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Abstract

The ovarian follicular reserve has been linked to fertility in cattle. Young adult cattle with low vs.
high numbers of antral follicles = 3 mm in diameter in follicular waves also have fewer preantral
follicles and decreased fertility. This underscores the importance of understanding the factors that
regulate early follicular development and establish the ovarian follicular reserve, but little is
known about how the follicular reserve is first established. In ruminants and humans, follicles
form during fetal life, but there is a gap (about 50 d in cattle) between the appearance of the first
primordial follicles and the first growing, primary follicles. In this review we present evidence that
in cattle, fetal ovarian steroids (i.e., estradiol and progesterone) are negative regulators of both
follicle formation and of the acquisition by newly formed follicles of the capacity to activate (i.e.,
initiate growth). The results indicate that capacity to activate is linked to the completion of meiotic
prophase | by the oocyte. The inhibitory effects of estradiol on follicle activation were found to be
reversible and correlated with inhibition of the progression of meiotic prophase I. Fetal bovine
ovaries produce steroid hormones and production varies considerably during gestation and in a
pattern consistent with the hypothesis that they inhibit follicle formation and capacity of newly
formed follicles to activate in vivo. However, little was known about how steroid production is
regulated. In our studies, both LH and FSH stimulated progesterone and estradiol production by
ovarian pieces in vitro. The addition of testosterone to the culture medium enhanced estradiol
production, especially when FSH was also present, but inhibited progesterone production, even in
the presence of gonadotropins. Evidence is also presented for effects of maternal nutrition and
health and for potential effects of estrogenic endocrine-disrupting chemicals on the size of the
ovarian follicular reserve established during fetal life. In summary, fetal ovarian steroids may be
important regulators of the early stages of follicular development in cattle. Therefore, external
factors that alter steroid production or action may affect the size of the ovarian follicular reserve.
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publication sponsored by the American Society of Animal Science and the Journal of Animal Science.
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the USDA National Institute of Food and Agriculture, the NIH (HD060232), and a USDA Hatch award.
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INTRODUCTION

Differentiation of the bipotential mammalian gonad begins when the primordial germ cells
migrate to and enter the genital ridge. In females, the germ cells remain in the outer cortical
region of the developing gonad and become oogonia. The oogonia proceed through a series
of mitotic divisions and then become primary oocytes as they enter prophase of the first
meiotic division. Meiosis arrests at the end of first prophase and primordial follicles form
when somatic (pregranulosa) cells surround and flatten against primary oocytes. In the
mammalian species that have been examined, mitosis of oogonia and initiation of meiotic
prophase | occur before birth, but the timing of meiotic arrest at the diplotene stage of
prophase I, follicle formation, and the initiation of follicle growth (i.e., follicle activation)
varies from species to species. In rats and mice (reviewed in Pepling (2006)), oocytes
proceed in synchrony through the leptotene, zygotene, and pachytene stages of prophase |
during the last third of gestation (Fig. 1A). Shortly after birth (the exact time depends on the
rodent species and strain), the oocytes arrest at the diplotene stage of first prophase, oocyte
nests break down and follicles form fairly synchronously. Soon thereafter some primordial
follicles leave the resting pool and activate to become growing, primary follicles. Activation
involves a change in the shape of the granulosa cells from flattened (i.e., squamous) to
cuboidal and the initiation of oocyte growth (Fig. 2). Some secondary follicles develop
around the end of the first postnatal week.

The relative synchrony of these events in mice and rats and the fact that follicle formation
and activation begin at predictable times after birth have made rodents popular animal
models for studying the regulation of follicle formation. In contrast, in species of more
practical interest, such as domestic ruminants and humans, meiotic arrest, follicle formation,
and the initiation of follicle growth all occur before birth and much less synchronously than
in rodents. However, it is of interest to understand the regulation of follicle formation in
domestic animals and humans because it is the process that establishes the pool of resting
primordial follicles that the female will draw on throughout her reproductive life span. The
pool of primordial follicles is sometimes called the “ovarian follicular reserve,” but that term
is also used to refer to all healthy ovarian follicles. It has been suggested that the size of the
ovarian follicular reserve may determine the length of the reproductive life span.

DOES THE OVARIAN FOLICULAR RESERVE AFFECT FERTILITY IN
CATTLE?

The follicular reserve is considered to be important for women because it may determine the
time of menopause (Hansen et al., 2011). Reproductive senescence is not as important in a
practical sense for cattle because most are sold for slaughter before it occurs. However, there
is evidence that the number of follicles in the ovarian reserve is correlated with the fertility
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of individual female cattle. Collaborative research by groups at Michigan State University
and University College (Dublin, Ireland) has provided interesting evidence of variability
among animals in the bovine follicular reserve and of correlation between follicle numbers
and fertility [reviewed in Evans et al. (2010, 2012) and Ireland et al. (2011)]. Their research
first revealed consistent differences among young, age-matched cattle in numbers of antral
follicles = 3 mm in diameter in follicular waves. They further compared the ovaries of
animals with high antral follicle count (AFC) to those with low AFC and found that the high
or low AFC was reflected in significantly higher or lower numbers of follicles at other
follicular stages (Fig. 3). Low AFC is also associated with low circulating concentrations of
anti-Mullerian hormone (AMH), a protein hormone made by granulosa cells. Low AFC
females had low concentrations of circulating progesterone during the luteal phase and a
thinner uterine endometrium. Other experiments indicated that low AFC females respond
more poorly to superovulatory protocols and have greater blood concentrations of FSH and
LH and oocytes with greater steady state abundance of mMRNASs that are markers for poor
oocyte quality, compared with cattle with high AFC. More recently these researchers have
provided evidence that low AFC is associated with impaired fertility, specifically with
reduced conception rates to first service and with a longer interval from calving to
conception (Mossa et al., 2012). Taken together, these findings are very provocative because
they indicate that events that occur in fetal ovaries, formation of follicles and their survival
or demise, may influence ovarian function in adults and, thus, in the reproductive success of
a female. Our laboratory is interested in understanding the regulation of the early stages of
follicular development and the events that give rise to the ovarian follicular reserve. Some of
our findings will be discussed in the sections that follow.

WHEN DO BOVINE FOLICLES FORM?

As mentioned previously, follicles form in ruminant and human ovaries well before birth. In
fetal ovaries of cattle and sheep, oogonia become enclosed in long ovigerous cords that
extend from the corticomedullary border to the ovarian surface epithelium (Sawyer et al.,
2002; Hummitzsch et al., 2013). Mitosis of oogonia and their transition to primary oocytes
occur within the cords, which also contain somatic (pregranulosa) cells. As follicles form,
by enclosure of an oocyte and a few pregranulosa cells within a basement membrane, the
follicle breaks free of the ovigerous cord. The oocyte nests or cysts that have been described
in rodent ovaries do not appear to be a feature of bovine ovaries. Because gestation is
relatively long in ruminants and the pace of ovarian development is relatively slow, it can be
difficult to pinpoint exactly when specific follicular milestones are reached. This is
illustrated by the varying published estimates of when primordial, primary, and secondary
follicles first appear in bovine ovaries (Fig. 1B). For example, Russe (1983) first detected
these stages at 90, 140, and 210 d of gestation, respectively, whereas the estimates of Tanaka
et al. (2001) were quite different (i.e., 74, 91, and 120 d, respectively) and those of Burkhart
et al. (2010) were more similar (110, 130, and 150 d) to data of Russe (Fig. 1B). As a
prelude to our studies of follicle formation and activation, we reexamined the question of
when preantral follicular stages first appear in bovine ovaries, using fetal ovaries from a
nearby slaughterhouse and estimating fetal age by crown-rump length (Evans and Sack,
1973). Our observations agreed with those of Russe (1983); the first primordial, primary,
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and secondary follicles were observed around 90, 140, and 210 d of gestation, respectively
(YYang and Fortune, 2008). It is interesting that in humans, sheep, and cattle, there is a
considerable lag between the formation of primordial follicles and the appearance of the first
activated (primary) follicles (Fig. 1B). This stands in distinct contrast to the almost
immediate exit of a subset of newly formed rodent follicles from the resting pool of
primordial follicles a few days after birth. Our laboratory previously developed methods for
studying follicle activation in vitro, using pieces of ovarian cortex from fetal bovine ovaries
obtained during the third trimester, a time when activation is occurring in vivo (Wandji et al.,
1996). More recently, we adapted those methods to study the regulation of follicle formation
in cattle and to address the question of why newly formed bovine primordial follicles do not
activate in vivo.

WHAT REGULATES THE FORMATION OF BOVINE FOLICLES?

When newborn rat ovaries were treated in vitro with estradiol or progesterone, follicle
assembly (i.e., formation) was inhibited (Kezele and Skinner, 2003). Results of studies by
M. E. Pepling’s laboratory supported the concept that breakdown of oocyte cysts and follicle
formation occur shortly after birth in mice because female pups are no longer exposed to the
high concentrations of steroids (i.e., estradiol and progesterone) circulating in the mother
(Jefferson et al., 2006; Chen et al., 2007). In cattle and sheep, fetal ovaries synthesize
steroids and steroid production varies considerably during gestation (Shemesh et al., 1978;
Dominguez et al., 1988; Quirke et al., 2001; Yang and Fortune, 2008; Nilsson and Skinner,
2009). Estradiol and progesterone are increased during early gestation when germ cells (i.e.,
oogonia) are very active mitotically, but production of these steroids begins to decline
around the beginning of the second trimester (Yang and Fortune, 2008; Nilsson and Skinner,
2009), when follicles begin to form and later gain competence to activate (Fig. 4). This
indicated that endogenous ovarian steroids may play a role in regulating early follicular
development in cattle.

To test that hypothesis we used fetal bovine ovaries at an early stage during follicle
formation (approximately 100 d of gestation) and cultured cortical pieces for 10 d with or
without 1 p/M estradiol or progesterone (Fortune et al., 2010). On d 0 or after 10 d, cortical
pieces were fixed, serially sectioned, and analyzed by histological morphometry. Cortical
pieces cultured in control medium for 10 d had about three times as many follicles as
cortical pieces on d 0 (Fig. 5). In the presence of the steroids, the ovarian tissue and follicles
remained healthy, but follicle numbers did not increase during culture. These results show
that bovine follicles can form during culture of cortical pieces and that both estradiol and
progesterone can inhibit follicle formation in vitro. Consistent with our findings for
progesterone, Nilsson and Skinner (2009) reported that 1 M progesterone significantly
reduced the percentage of oocytes that were enclosed within follicles in cultures of fetal
bovine cortex obtained during the period of follicle formation. These results, together with
the patterns of ovarian steroid production around the time of follicle formation in vivo (Fig.
4), indicate that ovarian steroids may negatively regulate follicle formation in vivo in fetal
bovine ovaries. Subsequent experiments showed that lower doses of the steroids can also
inhibit follicle formation and that the nonaromatizable androgen, 5a-dihydrotestosterone
(DHT), is without effect (M. Y. Yang and J. E. Fortune, unpublished data). Results of the
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dose-response studies suggested that progesterone is not acting merely as a precursor for
estradiol synthesis because cortical pieces were at least as sensitive to progesterone as to
estradiol. These findings suggest that in vivo the local concentration of steroids in the micro-
environment acts as a regulator of follicle formation. Because there is a 50-d gap between
the beginning of follicle formation and the appearance of the first activated, primary follicles
in vivo (Fig. 1B), it appeared to us that formation of the initial follicular reserve during fetal
life might also include acquisition by newly formed follicles of the ability to activate. This
question is addressed in the following section.

HOW DO BOVINE FOLICLES GAIN THE CAPACITY TO ACTIVATE?

Why is there a significant gap between follicle formation and activation? We hypothesized
that newly formed follicles might lack the capacity to activate or, alternatively, that they
might have that capacity but be prevented from activating by the presence of an inhibitor.
Because primordial follicles reside in the ovarian cortex, small pieces of ovarian cortex from
90- to 140-d-old ovaries were cultured for 2 d and then fixed, sectioned, and analyzed
histologically for numbers and stages of follicles. Primordial follicles had not activated after
2 d of culture (Yang and Fortune, 2008), although most primordial follicles activate within 1
to 2 d in vitro when cortical pieces are obtained from older, third-trimester ovaries (Wandji
et al., 1996). This result indicates that before d 140 of gestation, bovine primordial follicles
lack the capacity to activate. To determine if they could gain the capacity to activate in vitro,
the experiment was repeated and cortical pieces were cultured for either 2 or 10 d. Again,
there was no significant increase in the number of primary follicles after 2 d of culture,
compared with time 0, but after 10 d in vitro, activation had occurred (Yang and Fortune,
2008). This showed that primordial follicles gained the capacity to activate at some point
during the 10-d culture, earlier than they would have done so in vivo, supporting the
hypothesis that an inhibitor of follicular capacity to activate is present in vivo.

When newborn rat ovaries were treated in vitro with progesterone, both follicle assembly
and activation were inhibited (Kezele and Skinner, 2003). Treatment of prenatal mouse
ovaries with estradiol or progesterone in vitro reduced both primordial and primary follicles
(Chen et al., 2007). This indicated that endogenous ovarian steroids might play a role in
regulating the acquisition of the capacity to activate by newly formed follicles in cattle.
Therefore, we tested the effects of 1 uMestradiol and progesterone, steroids that were
effective in blocking follicle formation and activation in mice and rats, on the activation of
newly formed bovine follicles in cortical pieces in vitro. After 10 d of culture, both steroids
had inhibited follicle activation, maintaining the number of primary follicles at levels similar
to control tissue on d 0 (Fig. 6). In contrast, the nonaromatizable androgen, DHT, did not
prevent primordial follicles from gaining the capacity to activate and numbers of primary
follicles were similar to control cultures on d 10 (Fig. 6; Yang and Fortune, 2008).
Subsequent experiments in our laboratory showed that the inhibitory effects of progesterone
and estradiol on development of the capacity to activate are dose-dependent (range = 0.01 to
1 uM) and that progesterone is more effective than estradiol at lower doses, suggesting that it
does not act simply as a precursor for estradiol synthesis (M. Y. Yang and J. E. Fortune,
unpublished data).
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The results of the experiments with exogenous steroids support the hypothesis that the
concentration of estradiol and (or) progesterone in the local environment may inhibit (at
high concentrations) or allow (at low concentrations) follicular acquisition of the capacity to
activate. But why would bovine follicles not be capable of activating when they are first
formed and need to be restrained from activating for around 50 d? The older literature is
conflicting on this point, but there are suggestions that bovine oocytes may become
incorporated into follicles before they have arrested at the diplotene stage at the end of
meiotic prophase | (Baker and Franchi, 1967). Therefore, we hypothesized that newly
formed bovine follicles cannot activate because they have not achieved meiotic arrest at the
diplotene stage of prophase I. Examination of serial paraffin sections stained with
hematoxylin and eosin revealed that most oocytes in follicles are at prediplotene stages of
prophase | before d 140 of gestation, whereas most are in diplotene after that time (YYang and
Fortune, 2008). In addition, steady state levels of mMRNA for YBX2, a specific marker for
diplotene oocytes, increase in ovarian cortical tissue after d 140 (Yang and Fortune, 2008).
More recent experiments showed that the inhibitory effects of estradiol in vitro on
acquisition of the capacity to activate are reversible (Fig. 7; Fortune et al., 2010) and are
accompanied by inhibition of meiotic progression to diplotene (data not shown). To test the
hypothesis that estradiol specifically inhibits activation of newly formed follicles, cortical
pieces from fetuses older than 140 d were cultured with estradiol. There was no effect on
activation, indicating that estradiol’s inhibitory effects are specific to newly formed follicles
that have not achieved meiotic arrest (M. Y. Yang and J. E. Fortune, unpublished data). This
finding is consistent with the suggestion by Kezele and Skinner (2003) that the inhibitory
effects of steroids on activation of rat follicles are restricted to the initial wave of follicle
activation that occurs shortly after follicle formation.

Clearly there is much more to be learned about how steroids exert their effects on follicle
formation and activation in cattle. However, the results thus far underscore the potential
importance of regulation by steroid hormones in the establishment of the bovine follicular
reserve and indicate that factors that alter fetal steroid levels or patterns may affect the size
of the initial follicular reserve. For example, manipulation of the steroidal environment of
the fetus in vivo by injection of androgen or an aromatase inhibitor affected the size of the
follicular reserve in adulthood in sheep and baboons, respectively (Steckler et al., 2005;
Albrecht and Pepe, 2010).

REGULATION OF FETAL BOVINE STEROIDOGENESIS

The data discussed previously provide evidence that fetal steroids may play an important
role in regulating the formation of primordial follicles in cattle and their development of the
capacity to initiate growth. Our results and those of other researchers have also shown that
fetal bovine ovaries produce steroid hormones and that ovarian steroid production varies
considerably over the course of gestation (Shemesh et al., 1978; Dominguez et al., 1988;
Quirke et al., 2001; Yang and Fortune, 2008; Nilsson and Skinner, 2009). Garverick et al.
(2010) detected mRNA and protein for aromatase and for estrogen receptor (ER) a and g in
fetal bovine ovaries during the first trimester of pregnancy. However, little is known about
what regulates ovarian steroid production by fetal bovine ovaries. The regulation of steroid
production by preovulatory follicles is summarized by the 2-cell, 2-gonadotropin model:
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theca cells synthesize androgens (androstenedione in cattle) under the influence of LH, but
lack the aromatase enzyme necessary to convert them to estrogens, whereas granulosa cells
cannot convert progestins to androgens, but respond to FSH by converting exogenous
androgen to estradiol [reviewed in Fortune and Quirk (1988)]. However, fetal ovarian steroid
production is greatest before any follicles are formed (Fig. 4), so it is not known whether or
not the pathway from cholesterol to estradiol is present entirely in one fetal ovarian cell type
or if 2 or more cell types participate.

Since gonadotropins have been detected in the fetal bovine circulation (Challis et al., 1974;
Tanaka et al., 2001) and fetal ovaries have binding sites for FSH and LH (Wandji et al.,
1992), we hypothesized that LH stimulates production of progesterone and androgens and
that FSH stimulates the conversion of aromatizable androgens to estradiol. To test these
hypotheses, ovaries obtained on d 80 to 89 of gestation (i.e., when steroid production is still
fairly robust and just before follicle formation begins) were cut into pieces and the pieces
were distributed to culture wells at random (2 pieces per well). Ovarian pieces were cultured
in the presence or absence of testosterone (0.5 uM), with or without 100 ng/mL ovine (0)
LH (oLH S-26) and (or) FSH (oFSH S-17). Medium was collected and replaced every other
day for 10 d. Fig. 8 shows estradiol accumulation in the medium over 10 d of culture. In the
presence or absence of gonadotropins, estradiol was much greater in the cultures with
exogenous testosterone. This suggests that production of estradiol by the fetal ovary is
limited by the availability of androgen precursor, at least during the time period we
examined. In the absence of testosterone, estradiol was significantly increased by both LH
(about 10-fold) and FSH (about 5-fold) and the effect of their combination was similar to
LH alone. In the presence of exogenous testosterone, FSH almost doubled the accumulation
of estradiol, compared with testosterone alone, whereas LH had no effect. The combination
of FSH plus LH produced the same effect as FSH alone. Taken together, these results
support the hypothesis that LH increases the production of androgen by fetal ovarian tissue
late in the first trimester, whereas FSH stimulates the conversion of androgen to estradiol.
Preliminary results confirmed that LH can increase androgen production in ovarian pieces in
vitro, but much more work is needed to provide a fuller understanding of the regulation of
fetal estradiol production at this stage of gestation.

Both FSH and LH increased the accumulation of progesterone in the culture medium, in the
absence of testosterone, over 10 d of culture (Fig. 9). In contrast to the positive effect of
testosterone on fetal ovarian estradiol production, testosterone dramatically inhibited
progesterone accumulation in control cultures and completely abolished the stimulatory
effects of the gonadotropins, reducing progesterone to concentrations less than those in the
control cultures (Fig. 9). Because the results for estradiol production suggested that
androgens are rate-limiting in the production of estradiol by fetal ovarian tissue, it is difficult
to know if the inhibitory effect of testosterone on progesterone production by the fetal ovary
is meaningful physiologically. Dose—response studies should be helpful in addressing that
question.

These results indicate that gonadotropins may play roles in regulating fetal ovarian
steroidogenesis and that steroids themselves may act as regulators of steroid production. It is
not clear why the capacity of the fetal ovary to make estradiol decreases dramatically just
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before the start of follicle formation; the mechanisms of that decline are unknown. Clearly,
we are just beginning to scratch the surface of understanding how ovarian fetal steroid
production is regulated.

WHAT DETERMINES THE SIZE OF THE OVARIAN FOLICULAR RESERVE?

Maternal Nutrition and Health

Research by the groups at Michigan State University and University College Dublin
provided evidence that the size of the follicular reserve is correlated with fertility in dairy
cattle (summarized previously). Since the pool of primordial follicles is established
primarily during the second trimester of bovine gestation, it seems possible that the size of
the follicular pool might be influenced by the environment of the fetus before and during
that time. One factor that, logically, might be linked to the number of primordial follicles
formed is the nutritional status of the mother. Mossa et al. (2009) fed pregnant cattle either a
control diet or a nutritionally restricted diet (60% of maintenance energy requirements) for
the first 110 d of gestation and examined the ovaries of their heifer calves at 7, 18, and 35
wk of age. At each time point, the antral follicle count of the females whose dams had been
nutritionally deprived was about 60% that of the control heifers (P< 0.01; Table 1). Since
the period of nutritional restriction encompassed the differentiation of the gonad as female,
mitosis of oogonia, and the first 20 d of follicle formation, and since low AFC has been
correlated with low follicle counts in all follicular size classes (Fig. 3), these data suggest
that nutrition during early pregnancy is critically important to the size of the follicular
reserve. These findings are consistent with the relationship between birth weight and AFC in
beef cows reported by Cushman et al. (2009). Similarly, Bernal et al. (2010) reported that in
rats maternal undernutrition during pregnancy and lactation, a period that includes follicle
formation, resulted in a significant reduction in the number of primordial follicles in female
progeny at 150 d of age.

There is also evidence indicating that impairment of maternal health during bovine gestation
may negatively affect the size of the follicular reserve. Cows with an elevated somatic cell
count in their milk, which is indicative of mammary gland infection, gave birth to heifers
with circulating concentrations of AMH that were about one-half those in female calves
born to cows with low somatic cell counts (Ireland et al., 2011; Evans et al., 2012). The
concentration of AMH in the blood of female cattle has been correlated with the antral
follicle count and with the size of the bovine ovarian follicular reserve (Ireland et al., 2011).

Taken together, the results of these experiments indicate that factors like maternal nutrition
and health of the dam may affect the number of follicles formed during fetal life. The data
provide evidence for fewer antral follicles or lower circulating AMH in the female offspring
after birth and these characteristics are correlated with reduced adult fertility.

Endocrine-Disrupting Chemicals

There is increasing concern about the potential threat of endocrine-disrupting chemicals
(EDCs) to the health and reproduction of farm animals (Rhind, 2005). Endocrine-disrupting
chemicals include phytoestrogens, biologically active natural substances commonly found in
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forages, and environmental estrogens found in pesticides, plastics, and industrial chemicals.
Physiological concentrations of estrogens are essential for female reproduction, but
estrogenic EDCs can mimic or disrupt the actions of endogenous estrogens. Cattle are
potentially at risk for reproductive effects of both phytoestrogens and environmental
estrogens. Adverse effects of phytoestrogens on fetal development have been reported for
rodents (Chan, 2009). Brief exposures to environmental estrogens, such as bisphenol A
(BPA), during fetal development may adversely affect oocyte development in mice (Susiarjo
etal., 2007) and in women, exposure to BPA is correlated with recurrent miscarriage
(Sugiura-Ogasawara et al., 2005).

Since estradiol appears to be an important regulator of the formation and capacity to activate
of bovine follicles, we have used the in vitro models described previously to begin to assess
whether phyto- and environmental estrogens might affect the establishment of the follicular
reserve in cattle. Cortical pieces were prepared from fetal ovaries during follicle formation
(i.e., d 100 to 120 of gestation), cultured for 10 d, and then processed for morphometric
analysis of follicle numbers and types. In control cultures, some follicles had activated after
10 d, as expected (discussed previously). However, the number of primary follicles was
significantly reduced in the presence of the phytoestrogen, genistein, and the environmental
estrogen, octylphenol, whereas the environmental estrogen BPA was without significant
effect (Fig. 10). Further experimentation revealed that genistein and octylphenol both
exerted dose-dependent inhibitory effects on follicle numbers; they appeared to inhibit both
follicle formation and activation (data not shown). Follicle numbers were not affected by
BPA at any of the doses tested (data not shown). However, the results of experiments in
progress show that BPA exerts specific effects on steroidogenesis by the fetal bovine ovarian
pieces in vitro. These findings indicate that exposure of bovine fetal ovaries to estrogenic
EDCs in vivo may negatively affect the processes that lead to the establishment of the initial
ovarian follicular reserve, that is, follicle formation and development of the capacity to
activate.

SUMARY AND CONCLUSIONS

In ruminants and humans, the ovarian follicular reserve is established during fetal life when
primordial follicles form and develop the capacity to initiate growth. In cattle, results of
experiments in vitro suggest that estradiol and progesterone, synthesized by the fetal ovary,
play a role in regulating the timing of these critical events, but their mechanisms of action
remain to be elucidated. Both LH and FSH stimulate steroid production by fetal ovarian
pieces in vitro, and the results suggest that LH increases androgen synthesis, whereas FSH
stimulates the aromatization of androgen to estradiol. The finding that the number of antral
follicles in follicular waves in cattle is correlated both with the total number of follicles in
the ovaries and with fertility indicates that the size of the pool of resting primordial follicles
established during fetal life may have an impact on the reproductive performance of adult
cattle. This idea is consistent with data showing that nutritional deprivation of the dam
during early pregnancy produces heifer calves with fewer follicles in waves compared with
daughters of nutritionally-replete cows. In addition, studies in vitro showed that early
follicular development can be impaired by exposure of fetal ovarian tissue to estrogenic
EDCs. Taken together, these results not only provide evidence of the importance of the
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ovarian follicular reserve for fertility, but also indicate that the size of the reserve can be
affected by the environment of the fetus during development.
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A) Meiotic prophase in mice

Entry into meiosis
(simultaneous for all oocytes)
Primovdial
l Birth follicles form

11 12 13 14 15 16 17 18 1S$20 29 22 23 24

Mitotic T T
division Zygotene Diplotene

Leptotene Pachytene (meiosisarrested)
(almost all oocytes)

B) Time of first appearance of preantral
follicles

Time of first appearance

Follicular stage (days of gestation)

Human Sheep Cattle
Primordial follicles 135 75 743, 9ob.c 110d
Primary follicles 180 100 913, 140b:c 130d
Secondary follicles - 120 1208, 210P.c, 1504

Figure 1.
(A) Timing of meiotic prophase | and formation of primordial follicles during pregnancy and

early postnatal life in mice [adapted from Borum (1961)] and (B) reported times of first
appearance of primordial, primary, and secondary follicles in fetal ovaries of humans [(van
Wagenen and Simpson, 1965), sheep (McNatty et al., 1995), and cattle (3Tanaka et al.,
2001; PRusse, 1983; SYang and Fortune, 2008; 9Burkhart et al., 2010)].
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Primordial Primary Secondary
follicle follicle follicle
Figure 2.

Schematic illustration of early stages of follicular development. Primordial (resting) follicles
have a primary oocyte surrounded by flattened granulosa cells. During initiation of follicle
growth (activation) granulosa cells become cuboidal in shape and the oocyte begins to grow.
Secondary follicles have 2 or more layers of granulosa cells and theca cells progressively
accumulate around the basement membrane that surrounds the granulosa cell-oocyte
compartment.
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Figure 3.
Numbers of morphologically healthy follicles at various stages of development in ovaries of

young adult heifers with a low (<15 follicles, 7= 5) or high (=25 follicles, 7= 5) number of
follicles 23 mm in diameter (antral follicle count, AFC) during ovarian follicular waves.
Data are derived, with permission, from Ireland et al. (2008), where additional experimental
details are provided. Asterisks (*P < 0.05; ** £<0.01) indicate difference between means
for Low v. High AFC groups.
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Figure 4.
(A) Estradiol and (B) progesterone secretion (ng/ovary per 24 h) in vitro by ovaries from

bovine fetuses at different gestational ages. One ovary from each fetus was cut into pieces
(0.5 to 1 mm3). The pieces were cultured for 24 h and steroid concentrations in the culture
medium were determined by RIA. Different letters (a, b) indicate that mean estradiol levels
differ (P< 0.05). Adapted from Yang and Fortune (2008), with permission.
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Figure5.
Effects of steroids on bovine follicle formation in vitro. Numbers of follicles (primordial +

primary) in ovarian cortical pieces from around d 100 of gestation after 0 (black bar) or 10
(white bar) d in culture with control medium (Con), estradiol (E2), or progesterone (P4; both
at 1 uM). Data are means = SEM; means with different letters (a, b) differ (P<0.05; n=4; 2
cultures from each of 2 fetuses). Adapted from Fortune et al. (2010).
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Figure 6.
Effects of control medium (Con), progesterone (P#), 5a.-dihydrotestosterone (DHT), and

estradiol (E; steroids at 1 pM) on follicle activation in vitro in ovarian cortical pieces from
91- to 140-d-old fetal calves. Mean number of follicles per section (+tSEM) at time 0 and
after 10 d of culture. Means with different letters (a, b) within a panel differ (P< 0.05; 7=8;
2 cultures from each of 4 fetuses). Adapted from Yang and Fortune (2008), with permission.
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Percentage of activated follicles in bovine cortical pieces cultured with control medium
(Con) or estradiol (E2; 1 uM) for 10 or 14 d (means + SEM). The E2/Con: d 0 to 10 cultured
with E2 and d 10 to 14 with control medium. Cortical pieces were dissected from 100 to
120-d-old fetal calves. Means with no common letters (a, b, c) differ (P< 0.05; n=14, 2
cultures from each of 2 fetuses). Adapted from Fortune et al. (2010).
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Figure 8.
Cumulative production of estradiol (ng/well + SEM; n= 6, 2 cultures from each of 3 fetuses)

by ovarian pieces from fetal bovine ovaries (80 to 89 d of gestation) cultured for 10 d in
control medium with or without FSH (100 ng/mL) and (or) LH (100 ng/mL), in the presence
(open bars) or absence (black bars) of testosterone (T, 0.5 uM). Means with no common
letters (-T: a,b,c and +T: y,z) are different (P < 0.05).
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FigureO.
Cumulative production of progesterone (ng/well £ SEM; n= 6, 2 cultures from each of 3

fetuses) by ovarian pieces from fetal bovine ovaries (80 to 89 d of gestation) cultured for 10
d in control medium with or without FSH (100 ng/mL) and (or) LH (100 ng/mL), in the
presence (open bars) or absence (black bars) of testosterone (T, 0.5 uM). Means with no
common letters (-T: a,b,c and +T: y,z) are different (P < 0.05).
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Figure 10.
Numbers of primordial and primary follicles (mean number per section £ SEM; n=6

cultures, 2 from each of 3 fetuses) in ovarian cortical pieces cultured for 10 d in control
medium (Con) or with the phytoestrogen genistein (Gen) or the environmental estrogens
bisphenol A (BPA) or octylphenol (Oct-P), all at 0.1 uM. Ovarian pieces were isolated from
ovaries of bovine fetuses at 100 to 120 d, a time when follicle formation is in progress.
Means with no common letters (a,b,c) are different (P < 0.05).
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Mean (xSEM) number of follicles =3 mm in diameter (antral follicle count) during follicle waves in heifer
calves born to mothers fed a control diet (control) or who were nutritionally restricted (restricted, 60% energy
requirement) for the first 110 d of gestation (from Mossa et al., 2009)

Antral follicle count

Heifer age, wk

Control (n=13) Restricted (n=10) P<

7
18
35

239+21 141+0.9 0.01
26.1+29 16.2+11 0.01
23922 16.6+1.2 0.01

J Anim Sci. Author manuscript; available in PMC 2017 May 05.



	Abstract
	INTRODUCTION
	DOES THE OVARIAN FOLICULAR RESERVE AFFECT FERTILITY IN CATTLE?
	WHEN DO BOVINE FOLICLES FORM?
	WHAT REGULATES THE FORMATION OF BOVINE FOLICLES?
	HOW DO BOVINE FOLICLES GAIN THE CAPACITY TO ACTIVATE?
	REGULATION OF FETAL BOVINE STEROIDOGENESIS
	WHAT DETERMINES THE SIZE OF THE OVARIAN FOLICULAR RESERVE?
	Maternal Nutrition and Health
	Endocrine-Disrupting Chemicals

	SUMARY AND CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Table 1

