Journal of Molecular Endocrinology

JJ ALLEN and others

Research

Regulation of steroidogenesis in fetal
bovine ovaries: differential effects of

LH and FSH

J J Allen, S L Herrick and J E Fortune

Department of Biomedical Sciences, Cornell University, Ithaca, New York, USA

LH and FSH regulate fetal 57:4 275-286
bovine ovarian steroids

Correspondence

should be addressed

to J J Allen

Email

jjaé3@cornell.edu

Abstract

In cattle, primordial follicles form before birth. Fetal ovarian capacity to produce
progesterone and estradiol is high before follicle formation begins and decreases around
the time follicles first appear (around 90 days of gestation). However, mechanisms

that regulate steroid production during this time remain unclear. We hypothesized

that LH stimulates progesterone and androgen production and that FSH stimulates
aromatization of androgens to estradiol. To test this, we cultured pieces from fetal
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bovine ovaries for 10 days without or with exogenous hormones and then measured the
accumulation of steroids in the culture medium by RIA. LH (100 ng/mL) alone increased
the accumulation of progesterone, androstenedione, testosterone and estradiol. FSH
(100 ng/mL) alone increased both progesterone and estradiol accumulation, but had no
effect on androgens. Exogenous testosterone (0.5 uM) alone greatly increased estradiol
accumulation and the combination of testosterone + FSH, but not testosterone +LH,

increased estradiol relative to testosterone alone. Interestingly, exogenous testosterone
and estradiol decreased progesterone accumulation in a dose-dependent manner.
Because the highest dose of estradiol (0.5 uM) decreased progesterone accumulation, but
increased both pregnenolone and androstenedione in the same cultures, endogenous
estradiol may be a paracrine regulator of steroid synthesis. Together, these results
confirm our initial hypotheses and indicate that LH stimulates androgen production

in fetal bovine ovaries via the A5 pathway, whereas FSH stimulates aromatization of

androgens to estradiol. These results are consistent with the two-cell, two-gonadotropin
model of estradiol production by bovine preovulatory follicles, which suggests that the
mechanisms regulating ovarian steroid production are established during fetal life.
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Introduction

A pool of non-growing, primordial follicles supplies
female mammals with oocytes throughout reproductive
life, and thus affects 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 remain quiescent for variable lengths

of time before they initiate growth (activate). 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 (Kezele & Skinner 2003, Pepling 2006).
In contrast, follicles form during early-to-mid-gestation in
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humans (Baker 1963), cattle (Erickson 1966, Russe 1983,
Tanaka et al. 2001, Yang & Fortune 2008, Garverick et al.
2010) and sheep (Russe 1983, Sawyer et al. 2002), making
follicle formation difficult to study in these species. Cattle
are not only an economically important species but also
an excellent model for early follicular development in
humans because the length of gestation and the timing
of folliculogenesis in fetal ovaries are similar in the two
species (Campbell et al. 2003). Our lab observed the first
primordial and primary follicles in fetal bovine ovaries
around 90 and 140 days of gestation, respectively (Yang
& Fortune 2008), consistent with the findings of Riisse
(1983) and Dominguez and coworkers (1988), but the
timing in other reports differs (Erickson 1966, Tanaka
et al. 2001, Nilsson & Skinner 2009, Garverick et al. 2010).

Factors that regulate follicle formation and activation
in utero are of practical importance for humans and
domestic species because they affect the size of the
primordial pool at birth, and hence, the female’s
reproductive potential. Progesterone and estradiol inhibit
primordial follicle formation in neonatal mouse ovaries,
both in vitro and in vivo (Chen et al. 2007). In cattle,
exogenous progesterone and estradiol inhibit both follicle
formation and the capacity of primordial follicles to
activate in vitro (Yang & Fortune 2008, Nilsson & Skinner
2009, Fortune et al. 2010). Interestingly, fetal ovarian
capacity to produce progesterone and estradiol decreases
around the time follicles form in cattle, and these steroids
remain low while the first growing follicles appear
(Dominguez et al. 1988, Yang & Fortune 2008, Nilsson &
Skinner 2009). These results support the hypothesis 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. In brief, LH stimulates the production of
androgens by theca cells, whereas FSH stimulates
granulosa cells to convert thecal androgens to estrogens
via the enzyme aromatase (reviewed in Fortune & Quirk
1988). Immunohistochemical studies localized protein
for aromatase in fetal bovine ovaries between 45 and
250 days of gestation (Burkhart et al. 2010, Garverick
et al. 2010), and gonadotropins are present in the serum
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of bovine fetuses of similar ages (Oxender et al. 1972b,
Challis et al. 1974, Tanaka et al. 2001, Muranishi et al.
2002). Ovaries from 120- to 260-day-old bovine fetuses
have binding sites for LH and FSH (Wandji et al. 1992), but
there is no information about ovaries of younger fetuses.
Based on these results, it seems likely 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
control (Shemesh & Hansel 1983). 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 Weniger 1990), particularly
when androgen substrate is provided. Aromatization of
exogenous androgens by fetal ovaries in vitro was also
observed in the absence of FSH (Shemesh 1980, Weniger
1990, Juarez-Oropeza et al. 1993). Estradiol synthesis
requires androgen precursors, but the regulation of
androgen production in fetal ovaries is poorly understood.
However, treatment of fetal bovine ovarian tissue in vitro
with steroid precursors (Juarez-Oropeza et al. 1993) or
8-Br-cAMP (Shemesh 1980) increased the accumulation of
testosterone in the culture medium, indicating that fetal
bovine ovaries have the capacity to produce androgens.

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 indicates that LH, and
perhaps FSH, can regulate fetal ovarian steroidogenesis.
Therefore, the objective of these studies was to test
the hypothesis that LH stimulates progesterone and
androgen production by fetal bovine ovaries, whereas
FSH stimulates the conversion (aromatization) of
androgens to estrogens. Because cattle are an excellent
model for human ovarian development (Campbell et al.
2003), results from these studies might be relevant to
both other ruminants and humans.

Materials and methods
Culture of fetal bovine ovarian pieces

Ovaries were dissected from fetuses (primarily Holstein)
between 74 and 114 days after conception (11.5-24cm
crown rump length (Rexroad et al. 1974)) because follicles
form around Day 90 in vivo, coincident with decreases
in capacity of fetal ovaries to produce progesterone
and estradiol (Yang & Fortune 2008, Nilsson & Skinner
2009). Experiments were replicated with at least three
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fetuses obtained on separate occasions at a local
slaughterhouse (Cargill Regional Beef; Wyalusing, PA,
USA). Preparation and culture of ovarian tissue are
described in detail elsewhere (Yang & Fortune 2008,
Wandji et al. 1996). In brief, ovaries were transported
to the lab at ambient temperature in Leibovitz L-15
medium (Life Technologies) supplemented with 1%
FBS, 50IU/mL penicillin and 50pg/mL streptomycin
sulfate (Life Technologies). Ovaries were then cut into
pieces (~1mm?3), and the pieces were cultured in wells
of 24-well Costar culture plates (two pieces/well; two
wells/treatment/fetus) in 300 uL of culture medium for
10 days at 38.5°C in a humidified incubator gassed with
5% CO,-95% air.

Control culture medium was Waymouth Medium
MB 752/1 (Life Technologies) supplemented with
25mg/L  pyruvic acid (Sigma-Aldrich), antibiotics
(50IU/mL penicillin G and 50pg/mL streptomycin
sulfate) and ITS+ (6.25ug insulin, 6.25ug transferrin,
6.25ng selenous acid, 1.25mg BSA and 5.35pg linoleic
acid per mL; Corning). Ovine FSH (NIADDK o-FSH17,
lot AFP6446C) and LH (NIADDK o0-LH26, lot AFP5551B)
were used. Stock solutions of testosterone, estradiol,
Sa-dihydrotestosterone (DHT) and androstenedione
were prepared in 100% ethanol. The aromatase inhibitor
letrozole (Sigma-Aldrich) was resuspended at 0.1M 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 in frozen form for analysis of
steroids by radioimmunoassay (RIA).

Measurement of steroids

Concentrations of progesterone, estradiol, andros-
tenedione, and/or pregnenolone in
unextracted culture medium were measured by RIA as
described previously (Berndtson et al. 1995b, Fortune
& Eppig 1979). Duplicate aliquots of 5-50uL of culture
medium were assayed and samples were diluted when
necessary to ensure that 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 pregnenolone, progesterone, androstenedione and
testosterone and 2.5 pg/tube for estradiol. Inter-assay

testosterone
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coefficients of variation (COVs) for pregnenolone,
progesterone, androstenedione, testosterone and
estradiol RIAs were 7.2, 9.3, 8.9, 8.6 and 9.3%,
respectively, and intra-assay COVs were 5.8, 7.3, 6.2, 7.5
and 8%, respectively. Cross-reactivities of the antibodies
used were described previously (Fortune & Hansel
1985). Concentrations of steroids were determined in
the culture medium collected on days 2, 4, 6, 8 and 10
of culture (every 2 days). Values are expressed as ng/
well (i.e. ng per 300 uL culture medium) because this is
a direct reflection of steroid content.

Statistics

Experiments were replicated with 3-7 fetuses obtained
on separate occasions, and treatments were applied
to duplicate culture wells for each fetus (n=2 wells
per treatment per fetus). To calculate 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 of data sets with heterogeneity of
variance. Data were then analyzed by ANOVA in SAS v9.3
using the generalized linear model (GLM) procedure.
Data presented are meanz+s.kM. of non-transformed
data. 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. A wide range of ages was
used in Experiment 1 (74-114 days), but there was no
significant effect of fetal age on the response of ovarian
pieces to hormonal treatment.

Results

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

We hypothesized that both gonadotropins stimulate the
production of progesterone by fetal bovine ovaries and
that LH specifically stimulates fetal ovarian production
of androgens, whereas 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 medium or with 100ng/mL LH, FSH or
LH+FSH in combination, each in the absence or presence
of testosterone (0.5uM), and the concentrations of
progesterone and estradiol in the culture medium were
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determined. The concentrations of hormones were
chosen based on previous studies on bovine preovulatory
follicles (Berndtson et al. 1995a).

Compared with control medium, LH, FSH and
LH+FSH increased cumulative progesterone by 1.7- to
3.4-fold (Fig. 1A; P<0.05). LH and LH+FSH were both
about twice as effective as FSH alone, and there was
neither an additive nor a synergistic effect of combining
LH and FSH. In contrast to the effects of gonadotropins,
testosterone reduced cumulative progesterone by 97 and
72%, compared with control and LH+FSH, respectively
(P<0.05). During the course of culture, progesterone
accumulation in control medium increased between Days
2 and 6, but plateaued thereafter, whereas exogenous
testosterone suppressed progesterone as early as Day 2
and for the duration of culture (Fig. 1B).

Compared with control medium, LH, FSH and
LH+FSH significantly increased estradiol accumulation
over 10 days of culture by 5-, 2- and 7.5-fold, respectively
(Fig. 1C). Although LH and FSH both increased estradiol
accumulation, 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 with control medium
without testosterone (P<0.05). The combination of
testosterone+LH was not different from testosterone
alone, but testosterone+FSH and testosterone+LH+FSH
approximately doubled the accumulation of estradiol
compared with testosterone alone (P<0.05). Analysis
of the time course of estradiol production showed that

Treatment in vitro

Day in vitro

LH and FSH regulate fetal
bovine ovarian steroids

57:4 278

accumulation of estradiol in control cultures decreased
from Day 2 to Day 10, but this pattern was reversed in
cultures with gonadotropins or testosterone (Fig. 1D). On
Day 2 and throughout culture, accumulation of estradiol
was much greater in cultures with testosterone than that
without testosterone.

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 the 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 100ng/mL LH, FSH
or LH+FSH.

Treatments had similar effects on the accumulation
of androstenedione and testosterone, but concentrations
of androstenedione were always much higher than those of
testosterone (Fig. 2). LH alone increased the accumulation
of both androstenedione (4.6-fold) and testosterone
(2.3-fold), whereas FSH and LH + FSH were similar to control
(Fig. 2A and C). This result supported the hypothesis
that FSH does not stimulate androgen production, but
increases the conversion of androgens to estrogens. To
test that hypothesis further, treatments were replicated
in combination with the aromatase inhibitor letrozole
(Let; 0.25uM) at the lowest concentration shown in
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n=14 cultures/treatment; 2 from each of 7 fetuses
(81-114 days old).
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dose-response studies to inhibit estradiol production in
the presence of testosterone (Supplementary Fig. 1, see
section on supplementary data given at the end of this
article). In the current experiment, letrozole reduced
estradiol to less than 6% of control values, even when LH
and FSH were present (Supplementary Fig. 2). Letrozole
alone, Let+LH and Let+FSH had no effect on
androstenedione or testosterone accumulation compared
with control, LH and FSH, respectively (Fig. 2A and
C). However, the addition of letrozole to cultures with
LH+FSH dramatically increased both androstenedione and
testosterone compared with LH + FSH alone, indicating that
FSH, not LH, stimulates the aromatization of androgens.

Accumulation of androstenedione and testosterone in
control cultures and with LH+FSH was low and relatively
consistent over time (Fig. 2B and D). Interestingly,
letrozole changed the temporal pattern of androgen
accumulation in the presence of LH; peak androgen
concentrations occurred much earlier in the presence of
the aromatase inhibitor. Time-courses for Let alone, FSH
alone and Let+FSH were not different from control and
are not shown in Fig. 2B and D to improve clarity.

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

To determine the sensitivity of fetal ovarian tissue to
gonadotropins, pieces of fetal bovine ovaries were cultured
for 10 days with 0O, 1, 2, 10, 50 or 100ng/mL LH or FSH.
Effects of graded doses of LH are shown in Fig. 3. All
concentrations of LH between 2 and 100ng/mL increased

10 different (P<0.05). n=10 cultures/treatment; 2
from each of 5 fetuses (76-89 days old).

the accumulation of steroids relative to control (P <0.05),
but 10ng/mL LH was the lowest dose that maximally
stimulated progesterone (2.6-fold), androstenedione
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Figure 3

Effects of graded doses of LH (0, 1, 2, 10, 50 and 100ng/mL) on
accumulation of progesterone (P,; panel A), androstenedione (A,; panel B)
and estradiol (E,; 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/treatment, 2 from each of 5 fetuses
(78-107 days old).
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(3.7-fold) and estradiol (10.7-fold). Higher doses of LH
(50 and 100ng/mL) maintained maximal concentrations
of progesterone, but not androstenedione or estradiol.
Thus, the response to LH was biphasic for both
androstenedione and estradiol, but not for progesterone.
Testosterone was not measured in this experiment
because testosterone accumulation paralleled that of
androstenedione in Experiment 2, but at much lower
concentrations, and the amount of medium was not
sufficient to measure all four steroids.

Figure 4 shows the effects of graded doses of FSH
on progesterone and estradiol accumulation. In the
absence of testosterone, only the highest dose of
FSH (100ng/mL) increased the accumulation of both
progesterone and estradiol, but 50ng/mL also stimulated
progesterone maximally (~2-fold; Fig. 4A and B). To
determine what concentrations of FSH stimulate the
aromatization of exogenous androgen, fetal ovarian
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Figure 4

Effects of graded doses of FSH (0, 1, 2, 10, 50 and 100 ng/mL) on
accumulation of progesterone (P,; panel A) and estradiol (E,; panel B)
over 10 days in cultures of fetal ovarian pieces from each of 3 fetuses
(78-99 days old; n=6 cultures/treatment). Shown in panel C is the
accumulation of E, over 10 days with testosterone (T; 0.5pM) and graded
doses of FSH based on data from 5 fetuses (78-107 days old; n=10
cultures/treatment). Within a panel, means with no common letters are
different (P<0.05).
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pieces were also cultured in medium with testosterone
(0.5pM) and the same doses of FSH (0-100ng/mlL),
and the accumulation of estradiol was measured. All
concentrations of FSH increased the accumulation of
estradiol maximally compared with treatment with
testosterone alone (Fig. 4C), indicating that fetal ovaries
are quite sensitive to FSH. Androgens were not measured
because FSH did not stimulate androgen production
in Experiment 2, and the effects of graded doses of FSH
on progesterone production were not determined when
testosterone was in the medium because testosterone
decreased progesterone concentrations so dramatically
in Experiment 1.

Experiment 4: Effects of androgens and estradiol on
progesterone production

Unexpectedly, testosterone decreased the accumulation of
progesterone in Experiment 1, even when gonadotropins
were present (Fig. 1A and B), implying that testosterone
inhibits progesterone production. We hypothesized that
testosterone inhibits progesterone indirectly through
its aromatization to estradiol. As an initial test of this
hypothesis, pieces of fetal bovine ovaries were cultured for
10 days in control medium or with 0.5uM testosterone,
estradiol or the non-aromatizable androgen DHT, each
in the absence or presence of 100ng/mL LH+FSH. As
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£
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Figure 5

Effects of control medium (Con), testosterone (T; 0.5uM), estradiol

(E,; 0.5pM) and 5-alpha-dihydrotestosterone (DHT; 0.5 yM), each in the
absence or presence of LH+FSH (both at 100 ng/mL), on the accumulation
of progesterone (P,) 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 (79-114 days old).
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Effects of control medium (Con), letrozole (Let; 0.25 uM), testosterone
(T; 0.5pM) and Let +testosterone on the accumulation of progesterone
(P,; black bars) and estradiol (E,; open bars) in cultures of fetal ovarian
pieces over 10 days. For each steroid, means with no common letters (P,:
a, b; E,: x-2) are different (P<0.05). n=6 cultures/treatment; 2 from each
of 3 fetuses (79-89 days old).

expected, testosterone, but not DHT, increased estradiol
production (JJ Allen, JE Fortune & MY Yang unpublished
observations), which agrees with previous studies
(Shemesh 1980). Accumulation of progesterone over 10
days in control cultures averaged 1.1ng/well (Fig. 5).
Compared with control, treatment with testosterone,
estradiol and DHT reduced progesterone accumulation by

Cumulative progesterone (ngiwell + S.E.M))

] 0.001 0.01 01 0.5
Treatment with androgen (uM)

Figure 7

Effects of graded doses of testosterone (T; panel A) or androstenedione
(A, panel B) on cumulative progesterone in cultures of fetal ovarian
pieces treated with either androgen at 0, 0.001, 0.01, 0.1 or 0.5uM 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
78-89 (panel A) or 78-94 (panel B) days old.
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94, 73 and 57%, respectively (P<0.05). LH+FSH enhanced
progesterone 3-fold relative to control, but addition of
testosterone, estradiol or DHT completely inhibited the
stimulation by the gonadotropins. Testosterone was most
inhibitory and reduced progesterone by 84% compared
with LH+FSH, which was well below the concentration in
control cultures (P<0.05).

These 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 inhibition by testosterone. To address this question,
we cultured fetal ovarian pieces in control medium or
with testosterone (0.5uM), in the absence or presence
of letrozole (0.25uM) to inhibit aromatase. Cumulative
estradiol averaged 3ng/well in control cultures and was
9-fold greater in the presence of testosterone alone (Fig. 6).
However, letrozole reduced the conversion of testosterone
to estradiol by about 97% (P<0.05). Compared with

results

Cumulative steroid (ng/well)

0 0001 001 041 0.5
Treatment with estradiol (pM)

Figure 8

Effects of graded doses of estradiol (E,; 0, 0.001, 0.01, 0.1 or 0.5 M)
on cumulative progesterone (P,; panel A), pregnenolone (Ps; panel B)
and androstenedione (A,; panel C) 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
(74-94 days old).
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control, 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.

Experiment 5: Effects of graded doses of testosterone,
androstenedione and estradiol on progesterone
production

The results mentioned previously support the hypothesis
that fetal ovarian (endogenous) estradiol, and possibly
androgens, are paracrine regulators of progesterone
production, but the concentrations of exogenous steroids
used in the experiments (about 150ng/mL) are much
higher than the concentrations of endogenous steroids
measured in cultures of fetal bovine ovarian pieces.
To determine if lower 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,
0.01,0.10r 0.5puM; i.e. about 0.3-150ng/mL). Each steroid
was tested on ovarian tissue from a different set of three
fetuses (74-94 days old).

All concentrations of testosterone, androstenedione
and estradiol reduced progesterone accumulation relative
to control in a dose-dependent fashion (P<0.05), but
0.5pM was maximal, reducing progesterone by 93, 88
and 79%, respectively (Figs 7 and 8A). Pregnenolone
and androstenedione were also measured in the estradiol
dose-response experiment. Interestingly, the highest
dose of estradiol also increased the accumulation of
pregnenolone and androstenedione in the same cultures
by 3- and 2-fold, respectively (P<0.05; Fig. 8B and C). This
suggested to us that estradiol inhibited the production
of progesterone via the A* pathway and promoted fetal
ovarian steroidogenesis via the A% pathway (pregnenolone
and dehydroepiandrosterone).

Discussion

Evidence from studies with cattle (Yang & Fortune 2008,
Nilsson & Skinner 2009) indicates that fetal ovarian
(endogenous) progesterone and estradiol are negative
regulators of follicle formation and activation in vivo.
However, the regulation of steroid production, particularly
the role of the gonadotropins, in fetal bovine ovaries
during critical periods of early follicular development is
poorly understood. This study showed that LH and FSH
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have differential effects on steroid production by fetal
bovine ovarian pieces in vitro and that estradiol also can
regulate fetal ovarian steroid production. These novel
results for fetal ovarian tissue are remarkably similar to the
effects of gonadotropins on steroid production by theca
and granulosa cells from bovine preovulatory follicles (i.e.
the two-cell, two-gonadotropin model (Fortune & Quirk
1988)). The inhibition of progesterone production by
estradiol that we observed was also noted in studies on
follicular cells from bovine preovulatory follicles (Fortune
1986). These results support the hypothesis that LH and
FSH target different fetal ovarian cells, with different cell
types producing androgens and estrogens. It is possible
that mechanisms regulating ovarian steroid production
are established during fetal life in cattle and are conserved
as ovaries develop. Given the similarity of ovarian
development and follicular function in humans and cattle
(Campbell et al. 2003), these results could provide a basis
for improving the understanding of ovarian development
in cattle and women.

Our study in vitro provides insight into the role(s)
of gonadotropins in fetal ovarian steroid production
in vivo. The concentrations of LH and FSH used in this
study are likely to be within physiological range. Low
concentrations of LH (2ng/mL; Fig. 3B) and FSH (1 ng/mL;
Fig. 4C) stimulated fetal ovarian androstenedione and
estradiol production, respectively. Around 90 days of
gestation, circulating concentrations of LH in female
bovine fetuses are about 3ng/mL (Oxender et al. 1972b,
Challis et al. 1974, Muranishi et al. 2002) and reports
on concentrations of FSH vary from about 3pg/mL
(Tanaka et al. 2001) to 1ng/mL (Muranishi et al. 2002).
Gonadotropins measured in these studies are likely
produced by the fetus because anterior pituitaries from
90-day-old bovine fetuses produced LH in vitro (Oxender
et al. 1972a) and because administration of GnRH to
120-day-old bovine fetuses in vivo increased concentrations
of LH in fetal circulation without affecting maternal LH
(Kiser et al. 1975). Furthermore, concentrations of LH
in fetal sera decrease between days 90 and 260, whereas
maternal concentrations remain constant (Oxender et al.
1972b), indicating that maternal and fetal gonadotropins
are regulated independently.

Our results show that LH, but not FSH, stimulates
androgen production by fetal bovine ovarian pieces.
LH alone increased the accumulation of both
androstenedione and testosterone in the culture
medium, whereas FSH alone was without effect, even
when conversion of androgens to estrogens was blocked
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by the aromatase inhibitor letrozole (Fig. 2). The
combination LH + FSH reduced androgen concentrations
relative to LH alone, but we hypothesized that this was
because FSH stimulated the aromatization of androgens
to estradiol. Addition of the aromatase inhibitor
letrozole to cultures with LH+FSH increased androgen
accumulation to the same degree as LH alone (Fig. 2),
confirming this hypothesis. Concentrations of LH
between 2 and 100ng/mL increased androstenedione
accumulation (Fig. 3), indicating that fetal bovine
ovaries are sensitive to very low doses of LH. In general,
these results are in agreement with the effects of LH
on androstenedione production by whole fetal porcine
ovaries maintained in organ culture (Raeside 1983). The
production of androstenedione was consistently greater
than testosterone, even when estradiol production
was inhibited (Fig. 2). Dominguez and coworkers
(Dominguez et al. 1988) found that the accumulation
of androstenedione and estrone in cultures of fetal
bovine ovarian pieces (75-125 days old) was greater
than testosterone and estradiol, respectively. Together,
these results indicate that androstenedione is the
major androgen produced by fetal bovine ovaries
and that estradiol production occurs predominantly
through conversion of androstenedione to estrone
and subsequent conversion of estrone to estradiol.
Interestingly, Shemesh (1980) suggested that androgen
substrate becomes limiting to ovarian estradiol
production in bovine fetuses older than about
90 days of gestation, which is when the capacity of
fetal bovine ovaries to produce estradiol decreases
dramatically (Dominguez et al. 1988, Yang & Fortune
2008, Nilsson & Skinner 2009). Because LH stimulated
androgen production in this study, it seems possible
that decreased fetal LH production after 90 days of
gestation (Oxender et al. 1972b) may cause decreased
fetal ovarian androgen (and progesterone) production
and a subsequent decrease in estradiol synthesis.
Addition of androgen precursor (testosterone) to
cultures of fetal ovarian pieces dramatically increased
the production of estradiol. Combination of testosterone
with FSH, but not LH, increased aromatization, and the
combination of LH+FSH was not different from FSH
alone (Fig. 1B and D). FSH (and LH+FSH) also increased
estradiol accumulation in the absence of added androgen.
Although LH increased estradiol in the absence
of exogenous androgen and enhanced the small effect
of FSH alone, this can be attributed to aromatization of
the increased androgens stimulated by LH, rather than a
direct effect on aromatization. Compared with LH alone,
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the combination LH+FSH reduced androgens (Fig. 2A
and C), but maintained increased concentrations of
estradiol within the same cultures (Supplementary
Fig. 2), providing additional evidence that only FSH
stimulates the conversion of androgens to estrogens.
In further support of this, combination of letrozole
with LH+FSH reversed the effects of FSH; estradiol was
reduced (Supplementary Fig. 2) and concentrations of
androgens were increased relative to LH+FSH (Fig. 2). In
the presence of testosterone, concentrations of FSH as low
as 1ng/mL increased estradiol accumulation maximally
(Fig. 4C), indicating that fetal ovaries are very sensitive
to FSH. Studies with other mammals showed that FSH
can regulate the production of fetal ovarian estrogens
with or without exogenous androgen present (reviewed
in George & Wilson 1979, Weniger 1990), which is in
agreement with our results.

Both LH and FSH increased progesterone
accumulation, but LH alone was more effective than
FSH alone (Fig. 1A), possibly because LH increased
progesterone as a precursor for androgen production,
whereas FSH primarily affected the aromatization of
androgens to estrogens. There was neither an additive
nor a synergistic effect of the combination LH+FSH,
which was similar to LH alone. Furthermore, a low
dose of LH (2ng/mL) stimulated progesterone and the
effect of LH was maximal at 10ng/mL (Fig. 3A), whereas
the lowest effective dose of FSH was 25 times higher
(50ng/mlL; Fig. 4A). Interestingly, the highest dose of LH
maintained maximal concentrations of progesterone,
but not androstenedione or estradiol, which is consistent
with the effects of low and high doses of LH on steroid
production by follicle cells from bovine preovulatory
follicles (Berndtson et al. 1995a,b). Addition of LH
(1pg/mL) to 24-h cultures of fetal bovine ovarian pieces
did not increase progesterone accumulation in a previous
study (Shemesh et al. 1978), but the concentration of
LH used and the duration of culture were quite different
from this study, so this discrepancy is not surprising.
Because progesterone production by fetal bovine testes
and ovaries begins before the sexually dimorphic patterns
of androgen and estrogen production, respectively
(Shemesh etal. 1978, Shemesh & Hansel 1983), there may
be a role for progesterone in early gonadal development.

Although fetal bovine ovaries are clearly responsive
to LH and FSH at the ages used in this study (74-114
days), it remains unclear which cells produce steroids
in response to gonadotropins. Binding sites for LH were
localized to theca cells of early antral follicles and binding
sites for FSH to granulosa cells of primary, secondary
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and early antral follicles in fetal bovine ovaries between
120 and 260 days of gestation (Wandji et al. 1992), but
younger ovaries have not been examined. Theca cells are
not present in fetal ovaries at the ages used in our study,
but androgen production appears to predominate in the
medulla of younger ovaries (45-75 days old) because cells
isolated from the medulla synthesized androstenedione
and testosterone from radioactive precursors at greater
rates than did cells from the ovarian cortex (Juarez-
Oropeza et al. 1993). Follicles (and granulosa cells) are
absent from fetal ovaries before 90 days of gestation,
yet steroid production is most robust before 90 days
(Dominguez et al. 1988, Yang & Fortune 2008, Nilsson &
Skinner 2009). Furthermore, aromatase was not associated
with primordial follicles in immunohistochemical
studies (Burkhart et al. 2010, Garverick et al. 2010),
so it remains unclear which cells produce steroids in
response to FSH at the ages in this study (74-114 days).
At 45 and 60 days, mRNA and protein for aromatase were
found generally throughout the ovary, but localization
becomes increasingly restricted to the cell streams and/
or rete tubules of the medulla between 75 and 105 days of
gestation (Garverick et al. 2010). If androgen production
is predominately in the medulla as suspected, it makes
sense that aromatase, and thus production of estrogens,
would also predominate in the medulla.

Although our initial objective was to study the
effects of gonadotropins on fetal steroidogenesis, we
found, unexpectedly, that both androgens and estradiol
decreased progesterone accumulation in cultures of fetal
bovine ovarian pieces, in the absence and presence of
gonadotropins. The effects of androgens appear to be direct,
rather than indirect through conversion to estradiol because
the non-aromatizable androgen DHT decreased progesterone
accumulation (Fig. 5) and testosterone inhibited progesterone
production, even when its conversion to estradiol was
blocked by letrozole (Fig. 6). Concentrations of endogenous
androgen in vivo are unlikely to reach concentrations that
were inhibitory to progesterone production in vitro. However,
the accumulation of estradiol in the culture medium could
be increased to a maximum of about 20ng/mL (Fig. 1D),
which is within the range of the concentrations that
were inhibitory when estradiol was given exogenously (~0.3—
150ng/mL). Interestingly, the highest dose of exogenous
(0.5uM) not only decreased progesterone
accumulation, but also increased pregnenolone and
androstenedione in the same cultures (Fig. 8), indicating
that estradiol blocked the conversion of pregnenolone
to progesterone by the enzyme 3p-HSD (A* pathway
of steroid synthesis), but promoted the conversion of

estradiol
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pregnenolone to androgen precursors by the enzyme
CYP17A1 (A5 pathway). The AS pathway appears to be
the predominant pathway used by fetal bovine ovaries
because cumulative pregnenolone and androstenedione
in control cultures were about 7 and 4 times greater
than progesterone and testosterone, respectively (Figs 2
and 8). Estradiol also inhibited progesterone production
by granulosa and theca cells of bovine preovulatory
follicles, but increased pregnenolone and androstenedione
production (Fortune & Hansel 1979a,b), supporting the
hypothesis that estradiol is a paracrine regulator of steroid
production in both fetal and adult ovarian tissue. There are
multiple isoforms of 3p-HSD, the enzyme that converts AS
steroids, like pregnenolone and dehydroepiandrosterone,
to A% steroids, like progesterone and androstenedione
(Miller 2008), and this may explain the differential
effects of estradiol on progesterone and androstenedione
production. Progesterone can inhibit follicle formation
and activation directly (M Yang and ] Fortune,
unpublished observations), and the pattern of progesterone
production in fetal bovine ovaries is distinct from that of
estradiol (Yang & Fortune 2008), so factors that differentially
regulate progesterone and estradiol production are of
interest.

Studies in vitro have provided evidence that ovarian
progesterone and estradiol regulate early bovine
follicular development, so it is imperative to understand
how fetal steroid production is regulated. Results of
this study showed that physiological concentrations
of gonadotropins had differential effects on androgen
(LH) and estradiol (FSH) production by fetal bovine
ovarian tissue in vitro and that progestin production
can be modulated by estradiol. The similarities between
adult and fetal ovarian steroid production in cattle
may indicate that mechanisms that regulate steroid
production are established during fetal life; disrupting
these mechanisms during early development may
impinge on adult ovarian function. These novel findings
for bovine ovaries may improve our understanding of
follicular development in other mammalian species,
such as humans and sheep, where early follicular
development is also difficult to study.
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