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ABSTRACT

Prenatal testosterone treatment leads to LH excess as well as
ovarian follicular and ovulatory defects in the adult. These
disruptions may stem from LH excess, abnormal FSH input,
compromised ovarian sensitivity to gonadotropins, or intrinsic
ovarian defects. To determine if exogenous gonadotropins
rescue ovarian and ovulatory function of testosterone-treated
sheep, the release of endogenous LH and biopotent FSH in
control and prenatal testosterone-treated sheep was blocked
with a GnRH antagonist during the first two breeding seasons
and with LH/FSH coadministered in a manner approximating
natural follicular phase. An acidic mix of FSH was administered
the first 36 h at 2-h intervals and a less acidic mix for the next 12
h at 1-h intervals (different FSH preparations were used each
year), and ovulation was induced with hCG. Circulating FSH and
estradiol responses to gonadotropins measured in 2-h samples
differed between treatment groups in Year 1 but not in Year 2.
Ovarian follicular distribution and number of corpora lutea (in
ewes that ovulated) tracked by ultrasonography and luteal
progesterone responses were similar between control and
prenatal testosterone-treated females but differed between
years. Furthermore, hCG administration induced large cystic
and luteinized follicles in both groups of females in Year 2,
although the growth rate differed between control and prenatal
testosterone-treated females. Our findings provide evidence that
1) ovulatory response in prenatal testosterone-treated females
can be rescued with exogenous gonadotropins, 2) resultant
follicular response is dependent on the nature of gonadotropic
input, and 3) an abnormal follicular milieu may underlie
differences in developmental trajectory of cystic follicles in
prenatal testosterone-treated females.

follicle-stimulating hormone, follicular cysts, follicular
development, FSH heterogeneity, gonadotropins, ovarian
follicles, ovary, ovulation, ovulatory cycle

INTRODUCTION

Prenatal testosterone-treated sheep manifest hypergonado-
tropism [1–3], polycystic ovarian morphology [4], and
progressive deterioration of the reproductive axis [5–7]. Both

a reduction in responsiveness to estradiol (E
2
) negative

feedback, which leads to an increase in LH pulse frequency
[2], and an increase in pituitary responsiveness to GnRH,
which leads to an increase in LH amplitude [8], contribute to
the development of hypergonadotropism [1–3, 8]. The increase
in the frequency of LH pulses, indicative of an increase in
GnRH pulse frequency, is likely to be accompanied by release
of less acidic, short-lived, but more biopotent mixes of FSH
isoforms [9, 10]. If so, continuous provision of such short-
lived, biopotent FSH to the ovary may be detrimental to the
progression of the follicle to the preovulatory state. A second
possibility is that the ovulatory disruption seen in prenatal
testosterone-treated sheep [7, 11] may be the outcome of the
elevated LH [1–3, 8] and the ensuing intrafollicular hyper-
androgenism [12]. In either case, providing LH and FSH at
concentrations approximating those occurring during the
natural follicular phase should optimize development of
preovulatory follicles and rescue ovulatory function.

A third possibility is that ovarian dysfunction seen in
prenatal testosterone-treated females is the result of intrinsic
ovarian defects. If these defects are too severe, provision of
exogenous gonadotropins will not rescue function. Alterna-
tively, if the defect involves reduced ovarian sensitivity to
FSH, ovarian function might be rescued by provision of
exogenous FSH. FSH plays a key role in maturation of
follicles, prevention of follicular atresia, induction of aroma-
tase, proliferation of granulosa cells, and induction of LH/FSH
receptors [13–17]. Treatments that lead to increases in
endogenous FSH [18–21] or administration of FSH in various
species [22–25] have been shown to overcome ovarian deficits
and increase ovulation rates. Administration of highly purified
FSH following GnRH analog suppression of gonadotropins
stimulated the development of ovulatory-sized follicles in
normal sheep that were fully capable of ovulation and
formation of normal corpora lutea (CL) [24]. In the present
study, we tested the hypothesis that provision of exogenous
gonadotropins in a manner closely approximating the follicular
phase, after blockade of endogenous LH and biopotent FSH,
would improve ovarian function and rescue ovulatory function
in prenatal testosterone-treated sheep.

MATERIALS AND METHODS

General

Acyline, a GnRH antagonist [26, 27], was obtained through the
Contraception and Reproductive Health Branch, National Institutes of Health.
Purified ovine pituitary LH used in the two main studies (same batch used in
our earlier study [28]) and purified ovine pituitary FSH (oFSH) used in study 1
were gifts from Dr. Harold Papkoff (University of California, Davis). Because
the FSH supply used in study 1 was no longer available, affinity-purified oFSH
(NIDDK oFSH-18, AFP5862D; potency 65-fold NIH-FSH-S1 per mg) was
purchased for study 2 through Dr. A.F. Parlow (National Hormone and Peptide

1This study was supported by USPHS grants R01-HD 41098 and P01-
HD44232 to V.P.
2Correspondence: Vasantha Padmanabhan, Department of Pediatrics
and Reproductive Sciences Program, University of Michigan, 300 N.
Ingalls Bldg., Rm. 1109 SW, Ann Arbor MI 48109-0404.
FAX: 734 936 8620; e-mail: vasantha@umich.edu

Received: 25 February 2008.
First decision: 1 April 2008.
Accepted: 13 May 2008.
� 2008 by the Society for the Study of Reproduction, Inc.
ISSN: 0006-3363. http://www.biolreprod.org

686



Program). For both studies, hCG (CG-10), purchased from Sigma-Aldrich, was
used to induce ovulation.

Preparation of Less Acidic Mix of FSH Isoforms

Less acidic mix of FSH (N-FSH) was prepared by treating oFSH with
neuraminidase, which cleaves terminal sialic acid residues [28]. For study 1, 4
mg of oFSH were dissolved in 8 ml of phosphate buffer (0.1 M Na/KPO

4
, pH

5.1) containing 1% BSA. Half the stock solution was treated with 0.4 ml of
neuraminidase (N-2133; Sigma-Aldrich) and the other half with 0.4 ml of
buffer. Both aliquots were incubated at 378C with mixing for 2.5 h. A 0.2%
stock of sodium azide (0.4 ml [w/v] dissolved in water) was added to stop
neuraminidase activity. For the second study, 2 mg of oFSH were dissolved in
phosphate buffer. Equal aliquots of this FSH stock were treated as described
above to produce C-FSH (untreated) and N-FSH (neuraminidase treated).

Chromatofocusing of FSH

The distribution patterns of FSH isoforms were assessed by chromatofo-
cusing as previously described [29]. The C-FSH and N-FSH stocks were
dialyzed overnight against 0.025 mol/L of imidazole-HCI (pH 7.4). The
solutions were applied to a 15- 3 0.9-cm column of PBE 94 resin (Pharmacia)
and eluted with polybuffer 74-HCl (pH 4.0; Pharmacia), and 2-ml fractions
were collected. When the pH of the eluent reached 4.0, we applied 1 M NaCl to
elute any remaining bound FSH. The immunoreactive FSH content of each
fraction was determined by RIA. Recovery of FSH for the study 1 and study 2
averaged 85% and 97%, respectively, for C-FSH and 81% and 110%,
respectively, for N-FSH.

Breeding, Prenatal Treatment, and Maintenance
of Experimental Females

Details of breeding and maintenance of breeder ewes and experimental
females have been described in detail elsewhere [6, 30]. Prenatal treatment
consisted of twice-weekly injections of 100 mg of testosterone propionate
(Sigma-Aldrich Corp.) in cottonseed oil (2 ml) from Days 30 to 90 of gestation
(term ¼ 147 d). Control ewes did not receive vehicle, because no differences
have been observed in twice-weekly progesterone (P

4
) patterns or cycle

characteristics [30] between those receiving vehicle and those that did not. The
same five control and five prenatal testosterone-treated females were used in the
two main studies. When twin births were involved, only one offspring from
each ewe was included in the study. All procedures were approved by the
University Animal Care and Use Committee at the University of Michigan.

Pilot Studies

To control LH/FSH input to the ovary of control and prenatal testosterone-
treated females (prenatal testosterone treatment leads to LH hypersecretion [1–
3, 8]), it is necessary to block endogenous GnRH action. Two pilot studies were
conducted to determine the optimal dosage and frequency of administration of
the GnRH antagonist. In the first pilot study, eight adult Suffolk sheep,
ovariectomized ;3 mo prior, received one injection of either 5 or 25 lg/kg of
GnRH antagonist dissolved in a 5% sterile dextrose (n ¼ 4 sheep for each
dosage). Blood samples (5 ml) were collected at 30-min intervals for 4 days
beginning 3 h before administration of GnRH antagonist. Suppression of LH
with either dose was immediate, but the duration of suppression was longer in
the sheep that received the 25 lg/kg dose compared to those that received the 5
lg/kg dose (Fig. 1, Top).

A second pilot study was performed to determine whether continuous
suppression of endogenous LH could be achieved by administering 10 lg/kg of
GnRH antagonist every 12 h for 72 h to three adult ewes ovariectomized ;4
mo prior and three ovary-intact prenatal testosterone-treated females (age, ;12
mo). Blood samples (3 ml) were taken at 0.5-h intervals beginning 6 h before
the first GnRH antagonist injection and ending 12 h after the last injection.
Complete and sustained suppression of LH in prenatal testosterone-treated and
overiectomized females was achieved beginning at 10 and 45 h, respectively,
after the first injection of GnRH antagonist (Fig. 1, Bottom). This dosage and
frequency of GnRH antagonist administration (10 lg/kg at 12-h intervals) was
chosen for the main studies.

Main Studies

Two studies were conducted to determine if delivery of LH/FSH, in a
manner that mimicked the natural follicular phase, after blockade of GnRH
action with the GnRH antagonist would normalize ovarian follicular dynamics
and restore ovulatory function in prenatal testosterone-treated females. Before

initiation of both studies, all control females showed regular progestogenic
cycles, whereas only one prenatal testosterone-treated female each year had
cycles with some regularity. The other four prenatal testosterone-treated
females showed cycle defects that ranged between oligo-ovulatory and
anovulatory with prolonged progestogenic cycles suggestive of luteinized
follicles, failure of CL to regress, or anovulatory condition [6, 31]. For both
studies, collection of blood samples and delivery of LH/FSH were made via an
indwelling catheter placed in the jugular vein.

Study 1. The first study was conducted near the end of the first breeding
season. The experimental design is summarized in Figure 2 (Top). Body
weights (mean 6 SEM) of the control and prenatal testosterone-treated females
averaged 46.9 6 2.4 and 51.0 6 4.2 kg, respectively, and did not differ. Two
20-mg i.m. injections of prostaglandin F

2a (PGF
2a; 5 mg/ml of Lutalyse; Pfizer

Animal Health) were administered 11 days apart to induce luteolysis and
synchronize initiation of the follicular phase in cycling females. Injections of
GnRH antagonist (10 lg/kg, 12-h intervals, s.c.) began 3 days before and
continued during the 48-h LH/FSH treatment.

Injections of LH/C-FSH (LH, 0.32 lg/kg; C-FSH, 0.17 lg/kg; i.v.) were
administered at 2-h intervals for 36 h, followed by injections at 1-h intervals of
LH/N-FSH (LH, 0.32 lg/kg; N-FSH, 0.17 lg/kg) for the next 12 h, as detailed
previously [4]. This frequency and duration of LH/FSH treatment approximates
the GnRH pulse frequency seen during the transition from the early to the late
follicular phase [32]. One hour after the last LH/N-FSH injection, 1500 IU of
hCG were given i.m. to each ewe to induce ovulation. Blood samples were
collected every 2 h starting 4 h before and concluding 96 h after start of the LH/
FSH treatment. The delivery pattern of LH and FSH was characterized from
blood samples collected every 12 min for 2 h during the LH/C-FSH and LH/N-
FSH treatments. Daily blood samples were taken for 14 days after cessation of
LH/FSH treatment to determine luteal function after hCG administration.
Circulating LH and FSH concentrations were determined in all 2-h and 12-min
samples, E

2
in alternate 2-h samples (every 4 h), and P

4
in daily samples.

Ultrasonography was performed before the start of GnRH antagonist
treatment (to assess pretreatment ovarian follicular population), before the start
of the LH/FSH treatment (to characterize the effect of GnRH antagonist
inhibition of endogenous LH/FSH production on ovarian follicular population),
at the end of the LH/FSH treatment (to characterize follicular response to
gonadotropin stimulation), 24 and 48 h after hCG administration (to assess

FIG. 1. Top) Duration of suppression of LH in ovariectomized control
females following a single administration of 5 or 25 lg/kg of the GnRH
antagonist, acyline. Bottom) Efficacy of 10 lg/kg of GnRH antagonist
administered every 12 h to ovariectomized control (OVX control) and
ovary-intact prenatal testosterone-treated (T-treated) females in achieving
prolonged suppression of LH. Arrows indicate time of administration of
the GnRH antagonist.
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ovulatory response), and 10 days after the start of LH/FSH injections (i.e., 8

days after hCG administration; to determine the number of CL developed).

Details of the ultrasonographic examination have been described in detail

elsewhere [6, 11, 33]. Briefly, ewes were restrained in a crate in the standing

position while both ovaries were examined using a rigid-mounted, 7.5-MHz

transducer connected to an Aloka SSD-900V.

Study 2. The second study was conducted near the end of the second

breeding season (Fig. 2). The mean body weights at the start of this study for

control and testosterone-treated ewes were 53.0 6 2.6 and 58.0 6 4.2 kg,

respectively, and did not differ. This study began during the luteal phase of a

synchronized cycle. All ewes received one 20-mg injection of PGF
2a. Based on

findings from study 1, the duration of GnRH antagonist treatment was

increased from 3 to 7 days to achieve better follicular suppression before

starting the LH/FSH injections. The GnRH antagonist treatment continued

through the 2 days of LH/FSH injections and ceased just before hCG treatment.

The frequency of injections of LH/FSH was similar to that of study 1. Based on

the concentrations and profiles of gonadotropins achieved in study 1,

adjustments were made in the amount of LH and the amount and mix of

FSH injected in study 2. For the first 36 h, 0.11 lg/kg of LH and 0.17 lg of C-

FSH were administered at 2-h intervals; for the next 12 h, 0.053 lg/kg of LH

(half the 2-h dose), 0.04 lg/kg of C-FSH (one-quarter of the 2-h dose), and 0.17

lg/kg of N-FSH were administered at 1-h intervals. The rationale for mixing C-

FSH and N-FSH was to allow delivery of FSH that mimicked the constitutive

(acidic) and regulated (less acidic) components of FSH release [34]. To induce

ovulation, hCG (1500 IU) was given to each ewe 1 h after the last LH/C-FSH/

N-FSH injection. Circulating LH and FSH levels were characterized in blood

samples collected every 2 h starting 4 h before and concluding 116 h after the

start of the LH/FSH administration as well as in frequent samples taken every

12 min for 2.4 h during the 2-h and 1-h LH/FSH administrations. Circulating E
2

was measured in all samples through the end of LH/FSH treatment, and P
4

was
measured in daily samples.

Transrectal ultrasonography was performed before the start of GnRH
antagonist injections (to characterize pretreatment ovarian follicular popula-
tion), the day before the start of LH/FSH administration (to assess the effect of
7-day treatment with the gonadotropin antagonist on ovarian follicular
population), daily for 6 days from the start of LH/FSH administration (to
characterize the effects of the LH/FSH and hCG administration on ovarian
follicular development and ovulation), and 12 days after the start of LH/FSH
administration (to determine the number of CL that developed in response to
the treatment paradigm). Because recording involved several sequential days, a
Sony DCRTRV33 was used to record the digital video output to monitor
changes over time.

Radioimmunoassays

A well-validated assay [35] was used to measure circulating concentrations
of LH. Sensitivity of the LH assay averaged 0.8 6 0.3 ng/ml. The intra-assay
coefficients of variations (CVs) based on four quality-control pools measuring
3.2 6 0.1, 7.9 6 0.2, 12.8 6 0.4, and 23.4 6 0.5 ng/ml averaged 6.2% 6
1.3%, 5.4% 6 1.1%, 4.8% 6 0.4%, and 5.3% 6 0.5%, respectively. Interassay
CVs based on the same quality-control pools were 13.3%, 7.0%, 11.4%, and
7.1%, respectively. Circulating concentrations of FSH were measured in
duplicate using a validated RIA [34]. Sensitivity of the FSH assay averaged
0.33 6 0.05 ng/ml. The intra-assay CVs based on two quality-control pools
measuring 4.1 6 0.1 and 12.1 6 0.2 ng/ml were 7.1% and 6.5%, respectively.
Interassay CVs based on the same two quality-control pools were 13.0% and
6.6%, respectively. Circulating concentrations of hCG (study 2 only) were
measured with a single two-site chemiluminescent immunoassay on the
ADVIA Centaur (Siemens Medical Solutions USA) using constant amounts of
two antibodies (an affinity-purified polyclonal goat anti-hCG labeled with
acridinium ester [DMAE] and a purified mouse monoclonal antibody
covalently coupled to paramagnetic particles). The assay measures analyte
concentrations to 1000 mIU/ml, with a minimum detectable concentration of
2.0 mIU/ml. Intra-assay assay CVs for quality-control pools measuring 7.9,
25.6, and 591.7 mIU/ml were 5.8%, 2.9%, and 4.1%, respectively. Circulating
concentrations of E

2
were measured in duplicate (300 ll of plasma) using a

validated assay first developed by Butcher et al. [36] and modified by
Tortonese et al. [37]. Assay sensitivity averaged 0.77 6 0.13 pg/ml (mean 6

SEM, n ¼ 12 assays). Intra-assay CVs based on four quality-control pools
measuring 2.0 6 0. 1, 3.5 6 0.1, 5.6 6 0.3, and 13.9 6 0.6 ng/ml averaged
9.9% 6 2.0%, 3.2% 6 0.8%, 13.3% 6 6.2%, and 13.9% 6 1.7%, respectively.
The interassay CVs for the same quality-control pools were 20.5%, 14.5%,
16.9%, and 13.7%, respectively. Plasma concentrations of P

4
were measured in

duplicate using a commercial RIA kit (Coat-A-Count P4; Siemans Medical
Solutions/Diagnostic). Validation of this assay for sheep plasma has been
described elsewhere [38]. The sensitivity of this assay was 0.06 6 0.01 ng/ml
(n ¼ 20 assays). The intra-assay CV based on two quality-control pools
measuring 1.5 6 0.04 and 14.0 6 0.4 ng/ml were 3.8% 6 0.8% and 4.3% 6

0.8%, respectively. The interassay CVs for the same quality-control pools were
11.5% and 12.1%, respectively.

Statistical Analyses

For both years, a repeated-measures ANOVA was conducted to compare
circulating levels of LH and FSH (2-h and 12-min samples), E

2
, P

4
, and hCG.

The repeated-measures ANOVA had one between-subjects factor (treatment)
and one within-subjects factor (time). The main effects of treatment and time as
well as the interactions between treatment and time were examined. The
following variables were examined by ANOVA: total P

4
produced, peak E

2
,

total amount of E
2

produced during the C-FSH and N-FSH pulsing periods,
total E

2
produced during gonadotropin treatment, and peak hCG. To assess

whether prenatal testosterone-treated ewes that were anovulatory (n ¼ 3 each
year) responded differently to the LH/FSH treatment, separate analyses were
performed. For both years, the proportion of ewes that exhibited a rise in P

4
and

the number of CL and luteinized follicles after induction of ovulation with hCG
was compared by the Fisher exact test and ANOVA, respectively. To assess
changes in follicular dynamics during each year, all follicles of 2 mm or larger
in diameter were recorded. Follicles were classified into the following size
classes: 3 mm or less, greater than 3 mm, 3–4 mm, from greater than 4 to 8 mm,
and greater than 8 mm. The size classes of from greater than 3 to 4 mm and of
from greater than 4 to 8 mm correspond to gonadotropin-independent recruited
follicles and those selected to become ovulatory-sized follicles [16, 17, 39],
respectively. Follicular counts of individual sizes and within size classes were
examined by ANOVA. Repeated-measures ANOVA was used to characterize
the time trajectory of follicle counts for each of the follicle size categories and
to compare the prenatal testosterone-treated and control groups. All the counts

FIG. 2. Schematic detailing the experimental design of the two studies
conducted during the first two breeding seasons. The GnRH antagonist
was given every 12 h (for 5 days in study 1 and 9 days in study 2) to block
endogenous LH and the GnRH-induced release of less acidic FSH.
Starting 3 and 7 days after the start of GnRH antagonist treatment, LH/C-
FSH was given every 2 h (denoted as C) for 36 h, followed by
administration of LH/N-FSH or LH/C-FSH/N-FSH hourly for next 12 h in
study 1 and study 2, respectively (denoted as N). Ovulation was induced
by administering 1500 IU of hCG. Starting from 4 h before the start of LH/
FSH administration, blood samples were collected at 2-h intervals until 96
h (Year 1) or 116 h (Year 2). Black boxes represent the period of frequent
sampling (12-min intervals) conducted to characterize the profile of LH
and FSH following an injection. Daily blood samples were taken for 15
and 19 days in study 1 and study 2, respectively, for measurement of
circulating levels of progesterone to assess function of corpora lutea.
Transrectal ultrasonography (US) was performed to characterize ovarian
follicular response to the exogenous pulses of LH/FSH and CL
development. See text for complete description of dosage and timing of
treatments.
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were square-root transformed before analysis. Time was treated as a discrete
variable. The interaction term between time and treatment group was included
in each model. When a time 3 treatment interaction existed, further analysis
was carried out by comparing the means of follicle counts on each day of
scanning. When no significant interaction was found, the two groups were
pooled to test the time effect. A Bonferroni adjustment was used when
comparing the means of counts on different days. To assess growth rate of
follicles reaching greater than 8 mm after hCG treatment, a mixed model was
used to capture the growth curve of follicles and to test the difference between
treatment groups. Interaction between time (day) and group was added to the
model to allow differences in shape of the curve between groups. All analyses
were performed using SAS for Windows 9.1.3 (SAS Institute, Inc.). A P value
of less than 0.05 was considered to be significant.

RESULTS

Distribution Profile of FSH Isoform Mixes Used
in the Two Studies

The distribution patterns of FSH isoforms in the C-FSH and
N-FSH used in the two studies are shown in Figure 3A. For
reference, circulating patterns of LH and FSH during the
natural follicular phase (n ¼ 18, composite data from earlier
studies) and the FSH isoform distribution pattern before and
during the first induced follicular phase of pubertal sheep
(closed bars) from a previous publication [40] are provided in
the Figure 3, B and C, respectively.

Study 1. More than 80% of the C-FSH (Papkoff
preparation) used in study 1 eluted in the salt peak.
Neuraminidase treatment shifted the FSH distribution to a less
acidic side, with more than 70% of N-FSH eluting in fractions

with pH less than 5.4. Less than 10% of FSH eluted in fractions
with pH greater than 5.4 in both C-FSH and N-FSH.

Study 2. Less than 20% of FSH in C-FSH (Parlow
preparation) eluted in the salt peak, as opposed to more than
80% in study 1. In contrast, nearly 80% of FSH isoforms in C-
FSH used in study 2 eluted in fractions with pH less than 5.4.
Neuraminidase treatment further shifted the FSH distribution to
a less acidic side, with more than 60% of N-FSH eluting in
fractions with pH greater than 5.4. The distribution of FSH in
both C-FSH and N-FSH differed considerably from that in the
C-FSH and N-FSH used during study 1.

Reproductive Hormonal Changes

Study 1. Patterns of gonadotropin release before, during,
and after administration of LH/FSH in study 1 are shown in
Figure 4. Circulating concentrations of LH (Fig. 4A, top) were
near the detection limit in both control and prenatal
testosterone-treated females before initiation of LH/FSH
treatment, the result of GnRH antagonist treatment (Fig. 4A,
top, first three points). Circulating patterns of LH determined at
2-h intervals did not differ between control and prenatal
testosterone-treated females during the gonadotropin treatment
period. No differences were evident in delivered pulses of LH
between control and prenatal testosterone-treated females (Fig.
4A, top, inset). In contrast, circulating FSH as determined in 2-
h samples (Fig. 4A, bottom) during the LH/C-FSH adminis-
tration period was consistently higher (P , 0.05) in the control
females compared to the prenatal testosterone-treated females.

FIG. 3. A) On the left are elution patterns
of FSH isoforms from study 1 (top) and study
2 (bottom) following chromatofocusing
separation of C-FSH and N-FSH prepara-
tions. Bar graph on the right shows the
percentage of FSH eluting in fractions with
pH greater than 5.4, pH less than 5.4, and
salt peaks. Note the differences in distribu-
tion of FSH isoforms used in the two studies.
B) Circulating patterns of LH and FSH
during the natural follicular phase (n ¼ 18,
composite data from earlier studies). Arrows
indicate timing of the LH surge. C) FSH
eluting in fractions with pH greater than 5.4,
pH less than 5.4, and salt peaks following
chromatofocusing separation of circulating
FSH from prepubertal and pubertal lambs
from a previous study [40].
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Circulating FSH patterns during the LH/N-FSH administration
at 1-h intervals and corresponding LH/N-FSH delivery profiles
were similar (P . 0.05) between control and prenatal
testosterone-treated females. In stark contrast to levels of
FSH being lower in prenatal testosterone-treated females, the
E

2
rise (Fig. 4B, left) was higher (P , 0.05). Circulating levels

of E
2

achieved in the prenatal testosterone-treated females that
were anovulatory before initiation of the study did not differ
from the group statistics (Fig. 4B, right). Peak and total E

2

produced as well as total E
2

released during LH/C-FSH and
LH/N-FSH pulse periods were higher (P , 0.02) in the

prenatal testosterone-treated ewes compared to controls (Fig.
4C).

Study 2. Patterns of gonadotropin release before, during,
and after the LH/FSH treatment are shown in Figure 5. No
differences were detected in circulating patterns of LH and
FSH during the 2-h samples or LH/C-FSH and LH/C-FSH/N-
FSH delivery patterns (Fig. 5A, insets) between control and
prenatal testosterone-treated females (P . 0.05). Repeated-
measures analyses revealed no differences in circulating E

2
between control and prenatal testosterone-treated females

FIG. 4. A) Mean circulating patterns of LH and FSH achieved in control
(C) and prenatal testosterone-treated (T) females from study 1, conducted
during the first breeding season. Delivery patterns of LH/FSH assessed
from frequent samples are shown as insets. Period 1 represents the LH/FSH
injection period at 2-h intervals and period 2 the injection period at 1-h
intervals. B) Mean circulating patterns of estradiol achieved in control and
prenatal testosterone-treated females. Circulating patterns of estradiol in
the subset of prenatal testosterone-treated females that were anovulatory
before the start of study are shown on the right. C) Estradiol summary
statistics, amount of estradiol produced during the C-FSH and N-FSH
administration, peak levels achieved during gonadotropin treatment, and
total estradiol produced during the gonadotropin treatment. Asterisks
indicate significant differences from control females (*P , 0.05).

FIG. 5. A) Mean circulating patterns of LH and FSH in control (C) and
prenatal testosterone-treated (T) females from study 2, conducted during
the second breeding season. The LH/FSH delivery patterns from the
frequent sampling time periods (period 1, LH/C-FSH administered every 2
h; period 2, LH and C-FSHþN-FSH administered every 1 h) are shown as
insets. B) Mean circulating patterns of estradiol achieved in control and
prenatal testosterone-treated females. Results for the subset of prenatal
testosterone-treated females that were anovulatory before the start of study
are shown on the right. C) Estradiol summary statistics (amount of estradiol
produced during the C-FSH and C-FSHþN-FSH administration, peak
levels achieved during gonadotropin treatment, and total estradiol
produced during the gonadotropin treatment). Asterisks indicate signifi-
cant differences from control females (*P , 0.05, **P , 0.01).
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during the C-FSH treatment period, although significant
differences were evident at some time points during the FSH
treatment period at 1-h intervals (Fig. 5B). The peak level of E

2
achieved at the end of gonadotropin treatment and total amount
of E

2
released during LH/C-FSH or LH/C-FSH/N-FSH

treatment period did not differ between control and prenatal
testosterone-treated females (Fig. 5C). When only the three
anovulatory prenatal testosterone-treated ewes were consid-
ered, all measured variables of E

2
were significantly higher in

the prenatal testosterone-treated females. This increase was
reflected in the E

2
release during the LH/C-FSH/N-FSH pulse

periods (P , 0.01) as well as peak (P , 0.02) and total (P ,
0.01) E

2
concentrations achieved. Circulating E

2
concentra-

tions during the LH/C-FSH period also tended to be higher (P
¼ 0.06) in anovulatory prenatal testosterone-treated females
compared to control females.

hCG Stimulation and Luteal Response (Study 1 vs. Study 2)

Patterns of hCG achieved in study 2 (not determined in
study 1) and luteal response that followed hCG administration
at the end of LH and FSH treatment for both study 1 and study
2 are presented in Figure 6. Patterns of hCG achieved in control
and prenatal testosterone-treated females were similar (Fig. 6,
inset, study 2). Peak circulating concentrations of hCG
averaged approximately 130 IU/ml. Circulating concentrations
of hCG did not return to baseline at the end of 60 h. In study 1,
four of five control (80%) and three of five prenatal
testosterone-treated (60%) females had a luteal P

4
increase in

response to hCG administration. In study 2, four of five control
(80%) and five of five prenatal testosterone-treated (100%)
females had a P

4
rise following hCG stimulation. Although the

average number of CL and total P
4

released were similar
between control and prenatal testosterone-treated females in
both years, the number of CL and total P

4
released were greater

in study 2 compared to study 1. Multiple luteinized follicles
were detected on the ovaries of ewes from both treatment
groups in study 2 (5 6 1.1 and 6 6 3.3 in control and prenatal
testosterone-treated females, respectively) on Day 19 after
PGF

2a.

Follicular Dynamics (Study 1 vs. Study 2)

Study 1. Distribution of the total number of follicles within
each size class before and after GnRH antagonist treatment,
during LH and FSH treatment, and after hCG treatment is
shown in Figure 7 (left). Three days of treatment with the
GnRH antagonist was not sufficient to alter the distribution
pattern of any follicular size classes in control or prenatal
testosterone-treated females. The LH and FSH treatment tended
to increase the number of follicles with a diameter of less than
3 mm (P ¼ 0.08). The numerical increase in follicles of .3
mm, 3–4 mm, and from greater than 4 to 8 mm in diameter in
both control and prenatal testosterone-treated females did not
achieve significance.

Study 2. Ultrasonographic images of follicles before and
after GnRH antagonist treatment, during and end of LH and
FSH treatment, and after hCG administration from both ovaries
of one control and one prenatal testosterone-treated female are
shown in Figure 8. Only small-sized follicles were evident after
GnRH antagonist treatment in either control or prenatal
testosterone-treated females (Fig. 8, Post GnRH-A) but before
LH/FSH administration. The LH and FSH treatment increased
follicular size. Follicles larger than 8 mm were evident after
hCG treatment, persisted, and continued to grow. To facilitate
comparison with study 1, summary statistics of distribution of

follicles within each diameter class from study 2 are presented
in the Figure 7 (right). Unlike the 3-day treatment in study 1,
the 7-day GnRH antagonist treatment tended to decrease the
number of follicles of larger than 3 mm (P ¼ 0.08) and,
specifically, follicles in the size class of 4–8 mm (P ¼ 0.06).
Treatment with LH/FSH increased the number of follicles
larger than 3 mm (P , 0.05). This increase was reflected in
both the 3–4 mm and 4–8 mm follicular classes. Follicles larger
than 8 mm were not present in control or prenatal testosterone-
treated females. Administration of hCG resulted in a
progressive decline of follicular number in all the above
classes (�3 mm, 3–4 mm, and 4–8 mm; P , 0.05; pre-hCG vs.
96-h post-hCG). Follicles larger than 8 mm were evident after
hCG administration in both control and prenatal testosterone-
treated females. Analyses of growth rate of follicles during the
48 h of LH/FSH treatment found a significant effect of day (P
, 0.0001) but not of prenatal testosterone treatment.
Considering all follicles together, the average growth rate
was approximately 1 mm/day. Growth curve analyses after
hCG administration of follicles that reached larger than 8 mm
found that the shape of the growth curves differed between the
control and prenatal testosterone-treated groups (P , 0.01).
The growth curve of follicles from the control group followed a
quadratic function, whereas follicles from the prenatal
testosterone-treated group exhibited a cubic function. Growth
rates of follicles in prenatal testosterone-treated females
averaged 2.1, 2.9, 2.1, and 0 mm for prenatal testosterone-
treated group at 24, 48, 72, and 96 h post-hCG, respectively.
Corresponding follicular growth rates for controls averaged
1.2, 2.3, 2.8, and 2.9 mm, respectively. The fastest growth rate

FIG. 6. Left) Percentage of ewes that showed a rise in P
4

following hCG
administration, number of CL per ewe, and total progesterone production
from both study 1 and study 2. Right) Mean circulating patterns of
progesterone in control (C) and prenatal testosterone-treated (T) females
following ovulation induction with hCG at the end of LH/FSH treatment
from study 1 (top) and study 2 (bottom). Inset shows circulating patterns of
hCG achieved following administration of 1500 IU of hCG (not
determined in study 1).

OVULATION IN PRENATAL TESTOSTERONE-TREATED SHEEP 691



was evident 48 h post-hCG in prenatal testosterone-treated
females and 96 h in control females.

DISCUSSION

The findings of the present study provide evidence that
ovarian function, as determined on the basis of ovulatory/luteal
response in prenatal testosterone-treated females, can be
restored by blockade of endogenous GnRH action and
provision of exogenous gonadotropins. From the standpoint
of assisted reproductive technology, the present study also
stresses the importance of providing an appropriate mix of FSH
isoforms in achieving optimal ovarian follicular development.
In addition, because hCG treatment induced cystic follicular
development not only in prenatal testosterone-treated sheep but
also in control ewes, the intrafollicular milieu following

exogenous gonadotropin drive is likely to have been abnormal,
contributing to development of large, persistent follicles.

Rescue of Ovarian Function in Prenatal Testosterone-
Treated Females

The main goal of the present study was to determine if we
can restore ovulatory function in prenatal testosterone-treated
females. Consistent with our earlier studies, which documented
that prenatal testosterone-treated females manifest oligo-
ovulation or anovulation [7, 11], four of five prenatal
testosterone-treated females manifested absent or prolonged
progestogenic cycles (suggestive of existence of luteinized
follicles or failure of CL to regress) before the start of the
study. In study 1 and study 2, ovarian stimulation with
exogenous gonadotropins after GnRH antagonist treatment
resulted in comparable ovulatory and luteal response in control
and prenatal testosterone-treated females. Lack of differences
in the percentage of control and prenatal testosterone-treated
females ovulating, number of CL formed, and pattern and
amplitude of P

4
rise achieved between control and prenatal

testosterone-treated females supports the idea that exogenous
gonadotropins can, indeed, restore ovulatory/luteal function in
prenatal testosterone-treated females.

In earlier studies, we found the prenatal testosterone-treated
females exhibit defects at both the ovarian and neuroendocrine

FIG. 7. Total number of follicles in size classes of �3 mm, greater than 3
to 4 mm (gonadotropin-dependent recruited follicles), greater than 4 to 8
mm (follicles selected to become ovulatory sized), and greater than 8 mm
as detected by ultrasonography in both ovaries of control (C) and prenatal
testosterone-treated (T-treated) sheep from study 1 and study 2.
Ultrasonography was performed before initiation of the study, after 2
days of GnRH antagonist treatment, after 48 h of LH/FSH injections, and
24 and 48 h after induction of ovulation with hCG in study 1 and before
initiation of the study, after 6 and 7 days of GnRH antagonist treatment,
after 24 and 48 h of LH/FSH injections, and 24, 48, 72, and 96 h after hCG
administration in study 2. Gray-shaded areas correspond with LH/FSH
injections. Double asterisks indicate significant differences (**P , 0.01).

FIG. 8. Ultrasonographic images of ovary from one control and one
prenatal testosterone-treated (Prenatal T-treated) ewe before and after
GnRH antagonist (GnRH-A) administration, 24 and 48 h after start of LH/
FSH treatment, and 24, 48, and 96 h after hCG administration. Scale
shown at top right applies to all images.
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levels [41, 42]. The ability to rescue ovulatory function in
prenatal testosterone-treated sheep with exogenous LH/FSH
indicates that the primary defect responsible for ovulatory
failure resides at the neuroendocrine level. Restoration of
ovulatory function, however, does not imply that the ovary is
completely normalized. The finding of temporal differences in
the development of cystic follicles following hCG stimulation
supports this premise. Earlier studies in rhesus monkeys found
that prenatal testosterone treatment compromises oocyte
quality [43]. Our earlier studies using sheep treated prenatally
with testosterone from Days 60 to 90 of gestation, which
manifested a less severe reproductive phenotype than the
females treated with testosterone from Days 30–90 of gestation
(present study), found a significant decrease in pregnancy
outcomes [44], suggestive of compromised oocyte quality.
Future studies need to address if oocyte quality is normalized in
follicles that develop following exogenous gonadotropin
stimulation.

Importance of Nature of Gonadotropin for Rescuing
Ovulatory Function

Our findings emphasize the importance of using appropriate
gonadotropic stimuli to achieve desired assisted reproductive
technology outcomes and avoidance of deleterious effects, such
as ovarian hyperstimulation syndrome. These differences were
reflected in number of CL formed (one to two in study 1 and
multiple in study 2). From the standpoint of overcoming human
infertility with exogenous FSH, the outcome achieved with the
gonadotropin treatment provided in study 2 may be optimal for
IVF protocols but not for gonadotropin stimulation protocols,
in which the end goal is to facilitate a monovular condition.

The fact that a higher percentage of prenatal testosterone-
treated animals ovulated during study 2 compared with study 1
may reflect differences in gonadotropin stimulation or in age of
the treated animals. The number of prenatal testosterone-treated
females available precluded follow-up studies comparing the
two FSH preparations in parallel, thus limiting the nature of the
conclusions being drawn. To what extent do the gonadotropic
delivery patterns in these two studies parallel what is seen
during the follicular phase in vivo? No differences were
observed in frequency of gonadotropin administration between
the two studies, but clear differences were found in the amount
of gonadotropins delivered and in the distribution pattern of
FSH. The delivery of gonadotropins at 2-h intervals for the first
36 h and then at 1-h intervals for the next 12 h for the most part
mimicked the low-frequency LH pulses seen during the early
follicular phase and the high-frequency pulses seen during the
late follicular phase [34]. The circulating concentrations of LH
achieved during gonadotropin administration at 1-h intervals in
study 1 were higher than those occurring during a natural
follicular phase, but the mean circulating concentrations of LH
achieved in study 2 paralleled levels in control ewes during a
natural follicular phase (Fig. 3B). The circulating levels of FSH
achieved in studies 1 and 2 were within the range seen during a
normal follicular phase; however, the isoform distribution
profile of C-FSH used in the two studies differed. The lower
circulating concentrations of FSH achieved in prenatal
testosterone-treated females compared with control females in
study 1 during the C-FSH administration period, in spite of
similar administration of FSH from the same stock prepara-
tions, indicate differences in the rate of clearance. This suggests
the presence of higher concentrations of enzymes involved in
the conversion of FSH isoforms eluting at pH less than 4 (salt
peak) to pH 4–5.4 in prenatal testosterone-treated females
compared to control females. In contrast to study 1, the

circulating patterns of FSH achieved in control and prenatal
testosterone-treated females in study 2 were identical during
both C-FSH and N-FSH administration. Such differences
between these two studies likely relate to differences in mixes
of FSH administered (see Fig. 3).

Ovarian response reflects not only the amount of FSH
delivered but also the FSH isoform mix provided. This is
highlighted by the fact that the FSH treatment in study 2, in
spite of achieving circulating amounts of FSH nearly
comparable to those in study 1, produced more follicles larger
than 3 mm. To what extent the higher LH achieved in study 1
contributed to such differences is unclear. Paradoxically, the
higher levels of LH achieved did not facilitate growth of
follicles larger than 8 mm in study 1 during the 2 days
following hCG stimulation (such follicles were evident in study
2 at 2 days post-hCG). Furthermore, the fact that circulating
patterns of FSH were within the range seen during the follicular
phase, but that the FSH isoform distribution patterns were not,
highlights the complexity in achieving the desired delivery
pattern of FSH using available FSH preparations. Until
designer FSH, comprised of the FSH isoform mixes seen
during the early and later follicular phases, is available, it will
not be possible to replicate the delivery pattern of FSH seen in
natural cycles.

From the standpoint of ovarian response, higher peak
concentrations of E

2
were achieved in study 2 compared to

study 1 in the face of similar circulating concentrations of FSH.
This may stem from higher numbers follicles in the size classes
of 3–4 and 4–8 mm that developed in response to exogenous
gonadotropin stimulation in study 2 compared to study 1. On
the other hand, the absence of differences in follicular diameter
classes between control and prenatal testosterone-treated
females in study 1, in spite of lower circulating FSH in
prenatal testosterone-treated females, indicates that the higher
E

2
rise in prenatal testosterone-treated females reflects

increased follicular sensitivity to gonadotropins.

Follicular Persistence

The development of large follicles (.8 mm) by 48 h post-
hCG and their persistence in both control and prenatal
testosterone-treated females in study 2 indicate that the
prolonged half-life of hCG may have contributed to follicular
persistence. Many other studies, however, have found that
elevated LH is not associated development of cystic follicles
[45, 46]. In support of this, large cystic follicles were not
evident in study 1 (studied only on Day 2 post-hCG), despite
elevated LH concentrations achieved during gonadotropin
administration at 1-h intervals and a similar hCG trigger for
ovulation induction. Therefore, differences between study 1
and study 2 indicate that the FSH isoform mix used in study 2
may be conducive to an abnormal follicular environment and
development of follicular cysts. For example, increased
incidences of aberrant follicular development and of unovu-
lated follicles frequently are detected when eCG, as opposed to
other FSH preparations, is used in superovulatory regimens (for
review, see [46]). Although large follicles and follicular
persistence are noted in both prenatal testosterone-treated and
control females, the observation that their growth dynamics
differ is indicative of persisting differences in the intrafollicular
milieu between the two groups.

Overall, the present study documents that ovulatory function
can be rescued in prenatal testosterone-treated females with
exogenous gonadotropins. The present results, however, do not
address the root cause of the reproductive defects. To what
extent the ovulatory defects in prenatal testosterone-treated
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females are the result of altered ovarian gonadotropin receptor
expression, are caused by defects in steroidogenic potential of
ovarian follicles, and involve differences in gonadotropic drive
of control and prenatal testosterone-treated females remains to
be determined.

In summary, our findings provide evidence that ovulatory
response in prenatal testosterone-treated females can be restored
with exogenous gonadotropins, that optimal ovarian follicular
development is dependent on the nature of gonadotropin input,
and that an abnormal follicular milieu may contribute to the
temporal differences in development of cystic follicles between
prenatal testosterone-treated and control females.
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