cuboidal in shape. In rodents, follicles form in a synchronous 

fashion shortly after birth (1, 2). In contrast, follicles form in early to mid-gestation in 
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humans (3), cattle (4-7), and sheep (6, 8), making follicle formation difficult to study 

in these species. There are discrepancies in the literature (4, 6, 7, 9-11), but our lab 

observed the first primordial and primary follicles in fetal bovine ovaries around 90 

and 140 days of gestation, respectively (5) (gestation = 279 days), consistent with the 

findings of Rüsse (6) and Dominguez et al. (9). Factors that regulate follicle formation 

and activation in utero are of practical importance to humans and domestic species, 

since they affect the size of the primordial pool at birth and hence, the female’s 

reproductive potential.  

Progesterone and estradiol inhibit primordial follicle assembly (formation) in 

neonatal mouse ovaries, both in vitro and in vivo (12). In cattle, exogenous 

progesterone and estradiol inhibit both follicle formation and the capacity of 

primordial follicles to activate in vitro (11, 13). Interestingly, fetal ovarian capacity to 

produce progesterone and estradiol decreases around the time follicles form, and these 

steroids remain low while the first growing follicles appear (9, 11, 13). These studies 

strongly suggest that fetal ovarian estradiol and progesterone are important negative 

regulators of follicle formation and activation in vivo, but little is known about the 

mechanisms that regulate steroidogenesis during fetal life, particularly at this critical 

time of development. 

In adult mammalian ovaries, the production of sex steroids from cholesterol is 

regulated by the gonadotropins, luteinizing hormone (LH) and follicle stimulating 

hormone (FSH). The two-cell, two-gonadotropin model describes estradiol synthesis 

in preovulatory follicles of cattle and other mammalian species. Briefly, LH stimulates 

production of androgens by theca cells, whereas FSH stimulates conversion of thecal 
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androgens to estrogens by the enzyme aromatase in granulosa cells [reviewed in (14)]. 

Gonadotropins are present in fetal bovine serum (7, 15, 16). Ovaries from 120 to 260 

day-old bovine fetuses have binding sites for LH and FSH (17), but there is no 

information about ovaries of younger fetuses. These studies suggest that 

gonadotropins regulate the production of steroids by fetal ovaries in vivo. In support 

of this, LH increased estradiol accumulation in 24-h cultures of fetal bovine ovarian 

pieces relative to controls (18). There is a paucity of information on the role of FSH in 

fetal bovine ovaries, but FSH stimulates aromatase activity in fetal ovaries of other 

mammals [reviewed in (19)], particularly when androgen substrate is provided. 

Aromatization of exogenous androgens in fetal ovaries in vitro was observed in the 

absence of FSH (19-21). Estradiol synthesis requires androgen precursors, but the 

regulation of androgen production in fetal ovaries is poorly understood. However, it is 

clear that fetal bovine ovaries can produce androgens, since adding steroid precursors 

(20) or 8-Br-cAMP (21) to the culture medium of fetal ovarian tissue increased 

testosterone accumulation. 

Mechanisms that regulate steroid production by fetal ovaries are critical to our 

understanding of ovarian development, especially in larger mammals (e.g. humans, 

cattle, and sheep), but progress in this field has been limited. The existing evidence 

suggests that LH, and perhaps FSH, regulate fetal ovarian steroidogenesis. Therefore, 

the objective of these studies was to test the hypothesis that LH stimulates progestogen 

and androgen production in fetal bovine ovaries, whereas FSH stimulates the 

conversion (aromatization) of androgens to estrogens. 
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Materials and Methods 

Culture of fetal bovine ovarian pieces 

Ovaries were dissected from fetuses (primarily Holstein) between 74 and 114 

days post-conception [11.5 to 24 cm crown rump length (22)], because follicles form 

around day 90 in vivo, coincident with decreases in production of progesterone and 

estradiol by fetal ovaries (5, 11). Experiments were replicated with at least three 

fetuses obtained on separate occasions at a local slaughterhouse (Cargill Regional 

Beef; Wyalusing, PA). Preparation and culture of ovaries are described in detail 

elsewhere (5, 23). Briefly, ovaries were transported to the lab at ambient temperature 

in Leibovitz L-15 medium (Life Technologies; Grand Island, NY) supplemented with 

1% FBS, 50 IU/ml penicillin and 50 μg/ml streptomycin sulfate (Life Technologies). 

Ovaries were then cut into pieces (~1 mm
3
) and the pieces were cultured in wells of 

24-well Costar culture plates (two pieces/well; two wells/treatment/fetus) in 300 µl of 

culture medium for 10 days at 38.5C in a humidified incubator gassed with 5% CO2: 

95% air.  

Control culture medium was Waymouth medium MB 752/1 (Life 

Technologies) supplemented with 25 mg/l pyruvic acid (Sigma-Aldrich; St. Louis, 

MO), antibiotics (50 IU/ml penicillin G and 50 μg/ml streptomycin sulfate), and ITS+ 

(6.25 μg insulin, 6.25 μg transferrin, 6.25 ng selenous acid, 1.25 mg BSA, 5.35 μg 

linoleic acid per ml; Corning Inc.; Corning, NY). Ovine FSH (NIADDK o-FSH17; lot 

AFP6446C) and LH (NIADDK o-LH26; lot AFP5551B) were used. Stock solutions of 

testosterone, estradiol, 5α-dihydrotestosterone (DHT), and androstenedione were 

prepared in 100% ethanol. The aromatase inhibitor letrozole (Sigma-Aldrich) was 
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resuspended at 0.1 M in DMSO per manufacturer’s instructions. Stock solutions of 

hormones and inhibitors were diluted to desired concentrations in control medium. 

Solvent (ethanol and/or DMSO) was added to the culture medium as needed to 

normalize the amount of solvent in all treatments. Culture medium was collected and 

replaced every 2 days and stored frozen for analysis of steroids by radioimmunoassay 

(RIA).   

 

Measurement of steroids 

Concentrations of progesterone, estradiol, androstenedione, and/or testosterone 

in unextracted culture medium were measured by RIA as described previously (24, 

25). Duplicate aliquots of 5 to 50 µl of culture medium were assayed and samples 

were diluted when necessary to ensure measurements were within the range of the 

standard curve. Culture medium was added to standard curves to control for potential 

cross-reactivity between the antibody and components of the medium. Sensitivity of 

assays was 6.25 pg/tube for progesterone, androstenedione, and testosterone, and 2.5 

pg/tube for estradiol. Inter-assay coefficients of variation (COVs) for progesterone, 

androstenedione, testosterone, and estradiol RIAs were 9.3, 8.9, 8.6, and 9.3%, 

respectively, and intra-assay COVs were 7.3, 6.2, 7.5, and 8%, respectively. 

Concentrations of steroids in the culture medium were determined on days 2, 4, 6, 8, 

and 10 of culture (every 2 days). Values are expressed as ng/well (i.e. ng per 300 µl 

culture medium). For simplicity, the term “production” will be used periodically 

throughout the text to describe the accumulation of steroids in the medium, even 
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though the amount of steroid that accumulates in the medium is not a direct 

representation of steroid production. 

 

Statistics  

Data shown are means ± SEM of non-transformed data. Experiments were 

replicated with 3 to 7 fetuses obtained on separate occasions and treatments were 

applied to duplicate culture wells for each fetus (N = 2 wells per treatment per fetus). 

To obtain the cumulative steroid produced over 10 days, values for each steroid were 

summed over time. Heterogeneity of variance was evaluated with Hartley’s test, 

followed by log transformation (base 10) of data sets with heterogeneity of variance. 

Data were then analyzed by ANOVA in SAS v9.3 using the generalized linear model 

(GLM) procedure. Standard errors shown in histograms include intra-fetus variability 

(culture well), but only treatment and fetus were retained as model variables for 

analysis. When a significant effect of treatment was found (P < 0.05), differences 

between means were determined using Duncan’s multiple range test.  

 

Results 

Experiment 1: Effects of gonadotropins and testosterone on the production of 

progesterone and estradiol  

We hypothesized that both gonadotropins stimulate production of progesterone 

by fetal bovine ovaries, but that LH specifically stimulates fetal ovarian production of 

androgens and FSH stimulates their conversion to estradiol. To test these hypotheses, 

small pieces of fetal ovaries were maintained in organ culture for 10 days in control 
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medium or with 100 ng/ml of LH, FSH, or LH+FSH in combination, each in the 

absence or presence of testosterone (T; 0.5 µM). These concentrations of hormones 

were chosen based on previous studies on preovulatory follicles (31). Progesterone 

and estradiol were measured in the culture medium; concentrations are expressed as 

ng/well because this is a direct reflection of steroid content. 

Cumulative progesterone over 10 days in control cultures averaged 0.89 ± 0.16 

ng/well (Fig. 2.1A). Compared to controls, LH, FSH, and LH+FSH increased 

progesterone by 1.7- to 3.4- fold, but LH and LH+FSH were more effective than FSH 

alone (P < 0.05). Interestingly, testosterone reduced cumulative progesterone by 97% 

and 72%, compared to control and LH+FSH, respectively (P < 0.05). During the 

course of culture, progesterone accumulation in control medium increased from 0.07 ± 

0.01 ng/well on Day 2 to 0.25 ± 0.05 ng/well on Day 6 and plateaued thereafter; 

gonadotropins increased progesterone from Day 4 onward (Fig. 2.1B). On Day 2, 

there was lower production of progesterone in cultures with testosterone compared to 

those without, and this pattern persisted for the duration of culture.  

Accumulation of estradiol over 10 days averaged 0.45 ± 0.09 ng/well in 

control cultures. Compared to controls, LH, FSH, and LH+FSH significantly increased 

estradiol accumulation by 5-, 2-, and 7.5-fold, respectively (Fig. 2.1C). Although LH 

and FSH both stimulated estradiol, LH and LH+FSH were more effective than FSH 

alone and there was neither an additive nor a synergistic effect of LH+FSH. 

Testosterone was much more effective than the gonadotropins alone, increasing 

estradiol by 25-fold compared to controls (P < 0.05). The combination of T+LH was 

not different from testosterone alone, but T+FSH and T+LH+FSH approximately  
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Figure 2.1. Accumulation of progesterone (P4) and estradiol (E2) in cultures of fetal 

ovarian pieces over 10 days in control medium (Con) or with 100 ng/ml of LH, FSH 

or LH+FSH, each in the absence (open bars) or presence (striped bars) of testosterone 

(T; 0.5 µM). Both cumulative P4 (panel A) and E2 (panel C) over 10 days and time-

courses for P4 (panel B) and E2 (panel D) production are shown. Means with no 

common letters (-T: a-c; +T: x, y) are different (P < 0.05). N = 14 cultures/treatment; 2 

from each of 7 fetuses (81 to 114 days old).
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doubled the accumulation of estradiol compared to testosterone alone (P < 0.05). 

Accumulation of estradiol in control cultures decreased from Day 2 (0.14 ± 0.03 

ng/well) to Day 10 (0.06 ± 0.01 ng/well), but this pattern was reversed in cultures with 

gonadotropins or testosterone (Fig. 2.1D). On Day 2, and throughout culture, 

accumulation of estradiol was much higher in cultures with T, than without T. 

 

Experiment 2: Effects of gonadotropins on the production of androstenedione and 

testosterone 

Little is known about the regulation of androgen production in fetal bovine 

ovaries, but we hypothesized that LH stimulates production of androstenedione and 

testosterone as precursors for estradiol synthesis. This hypothesis was tested with 

ovarian pieces from an additional set of fetuses due to limitations of sample volume in 

Experiment 1. Fetal ovarian pieces were cultured in control medium or with 100 ng/ml 

LH, FSH, or LH+FSH. 

Cumulative androstenedione and testosterone in control cultures over 10 days 

were 0.3 ± 0.13 and 0.09 ± 0.01 ng/well, respectively (Fig. 2.2A and 2.2C). 

Treatments had similar effects on androstenedione and testosterone, but 

androstenedione concentrations were always higher than testosterone. LH alone 

significantly increased production of both androstenedione (1.6 ± 0.6 ng/well) and 

testosterone (0.2 ± 0.06 ng/well), whereas FSH and LH+FSH were similar to control. 

To prevent androgen metabolism in culture and thus better determine the production 

of androstenedione and testosterone, treatments were replicated in combination with 

the aromatase inhibitor letrozole (Let; 0.25 µM) at a concentration shown to inhibit  



50 

 

 

 

Figure 2.2. Accumulation of androstenedione (A4) and testosterone (T) in cultures of 

fetal ovarian pieces over 10 days in control medium (Con) or with 100 ng/ml of LH, 

FSH, or LH+FSH, each in the absence or presence of the aromatase inhibitor letrozole 

(Let; 0.25 µM). Panels A and C show cumulative A4 and T over 10 days, respectively 

and time-courses are shown in panels B and D. Means within a panel with no common 

letters are different (P < 0.05). N = 10 cultures/treatment; 2 from each of 5 fetuses (76 

to 89 days old). 
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estradiol production maximally in dose-response studies (Appendix Fig. 1). Let alone, 

Let+LH, and Let+FSH had no effect on androgen accumulation compared to control, 

LH, and FSH, respectively. However, the addition of letrozole to cultures with 

LH+FSH dramatically increased both androstenedione and testosterone compared with 

LH+FSH alone, suggesting that FSH, not LH, stimulates aromatization of androgens. 

In the current study, letrozole reduced estradiol to less than 6% of control values, even 

when LH and FSH were present (Appendix Fig. 2). Accumulation of androstenedione 

and testosterone in control cultures was low and relatively consistent over time (Fig. 

2.2B and 2.2D). Interestingly, letrozole reduced the time it took LH to stimulate peak 

androgen levels. Time-courses for Let alone, FSH alone, and Let+FSH were not 

different from controls and are not shown in Figs. 2.2B and 2.2D to improve clarity. 

 

Experiment 3: Effects of graded doses of LH and FSH on steroid production 

To determine what concentrations of gonadotropins stimulate fetal ovarian 

steroid production, pieces of fetal bovine ovaries were cultured for 10 days with 0, 1, 

2, 10, 50 or 100 ng/ml of LH, FSH, or FSH + testosterone (T; 0.5 µM). Effects of 

graded doses of LH are shown in Fig. 2.3. Accumulation of progesterone, 

androstenedione, and estradiol in controls averaged 1.1 ± 0.2, 0.6 ± 0.04, and 0.7 ± 0.1 

ng/well, respectively (Fig. 2.3, A-C). All concentrations of LH between 2 and 100 

ng/ml increased accumulation of steroids relative to controls (P < 0.05), but 10 ng/ml 

LH was the lowest dose that maximally stimulated progesterone (2.6-fold), 

androstenedione (3.7-fold), and estradiol (10.7-fold). Higher doses of LH (50 and 100 

ng/ml) maintained maximal levels of progesterone, but not androstenedione or  
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Figure 2.3. Effects of graded doses of LH (0, 1, 2, 10, 50, and 100 ng/ml) on 

accumulation of progesterone (P4; panel A), androstenedione (A4; panel B), and 

estradiol (E2; panel C) over 10 days in cultures of fetal bovine ovarian pieces. Within 

a panel, means with no common letters are different (P < 0.05). N = 10 

cultures/treatmen;, 2 from each of 5 fetuses (78 to 107 days old). 
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estradiol. Thus, the response to LH was biphasic for both androstenedione and 

estradiol, but not for progesterone.  

Figure 2.4 shows the effects of graded doses of FSH on progesterone and 

estradiol accumulation. Androgens were not measured because FSH did not stimulate 

androgen production in Exp. 2. Cumulative progesterone and estradiol in control 

cultures averaged 1 ± 0.2 and 0.7 ± 0.08 ng/well respectively (Fig. 2.4A and 2.4B). 

Only the highest dose of FSH (100 ng/ml) increased accumulation of both 

progesterone and estradiol, but 50 ng/ml also stimulated progesterone maximally (~ 2-

fold). To determine what concentrations of FSH stimulate aromatization of exogenous 

androgen, fetal ovarian pieces were cultured in medium with testosterone (0.5 µM) 

and the same doses of FSH (0 to 100 ng/ml), and the accumulation of estradiol was 

measured. All concentrations of FSH increased accumulation of estradiol compared to 

treatment with testosterone alone (Fig. 2.4C), suggesting that fetal ovaries are quite 

sensitive to FSH. 

 

Experiment 4: Effects of androgens and estradiol on progesterone production  

Unexpectedly, testosterone decreased the accumulation of progesterone in Exp. 

1, even when gonadotropins were present (Fig. 2.1B and 2.1D), implying that 

testosterone inhibits progesterone production. We hypothesized that testosterone 

inhibits progesterone indirectly through its aromatization to estradiol. To test this 

hypothesis, pieces of fetal bovine ovaries were cultured for 10 days in control medium 

or with 0.5 µM testosterone, estradiol, or the non-aromatizable androgen DHT, each in 

the absence or presence of 100 ng/ml LH+FSH. As expected, testosterone, but not  
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Figure 2.4. Effects of graded doses of and FSH (0, 1, 2, 10, 50, and 100 ng/ml) on 

accumulation of progesterone (P4; panel A) and estradiol (E2; panel B) over 10 days 

in cultures of fetal ovarian pieces from each of 3 fetuses (78 to 99 days old). Shown in 

panel C is the accumulation of E2 over 10 days with testosterone (T; 0.5 µM) and 

graded doses of FSH. Within a panel, means with no common letters are different (P < 

0.05). N = 10 cultures/treatment; 2 from each of 5 fetuses (78 to 107 days old).  
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DHT (a non-aromatizable androgen), increased estradiol production (Appendix Fig. 

2.3), which agrees with previous studies (21). Accumulation of progesterone over 10 

days in control cultures averaged 1.1 ± 0.2 ng/well (Fig. 2.5). Compared to controls, 

testosterone, estradiol, and DHT reduced progesterone by 94, 73, and 57%, 

respectively (P < 0.05). LH+FSH enhanced progesterone 3-fold relative to controls, 

but addition of testosterone, estradiol, or DHT inhibited the stimulation by the 

gonadotropins. Testosterone was most inhibitory, reducing progesterone by 84% 

compared to LH+FSH (P < 0.05).  

These results indicated that androgen (DHT) and estradiol can inhibit 

progesterone production independently, but it was still unclear whether the 

aromatization of testosterone to estradiol is necessary for this inhibition by 

testosterone. To address this question, we cultured fetal ovarian pieces in control 

medium or with testosterone (T; 0.5 µM), each in the absence or presence of letrozole 

(0.25 µM) to inhibit aromatase. Cumulative estradiol averaged 3 ± 0.9 ng/well in 

control cultures and was 9-fold higher in the presence of testosterone alone (Fig. 2.6). 

However, letrozole reduced conversion of testosterone to estradiol by about 97% (P < 

0.05). Compared to controls, progesterone accumulation was unaffected by letrozole 

alone, but was significantly reduced by testosterone in the absence or presence of 

letrozole, indicating that testosterone can inhibit progesterone directly. 
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Figure 2.5. Effects of control medium (Con), testosterone (T; 0.5 µM), estradiol (E2; 

0.5 µM), and 5-alpha-dihydrotestosterone (DHT; 0.5 µM), each in the absence or 

presence of LH+FSH (both at 100 ng/ml), on the accumulation of progesterone (P4) in 

cultures of fetal ovarian pieces over 10 days. Means with no common letters are 

different (P < 0.05). N = 12 cultures/treatment; 2 from each of 6 fetuses (79 to 114 

days old). 
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Figure 2.6. Effects of control medium (Con), letrozole (Let; 0.25 µM), testosterone (T; 

0.5 µM), and Let + T on the accumulation of progesterone (P4; black bars) and 

estradiol (E2; open bars) in cultures of fetal ovarian pieces over 10 days. For each 

steroid, means with no common letters (P4: a,b; E2: x-z) are different (P < 0.05). N = 

6 cultures/treatment; 2 from each of 3 fetuses (79 to 89 days old).



58 

 

Experiment 5: Effects of graded doses of testosterone, androstenedione, and 

estradiol on progesterone production 

Fetal ovarian (endogenous) estradiol, and possibly androgens, could be 

paracrine regulators of progesterone production, but the concentrations of  

exogenous steroids used in the experiments above (~ 150 ng/ml) are much higher than 

the amounts produced by fetal bovine ovaries in vitro. To determine what 

concentrations of exogenous steroids can reduce progesterone accumulation, ovarian 

pieces were cultured in control medium or with graded doses of testosterone, 

androstenedione or estradiol (0.001, 0.01, 0.1, or 0.5 µM; i.e., about 0.3 to 150 ng/ml). 

Each steroid was tested on a different set of three fetuses between 74 and 94 days old. 

Cumulative progesterone in control cultures was 1.3 ± 0.2 and 0.8 ± 0.2 ng/well, in 

testosterone and androstenedione dose-response experiments, respectively (Fig. 2.7A 

and 2.7B). 

All concentrations of androstenedione and testosterone reduced progesterone 

relative to control levels (P < 0.05), but 0.5 µM was maximal, reducing progesterone 

by 88 and 93%, respectively. In the estradiol dose-response experiment, progesterone 

averaged 1.1 ± 0.4 ng/well in control cultures, but 0.1 and 0.5 µM estradiol reduced 

progesterone by 62 and 76%, respectively (P < 0.05; Fig. 2.8A). Although the two 

lowest doses of estradiol (0.001 and 0.01 µM) did not significantly reduce 

progesterone, there was a tendency (P < 0.1) for cumulative progesterone to be lower 

than controls at these concentrations. Accumulation of androstenedione in these 

cultures was also measured. Cumulative androstenedione in controls was 0.87 ± 0.1 

ng/well and was nearly doubled by the highest dose of estradiol (Fig. 2.8B).
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Figure 2.7. Effects of graded doses of testosterone (T; panel A) or androstenedione 

(A4; panel B) on cumulative progesterone in cultures of fetal ovarian pieces treated 

with either androgen at 0, 0.001, 0.01, 0.1, or 0.5 µM for 10 days. Within a panel, 

means with no common letters are different (P < 0.05). N = 6 cultures/treatment; 2 

from each of 3 fetuses, which were 78 to 89 (panel A) or 78 to 94 days old (panel B). 
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Figure 2.8. Effects of graded doses of estradiol (E2; 0 to 0.5 µM) on cumulative 

progesterone (P4; panel A) and androstenedione (A4; panel B) in cultures of fetal 

ovarian pieces over 10 days. Within a panel, means with no common letters are 

different (P < 0.05). N = 6 cultures/treatment; 2 from each of 3 fetuses (74 to 94 days 

old). 
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Discussion 

Evidence from studies with rodents (2, 12) and cattle (5) suggests that 

progesterone and estradiol are negative regulators in vivo of follicle formation and 

activation in these species. The regulation of endogenous steroid production during 

critical periods of early follicular development is poorly understood, but is essential 

for female fertility. We showed for the first time that LH, not FSH, stimulates 

androgen production by fetal bovine ovaries, whereas FSH, but not LH, stimulates 

aromatization of androgens to estrogens. These effects are similar to the differential 

effects of gonadotropins on preovulatory follicles (14). At a high concentration, 

exogenous estradiol inhibited progesterone and increased androstenedione production. 

Since estradiol had similar effects on theca cells from preovulatory follicles (26), it 

seems possible that estradiol has a paracrine effect on the production of progestogens 

and androgens by fetal bovine ovaries. Taken together, these results suggest that 

androgens and estrogens are produced by two different cell types in fetal ovaries, and 

that the gonadotropins have independent effects on these cells. If this is true, then the 

two-cell, two-gonadotropin model of steroid production in preovulatory follicles 

appears to apply to fetal tissue, even though granulosa and theca cells are not present 

when fetal ovarian steroid production is highest.  

At 100 ng/ml, LH alone increased the accumulation of progesterone, 

androstenedione, testosterone, and estradiol in 10-day cultures of ovarian pieces taken 

from bovine fetuses (Fig. 2.1 and 2.2). The combination LH+FSH had effects similar 

to LH alone on progesterone and estradiol production, but reduced androgen levels 

relative to LH alone. However, combining the aromatase inhibitor letrozole with 
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LH+FSH reduced estradiol production and increased androgen accumulation to the 

same degree as LH alone (Fig. 2.2 and Appendix Fig. 2). These results indicated that 

LH, but not FSH, stimulates androgen production by fetal ovaries. Similarly, LH 

stimulated androgen production by fetal porcine ovaries in vitro (27). LH also 

increased the production of estradiol in 24-h cultures of minced fetal bovine ovaries 

(28); the effects of LH on androgen production were not determined. However, in an 

additional study 8-Br-cAMP, which can substitute for LH, increased both estradiol and 

testosterone secretion by fetal ovaries in vitro (21). This suggests that the effects of 

LH on estradiol production are indirect and due to the increase in androgen substrate, 

which is necessary for estradiol synthesis. In support of this, we found that the 

addition of LH to cultures with exogenous testosterone (T) did not increase estradiol 

production above that of T alone (T; Fig. 2.1B). On the other hand, estradiol 

accumulation was higher in cultures with T+FSH than in cultures with T alone or 

T+LH, indicating that FSH, not LH, simulates conversion of androgens to estrogens as 

we hypothesized.  

To our knowledge, this is the first study to show that FSH stimulates 

aromatization of exogenous testosterone in fetal bovine ovaries, and that FSH alone 

can stimulate progesterone and some estradiol production, but not androgen 

production. In the absence of testosterone, a lower dose of FSH (50 ng/ml) increased 

progesterone, but not estradiol accumulation. FSH can regulate the production of fetal 

ovarian estrogens in a number of mammals (19, 29, 30), with or without exogenous 

androgen present, which is in agreement with our results. However, we found that the 

effects of FSH alone on estradiol production were much less consistent than for 
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progesterone. This variability could be due to trace contamination of our FSH 

preparation with LH, since the two hormones share a common subunit and different 

preparations differ in purity and potency. This explanation seems unlikely since the 

same preparation of FSH did not stimulate androgen production. It is also hard to 

obtain pieces of ovarian tissue that have exactly the same proportions of different cell 

types at these stages of development, because the tissue is so heterogeneous. Since we 

hypothesize that androgen production is restricted to specific cells, some pieces of 

fetal ovary could contain more endogenous androgens and thus may be more sensitive 

to FSH. In support of this, concentrations of FSH as low as 1 ng/ml stimulated 

aromatization of exogenous testosterone (Fig. 2.4), suggesting that fetal ovaries are 

quite sensitive to FSH, at least when androgen substrate is present. 

It is difficult to relate concentrations of gonadotropins measured in fetal serum 

to those used as treatments in vitro, because hormones continually circulate in vivo, 

and the preparations of hormones used exogenously and as standards in RIAs are 

different. However, very high doses of exogenous hormone are unlikely to be 

physiological, so it remains important to be able to relate experiments in vitro to the 

physiological context in vivo. In the current study, concentrations of LH as low as 2 

ng/ml stimulated progesterone, androstenedione, and estradiol production (Fig. 2.3). 

Higher concentrations of LH (50 and 100 ng/ml) maintained maximal levels of 

progesterone, but not androstenedione or estradiol. When exogenous testosterone was 

present, low and high concentrations of FSH (1 to 100 ng/ml) stimulated estradiol 

production maximally, but only the highest dose was stimulatory in the absence of 

testosterone (Fig. 2.4). Similarly, in preovulatory follicles, only low doses of LH (2 
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and 4 ng/ml) stimulated secretion of androstenedione by bovine theca cells between 

day 2 and 3 of culture (25), whereas low and high concentrations of LH (2 to 256 

ng/ml) increased progesterone accumulation in the same cultures. However, in 

contrast to our findings using fetal tissue, low doses of FSH (1 and 2 ng/ml) increased 

estradiol secretion by granulosa cells from preovulatory follicles, whereas high doses 

of FSH (8 to 128 ng/ml) inhibited estradiol production (31). Concentrations of LH in 

the serum of 90 day-old female bovine fetuses are about 3 ng/ml (15, 16, 32), but 

concentrations of FSH around the same time are lower; reports vary from about 0.3 

ng/ml (7) to about 1 ng/ml (32). Therefore, it seems likely that the concentrations of 

LH and FSH shown to stimulate steroid production in this study are within the 

physiological range. 

Overall, our data indicate that physiological concentrations of LH and FSH can 

regulate steroid production by fetal bovine ovaries, at least in vitro. The next logical 

question is whether fetal and/or maternal gonadotropins regulate fetal ovarian steroids 

in vivo. Anterior pituitaries from 90 day-old bovine fetuses produce LH in vitro (33), 

and gonadotropins are measureable in the circulation of fetuses of similar ages (7, 15, 

16, 32). At later stages of gestation (120 to 260 days), fetal ovaries have binding sites 

for LH and FSH (17), but younger ovaries have not been examined. Fetal LH is 

probably independent of maternal sources at this time, since concentrations in fetal 

sera decreased between day 90 and 260, whereas maternal levels remained constant 

(16). It seems possible that the decline in circulating fetal LH after 90 days of 

gestation contributes to the reduction in fetal ovarian estradiol production observed 

around this time (5, 9, 11). Tanaka et al. (7) found a positive association between 
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concentrations of FSH and estradiol in fetal bovine serum, and the number of early 

antral follicles in the fetal ovary during the second and third trimesters, suggesting that 

fetal FSH regulates follicular estradiol production in fetal ovaries, at least at later 

stages of development.  

In adult ovaries, LH and FSH receptors are restricted primarily to the theca and 

granulosa cells, respectively (14). Steroid production in fetal ovaries is most robust 

prior to 90 days of gestation, when the first granulosa cells appear in primordial 

follicles, and is much lower later in gestation when the first theca cells differentiate 

(5). Thus, the cellular targets of LH and FSH in fetal bovine ovaries of the ages in this 

study (74 to 114 days old) are currently unknown. However, our data indicate that 

their receptors must be present in fetal ovaries at this time, since both the 

gonadotropins stimulated steroid production. Binding sites for LH and FSH have been 

localized in fetal bovine ovaries between 120 and 260 days of gestation (17). In this 

study, radiolabeled FSH bound to the granulosa cells of all growing follicles and was 

highest in early antral follicles, but was similar to background in granulosa cells of 

primordial follicles and in theca cells. Conversely, binding for hCG (an LH analogue) 

was highest in the theca cells of early antral follicles (1 to 3 mm) during later stages of 

development. 

The locations of the steroidogenic enzymes and the cells that produce steroids 

in fetal ovaries prior to 140 days are also unknown, but our results suggest that 

androgens are produced predominantly by one cell type, whereas another cell type 

synthesizes estradiol. Protein and mRNA for aromatase are present throughout the 

ovary on day 45 and 60, but become increasingly confined to developing cell 



66 

 

streams/rete tubules of the medulla between 60 and 105 days of gestation (10). Cells 

isolated from the medulla or cortex of fetal bovine ovaries between 47 and 75 days 

gestation converted radiolabeled testosterone to estradiol at similar rates (20). 

However, in the same study, the synthesis of androstenedione and testosterone 

occurred at greater rates in cells isolated from the medulla than from the cortex. Taken 

together, these results suggest that androgen production predominates in the ovarian 

medulla, whereas estrogens are produced by cells in the cortex and medulla in young 

ovaries (45-75 days old), but more specifically by the medulla in older ovaries (75 to 

105 days old). Ovarian follicles may be responsible for estradiol production at later 

stages of gonadal development, since aromatase (34) and binding sites for FSH (17) 

were highest in the granulosa cells of early antral follicles (the latest follicular stage 

present in fetal ovaries). 

Our results suggest that the predominant pathway of estradiol production in 

fetal bovine ovaries occurs through conversion of androstenedione to estrone (by 

aromatase) and subsequent conversion of estrone to estradiol (by 17βHSD), as 

suggested previously by Dominguez et al. (9). When the accumulation of 

androstenedione, testosterone, and estradiol was measured in cultures without 

letrozole, androstenedione and estradiol were consistently higher than testosterone, 

although there was more estradiol than either androgen (Appendix Fig. 4). However, 

when letrozole was added to the medium to block estradiol synthesis, androstenedione 

was the predominant steroid produced, whereas estradiol and testosterone were much 

lower, suggesting that androstenedione is the preferential androgen substrate for 

estrogen synthesis in fetal bovine ovaries. In support of the androstenedione to estrone 
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pathway of estradiol synthesis, fetal bovine ovaries between 75 and 125 days old 

secreted more androstenedione than testosterone, whereas estrone was higher than 

estradiol (9). In the same study, estrone secretion did not decrease as dramatically as 

estradiol, suggesting that the two estrogens are differentially regulated and have 

somewhat independent roles in ovarian development.  

Estradiol stimulates its own synthesis in bovine preovulatory follicles by 

inhibiting progesterone production by theca and granulosa cells, causing an increase in 

the production of pregnenolone, which is the preferred substrate for androstenedione 

synthesis (26, 35). Interestingly, our data indicate that ovarian estradiol could also be a 

paracrine and/or autocrine regulator of steroid production in fetal ovaries, since a high 

dose of exogenous estradiol (0.5 µM) decreased progesterone, but increased 

androstenedione accumulation in cultures of fetal bovine ovaries (Fig. 2.8). The 

inhibition of progesterone by estradiol (and androstenedione) might be physiological, 

since concentrations of endogenous steroids can be stimulated to concentrations (~ 3 

ng/ml) that are inhibitory when applied exogenously (Figs. 2.1 D and 2.2 B). Even 

though levels of both steroids are negatively associated with fetal age, the pattern of 

progesterone production in fetal bovine ovaries is distinct from that of estradiol (5), 

suggesting they are regulated by independent mechanisms. Progesterone can inhibit 

follicle formation and activation directly (Yang and Fortune, unpublished data), rather 

than indirectly as a precursor for estradiol synthesis, so factors that differentially 

regulation progesterone and estradiol production are of interest. 

 Testosterone had opposite effects on the accumulation of estradiol and 

progesterone in cultures of fetal bovine ovaries (Fig. 2.1). Although the stimulation of 



68 

 

estradiol by testosterone was expected, the inhibition of progesterone was a novel 

finding. This inhibition appears to be a direct effect of androgen, rather than an 

indirect effect though conversion of testosterone to estradiol, since a non-aromatizable 

androgen (DHT) decreased progesterone accumulation relative to controls and since 

inhibition of progesterone by testosterone was not reversed by letrozole. Furthermore, 

exogenous androstenedione inhibited progesterone at a low and physiological 

concentration (~ 0.3 ng/ml), suggesting that ovarian androgens can regulate 

progesterone production too. The inhibition of progesterone by androgens does not 

appear to be mediated through the androgen receptor, which is present in fetal bovine 

ovaries (36), since the androgen receptor blocker flutamide did not reverse the 

inhibitory effects of testosterone (Appendix Fig. 5). All of the steroids tested (E2, T, 

DHT) reduced progesterone accumulation, so it seems likely that steroidal inhibition 

of progesterone is mediated through a more general mechanism, such as end-product 

inhibition.  

The regulation of progesterone was explored further in additional experiments 

not described here, but which used similar methods to those in the current study. 

Interestingly, we found that the protein hormone activin had no effect on estradiol 

production, but increased progesterone and completely overcame the inhibitory effects 

of T+FSH on progesterone production (Appendix Fig. 6). Furthermore, data from two 

fetuses showed that activin blocked the stimulation of estradiol by LH, but not LH-

stimulated progesterone production. Since our laboratory also detected mRNA 

transcripts for activin subunit A and for activin receptors in fetal bovine ovaries 

(unpublished data), activin could be an intra-ovarian regulator of progesterone 
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production. Activin increased the percentage of assembled follicles in neonatal mouse 

ovaries in vivo (37), whereas treatment of newborn mice with estradiol reduced 

protein and steady-state levels of mRNA for activin subunit B in their ovaries (38), so 

it seems possible that activin and estradiol interact in the regulation of early follicular 

development in fetal bovine ovaries. 

How steroid production is regulated in fetal ovaries is essential to our 

understanding of ovarian development. For the first time we showed that LH and FSH 

have differential effects on fetal ovarian steroid production, similar to their effects in 

granulosa and theca cells of preovulatory follicles. It is intriguing that theca and/or 

granulosa cells are not present in fetal bovine ovaries during the most robust periods 

of steroid production. Furthermore, a role for estradiol as a paracrine regulator of fetal 

ovarian steroid production was proposed. Although more work is needed to identify 

the cells that produce steroids in response to LH or FSH in early fetal ovaries, these 

findings greatly increase our understanding of fetal steroid production and ovarian 

development and suggest that mechanisms regulating ovarian steroid production are 

established during fetal life.  
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CHAPTER III 

 

ESTRADIOL AND PROGESTERONE CAN INHIBIT FOLLICULAR 

FORMATION AND CAPACITY TO ACTIVATE IN BOVINE FETAL 

OVARIAN TISSUE IN VITRO BY BINDING TO THEIR NUCLEAR 

RECEPTORS 
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Summary 

The establishment of a pool of non-growing primordial follicles is essential to 

reproductive success of female mammals. In cattle, follicles form before birth and 

exogenous progesterone and estradiol inhibit the formation and ability of follicles to 

initiate growth (activate) in fetal ovarian tissue in vitro. Although fetal bovine ovaries 

produce progesterone and estradiol in vivo, the role of fetal ovarian (endogenous) 

steroids and the mechanisms of steroid action are unclear. We hypothesized that 

increasing endogenous progesterone and estradiol in vitro can inhibit follicle 

formation and activation, similar to when steroids are applied exogenously. To test 

this, cortical pieces from fetal bovine ovaries (105 to 133 days old) were cultured for 

10 days in control medium or with estradiol (1 µM) as a positive control. Endogenous 

steroid production was stimulated by LH+FSH (100 ng/ml), testosterone (T; 0.1 µM), 

or T+FSH. Follicle formation and activation were inhibited by exogenous estradiol, 

LH+FSH, and T+FSH (P < 0.05), but the effects of T alone were marginal (P < 0.1). 

Relative to controls, LH+FSH, T, and T+FSH increased accumulation of progesterone 

+ estradiol in the medium of the same cultures, suggesting that endogenous steroids 

inhibit follicle formation and activation. In support of this, the aromatase inhibitor 

letrozole reduced estradiol accumulation by 95% and completely reversed inhibition 

of follicle activation when added to cultures with T+FSH. The inhibition of follicle 

formation and activation by exogenous progesterone and estradiol were completely 

reversed by antagonists for the progesterone receptor (RU 486) or nuclear estrogen 

receptors (ICI 182,780), respectively. Specific agonists for estrogen receptor α (ESR1) 

or receptor β (ESR2) inhibited follicle formation, but only the ESR2 agonist inhibited 
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activation. An antagonist for ESR1 (MPP) partially reversed inhibition of follicle 

formation and activation by estradiol, whereas the ESR2 antagonist (PHTPP) 

completely reversed the inhibition of follicle activation, with only a partial effect on 

formation. These results show for the first time that fetal ovarian (endogenous) 

progesterone and estradiol can inhibit follicle formation and activation in fetal bovine 

ovaries and that progesterone and estradiol can signal through their nuclear steroid 

receptors to exert this inhibition.  

 

Introduction 

Primordial follicle formation, the process by which an oocyte becomes 

surrounded by a single layer of flattened granulosa cells, is a critical step in the 

development of mammalian ovaries. Together, these non-growing follicles form a 

pool that supplies the female with oocytes throughout her reproductive life. Primordial 

follicles are gradually selected from this pool to initiate growth (activate) and become 

primary follicles, with cuboidal granulosa cells and a growing oocyte. Since follicle 

activation is an irreversible process, the ability to regulate primordial follicle 

formation and activation is of practical interest for human and domestic species, but 

we are only just beginning to understand early folliculogenesis in these species. In 

rodents, follicles form and a wave of follicles activates shortly after birth [reviewed in 

(1)]. Exogenous progesterone and estradiol inhibit activation of the first wave of 

follicles in newborn rat ovaries (2) and follicle assembly (i.e., formation) in neonatal 

mouse ovaries (3).  
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In larger mammals like cattle, sheep, and primates (4-7), primordial follicles 

form before birth. This has made the process of follicle formation difficult to study in 

these species. In agreement with other studies (5, 8), our laboratory first observed 

primordial and primary follicles in fetal bovine ovaries around days 90 and 140 of the 

279-day gestational period (9). The ability of fetal ovaries to produce progesterone and 

estradiol decreases around the time follicles form, although estradiol decreases more 

dramatically (9, 10). Exogenous progesterone and estradiol, but not androgen, can 

inhibit follicle formation and activation in cortical pieces from fetal ovaries 

maintained in organ culture [reviewed in (11, 12)]. Taken together, these results 

suggest that fetal ovarian (endogenous) progesterone and estradiol inhibit follicle 

formation and acquisition by follicles of the capacity to activate in vivo. To our 

knowledge, a direct effect of intra-ovarian steroids on follicle development has yet to 

be established. Therefore, the first objective of this study was to use different 

hormones (13) to stimulate the production of progesterone and estradiol by pieces of 

fetal ovarian cortex in vitro, in order to determine if raising endogenous steroids can 

inhibit follicle formation and activation in fetal bovine ovaries as exogenous steroids 

do.  

The mechanisms by which progesterone and estradiol inhibit follicle 

development are unclear. Pepling’s group showed that estradiol signaling through both 

nuclear estrogen receptor α (ESR1) and estrogen receptor β (ESR2) inhibits follicle 

assembly in vitro, using a general estrogen receptor blocker (ICI 182,780) or 

analogues specific for either receptor (14). Similarly, ICI 182,780 reversed inhibition 

of follicle activation by estradiol in newborn rat ovaries cultured for 7 days, and the 
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nuclear progesterone receptor blocker RU 486 reversed inhibition of follicle assembly 

(i.e., formation) and activation by progesterone (2). Protein and mRNA for ESR1 and 

ESR2 are present in fetal bovine ovaries between 45 and 250 days of gestation (15, 

16). Although the cellular location is unknown, transcripts for progesterone receptors 

have been isolated from 67- and 144-day-old fetal bovine ovaries (10). We 

hypothesized that inhibition of follicle formation and follicular competence to activate 

by progesterone and estradiol is mediated, at least in part, by their nuclear receptors. 

Therefore, a second aim of the current study was to determine the roles of ESR1, 

ESR2 and progesterone receptor in regulating the formation and activation of follicles 

in fetal bovine ovaries.  

We are only just beginning to understand the mechanisms that regulate early 

follicle development, particularly in non-rodent species. There is increasing evidence 

that progesterone and estradiol can regulate the formation and activation of 

mammalian follicles, but the roles of endogenous steroids and their mechanisms of 

action are unclear. The ability to manipulate the primordial follicle pool can improve 

reproductive outcomes for many species, but begins with a better understanding of the 

mechanisms that regulate follicle formation and activation in developing ovaries.  

 

Materials and Methods 

Collection of fetal bovine ovaries and culture methods 

Female bovine fetuses (primarily Holstein) between 105 and 133 days old 

[~19.5 to 33 cm crown rump length (17)] were obtained at a local slaughterhouse 

(Cargill Regional Beef; Wyalusing, PA). This age range was chosen because follicles 
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form and activate in vitro in cortical pieces from 90- to 140-day-old fetal ovaries. 

Ovaries were dissected from fetuses and transported to the lab at ambient temperature 

in Leibovitz’s L-15 medium (Life Technologies; Grand Island, NY), supplemented 

with 1% FBS, 50 IU/ml penicillin, and 50 μg/ml streptomycin (Life Technologies). 

Ovarian tissue was prepared for culture as described previously (9, 18). Briefly, the 

ovarian medulla was removed with forceps under a dissecting microscope and the 

remaining cortex was cut into small pieces (~1 mm
3
). Cortical pieces were cultured on 

Millicell culture inserts (0.4 µm, 12 mm diameter; Millipore; Billerica, MA) in wells 

of 24-well Costar culture dishes (two pieces/well; two wells/treatment/fetus) in 300 µl 

culture medium for 10 days at 38.5C in a humidified incubator gassed with 5% CO2: 

95% air.  

The control culture medium was Waymouth medium MB 752/1 (Life 

Technologies) supplemented with 25 mg/l pyruvic acid (Sigma-Aldrich; St. Louis, 

MO), antibiotics (50 IU/ml penicillin and 50 μg/ml streptomycin; Life Technologies). 

In addition, ITS+ culture medium supplement (Corning Inc.; Corning, NY) was added 

to provide insulin (6.25 μg/ml), transferrin (6.25 μg/ml), selenous acid (6.25 ng/ml), 

BSA (1.25 mg/ml), and linoleic acid (5.35 μg/ml). Treatments were added to control 

medium by diluting hormones and analogues to the desired concentrations in control 

medium from stock solutions. The next section describes treatments in more detail. 

Culture medium was collected and completely replaced every 2 days and stored frozen 

for analysis of steroid concentration by radioimmunoassay (RIA). Ovarian cortical 

pieces were fixed for histological analysis on Day 0 (uncultured controls) or after 10 

days of culture.  
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Treatments in Vitro 

Ovine LH (o-LH26; lot AFP5551B) and FSH (o-FSH17; lot AFP-6446C) were 

used to stimulate steroid production by fetal ovarian tissue. Stock solutions of 

testosterone, estradiol, and the general estrogen receptor antagonist ICI 182,780 

(7α,17β-[9-[(4,4,5,5,5-pentafluoropentyl)sulfinyl]nonyl]estra-1,3,5(10)-triene-3,17-

diol; Tocris Bioscience, Bristol, UK) were made in 100% ethanol. The aromatase 

inhibitor letrozole (Sigma-Aldrich) was resuspended at 0.1 M in DMSO per 

manufacturer’s instructions. Estrogen receptor-specific analogues were also purchased 

from Tocris Bioscience and resuspended at 30 mM in DMSO. MPP dihydrochloride 

(1,3-bis(4-hydroxyphenyl)-4-methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole 

dihydrochloride) is an estrogen receptor α (ESR1)-specific antagonist with about 200-

fold greater selectivity for ESR1 than ESR2 (30), and PPT (4,4’,4’’-(4-propyl-[1H]-

pyrazole-1,3,5-triyl)trisphenol) is an agonist with 410-fold greater selectivity for 

ESR1 (28). The estrogen receptor β (ESR2)-specific antagonist PHTPP (4-[2-phenyl-

5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol) shows 36-fold 

selectivity for ESR2 over ESR1 (31) and the ESR2-specific agonist, DPN (2,3-bis(4-

hydroxyphenyl)-propionitrile), is 70-fold more selective for ESR2 (32). The nuclear 

progesterone receptor antagonist RU 486 (11β-(4-dimethylamino)phenyl-17β-

hydroxy-17-(1-propynyl)estra-4,9-dien-3-one) was purchased from Sigma-Aldrich 

and resuspended at 0.1 M in 100% ethanol.  

Concentration of hormones, enzyme inhibitors, and receptor 

agonists/antagonists used in this study were based on previous (9, 13) and ongoing 

studies by our lab, and published reports on rodents (2, 14). Cortical pieces were 
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cultured for 6 h with receptor blockers (ICI 182,780, MPP, PHTPP or RU 486) alone 

prior to their combination with the steroid of interest (estradiol or progesterone). After 

6 h, medium was collected from all cultures and replaced. Concentrations of solvent in 

the medium were normalized by adding ethanol and/or DMSO to all cultures as 

needed.  

 

Histological Morphometry 

Types and numbers of follicles in cortical pieces from fetal bovine ovaries 

were determined by histological morphometry as previously described (9, 18). Briefly, 

cortical pieces were fixed on Day 0 or after 10 days in vitro for 1 h in Tousimis 

fixative (Tousimis, Rockville, MD), which was diluted to final concentrations of 2.5% 

glutaraldehyde and 2.5% formaldehyde in 0.075 M cacodylate buffer (pH 7.4). The 

pieces then were embedded in LR White plastic (medium grade; Electron Microscopy 

Sciences; Hatfield, PA) and 2 µm serial sections were cut with a glass knife on an 

ultramicrotome (Sorvall MT-2). Sets of 10 cortical sections were mounted on gelatin-

coated slides, stained with toluidine blue, and then examined by light microscopy 

using criteria defined previously (18). Follicles with intact germinal vesicles were 

counted in one section from every other set of 10 serial sections, to avoid counting the 

same follicle twice. Follicles were classified as primordial (an oocyte surrounded by 

one layer of flattened granulosa cells) or primary (an oocyte surrounded by a single 

layer of cuboidal granulosa cells). The percentages of atretic follicles in cortical tissue 

on Day 0 and after 10 days of culture were low and not significantly different. Only 

healthy follicles, which had fewer than three vacuoles in the oocyte and no pycnotic 
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nuclei (18), were considered for statistical analysis. An increase in the number of 

primary follicles reflects follicle activation. To determine effects of treatments on 

follicle formation, total follicles (primordial + primary) were analyzed rather than 

primordial follicles, because the number of primordial follicles on Day 10 does not 

include primordial follicles that activated during culture.  

 

Measurement of steroids 

Accumulation of progesterone and estradiol in unextracted culture medium 

was measured by RIA as described previously (19, 20). Samples were diluted when 

necessary and assayed in duplicate aliquots of 5 to 50 µl. Sensitivities of the 

progesterone and estradiol assays were 6.25 and 2.5 pg/tube, respectively. Inter-assay 

coefficients of variation (COVs) for progesterone and estradiol RIAs were 9.6 and 

8.3%, respectively. The intra-assay COVs for progesterone and estradiol RIAs were 

7.8 and 7%, respectively. Cumulative values for progesterone and estradiol over 10 

days in vitro were calculated by summing values over time (Days 2, 4, 6, 8, and 10). 

For simplicity, “steroid production” will sometimes be used throughout the text as a 

synonym for steroid accumulation in the culture medium. 

 

Statistics 

Experiments were replicated with three or four fetuses obtained on separate 

occasions and treatments were applied to duplicate cultures from each fetus. 

Heterogeneity of variance was tested with Hartley’s test. Data showing heterogeneity 

of variance were log10 transformed and then tested again with Hartley’s test prior to 
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analysis. Data were then analyzed by ANOVA in SAS v9.3 using the generalized 

linear model (GLM) procedure. Shown in histograms are the means (± SEM) of non-

transformed data for follicle types (follicles per section) and concentrations of steroids 

(ng/well), which include variability due to culture well (2/treatment/fetus). On 

average, between 120 and 160 sections were counted per treatment. For histological 

data, “culture well” is an average of the data for 2 pieces of cortical tissue (2 

pieces/well; 2 wells/treatment/fetus). However, only treatment and fetus were retained 

in the model for statistical analysis. When a significant effect of treatment was found 

(P < 0.05), differences among means were determined using Duncan’s multiple range 

test.  

 

Results 

Experiment 1: Increased endogenous progesterone and estradiol inhibit follicle 

formation and activation in cortical pieces from fetal bovine ovaries 

Using hormones shown previously to regulate steroid production in fetal 

bovine ovaries in vitro (13 and Chapter II), we tested the hypothesis that increasing 

fetal ovarian (endogenous) progesterone and/or estradiol inhibits follicle formation 

and activation, similar to when these steroids were added exogenously (9). Pieces of 

ovarian cortex from four fetuses (105 to 129 days old) were cultured in control 

medium or with LH+FSH (each at 100 ng/ml), testosterone (T; 0.1 µM) or T+FSH 

(0.1 µM and 100 ng/ml, respectively). Exogenous estradiol (E2; 1 µM) was used as a 

positive control for inhibition of follicle formation and activation.  
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As expected, there were more total follicles (2.4-fold) and more primary 

follicles (160-fold) after 10 days in control medium compared to Day 0 (P < 0.05) and 

exogenous E2 inhibited follicle formation and activation relative to controls (Fig. 3.1). 

There were fewer total and primary follicles after treatment with LH+FSH or T+FSH 

compared to controls (P < 0.05). T+FSH inhibited follicle formation to a greater extent 

than LH+FSH and was as effective as E2. LH+FSH and T+FSH inhibited activation 

equally, but neither was as effective as E2. Although T alone reduced total follicles by 

about 25%, there was only a tendency (P < 0.1) for T alone to inhibit follicle 

formation or activation during culture.  

The accumulation of progesterone and estradiol in the medium of these same 

cultures of ovarian cortical pieces was determined by RIA. Over 10 days in control 

medium, cumulative progesterone averaged 4 ± 0.8 ng/well, which was much higher 

than estradiol (0.3 ± 0.03 ng/well; Fig. 3.2A and 3.2B). Cumulative progesterone was 

increased by LH+FSH (8.8 ± 1.5 ng/well), decreased by T alone (2.2 ± 0.6 ng/well), 

and unaffected by T+FSH. Conversely, all treatments increased estradiol accumulation 

relative to controls, but T+FSH was most effective and increased the accumulation of 

estradiol by about 42-fold (P < 0.05).  

Although follicles formed and activated in fetal ovarian tissue during 10 days 

in vitro, the precise times at which these events occurred during culture are unknown. 

Therefore, the patterns of steroid production throughout the course of culture may 

affect when, and how many, follicles form and activate. Accumulation of progesterone 

and estradiol in control and LH+FSH cultures increased from Day 2 to Day 4 and 

concentrations of steroid in the medium were maintained at those levels through Day  
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Figure 3.1. Total (primordial + primary) follicles (panel A) and primary follicles 

(panel B) in ovarian cortical pieces on Day 0 or after 10 days in vitro. Ovaries were 

cultured in control medium (Con) or with estradiol (E2; 1 µM), LH+FSH (each at 100 

ng/ml), testosterone (T; 0.1 µM), or T+FSH. Mean numbers of follicles per section (± 

SEM) within a panel and with no common letters are different (P < 0.05). N = 8 

cultures; 2 from each of 4 fetuses (105 to 129 days old).
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Figure 3.2. Effects of control medium (Con), LH+FSH (each at 100 ng/ml), 

testosterone (T; 0.1 µM), and T+FSH on cumulative progesterone (P4; panel A) and 

estradiol (E2; panel B) in the medium of 10-day cultures of ovarian cortical pieces. 

Shown in Fig. panels C and D are time-courses for P4 and E2 production, respectively. 

Within a panel, means with no common letters are different (P < 0.05). N = 8 cultures; 

2 from each of 4 fetuses (105 to 129 days old).  
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10 in the presence of LH+FSH, but not in control cultures, where secretion declined 

(Fig. 3.2C and 3.2D). Inhibitory effects of T alone on progesterone increased with 

time: progesterone was 80% of control values on Day 2, but was 29% of controls on 

Day 10. Conversely, accumulation of estradiol was higher in cultures with T than in 

those without T as early as Day 2 and this pattern persisted throughout culture. 

Estradiol decreased after Day 6 in cultures with T, but not in LH+FSH cultures, even 

though LH+FSH was much less stimulatory than T alone or T+FSH.  

The total steroid milieu in the fetal ovary may also be important for inhibition 

of follicle formation and activation in vivo. Total progesterone + estradiol was 

significantly higher than controls in all treatments, but cultures with T+FSH contained 

the most steroid (Fig. 3.3). Total progesterone + estradiol was similar in cultures with 

LH+FSH (10.5 ± 1.4 ng/well) and T alone (9.3 ± 1.3 ng/well), but progesterone was 4-

fold higher in cultures with LH+FSH than with T alone. Taken together, these results 

suggest that increased concentrations of progesterone and/or estradiol inhibited follicle 

formation and activation in LH+FSH cultures. T+FSH had the greatest effect on 

estradiol (and total progesterone + estradiol), but progesterone accumulation was 

similar to controls, so it seems likely that inhibition of follicle formation and 

activation by T+FSH was due primarily to estradiol. The results for T alone are more 

difficult to interpret, since T increased estradiol but decreased progesterone and had 

only marginal effects on follicle formation and activation. 
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Figure 3.3. Total accumulation of progesterone (P4; black portion of bar) + estradiol 

(E2; white portion of bar) in cultures of ovarian cortical pieces over 10 days in control 

medium (Con) or with LH+FSH (each at 100 ng/ml), testosterone (T; 0.1 µM), or 

T+FSH. Total P4 + E2 in the culture medium was determined and compared among 

treatments. Means with no common letters are different (P < 0.05). N = 8 cultures; 2 

from each of 4 fetuses (105 to 129 days old). 
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Experiment 2: Letrozole and ICI 182,780 can reverse inhibition of follicle formation 

and activation by T+FSH 

If high levels of estradiol were responsible for the inhibition of follicle 

formation and activation observed with T+FSH as we propose, then the inhibitory 

effects of T+FSH should be reversed by blocking the production of estradiol or by 

blocking the estrogen receptors. Estradiol production was reduced with the aromatase 

inhibitor letrozole (Let; 0.5 µM) and estrogen receptors were blocked with ICI 

182,780 (ICI; 1 µM), a compound that targets both ESR1 and ESR2. We chose 

concentrations of letrozole based on dose response studies (Appendix Fig. 1) and 

doses of ICI 182,780 were based on evidence for mice (14). Pieces of ovarian cortex 

from three fetuses were cultured for 10 days in control medium or with T+FSH (0.1 

µM and 100 ng/ml, respectively), T+FSH+Let, or T+FSH+ICI. Exogenous estradiol (1 

µM) was used as a positive control for inhibition of follicle formation and activation.  

In uncultured tissue, there was an average of about 4 ± 0.8 follicles per section 

and virtually no primary follicles; however, after 10 days of culture in control 

medium, there were about 8.4 ± 1.5 total and 3.7 ± 0.7 primary follicles per section 

(Fig. 3.4; P < 0.05). As expected, there were fewer total and primary follicles after 

treatment with T+FSH or the positive control, estradiol. Combination of T+FSH+Let 

and T+FSH+ICI partially reversed the inhibition of follicle formation, increasing total 

follicles by 1.5-fold compared to T+FSH. Both letrozole and ICI 182,780 completely 

reversed the inhibition of follicle activation by T+FSH. In the same cultures, 

cumulative estradiol was about 42-fold higher than controls in cultures with T+FSH or 

T+FSH+ICI, but letrozole reduced estradiol accumulation by 95% (P < 0.05; Fig.  
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Figure 3.4. Effects of the aromatase inhibitor letrozole (Let; 0.5 µM) or the estrogen 

receptor blocker ICI 182,780 (ICI; 1 µM) on inhibition of follicle formation and 

activation by T+FSH. Total (primordial + primary) follicles (panel A) and primary 

follicles (panel B) were determined in ovarian cortical pieces on Day 0 or after 10 

days of culture in control medium (Con) or with T+FSH (0.1 µM and 100 ng/ml, 

respectively), T+FSH+Let, or T+FSH+ICI. Within a panel, means with no common 

letters are different (P < 0.05). N = 6 cultures; 2 from each of 3 fetuses (124 to 133 

days old). 
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Figure 3.5. Effects of the aromatase inhibitor letrozole (Let; 0.5 µM) or the estrogen 

receptor blocker ICI 182,780 (ICI; 1 µM) on the ability of T+FSH to stimulate 

estradiol (E2) production by ovarian cortical pieces (panel A). Pieces were cultured for 

10 days in control medium (Con) or with T+FSH (0.1 µM and 100 ng/ml, 

respectively), T+FSH+Let, or T+FSH+ICI. Accumulation of progesterone (P4) is 

shown in panel B. Within a panel, means with no common letters are different (P < 

0.05). N = 6 cultures; 2 from each of 3 fetuses (124 to 133 days old). 
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3.5A). Conversely, cumulative progesterone was about 4 ± 1.3 ng/well in all cultures, 

with no effect of treatment in vitro (P > 0.05; Fig. 3.5B). Together, these results 

suggest that endogenous estradiol is the inhibitory steroid in T+FSH cultures. 

 

Experiment 3: ICI 182,780 reverses inhibition of follicle formation and activation 

by exogenous estradiol 

ICI 182,780 reversed the inhibition of follicle formation and activation caused 

by elevating endogenous estradiol in vitro, suggesting that one or both nuclear 

estrogen receptors mediated the inhibitory effects of estradiol. To further test this 

hypothesis, we next determined the ability of ICI 182,780 to reverse the inhibitory 

effects of exogenous estradiol. Ovarian cortical pieces from three fetuses were 

cultured in control medium or with estradiol (E2; 1 µM), each in the absence or 

presence of ICI 182,780 (ICI; 1 µM). On Day 0, there was an average of 4.5 (± 0.9) 

total and 0.03 (± 0.01) primary follicles per section (Fig. 3.6). Follicle formation and 

activation occurred in control cultures, but were inhibited by estradiol, as expected (P 

< 0.05). However, total and primary follicles in cortical pieces cultured with ICI or 

ICI+E2 were similar to controls, supporting the hypothesis that estradiol inhibits 

follicle formation and activation by binding to one or both nuclear estrogen receptors. 

 

Experiment 4: Effects of estrogen receptor-specific antagonists and agonists on 

inhibition by estradiol of follicle formation and activation 

Because ICI 182,780 targets both ESR1 and ESR2, it was unclear if the 

inhibitory effects of estradiol on follicle formation and activation are receptor-specific.  
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Figure 3.6. Total (primordial + primary) follicles (panel A) and primary follicles 

(panel B) in ovarian cortical pieces on Day 0 or after 10 days of culture in control 

medium (Con) or with estradiol (E2; 1 µM), the estrogen receptor blocker ICI 182,780 

(ICI; 1 µM), or ICI+E2. Within each panel, means with no common letters are 

different (P < 0.05). N = 6 cultures; 2 from each of 3 fetuses (124 to 133 days old). 
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The estrogen receptor agonists PPT and DPN selectively activate ESR1 and ESR2, 

respectively, whereas the antagonists MPP and PTHPP selectively block ESR1 and 

ESR2. Pieces of ovarian cortex from three bovine fetuses were cultured for 10 days in 

control medium or with E2, PPT, DPN, MPP or PTHPP (each at 1 µM), or with 

MPP+E2 or PHTPP+E2. Receptor blockers were added to cultures 6 h prior to 

addition of E2. 

 In uncultured controls (Day 0), there were about 3.8 (± 0.9) total and 0.05 (± 

0.03) primary follicles per section (Fig. 3.7 and 3.8). After 10 days in control medium, 

total  (8.4 ± 1.3 follicles/section) and primary (3.7 ± 0.6 follicles/section) follicle 

numbers had increased, but E2 inhibited follicle formation and activation (Fig. 3.7 and 

3.8). Both PPT (ESR1 agonist) and DPN (ESR2 agonist) inhibited follicle formation 

(Fig. 3.7A), but the effect of DPN was more pronounced and only DPN inhibited 

follicle activation (3.7B; P < 0.05). In both cases, DPN was as effective as E2. 

Together, these results suggest that both ESR1 and ESR2 can mediate estradiol’s 

effects on follicle formation, but that only ESR2 regulates follicle activation. By 

themselves, neither of the estrogen receptor antagonists, MPP (ESR1) or PHTPP 

(ESR2), significantly altered the number of follicles relative to controls (Fig. 3.8). 

However, both MPP and PHTPP partially reversed inhibition of follicle formation by 

E2 and restored total follicles to about 80% of controls. Numbers of primary follicles 

were similar to controls in PHTPP+E2 cultures, whereas MPP+E2 only partially 

reversed inhibition of follicle activation by E2. Together, these results provide strong 

evidence that estradiol can signal through ESR2 to inhibit follicle formation and  
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Figure 3.7. Total (primordial + primary) follicles (panel A) and primary follicles 

(panel B) in ovarian cortical pieces on Day 0 or after 10 days of culture in control 

medium (Con), with estradiol (E2; 1 µM), or with agonists for estrogen receptor α 

(PPT; 1 µM) or estrogen receptor β (DPN; 1 µM). Within a panel, means with no 

common letters are different (P < 0.05). N = 6 cultures; 2 from each of 3 fetuses (110 

to 132 days old). 
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Figure 3.8. Effects of antagonists for estrogen receptor α (MPP; 1 µM) and estrogen 

receptor β (PHTPP; 1 µM) on inhibition of follicle formation and activation by 

estradiol (E2; 1 µM). Total (primordial + primary) follicles (panel A) and primary 

follicles (panel B) were determined in ovarian cortical pieces on Day 0 or after 10 

days of culture in control medium (Con) or with E2, MPP, MPP+E2, PHTPP, or 

PHTPP+E2. Within a panel, means with no common letters are different (P < 0.05). N 

= 6 cultures; 2 from each of 3 fetuses (110 to 132 days old). 
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activation. The evidence for ESR1 is more ambiguous, but indicates that ESR1 can 

also regulate follicle formation. 

 

Experiment 5: Effects of a progesterone receptor antagonist (RU 486) on inhibition 

of follicle formation and activation by progesterone 

We also hypothesized that the progesterone receptor antagonist RU 486 (RU) 

could reverse the inhibitory effects of progesterone on primordial follicle formation 

and activation, since fetal bovine ovaries have mRNA for the nuclear progesterone 

receptor (10). To test this hypothesis, cortical pieces from fetal bovine ovaries were 

cultured in control medium or with progesterone (P4; 1 µM), RU 486 (RU; 1 µM), or 

P4+RU for 10 days. As expected, both total and primary follicles had increased after 

10 days in control medium (Fig. 3.9). After treatment with progesterone alone, total 

and primary follicles were 42% and 18% of control numbers, but this inhibition was 

completely reversed by RU 486 (P < 0.05). These results implicate a role for the 

progesterone receptor in regulating both the formation and activation of follicles in 

fetal bovine ovaries. 
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Figure 3.9. Total (primordial + primary) follicles (panel A) and primary follicles 

(panel B) in ovarian cortical pieces on Day 0 or after 10 days of culture in control 

medium (Con) or with progesterone (P4; 1 µM), the progesterone receptor blocker RU 

486 (RU; 1 µM) or P4+RU. In each panel, means with no common letters are different 

(P < 0.05). N = 6 cultures; 2 from each of 3 fetuses (105 to 116 days old).  
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Discussion 

Despite the fact that fetal bovine steroidogenesis was first reported decades 

ago, the role of steroid hormones in ovarian development is still poorly understood, 

particularly in large mammals like cattle, sheep, and humans. We hypothesized that 

fetal ovarian (endogenous) progesterone and estradiol inhibit follicle formation and 

activation in fetal bovine ovaries, as these steroids do when applied exogenously (9). 

When progesterone and estradiol production by fetal ovaries was stimulated by 

hormones in vitro, there were fewer total and primary follicles in ovarian tissue 

exposed to higher levels of endogenous steroid, which supports our hypothesis. We 

also tested the hypothesis that exogenous progesterone and estradiol can signal 

through their nuclear receptors to inhibit follicle formation and activation. The general 

estrogen receptor blocker ICI 182,780 and the progesterone receptor blocker RU 486 

completely reversed the inhibitory effects of exogenous progesterone and estradiol. To 

our knowledge, the present study is the first to show that increases in fetal ovarian 

(endogenous) progesterone and estradiol can inhibit early follicular development and 

that the effects of the steroids on follicle formation and activation can be mediated 

through nuclear progesterone and estrogen receptors. 

In an attempt to mimic the effects that the endogenous steroids have on follicle 

formation and activation in vivo, pieces of fetal ovarian cortex were cultured without 

or with hormones (LH+FSH, T, and T+FSH) that had been shown to have variable 

effects on progesterone and/or estradiol production by fetal bovine ovaries (13 and 

Chapter II). After culture, the numbers of follicles in the pieces were considered in 

relation to the amount of steroids present in the medium throughout culture. The 
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highest concentrations of progesterone (LH+FSH cultures) or estradiol (T+FSH 

cultures) in the medium correlated with fewer total and primary follicles in the 

cultured tissue. Although LH+FSH increased the accumulation of both progesterone 

and estradiol, cumulative progesterone was 5 times higher than estradiol in those 

cultures, suggesting that the inhibition of follicle formation and activation observed 

was due primarily to endogenous progesterone. On the other hand, progesterone was 

similar to controls in cultures with T+FSH, whereas the accumulation of estradiol was 

42-fold higher than controls (Fig. 3.2A and 3.2B), suggesting that estradiol, not 

progesterone, is the inhibitory steroid in these cultures. T alone had only a tendency (P 

< 0.1) to affect follicle development relative to controls, even though the accumulation 

of estradiol in cultures with T alone was 4-fold higher than in cultures with LH+FSH. 

However, LH+FSH and T alone increased total progesterone + estradiol accumulation 

to the same extent. Together, these results suggest that increased levels of endogenous 

steroids are inhibitory to follicle formation and activation, but additional evidence was 

needed to identify a causal relationship between increased ovarian steroids and early 

follicular development.  

Because T+FSH had the greatest effect on estradiol production without 

affecting progesterone, whereas LH+FSH increased both estradiol and progesterone, 

T+FSH was an ideal treatment to use to test for a direct effect of endogenous estradiol 

on follicle formation and activation in fetal ovaries. If increased estradiol inhibited 

follicle formation and activation in cultures with T+FSH, we hypothesized that the 

addition of an aromatase inhibitor (letrozole) or an estrogen receptor blocker (ICI 

182,780) could reverse the effects of T+FSH. Letrozole reduced estradiol 
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accumulation in cultures with T+FSH by 95%, and completely reversed the inhibition 

of follicle activation by T+FSH, but the effect of letrozole on follicle formation was 

only partial (Fig. 3.4). Results for ICI 182,780 were similar to letrozole, except that 

ICI 182,780 had no effect on estradiol production compared to T+FSH alone, as 

expected. Progesterone accumulation was similar in all cultures, indicating that the 

inhibition of follicle formation and activation in cultures with T+FSH was not due to 

endogenous progesterone. The timing of folliculogenesis in vivo and the ontogeny of 

fetal ovarian steroid production suggest that fetal steroids regulate follicle formation 

and activation in cattle (8-10), sheep (15, 21-24), and primates (25, 26), but these 

correlations do not prove causation. Recent studies with mice showed that the 

reduction of progesterone and estradiol accumulation in cultures of fetal ovaries 

decreased the total number of oocytes (27). However, there was no effect of decreased 

endogenous steroids on the assembly of those oocytes into follicles. To our 

knowledge, the present study is the first study to establish a causal relationship 

between endogenous estradiol and inhibition of follicle formation and activation in 

fetal bovine ovaries, and in fetal ovaries in general. Since progesterone accumulation 

was highest in cultures with LH+FSH (Fig. 3.2), it would be interesting to see if the 

addition of RU 486 could reverse the inhibition of bovine follicle formation and 

activation by LH+FSH. 

Experiment 2 provided evidence that the inhibition of follicle formation and 

activation by endogenous estradiol could be reversed by blocking the nuclear estrogen 

receptors, ESR1 and ESR2, with ICI 182,780. In an additional experiment, we also 

showed that combination of ICI 182,780 with exogenous estradiol completely reversed 
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the inhibitory effects of estradiol, indicating that estradiol exerts its effects on follicle 

development through one or both estrogen receptors. Similarly, ICI 182,780 blocked 

the inhibition of follicle activation by exogenous estradiol in neonatal rat ovaries (2) 

and completely reversed inhibition of follicle assembly by exogenous estradiol in mice 

(14). In the latter study, Pepling’s group also used receptor-specific antagonists to 

show that both ESR1 and ESR2 can regulate follicle assembly in the newborn mouse. 

To further asses the role of each receptor in fetal bovine ovaries, we used 

antagonists to specifically block ESR1 (MPP) or ESR2 (PHTPP), in addition to 

agonists that activate ESR1 (PPT) or ESR2 (DPN). The analogues and their 

concentrations were based on the previous work with mice (14). The ESR1 antagonist 

MPP partially reversed inhibition of follicle formation and activation by estradiol, 

whereas the ESR1 agonist PPT reduced total follicles in ovarian cortical pieces, but 

did not significantly alter numbers of primary follicles. These results suggest that 

ESR1 is important in regulating follicle formation, but a role for ESR1 in activation is 

less convincing. If ESR1 does not regulate follicle activation, as indicated by the 

effects of PPT, we would expect E2 alone and MPP+E2 to have similar effects on the 

number of primary follicles, but MPP+E2 was intermediate between controls and E2 

alone (Fig. 3.8). It seems unlikely that PPT would exert non-specific actions on ESR2, 

because PPT has a 410-fold higher affinity for ESR1 than ESR2 (28). Moreover, in 

transactivation studies, PPT activated ESR1, but not ESR2 pathways, even at 1 µM 

(29), which was the dose used in the current study. MPP is 200-fold more selective for 

ESR1 than ESR2, with no agonistic activity at either receptor (30). Although it seems 

unlikely, it is possible that MPP binds to ESR2 at the concentration used in this study 
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(1 µM), which could explain the disparity in the results between PPT and MPP 

treatments. 

The results for ESR2 are much more clear cut. The antagonist PHTPP partially 

reversed estradiol’s inhibition of follicle formation, and completely reversed inhibition 

of activation (Fig. 3.8). Activation of ESR2 with DPN inhibited follicle formation and 

activation to the same extent as E2 (Fig. 3.7). Together, these results show that 

estradiol can inhibit formation and activation of bovine follicles through ESR2. The 

affinity of PHTPP for ESR2 is 36-fold greater than for ESR1 (31) and DPN has a 70-

fold higher binding affinity for ESR2 than ESR1 (32). DPN is a more potent 

transcriptional activator (~170-fold) for ESR2 pathways than ESR1 (29). Therefore, it 

is possible that DPN and/or PHTPP could cross react with ESR1 at the concentration 

used in this study (1 µM), but it is hard to determine this from the current data. Dose-

response experiments are in progress to address this possibility. 

Overall, the results of Experiments 3 and 4 seem logical based on the reported 

localization of estrogen receptors in fetal bovine ovaries throughout development. 

Between 90 and 150 days of gestation, as follicles form and acquire the capacity to 

activate in vivo, protein for ESR1 was localized to the ovarian surface epithelium, cell 

streams/rete tubules, and oocytes of follicles, as well as to germ cells and granulosa 

cells within ovigerous cords (15, 16). In the same studies, protein for ESR2 was 

detected in the cell streams/rete tubules, germ cells/oocytes, and granulosa cells. Since 

ESR1 and ESR2 are associated with cells involved in follicle development, it is not 

surprising that both receptors can regulate follicle formation (and possibly activation). 

It is interesting that the ovarian surface epithelium stained for ESR1 but not for ESR2 
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(15, 16). If cells from the ovarian surface epithelium (OSE) are precursors to 

granulosa cells, as has been hypothesized (33), then it is possible that the effects of 

ESR1 on follicle formation are due to regulation of the OSE by estradiol. It is also 

possible that estradiol can signal through a membrane-bound estrogen receptor, as 

reported for mice (14), which could explain the inconsistent results observed when 

antagonists or agonists for specific nuclear receptors were used. However, whether or 

not fetal bovine ovaries have membrane-bound estrogen receptors has yet to be 

determined. 

Although the focus of this study was on fetal ovarian estradiol, we also found 

that the progesterone receptor blocker RU 486 completely prevented inhibition of 

follicle formation and activation by progesterone, indicating that its effects are 

mediated through the nuclear progesterone receptor (PGR). These results are 

consistent with studies with rats, where the combination of P4+RU 486 increased the 

percentage of assembled follicles compared to progesterone alone (2). In contrast to 

estrogen receptors, the location of PGR in fetal bovine ovaries at the ages studied is 

unknown. However, mRNA transcripts for PGR were detected in fetal bovine ovaries 

at 67 and 144 days of gestation (10), so it seems likely that functional protein for PGR 

is present around this time. Protein for PGR was occasionally found in the surface 

epithelium and stromal cells of fetal sheep ovaries between 26 and 75 days of 

gestation, but in situ hybridization failed to localize mRNA for PGR at these ages 

(34). It seems possible that the inhibitory effects of LH+FSH on follicle formation and 

activation were due to increased progesterone in the medium (Fig. 3.1 and 3.2), since 

the accumulation of progesterone was much greater than that of estradiol in the same 



 

106 

cultures. In future experiments, RU 486 could be combined with LH+FSH to test the 

hypothesis that endogenous progesterone signals through PGR to inhibit bovine 

follicle formation and activation in vitro.  

The downstream targets of estrogen and progesterone signaling in fetal bovine 

ovaries are currently unknown. Estradiol might affect follicle development through 

regulation of apoptotic pathways (35), or through kit ligand (36) or activin signaling 

(37) to regulate germ cell survival and follicular development. Chip-on-chip 

experiments using MCF-7 breast cancer cell lines revealed estrogen response elements 

upstream of the PGR and ESR1 genes (38); therefore it seems possible that estradiol 

regulates transcription of genes for steroid receptors in fetal bovine ovaries. Fetal 

ovaries of mammals with delayed meiosis produce estradiol (39), which led others to 

hypothesize that estrogens promote production of a meiotic inhibitory substance (40). 

In support of this, estradiol prevents oocytes in newly formed bovine primordial 

follicles from progressing through prophase I to the diplotene stage in vitro, which is 

when the follicle acquires the capacity to activate (13). In vivo, bovine primordial 

follicles acquire the capacity to activate around 140 days of gestation, when the 

majority of oocytes in the fetal ovary are at the diplotene stage of meiosis 140 (9).  

Taken together, our results support roles for endogenous progesterone and 

estradiol, and their nuclear receptors, in the regulation of bovine follicle formation and 

activation. In particular, we provide the first evidence that progesterone and estrogen 

receptors mediate the inhibitory effects of endogenous estradiol on follicle formation 

and activation in fetal bovine ovaries. We are clearly just beginning to understand the 

involvement of fetal ovarian steroids in ovarian development. More work is needed to 
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determine the downstream targets of nuclear progesterone and estrogen receptors and 

whether the steroids can act through other mechanisms. 
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CHAPTER IV 

 

SUMMARY AND DISCUSSION
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Summary of significant findings and interpretation of results 

The reproductive capacity of female mammals depends on the establishment of 

a pool of non-growing primordial follicles. In cattle, primordial follicle formation 

begins in fetal ovaries around Day 90 of gestation (gestation = 279 days) and 

progresses as ovigerous cords continue to break down and individual follicles are 

formed. Follicles leave the resting pool when they activate (initiate growth) to become 

primary follicles. Follicle activation depletes the follicular reserve throughout life. The 

first primary follicles appear after Day 140 when the majority of oocytes have reached 

the diplotene stage of the first meiotic division. Interestingly, fetal ovarian production 

of estradiol decreases dramatically just before follicle formation begins and in the 50 

days between the onset of follicle formation and activation. Progesterone production 

also has a negative correlation with gestational age, but its decline is less dramatic.  

Mammalian fetal ovaries produce predominantly estrogens and progesterone; 

however, the roles of these steroids in early ovarian and follicular development are 

unknown. Studies with rodents indicated that progesterone and estradiol regulate early 

follicle development, which occurs in the early post-natal period in these species (1, 

2). Our lab developed an organ culture system to study the regulation of follicle 

formation and activation in cattle and found that exogenous progesterone and estradiol 

can inhibit the formation of follicles and the capacity of follicles in ovarian cortical 

pieces to activate in vitro [reviewed in (3, 4)]. Together with the timing of 

folliculogenesis and patterns of steroid production in fetal ovaries, these results 

suggest that endogenous progesterone and estradiol are negative regulators of bovine 

follicle formation and activation in vivo. Because so little is known about the 
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regulation of fetal steroid production and the role(s) of endogenous steroids in bovine 

ovarian development, the present studies were conducted to: 1) determine the roles of 

LH and FSH in regulating fetal ovarian steroids, 2) identify a causal relationship 

between levels of endogenously produced steroids and inhibition of follicle 

development, and 3) determine if nuclear steroid receptors mediate the inhibition of 

follicle formation and activation by progesterone and estradiol.  

The two-cell, two-gonadotropin model describes the regulation of steroid 

production in preovulatory follicles: LH stimulates theca cells to produce 

progestogens and androgens, whereas FSH stimulates progestogen production and the 

aromatization of androgens to estrogens in granulosa cells. Since LH and FSH are 

present in fetal circulation around the time when follicle formation and activation 

occur in vivo, we hypothesized that the gonadotropins regulate fetal steroid production 

as they do in adult ovaries. Previous studies by Shemesh (5) and Shemesh et al. (6, 7) 

showed that LH increased estradiol accumulation in 24-h cultures of fetal ovarian 

pieces, but these limited studies did not address the role of FSH or the regulation of 

androgen production by gonadotropins (5-7).  

Therefore, experiments were designed for the first study (Chapter II) to test the 

hypotheses that LH regulates androgen production and that FSH stimulates 

aromatization of androgens to estrogens in fetal bovine ovaries around the time that 

follicles form. Pieces of fetal bovine ovaries were cultured for 10 days without or with 

hormones, and the accumulation of progesterone, estradiol, androstenedione, and/or 

testosterone in the medium was measured by RIA. It was interesting that the effects of 
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LH and FSH on steroid production by fetal ovaries were similar to those on theca and 

granulosa cells in adults.  

LH alone increased accumulation of all steroids measured. Because LH 

increased androgen substrate (i.e. androstenedione and testosterone), which is 

necessary for estradiol synthesis, and because LH did not stimulate aromatization of 

exogenous testosterone, its role in estradiol production appears to be indirect. A range 

of doses of LH was also tested (1, 2, 10, 50, and 100 ng/ml). Concentrations of LH 

between 2 and 100 ng/ml stimulated the production of progesterone, estradiol, and 

androstenedione, but higher concentrations (50 and 100 ng/ml) maintained maximum 

levels of progesterone production. This finding is intriguing, because a range of doses 

of LH (2 to 256 ng/ml) increased progesterone production by theca cells from 

preovulatory follicles, but only lower doses (2 or 4 ng/ml) stimulated androstenedione 

production (8). Concentrations of LH in fetal serum are highest around Day 90 (~ 3 

ng/ml) and decrease thereafter. It is difficult to directly compare concentrations of 

hormone used in vitro to those measured in vivo. Nevertheless, it appears that the 

doses of LH that were effective in this study are within the physiological range.  

FSH alone increased production of progesterone and estradiol, but did not 

stimulate production of androstenedione or testosterone, even when aromatase activity 

was blocked by the inhibitor letrozole. FSH also stimulated aromatization of 

endogenous and exogenous androgens as we had hypothesized. Different doses of 

FSH were tested (1, 2, 10, 50, and 100 ng/ml) in the absence or presence of 

testosterone (T; 0.5 µM) as androgen substrate. All concentrations of FSH increased 

estradiol production to a similar extent when T was present, suggesting that fetal 
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ovarian tissue is quite sensitive to FSH. Without T, 50 and 100 ng/ml FSH stimulated 

progesterone production, but only 100 ng/ml stimulated estradiol. Concentrations of 

FSH in fetal circulation are about 1 ng/ml at the ages used in this study, so the effects 

of high doses of FSH may not be physiological. Taken together, these results confirm 

our initial hypotheses about the regulatory roles of gonadotropins in fetal 

steroidogenesis. 

It is tempting to interpret these results as indicating the operation of a two-cell, 

two-gonadotropin model in fetal bovine ovaries, since LH and FSH had different 

effects on fetal steroidogenesis. Wandji et al. (9) localized binding sites for LH and/or 

FSH in follicles of fetal ovaries between Days 120 and 260 of gestation. However, 

fetal ovarian steroid production is most robust before follicles form (i.e., before Day 

90). We showed that ovarian tissue obtained from fetuses between 74 and 114 days of 

gestation are responsive to gonadotropins, but the cell types that respond to LH or 

FSH and produce steroids at these ages are currently unknown. To complement and 

extend the studies presented here, future studies should employ in situ hybridization 

and/or immunohistochemistry to determine the ontogeny and cellular localization of 

mRNA and/or protein for LH and FSH receptors in relation to the location of 

steroidogenic enzymes involved in progestogen (P450scc, 3βHSD), androgen (17α 

hydroxylase, 17βHSD), and estrogen production (aromatase) throughout gestation. 

When designing these experiments, it will be important to consider that there can be a 

number of different isoforms for most enzymes. 

An unexpected finding presented in Chapter II was that testosterone could 

inhibit progesterone production by fetal bovine ovarian tissue. Moreover, inhibition 
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was direct, and not mediated by conversion to estradiol. Although fetal ovaries contain 

protein for the androgen receptor, blocking the receptor with flutamide did not reverse 

testosterone’s inhibition of progesterone production. The mechanism of androgen 

inhibition is still unclear, but could be end-product inhibition, since androstenedione 

and estradiol also inhibited progesterone production. Results from the hormone dose-

response studies indicate that fetal ovarian production of androstenedione and 

estradiol, but not testosterone, could be increased in vitro to concentrations that inhibit 

progesterone when applied exogenously in vitro. Since endogenous estradiol is much 

higher than androgens, estradiol is most likely to have an inhibitory effect in vivo on 

progesterone production.  

The possibility that estradiol is a paracrine regulator of progesterone in fetal 

ovaries is intriguing. This seems logical because estradiol regulates androgen and 

progestogen production in bovine preovulatory follicles (10, 11). In those studies, 

estradiol inhibited thecal progesterone production, but increased pregnenolone as 

precursor for androstenedione synthesis. Data from the current study support a similar 

pathway in fetal ovaries. A high concentration of estradiol (0.5 µM) reduced the 

accumulation of progesterone, but increased androstenedione accumulation within the 

same cultures of fetal ovaries, suggesting there was a concomitant increase in 

pregnenolone production and use of the 
5
 pathway to produce androstenedione (Fig. 

2.2). Unfortunately, pregnenolone was not measured in the current study, but studies 

are in progress to address the effects of androgen and estradiol on pregnenolone 

production. If estradiol increases pregnenolone as we suspect, it would suggest that 

estradiol inhibits 3βHSD, the enzyme that converts pregnenolone to progesterone. 
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However, 3βHSD also converts DHEA to androstenedione, so the paradoxical 

relationship between progesterone and androstenedione production presented here is 

confusing. It is possible that different isoforms of 3HSD synthesize progesterone and 

androstenedione in fetal ovaries, and that these isoforms are regulated independently. 

In support of this idea, there are two known isoforms for 3βHSD in cattle, with genes 

located on chromosomes 3 (HSD3B1) and 25 (HSD3B7). With this in mind, future 

studies should determine the effects of androgen and estradiol on steady state levels of 

mRNA for both isoforms of 3βHSD independently.  

The effects of manipulating the levels of endogenously produced steroids on 

follicle formation and activation were shown in Chapter III. High concentrations of 

progesterone and/or estradiol in the medium were associated with fewer total and 

primary follicles in cortical pieces from the same cultures, showing that ovarian 

(endogenous) steroids can be inhibitory to early bovine folliculogenesis. These 

experiments provided evidence for a causal relationship between endogenous estradiol 

and inhibition of follicle formation and activation. Treatment of ovarian cortical pieces 

for 10 days with T+FSH increased estradiol 42-fold compared to controls, but had no 

effect on progesterone. Combination of T+FSH with letrozole (0.5 µM) suppressed the 

production of estradiol, without affecting progesterone, and reversed inhibition of 

follicle formation (partially) and activation (completely) by T+FSH. Similarly, ICI 

182,780, which blocks estrogen receptor α (ESR1) and estrogen receptor β (ESR2), 

reversed the inhibitory effects of T+FSH to the same extent as letrozole. Taken 

together, these results indicate that ovarian estradiol, not progesterone, is the 

inhibitory steroid in T+FSH cultures, and provides the first evidence that endogenous 
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estradiol can regulate follicle development in fetal bovine ovaries. LH+FSH also 

inhibited follicle formation and activation, in addition to increasing progesterone and 

estradiol accumulation, but progesterone was nearly 5-fold higher than estradiol in 

these cultures. Future studies with trilostane, an inhibitor of 3βHSD and/or the 

progesterone receptor (PGR) blocker RU 486 could determine the role(s) of 

endogenous progesterone in follicle formation and activation. 

Results in Chapter III also showed for the first time that the inhibitory effects 

of exogenous progesterone and estradiol on follicle formation and activation in fetal 

bovine ovarian tissue can be mediated through their nuclear receptors. The antagonists 

RU 486 and ICI 182,780 completely reversed the inhibition of follicle development by 

progesterone and estradiol, respectively. The use of analogues that bind specifically to 

ESR1 or ESR2 showed that inhibition of follicle formation by estradiol can be 

mediated through both estrogen receptors. Estradiol can also inhibit follicle activation 

through ESR2, but the role of ESR1 in activation is more ambiguous. Protein for 

ESR1 and ESR2 was localized to cells in fetal bovine ovaries involved in follicle 

development [e.g., granulosa cells and germ cells; (12, 13)], so it is not surprising that 

nuclear estrogen receptors can regulate follicle formation and activation in fetal bovine 

ovaries. It is unclear where PGR is located, but fetal bovine ovaries have transcripts 

for PGR at 67 and 144 days of gestation (14). Nuclear steroid receptors can act as 

transcription factors, but the downstream targets of estrogen (and progesterone) 

receptor signaling in the early fetal ovary are currently unknown. In future studies, 

ChIP-Seq technology (chromatin immunoprecipitation followed by DNA sequencing) 

could be used to identify regions in the genome to which estrogen receptors bind, 
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providing candidate genes for further study. Estradiol can also signal through a 

membrane-bound estrogen receptor (GPER) to inhibit follicle assembly in mice, but it 

is not known if fetal bovine ovaries express GPER. Since a GPER-specific agonist (G-

1) and antagonist (G-15) are currently available, it would be interesting to use these 

compounds to investigate the potential role of GPER in bovine follicle formation and 

activation.  

In summary, a model to describe the regulation of fetal ovarian steroids and 

their relationship to follicle development in cattle has been developed based on our 

previous and current results (Fig. 4.1). The working hypothesis is that there are two 

distinct cell types in the fetal ovary: one that responds to LH to produce progestogens 

(e.g., progesterone) and androgens (e.g., androstenedione) and another that responds to 

FSH to produce progestogens and estrogens (e.g., estradiol). Both exogenous and 

endogenous progesterone and estradiol inhibit follicle formation and activation in fetal 

bovine ovaries in vitro. The data shown herein indicate that inhibition of follicle 

development by progesterone and estradiol can be mediated through their nuclear 

receptors, PGR and ESR1/ESR2, respectively. Since LH stimulates steroid production 

by fetal ovaries in vitro, the decrease in circulating fetal LH after 90 days of gestation 

(15) may explain why fetal ovarian progesterone and estradiol production also decline 

around this time in vivo (14, 16). The decreasing levels of endogenous steroids would 

be less inhibitory and allow follicles to form and acquire the capacity to activate, as 

the results in this thesis suggest. 

The studies presented herein have only begun to elucidate the role(s) of fetal 

steroids in early follicular development. Our understanding of ovarian development  
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Figure 4.1. Model showing the differential effects of LH and FSH on steroid 

production by two hypothetical cell types in fetal bovine ovaries and the regulation of 

follicle formation and activation by ovarian steroids. LH stimulates progesterone (P4) 

and androgen production by cell type 1. FSH stimulates P4 production and 

aromatization of androgens to estradiol (E2) in cell type 2. During primordial follicle 

formation, ovigerous cords break down and oocytes become surrounded by a single 

layer of flattened granulosa cells. Primordial follicles activate (initiate growth) to 

become primary follicles. Primary follicles contain a growing oocyte surrounded by a 

single layer of cuboidal granulosa cells. Exogenous and endogenous P4 and E2 can 

inhibit follicle formation and activation in vitro. Nuclear progesterone receptor (PGR), 

estrogen receptor α (ESR1), and estrogen receptor β (ESR2) can mediate the inhibitory 

effects of ovarian steroids on follicle formation and activation. The role of ESR1 in 

follicle activation is ambiguous, as denoted by the hashed line. 
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and the regulation of the primordial follicle pool is critical to improving fertility in 

female mammals. More primordial follicles are formed than will ever grow to the 

ovulatory stage, so primordial follicles represent an important source of genetic 

material for fertility preservation. A number of labs are attempting to grow mature 

follicles (and oocytes) from primordial follicles for use with in vitro fertilization; one 

can imagine a scenario where primordial follicle formation is enhanced in vitro as a 

means to increase the number of follicles for use in artificial reproductive 

technologies. Advances such as this could improve reproductive outcomes for 

domestic species, as well as for humans and endangered species.  
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Appendix Figure 1. Effects of graded doses of the aromatase inhibitor letrozole (0.25, 

0.5, or 5 µM) on the accumulation of progesterone (P4; panel A) and estradiol (E2; 

panel B) in cultures of fetal ovarian pieces over 10 days. Doses of letrozole were 

tested without (white bars) or with T+LH+FSH (black bars; testosterone, 0.5 µM; LH 

and FSH each at 100 ng/ml). Within a panel, means with no common letters are 

different (P < 0.05). N = 6 cultures/treatment, 2 from each of 3 fetuses (86 to 89 days 

old). 
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Appendix Figure 2. Accumulation of estradiol (E2) in cultures of fetal ovarian pieces 

over 10 days in control medium (Con) or with 100 ng/ml of LH, FSH, or LH+FSH, 

each in the absence or presence of the aromatase inhibitor letrozole (Let; 0.25 µM). 

Means with no common letters are different (P < 0.05). N = 10 cultures/treatment, 2 

from each of 5 fetuses (76 to 89 days old). 
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Appendix Figure 3. Effects of control medium (Con), testosterone (T; 0.5 µM), and 5-

alpha-dihydrotestosterone (DHT; 0.5 µM), each in the absence or presence of 

LH+FSH (both at 100 ng/ml), on the accumulation of estradiol (E2) in cultures of fetal 

ovarian pieces over 10 days. Means with no common letters are different (P < 0.05). N 

= 12 cultures/treatment, 2 from each of 6 fetuses (79 to 114 days old). 

 

 

 



133 

Appendix Figure 4. Time-course of androstenedione (A4; black circles), testosterone 

(T; black squares), and estradiol (E2; white triangle) accumulation in cultures of fetal 

ovarian pieces over 10 days in control medium or with 100 ng/ml of LH, FSH, or 

LH+FSH, each in the absence (panels A-D) or presence (panels E-H) of the aromatase 

inhibitor letrozole (Let; 0.25 µM). N = 10 cultures/treatment, 2 from each of 5 fetuses 

(76 to 89 days old). Note the differences in scale of the y-axes in A-D vs. E-H.
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Appendix Figure 5. Accumulation of progesterone (P4) in cultures of fetal ovarian 

pieces over 10 days in control medium (Con) or with the androgen receptor blocker 

flutamide (Flut; 10 µM), testosterone (T; 0.5 µM) or Flut+T. Means with no common 

letters are different (P < 0.05). N = 6 cultures/treatment, 2 from each of 3 fetuses (78 

to 94 days old). 
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Appendix Figure 6. Accumulation of progesterone (P4; panel A) and estradiol (E2; 

panel B) in cultures of fetal ovarian pieces over 10 days in control medium (Con) or 

with FSH (50 ng/ml) or T+FSH (0.1 µM + 50 ng/ml), each in the absence (open bars) 

or presence (black bars) of activin (100 ng/ml). Within a panel, means with no 

common letters are different (P < 0.05). N = 6 cultures/treatment, 2 from each of 3 

fetuses (89 to 109 days old). 
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