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ITS+ (Insulin, Transferrin, and Selenium + BSA and linoleic acid) in a humidified incubator
gassed with 5% CO,:95% air at 38.5 C. Within each experimental replicate (fetus), treatments
in vitro are applied to duplicate wells. Some medium (200 pl) is removed and replaced with
fresh medium every other day. Cortical pieces are retrieved at the end of culture, fixed in
Tousimis fixative (glutaraldehyde and formaldehyde), and processed for embedding in LR
White plastic. Serial sections (2 um) are cut with an ultramicrotome and every 20th section
is analyzed for numbers and types of follicles and follicular health. Further methodological
details are available in Wandji et al. (1996) and Yang & Fortune (2008). Departures from these
basic methods will be noted in the sections below.

Follicle formation in cattle

In rats and mice, follicles form fairly synchronously shortly after birth. However, in ruminants
and primates, follicles form during fetal life and in an apparently less synchronous fashion than
in rodents. Exactly when follicles begin to form in cattle is unclear, since estimates by different
laboratories vary from day 74 to day 130 of gestation, even within the same breed (Erickson
1966; Russe 1983; Dominguez et al. 1988; Tanaka et al. 2001; Garverick et al. 2010). The
reason for these discrepancies is not clear, but they may be due to how crown-rump length (used
to estimate gestational age) was measured and/or the number of fetal time points examined.
Because of the lack of consistency in the literature, we re-examined the timing of follicular
formation and the first appearance of activated (primary) follicles during bovine gestation, as
a prelude to further studies. Primordial follicles have an oocyte and a single flattened layer
of granulosa cells; their activation produces primary follicles with a single layer of cuboidal
granulosa cells and a growing oocyte (Fig. 1A). Only occasionally were primordial follicles
observed in fetal ovaries obtained before day 90 of pregnancy. Between day 91 and day 140,
the number of primordial follicles increased, but then numbers appeared to level off between
day 141 and day 180 (Fig. 1B). Primary follicles were observed only rarely until after day 140
(Fig. 1B).

When we cultured pieces of ovarian cortex from ovaries obtained at day 91-140 of gestation
in medium containing ITS +, the results indicated that follicles formed during the 10-day cul-
ture period (Fig. 2, Day 0 vs. Control) and this suggested that we could use this in-vitro model
to study the regulation of follicle formation. Studies by Pepling’s laboratory have provided
evidence that supports the hypothesis that follicles form shortly after birth in mice in response
to withdrawal from the inhibitory effects of circulating maternal steroids (Jefferson et al. 2006;
Chen et al. 2007). Experiments with newborn rat ovaries suggested that progesterone and
estradiol also inhibit follicle assembly in that species (Kezele et al. 2003; Nilsson et al. 2006).
There is evidence in the older literature that fetal bovine ovaries produce steroids, especially
during the first trimester of pregnancy, before follicle formation commences (Shemesh et al.
1978; Dominguez et al. 1988) and the ovaries of cattle and sheep have mRNA and protein for
SF-1 and steroidogenic enzymes (Quirke et al. 2001; Garverick et al. 2010). Therefore, we
determined the effects of estradiol and progesterone (both at 10 M) on the number of follicles
after 10 days of culture. Both steroids completely inhibited the increase in follicular number
that occurred in control cultures (Fig. 2). Nilsson & Skinner (2009) also reported an inhibitory
effect of progesterone on the assembly of bovine follicles.

To determine whether our results in vitro are consistent with changes in fetal ovarian steroid
production in vivo, we next measured secretion of estradiol and progesterone during a 24-hour
culture by whole minced ovaries from different stages of gestation (see Yang & Fortune 2008
for experimental details). The results showed that estradiol production declined dramatically
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Fig. 2. Effects of steroids on bovine follicle formation in vitro. Numbers of follicles (pri-
mordial + primary) in ovarian cortical pieces from around day 100 of gestation after 0
(black bar) or 10 (white bar) days in culture with control medium (Con), estradiol (E,) or
progesterone (P,; both at 10 M). Data are means + SEM; means with different letters (a,
b) differ significantly (P < 0.05; n = 2 fetuses).

between day 80 to 100 of gestation, the period when follicle formation begins, and declined
to even lower levels between day 100 to 140, when the first primary follicles appear (Fig. 3).
Although progesterone production appeared to decline between day 80 and 140, the pattern
was more erratic and the differences were not significant (Fig. 3). The higher levels of both
progesterone and estradiol during later gestation are likely due to the increasing number of
growing (sometimes antral) follicles at that time. In contrast to the results for estradiol and
progesterone, concentrations of testosterone and androstenedione were always very low in
the culture medium (Yang & Fortune 2008). It is important to note that the data in Fig. 3 are
expressed per ovary and that ovarian size changes greatly over the sampling period. We are
currently weighing ovaries before experiments on steroid production and indeed, the changes
in ovarian steroid production appear much more pronounced expressed per wt. ovarian tis-
sue, as recently illustrated for progesterone by Nilsson & Skinner (2009). One might wonder
whether maternal steroids influence developmental events in the fetal ovary. Circulating ma-
ternal estradiol is very low during bovine pregnancy and although progesterone concentrations
vary, the highest levels are not very different from levels during the luteal phase of the cycle
(Senger 2003). In addition, fetal red blood cells have a powerful 20a-reductase, which con-
verts progesterone to 20a-dihydroprogesterone (P.W. Nathanielsz, personal communication).

In summary, the data support the hypothesis that estradiol and/or progesterone made by
the fetal ovary inhibit follicle formation in cattle and that the decline in ovarian production of
one or both steroids provides an intra-ovarian signal that initiates follicle formation. Clearly
there is much more work to be done to confirm this hypothesis and to determine the steroids
involved in vivo and the mechanisms of steroid action.

Acquisition by primordial follicles of the capacity to activate

As mentioned above, newly formed primordial follicles do not proceed to primary stage (activate)
in vivo until around day 141 of gestation (Fig. 1). Thus there is about a 50 day gap between
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Fig. 3. Estradiol and progesterone secretion (ng/ovary/24 h) in vitro by ovaries from bovine
fetuses at different gestational ages (means + SEM). Ovaries were cut into pieces (0.5 - 1
mm?). The pieces were then cultured for 24 h and steroid concentrations in the culture
medium were determined by RIA. a,b: mean estradiol levels differ (P<0.05). (From Yang
& Fortune 2008, with permission.)

follicle formation and the first observed follicle activation in vivo. There are similar gaps be-
tween these two developmental events, of 25 and 40 days, in fetal sheep and human ovaries,
respectively (van Wagenen & Simpson 1965; McNatty et al. 1995). We hypothesized that the
gap might occur because 1) the follicles are incapable of activating, 2) they are capable, but an
activation signal is missing, or 3) they are capable, but activation is inhibited by a circulating
or local factor until a certain stage of gestation. To begin to test these hypotheses, we cultured
ovarian cortical pieces from ovaries at day 91-140 of gestation. Although primordial follicles in
cortical pieces from fetal ovaries older than day 140, or from adult cattle, can activate within 2
days of culture (Wandji et al. 1996; BrawTal & Yossefi 1997), primordial follicles from 91-140
day-old fetuses did not (Fig. 4). However, when the culture period was extended to 10 days,
about 65% of the follicles had activated by day 10 of culture (Fig. 4).

The data in Fig. 4 show that newly formed primordial follicles acquire the capacity to activate
once they are removed from the milieu of the whole ovary in vivo and this suggests that in vivo
there is an inhibitor(s) that prevents them from developing the capacity to activate. Based on
results for newborn mouse ovaries (Jefferson et al. 2006; Chen et al. 2007) and the temporal
patterns of fetal ovarian production of estradiol and progesterone in cattle (Fig. 3), the effects
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Fig. 4. Effects of length of culture on follicle activation in bovine cortical pieces dissected
from fetuses at 91-140 days of gestation. A) Number of primordial and primary follicles in
fetal bovine ovarian cortex after 0, 2 and 10 days in culture. B) Percent activated (primary)
follicles. Data are means + SEM; within each panel means with no common letters (a,

b) differ significantly across culture period (0, 2, and 10 days) (P < 0.05; n = 4 fetuses).
(From Yang & Fortune 2008, with permission.)

of adding estradiol, progesterone, or the non-aromatizable androgen DHT (10°M) to cortical
cultures derived from 91-140 day-old fetuses were tested. After 10 days of culture, about 45-
60% of follicles had progressed to the primary stage (activated) in control medium (containing
ITS+) or medium with DHT (Fig. 5; Yang & Fortune 2008). In contrast, in the presence of
estradiol or progesterone, the number of primary follicles and the percentage of follicles that
had activated were much lower and not significantly different from the day 0 control (Fig. 5).
More recent experiments have shown that the effects of estradiol and progesterone are dose-
dependent and that the effect of estradiol on follicle activation can be reversed when estradiol
is removed from the culture medium (Fig. 6; Yang & Fortune, unpublished data).

Although there is disagreement among authors about when bovine oocytes finally reach
meiotic arrest in the diplotene stage of first prophase of meiosis (Henricson & Rajakoski 1959;
Erickson 1966; Baker & Franchi 1967; Russe 1983), Baker & Franchi (1967) reported that
bovine primordial follicles form before their oocytes have achieved meiotic arrest. Therefore,
we hypothesized that the gap between the first appearance of primordial and primary follicles
is necessary to allow the first meiotic prophase to progress to the diplotene stage. Ovaries
obtained from fetuses at various stages of gestation were fixed in Bouin’s, embedded in paraf-
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Fig. 5. Effects of control medium (Con), progesterone (P,), 5a-dihydrotestosterone (DHT),
and estradiol (E,; all at 10 M) on follicle activation in vitro in ovarian cortical pieces from
91 to 140-day-old fetal calves cultured for 10 days. A) Number of primordial and primary
follicles in fetal bovine ovarian cortex after 0 or 10 days in culture. B) Percent activated
(primary) follicles. Data are means + SEM; within each panel means with no common
letters (a, b) differ significantly (P < 0.05; n = 4 fetuses). (From Yang & Fortune 2008,
with permission.)
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be present in sufficient concentrations in the co-culture situation. In 1999 Themmen’s group
reported that mice null-mutant for anti-Mullerian hormone (AMH) had more growing follicles
early in life, but prematurely depleted their stock of primordial follicles, compared with wild
type controls (Durlinger et al. 1999). These interesting data suggested that AMH, which is
secreted by ovarian follicles, is an intra-ovarian negative modulator of the rate of follicle activa-
tion. We tested the hypothesis that adding AMH to ovarian cortical cultures would decrease
the rate of activation. Although AMH did not affect activation in that experiment, it significantly
inhibited the growth of activated follicles (Yang et al., unpublished data). However, another
experiment, in which bovine cortical pieces were transplanted beneath the chorio-allantoic
membrane (CAM) of gonadectomized chick embryos, provided indirect evidence that AMH
inhibits bovine follicle activation (details provided in Gigli et al. 2005).

Since activation occurs within 24 h in cortical pieces cultured with ITS + (Fortune et al. 2000)
and AMH is a large protein, it seemed possible that when cortical pieces were cultured with
AMH, the hormone did not penetrate the cortical tissue fast enough to prevent the initiation
of activation. To test this hypothesis, we cultured cortical pieces from fetuses at day 91-120
of gestation, a time when follicles do not activate within 2 days in vitro (Fig. 4), for 10 days
with graded doses of recombinant human AMH (100, 500, or 1000 ng/ml). All three doses
decreased the percentage of follicles at the primary stage and increased the percentage at the
primordial stage (Yang et al., unpublished data). Immunohistochemical analysis of fetal ovaries
at various ages showed staining for AMH only in secondary and small antral follicles, which
appear during the last trimester (Yang et al., unpublished data). These results strongly suggest
that AMH produced by secondary and later stage follicles inhibits activation and slows the
growth of primary follicles.

Insulin and kit ligand stimulate follicle activation in cattle

It appears likely that the activation of bovine follicles is controlled by both inhibitory and
stimulatory factors. But it has been difficult to study stimulatory factors because of the high
rate of what we considered “spontaneous” activation in our control medium containing ITS +.
Figueiredo’s group in Brazil has tested various hormones and growth factors for effects on follicle
activation in caprine ovarian tissue and they reported that several factors increased the number
or percentage of growing follicles (e.g., Celestino et al. 2010). However, a high percentage
of follicles activated in their control medium, which contained ITS, so the additional effects
of added hormones/growth factors were very small. We tested the effects of TS+ (i.e. ITS+
without the insulin) plus graded doses of insulin and found that only the two highest doses (3.25
and 6.5 pg/ml) maximally stimulated follicle activation (Yang & Fortune, unpublished data); the
highest dose used is the concentration of insulin in ITS+. Interestingly, TS+ maintained the
health of the cortical tissue (Fig. 8, panels A vs. C and B vs. D), but had no effect on activation
(Fig. 8; Muruvi et al., unpublished data).

The data shown in Fig. 8 are interesting because they show that what we had considered
“spontaneous activation” was actually insulin-stimulated activation and thus, they have provided
us with a new model for studying potential stimulators of bovine follicle activation (i.e. culture
of cortical pieces in medium with TS+). We used that culture system to test the hypothesis
that kit ligand is a stimulator of follicle activation in cattle. The results showed that kit ligand
stimulates follicle activation in the absence of insulin and acts via binding to its receptor (Muruvi
et al., unpublished data). This culture system will allow us to test other potential stimulators
of bovine follicle activation.
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Fig. 8. Effect of insulin on the types and numbers of follicles (mean + SEM) in ovarian
cortical pieces isolated from late-term bovine fetuses. Cortical pieces were cultured for
0 (Day 0; black bar) or 4 (white bars) days in medium supplemented with ITS+ (contains
insulin) or with TS+ (identical to ITS+ but without insulin). Within each panel, means
(bars) with no common letters (a, b, ¢) differ significantly (P < 0.05; n = 5 fetuses).

The primary to secondary follicle transition

Although the transition from primordial to primary follicle in cattle is readily stimulated in
cortical pieces in vitro by insulin or kit ligand, as discussed above, this is not the case for the
primary to secondary transition. Secondary follicles are preantral follicles with two or more
layers of granulosa cells. In whole newborn mouse ovaries placed in organ culture, second-
ary follicles are evident by day 8 of culture (Eppig & O’Brien 1996) and their numbers are not
significantly different from those observed in ovaries of 8-day-old mice in vivo (Gigli et al.
2005). Itis not clear whether the absence of the medulla in the bovine cortical cultures some-
how prevents follicles from making the transition or whether the transition involves different
signals or conditions in cattle than in mice.

Simply extending the culture period did not increase the percentage of secondary follicles
(unpublished data), nor did varying the oxygen concentration in vitro (Gigli et al. 2006). When
cortical pieces were cultured with 0, 2.5, 5, or 10% fetal bovine serum (FBS) in the presence
of 0, half-strength, or full-strength ITS+, the combinations most effective at increasing the
numbers of secondary follicles were half-strength ITS + with 5% or 10% FBS (Gigli et al. 2006).
Because there is evidence that androgens stimulate preantral follicular growth in mice and in
rhesus monkeys (Murray et al. 1998; Vendola et al. 1998; Vendola et al. 1999; Wang et al.
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2001), we cultured bovine cortical pieces with testosterone for 10 days. Testosterone caused a
dramatic (about 8-fold), dose-dependent increase in the number of secondary follicles compared
to control cultures (Fig. 9 A, B), whereas estradiol had no effect (data not shown), suggesting
that testosterone’s actions do not require conversion to estradiol (Yang & Fortune 2006). The
results of further experiments suggest that androgens play a role in vivo. A specific blocker of
the androgen receptor (flutamide) completely inhibited testosterone’s effects on the development
of secondary follicles and immunohistochemistry showed staining for the androgen receptor in
both stromal and follicular cells (see Yang & Fortune 2006 for further details). Because vascular
endothelial growth factor (VEGF) is an important regulator of angiogenesis and angiogenesis
plays an important role in later stages of follicular development (Zeleznik et al. 1981; Plend|
2000; Acosta et al. 2005), we treated bovine cortical cultures with graded doses of VEGF (1-
100 ng/ml in one experiment and 0.1-10 ng/ml in another). The results were similar to those
observed in the experiments with testosterone; there was a dose-dependent increase in the
number of secondary follicles of about 6-fold compared to control cultures (Fig. 9 C, D) (Yang
& Fortune 2007). Thus, we have found that both testosterone and VEGF dramatically increase
the primary to secondary transition. However, in both studies most follicles were at the early
secondary stage and further experiments are needed to determine how bovine follicles can be
“encouraged” to develop beyond that stage.
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Fig. 9. Effects of graded doses of testosterone (T; 107° to 107 M) or vascular endothelial
growth factor (VEGF; 0.1 to 10 ng/ml) on numbers of total and healthy follicles in ovarian
cortical pieces isolated from late term (5-8 mo. gestation) fetuses and cultured for 10 days
(white bars). Secondary follicles were not observed in freshly isolated cortical pieces (Day
0). Con:day 10 controls. Within each panel, means (bars; mean per section + SEM) with
no common letters are significantly different (P < 0.05; n = 3 fetuses). ND: not detected.
(Data are from Yang & Fortune 2006 and Yang & Fortune 2007.)
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Conclusions

The establishment of a pool of resting follicles and their gradual activation to begin growth are
essential for female fertility. The results presented in this review suggest that steroid hormones
produced by the bovine fetal ovary regulate both follicle formation and the acquisition by newly
formed follicles of the capacity to activate. The progression of first prophase of meiosis in the
oocytes of primordial follicles can also be regulated by steroids and achievement of meiotic
arrest may be an important component of competence of follicles to activate in response to an
activation signal. Once follicles have acquired the ability to activate, whether they activate or
not probably depends on the balance between inhibitory and stimulatory regulators in their
immediate environment. Our studies have provided evidence for AMH as an inhibitor and
insulin and kit ligand as stimulators of follicle activation in vitro. The primary to secondary
follicle transition is also critical for follicular development, but difficult to achieve in vitro. In
our experiments, supplements to the culture medium (ITS + and FBS), testosterone, and VEGF
increased the number of secondary follicles. At this point, there are many more questions
about early follicular development than there are answers. The answers seem worth pursuing,
since elucidation of the regulation of early stages of follicular development may lead to new
interventions to increase the size of the resting pool of follicles or to methods for enhancing
the fertility of valuable domestic animals.
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