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ABSTRACT

Preovulatory GnRH and LH surges depend on activation of
estrogen (E2)-inducible progesterone receptors (PGRs) in the
preoptic area (POA). Surges do not occur in males, or in peri-
natally androgenized females. We sought to determine whether
prenatal androgen exposure suppresses basal or E2-induced Pgr
mRNA expression or E2-induced LH surges (or both) in adult-
hood, and whether any such effects may be mediated by andro-
gen receptor activation. We also assessed whether prenatal an-
drogens alter subsequent GnRH pulsatility. Pregnant rats re-
ceived testosterone or vehicle daily on Embryonic Days 16–19.
POA-hypothalamic tissues were obtained in adulthood for PgrA
and PgrB (PgrA1B) mRNA analysis. Females that had prenatal
exposure to testosterone (pT) displayed reduced PgrA1B mRNA
levels (P , 0.01) compared with those that had prenatal expo-
sure to vehicle (pV). Additional pregnant animals were treated
with vehicle or testosterone, or with 5a-dihydrotestosterone
(DHT). In adult ovariectomized offspring, estradiol benzoate
produced a 2-fold increase (P , 0.05) in PgrA1B expression in
the POA of pV females, but not in pT females or those that had
prenatal exposure to DHT (pDHT). Prenatal testosterone and
DHT exposure also prevented estradiol benzoate-induced LH
surges observed in pV rats. Blood sampling of ovariectomized
rats revealed increased LH pulse frequency in pDHT versus pV
females (P , 0.05). Our findings support the hypothesis that
prenatal androgen receptor activation can contribute to the per-
manent defeminization of the GnRH neurosecretory system,
rendering it incapable of initiating GnRH surges, while accel-
erating basal GnRH pulse generator activity in adulthood. We
propose that the effects of prenatal androgen receptor activation
on GnRH neurosecretion are mediated in part via permanent
impairment of E2-induced PgrA1B gene expression in the POA.

androgen receptor, gene regulation, gonadotropin-releasing hor-
mone, luteinizing hormone, progesterone receptor

INTRODUCTION

In female rats, ovarian estrogen (E2) evokes preovula-
tory gonadotropin surges through its combined actions in
the brain and pituitary gland. In preoptic-hypothalamic tis-
sues, E2 couples a daily neural signal to the neural systems
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governing GnRH neurosecretion, thereby permitting the
timed release of the GnRH surge during the late afternoon
hours of proestrus. In gonadotropes, E2 directs a robust
increase in responsiveness to GnRH stimulation. The net
result of these parallel actions of E2 is the secretion of a
massive proestrus LH surge, which in turn, triggers ovu-
lations on the following morning of estrus.

Estrogen treatments have long been known to stimulate
expression of progesterone receptors (PGRs) in preoptic
and mediobasal hypothalamic tissues [1, 2]. In this study,
we have proposed that the ability of E2 to evoke a GnRH
surge depends on the capacity of the steroid to induce
PGRs, particularly in the anteroventral periventricular
(AVPv) nucleus. The AVPv, a sexually dimorphic nucleus
[3, 4], contains a dense population of steroid receptor-ex-
pressing neurons, and it has been shown to function as a
critically important integrative locus controlling ovulatory
cyclicity and release of gonadotropin surges [5, 6]. Several
of our recent findings have supported the idea that E2-in-
duced PGRs in the AVPv are obligatory in the GnRH
surge-generating process, including observations that PGR
knockout (PRKO) mice are incapable of releasing sponta-
neous or E2-induced gonadotropin surges [7], and that PGR
antagonism and knockdown of Pgr gene expression in the
AVPv and adjacent preoptic tissues can block E2-induced
GnRH and LH surges in female rats. On the basis of these
findings, we have proposed a model for release of the
GnRH surge that holds that E2-induced PGRs in the AVPv
can be activated by neural signals in a ligand-independent
manner. We hypothesize that through this mechanism, E2
acts to couple the daily neural signal to the surge-releasing
mechanism, and thereby prompts appropriately timed re-
lease of the preovulatory GnRH surge.

The same E2 treatments that induce LH surges in female
rats, however, are incapable of evoking appreciable LH
surges in male rats [8–11]. This is likely due to the early
organizational actions of prenatal and perinatal androgen
secretions, which may program male preoptic and hypotha-
lamic tissues to exhibit refractoriness to the surge-inducing
actions of E2 in adulthood. Because the ability of E2 to
induce PGRs in preoptic tissue is also attenuated in males
compared to females [12–14], and given the critical depen-
dence of GnRH surges on PGR activation, it is possible
that early androgen exposure may render males incapable
of releasing GnRH surges in response to E2 by permanently
conferring resistance to PGR induction by E2 in preoptic
and hypothalamic target neurons. Early findings that neo-
natal androgenization confers resistance to progesterone
(P4) would also be explained on this basis [15, 16]. The
present experiments tested this idea by examining the abil-
ity of E2 to induce PGRs and LH surges in adult prenatally
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androgen-exposed female rats. We reasoned that androgen
exposure—specifically an exposure that mimics the prena-
tal androgen surge in the male fetus—would defeminize
both the LH surge mechanism and responsiveness to PGR
induction by E2. We also assessed whether prenatal andro-
gen exposure leads to any permanent changes in the basal
activity of the GnRH pulse generator, as deduced from pul-
satile LH patterns. To assess the specific importance of an-
drogen receptor (AR) activation in prenatal programming,
we compared the effects of prenatal testosterone (T) and
the nonaromatizable androgen, dihidrotestosterone (DHT),
on both the surge and pulse generating mechanisms in the
adult female rat. Our hormonal treatments consisted of free
T and free DHT injections on Gestational Days 16–19, so
as to limit the duration and magnitude of the fetal exposure
to the steroid; the free steroids were used because they have
short half-lives and are metabolized more rapidly than their
esters, particularly propionate [17]. Therefore, the effects
induced by these hormones are specific to the days of ad-
ministration to the pregnant animal [18]. Gestational Days
16–19 were chosen because the endogenous prenatal T
surge in male rats starts on Day 16 and remains elevated
throughout Day 19 [19, 20].

Our results suggest that there exists a prenatal period
during which androgens, at least in part via AR activation,
can permanently render females resistant to the PGR-in-
ducing actions of estrogen, and thereby defeminize the LH
surge mechanism. Androgen actions during this same pe-
riod also appears to direct development of a hyperactive
GnRH pulse generator.

MATERIALS AND METHODS

Animals and Hormone Treatments

Virgin female rats (experiment 1), and pregnant rats and their female
offspring (experiments 2–5) were used in these studies (Sprague-Dawley,
Charles River Laboratories, Portage, WI). Animals in all experiments were
provided rat chow and water ad libitum, and housed in a temperature-
controlled (23–258C) and light-controlled (14L:10D) environment. All an-
imal procedures were completed in accordance with protocols specifically
approved by the Animal Care and Use Committee at Northwestern Uni-
versity (Evanston, IL).

Prenatal hormone exposures were accomplished by treatment of preg-
nant dams from Embryonic Day 16 to Embryonic Day 19 with daily
injections (i.p., s.c.) of either free T or DHT, or sesame oil/benzyl benzoate
vehicle (V) solution. This hormonal paradigm mimics the endogenous T
surge that is observed in male rats. Plasma T levels are elevated in male
rats between Gestational Days 16 and 19 compared to females rats [19,
20]. Free T and DHT were used because they have relatively short half-
lives compared to T propionate and DHT propionate [17], and therefore,
the effects induced by these androgens can be assumed to be specific to
these gestational days. Injections were composed of 5 mg of either T or
DHT dissolved in a 1:4 solution of benzyl benzoate:sesame oil. This dose
of T was selected on the basis of previous experiments demonstrating that
the administration of the free steroid at this dose is capable of partially
masculinizing the anal-genital distance and sex behavior [18]. Our own
experiments revealed that a similar dose of free DHT produced the same
degree of masculinization of the anal-genital distance as did the free T
treatments. The anal-genital distance was significantly larger in both the
female rats exposed prenatally to testosterone (pT; 1.96 6 0.02 cm) and
in those exposed prenatally to DHT (pDHT; 1.98 6 0.01 cm) compared
with female rats exposed prenatally to vehicle (pV; 1.51 6 0.01 cm; P ,
0.001; n 5 7 for all groups). The duration of pregnancy was similar among
animals of all three treatment groups (21–22 days). Postweaning body
weights were not significantly different among animals in each treatment
group, and maternal care was not observed to be grossly disrupted in any
of the treated mothers. All experiments were conducted on prenatal-ex-
posed female rats between Postnatal Days 60–70, an age that is after the
onset of puberty in pV rats. Estrous cyclicity was determined by daily
inspection of vaginal cytology. Because pT and pDHT females exhibited
partial masculinization of the external genitalia, vaginal smears could not

be obtained from these animals; however, they were subject to similar
handling procedures for experimental consistency.

Semiquantitative Reverse Transcription-Polymerase Chain
Reaction Analysis of Progesterone Receptor mRNA

In all experiments, tissues were obtained between 1130 and 1200 h for
subsequent reverse transcription-polymerase chain reaction (RT-PCR)
analysis of Pgr mRNA as previously described [21]. Animals were first
anesthetized via halothane inhalation, decapitated, and tissues were rapidly
dissected and processed. In initial experiments, blocks of tissue that isolate
the mediobasal hypothalamus and preoptic area (MBH/POA) were ob-
tained as previously described [22]. In other experiments, the POA was
isolated and analyzed alone, as indicated. Tissues were homogenized in
Trizol reagent (Invitrogen, Carlsbad, CA) using a Polytron homogenizer
(Brinkmann Kinematica, Westbury, NY). Subsequently, all RNA samples
were treated with RQ1 RNase-free DNase (Promega, Madison, WI) and
purified with a phenol/chloroform extraction. Approximately 4–5 mg of
total RNA was reverse transcribed into cDNA using 103 buffer (Mg-free;
Perkin-Elmer), 10 mM dNTPs, 25 mM MgCl2, random hexamer primers
(450 mg/ml), RNasin (33 U/ml; Promega), and Maloney-murine leukemia
virus reverse transcriptase (10 U/ml; Promega). The reaction mixture was
incubated at 218C for 10 min, held at 428C for 75 min, and followed by
5 min at 958C. Two separate PCR protocols were employed to detect the
combination of both isoforms of PGR mRNA, PgrA1B, or the PgrB iso-
form alone. Primers for the first PCR, 59-CCCACAGGAGTTTGT-
CAAGCTC-39 (sense) and 59-TAACTTCAGACATCATTTCCGG-39 (an-
tisense), were initially designed by Park and Mayo [23] to amplify the
ligand binding domain, which is common to both A and B isoforms. The
second PCR amplified a fragment with the primers 59-GTGTGAG-
GATTCTGCCTTTC-39 (sense) and 59-CGCTCTCAGGACTTCTTACG-
39 (antisense), binding to the 59 untranslated region of rat Pgr cDNA that
is unique to the B isoform whose sequence was originally published by
Park-Sarge and Mayo [24] and retrieved from GenBank (accession num-
bers L16921 and L16922). One of us had previously validated this semi-
quantitative PCR method [21] with samples normalized to the amplified
product of the housekeeping gene RPL19 as an internal control. Signal
intensities were quantified by PhosphorImaging with the Image Quant pro-
gram (Molecular Dynamics, Sunnyvale, CA).

Experiment 1: Analysis of EB Induction of PgrA1B
and PgrB mRNA in the MBH/POA

At random stages of the estrous cycle, rats were bilaterally ovariecto-
mized under metophane anesthesia at 0900–1100 h. The day of surgery
was designated as Day 0. At 1100 h on Days 6 and 7, animals were
injected (s.c.) with either vehicle (sesame oil) or estradiol benzoate (EB;
10mg/rat; n 5 6/treatment). Rats were killed by decapitation at 1100 h on
Day 9, and MBH/POA tissues were collected for RNA extraction. All
tissues were analyzed by semiquantitative RT-PCR for the combined
PgrA1B mRNA expression, and for PgrB mRNA expression alone.

Experiment 2: Expression of PgrA1B in the MBH/POA
of Females Prenatally Exposed to V or T

MBH/POA tissues were dissected from cycling pV females at 1130–
1200 h on metestrus or proestrus. Because vaginal smears were unattain-
able in the rats exposed prenatally to testosterone (pT), they were age-
matched to the pV animals, and their tissues were gathered randomly on
days coinciding with dissections of the pV female tissues. PgrA1B mRNA
expression was detected in all tissues via semiquantitative RT-PCR.

Experiment 3: Effects of EB on LH Secretion and PgrA1B
mRNA Expression in Females Prenatally Exposed to V, T,
or DHT

A group that had been exposed prenatally to DHT was included to
ascertain the role of AR versus estrogen receptor (ER) activation in utero
on EB-induced PgrA1B mRNA expression levels in the adult animal.
Females exposed prenatally to vehicle were ovariectomized at 0900 h on
diestrus, while the age-matched pT and pDHT rats were ovariectomized
at the same time. All treatment groups were subsequently injected with 30
mg EB or with oil vehicle. At 1200 h on the following day, the POA,
defined by a block extending 2 mm rostrally from the caudal border of
the optic chiasm, 2 mm dorsal to the ventral surface of the forebrain, and
1 mm to each side of the sagittal midline, was dissected and PgrA1B
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1477PRENATAL ANDROGENS BLOCK Pgr GENE EXPRESSION

FIG. 1. Effects of ovariectomy and EB replacement (10 mg EB s.c.) on
PgrB and PgrA1B mRNA levels in the MBH/POA. Semiquantitative RT-
PCR results show a 1.5-fold and 2.2-fold induction (*P , 0.05) of PgrB
and PgrA1B, respectively, in ovariectomized females treated with EB
compared with those females with ovariectomy and vehicle treatment.
No induction was seen in the ovariectomized animals treated with ve-
hicle. These data are expressed as a fraction of the 0900 h metestrus
control to easily display the difference in fold induction and are repre-
sented as mean 6 SEM.

expression was determined by semiquantitative RT-PCR. The POA section
dissected included the AVPv, which is known to be a center for the GnRH/
LH surge mechanism, and as such it was analyzed apart from MBH/POA
tissue as described in experiment 1. A second cohort of females was sim-
ilarly ovariectomized and treated with EB, and catheters were surgically
implanted into the left jugular vein of these females to permit blood sam-
pling the following day. A twice-hourly blood sampling paradigm was
used to assess the effects of prenatal androgen treatments on the ability of
EB to induce LH surges. Blood samples were obtained from 1200 h to
2100 h, 24 h after EB injection, to assess the potential release of LH surges
that are normally induced using this treatment regimen [7]. Serum was
collected and subsequently analyzed by LH radioimmunoassay.

Experiment 4: LH Pulsatility in Females Prenatally
Exposed to V, T, or DHT

Animals that had been prenatally exposed to vehicle were ovariecto-
mized at diestrus, and the pT and pDHT females were ovariectomized at
similar days of age. On the seventh day after ovariectomy, rats were fitted
with jugular catheters to facilitate blood sample collection on the following
day. Blood samples were collected every 5 min for 3 h from 1200 h to
1500 h, and serum LH levels were determined via LH radioimmunoassay.

Experiment 5: Pituitary Responsiveness to GnRH
in Females Prenatally Exposed to V, T, or DHT

To assess the locus of prenatal androgen effects on LH pulsatility, LH
responses to GnRH challenges were determined in pV, pT, and pDHT rats.
Metestrus pV rats and age-matched pT and pDHT females were fitted with
jugular catheters. On the following day, animals were bled every 5 min
for 3 h from 1200 h to 1500 h. Samples were collected for 1 h before
GnRH treatment to provide baseline measurements for each animal. At 60
and 120 min, rats were injected with 25 ng and 100 ng GnRH in 0.9%
saline, respectively. All serum samples were subsequently analyzed by LH
radioimmunoassay.

Radioimmunoassays

LH and FSH standards, RP-3 and RP-2, respectively, were generously
provided by the National Institute on Diabetes and Digestive and Kidney
Diseases (Bethesda, MD). The sensitivity of the LH and FSH radioim-
munoassays (RIAs) were 0.01 and 0.05 ng/tube, respectively. The intraas-
say coefficients of variance (CV) for the LH RIA was 14.8% and the FSH
RIA was 4.4%. P4 and T serum levels were determined using reagents
provided by RIA kits from ICN Pharmaceuticals (Costa Mesa, CA). Sen-
sitivities for these kits are 0.15 ng/nl for P4 and 20 pg/ml for T. The
intraassay CV for P4 was 3.1%, and it was 7.5% for T. Serum E2 concen-
trations were determined by RIA kits from Diagnostic Products Corp. (Los
Angeles, CA). The sensitivity and intraassay CV were 2 pg/ml and 1.00%,
respectively. All data are presented as means 6 SEM.

Statistical Analysis

To compare Pgr mRNA expression and hormone levels among treat-
ment groups in experiments 1–4, separate one-way analyses of variance
(ANOVAs) and Newman-Keuls multiple comparison posthoc tests were
used. In experiment 4, LH pulses were identified and pulse characteristics
were determined by the ULTRA software program originated by Dr. Van
Cauter, University of Chicago, Chicago, IL [25]. A threshold of 2 times
the CV in the corresponding ranges of values in the LH radioimmunoassay
was used in the algorithm program to identify significant LH pulses. LH
pulse amplitude (difference in value from peak to trough), LH pulse fre-
quency, and mean LH concentration were determined for 6 pV and pT
rats, and for 3 pDHT females. The average for each treatment group was
calculated and significant differences were assessed using separate one-
way ANOVAs with the Newman-Keuls multiple comparison posthoc test.
LH hormone levels in the GnRH challenge experiment were statistically
analyzed using NCSS 97 (Number Cruncher Statistical Systems, Kays-
ville, UT). Two-way ANOVA with repeated measures was used for com-
parisons of hormone levels between the groups. Posthoc comparisons were
made with the Duncan multiple-comparisons test. For all posthoc statistical
analyses, P , 0.05 was used to judge significance between treatment
groups.

RESULTS

Experiment 1: Effects of EB on PgrA1B and PgrB mRNA
in MBH/POA

An initial experiment explored the ability of EB to in-
duce PgrA1B and PgrB mRNA expression in the MBH/
POA tissue. Hypothalamic tissues of ovariectomized fe-
males treated with oil vehicle were compared with those
that had been ovariectomized and injected with EB. Ovari-
ectomy for 8 days did not significantly alter mRNA levels
for either PgrA1B or PgrB in the MBH/POA compared
with intact metestrus females (Fig. 1). Treatment with EB
on Days 6 and 7 after ovariectomy caused a significant 1.5-
fold and 2.2-fold induction of PgrA1B and PgrB mRNA
levels in the MBH/POA (*P , 0.05 compared with met-
estrus females and those that had been ovariectomized and
treated with vehicle). Because the induction of PgrA1B
and PgrB mRNA by EB were not significantly different
from each other, we assessed only alterations in PgrA1B
mRNA as a representative total PGR change by EB in all
subsequent experiments. In contrast to the MBH/POA, the
mRNA levels for both Pgr isoforms were not significantly
increased in the hippocampus or the amygdala of animals
that were treated with EB (data not shown).

Experiment 2: PgrA1B mRNA Expression and Basal
Hormone Levels in Androgenized Rats

To test the hypothesis that prenatal androgen exposure
influences PgrA1B expression in adulthood, the MBH/
POA tissues of adult pV animals in metestrus (pV-Met) and
proestrus (pV-Pro) and age-matched pT females were dis-
sected at 1200 h. Semiquantitative RT-PCR revealed, as
depicted in Figure 2, a significant (P , 0.01; F2,11 5 8.231)
decrease in PgrA1B mRNA expression in the MBH/POA
of the pT rats (n 5 6) compared with the pV-Pro females
(n 5 5). Statistical analysis of Pgr mRNA expression levels
in pV-Met animals (n 5 4) approached but did not reach a
statistically significant difference from levels in pT females.

Hormone levels were measured from serum obtained
from prenatally vehicle-exposed females at 1200 h on met-
estrus and proestrus. Serum was similarly collected from
age-matched pT and pDHT females. Table 1 represents a
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FIG. 2. Effects of prenatal testosterone-exposure on adult female Pgr ex-
pression in the MBH/POA. Semiquantitative RT-PCR demonstrates a sig-
nificant (*P , 0.01) reduction in Pgr expression in the pT (n 5 6) females
compared with prenatal vehicle-exposed rats whose tissues were collect-
ed at proestrus (pV-Pro; n 5 5). The data are normalized for total RNA to
the housekeeping gene RPL19, and are represented as mean 6 SEM.

FIG. 3. Effects of EB on Pgr mRNA in prenatally androgenized female
rats. EB (30 mg s.c.) can significantly induce Pgr mRNA expression in the
POA of ovariectomized pV rats compared with those pV rats that were
ovariectomized and given a oil vehicle (*P , 0.05; n 5 6 for both ovari-
ectomy/oil and ovariectomy/EB). No induction of Pgr mRNA expression
was seen by EB over the ovariectomy and oil-treated group in either pT
(n 5 7 for both ovariectomy/oil and ovariectomy/EB) or pDHT (ovariec-
tomy/oil; n 5 7, ovariectomy/EB; n 5 9) rats. The data are normalized for
total RNA to the housekeeping gene RPL19, and are represented as mean
6 SEM.

TABLE 1. Serum hormone profiles from pV, pT, and pDHT rats.a

Hormone pV-Metestrus pV-Proestrus pT pDHT

E2 (pg/ml)
P4 (ng/ml)
LH (ng/ml)
FSH (ng/ml)
T (ng/ml)

16.3 6 4.4
32.1 6 2.8*
1.23 6 0.18
6.4 6 1.3

0.03 6 0.01

38.0 6 10.3
14.6 6 1.8
0.86 6 0.10
5.1 6 0.6

0.04 6 0.01

22.4 6 0.94
24.7 6 5.0
0.77 6 0.14
5.9 6 0.8

0.03 6 0.01

23.9 6 6.8
25.6 6 4.8
0.73 6 0.28
7.1 6 1.2

0.03 6 0.01
a Data are represented as mean 6 SEM (*P,0.05 as compared to pV-Pro rats).

combination of basal hormone profile of animals from mul-
tiple experiments; therefore, sample size varied between
hormones with a range from n 5 6 to n 5 15. The hormone
levels dropped in the normal range for the pV females, and
within the range of constant estrus for the pT and pDHT
rats, as would be predicted by previous studies [26]. No
significant differences were observed among treatment
groups for serum progesterone, estradiol, LH, FSH, and tes-
tosterone levels.

Experiment 3: Prenatal Androgen Effects on E2-Induced
PgrA1B mRNA Expression in POA and E2-Induced LH
Release

The effects of prenatal androgen on PgrA1B mRNA ex-
pression in the POA were explored to more specifically
assess alterations in Pgr expression that may be relevant to
GnRH surge production [27, 28]. By 24 h, EB treatment in
ovariectomized rats produced a significant, 2-fold (P ,
0.05; n 56 for each group; F5,36 5 2.960) increase in
PgrA1B expression in the POA of the pV rats compared
with those treated with oil (Fig. 3). By contrast, EB was
without effect on PgrA1B expression in the POA of pT (n
5 7 for both groups) and pDHT (ovariectomized/oil, n 5
7; ovariectomized/EB, n 5 9) rats.

As depicted in Figure 4, prenatal androgen exposure re-
sulted in a complete refractoriness to LH surge induction
by EB. Robust LH surges were observed in all pV females
(n 5 4), and were absent in the pT (n 5 3) and pDHT (n
5 3) rats. The area under the LH curves (data not shown)
confirms the significant increase in LH secretion in the pV
animals (F2,7 5 4.511; P , 0.05).

Experiment 4: Effects of Prenatal Androgens on GnRH
Pulsatility

To further investigate the effects of prenatal androgen
exposure on GnRH secretion, GnRH pulse generator activ-
ity as characterized by LH pulse frequency and amplitude
in ovariectomized females were examined. Examples of the
LH pulse profiles for pV, pT, and pDHT females are shown
in Figure 5, a, b, and c, respectively. A summary of the
LH pulse characteristics from these animals is presented in
Figure 6. Pulse frequency (F2,14 5 5.445), pulse amplitude
(F2,17 5 4.054), and mean LH (F2,14 5 4.575) secretion are
increased in the pDHT rats (P , 0.05, n 5 3) compared
with the pV females (n 5 6). Pulse frequency was signifi-
cantly increased in pT animals (P , 0.05; n 5 6) compared
with the pV females; however, pulse amplitude and mean
LH values from the pT animals were not significantly dif-
ferent from corresponding values in either pV or pDHT
females.

Experiment 5: Pituitary Responsiveness to a GnRH
Challenge

Figure 7 presents the mean baseline LH, and the LH
responses after injection with 25 ng or 100 ng GnRH. Anal-
ysis of serum LH levels revealed a modest increase after
treatment with 25 ng GnRH and a significant effect of 100
ng GnRH on LH levels in all 3 treatment groups (P , 0.05
for pV and pT; P , 0.01 for pDHT; F2,9 5 10.29). There
were, however, no differences in the magnitudes of the re-
sponses observed among the treatment groups. These re-
sults indicate that the effect of prenatal androgen on the
GnRH pulse generator is at the level of the hypothalamic
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FIG. 4. Effects of prenatal exposure androgen exposure on EB-induced
preovulatory LH surges. Prenatal exposure to both T and DHT blocks the
preovulatory LH surge in adulthood. Statistically significant LH surges
were released in prenatally vehicle-exposed rats (n 5 4) the day following
ovariectomy at 0900 h and EB treatment (30 mg s.c.), but no LH surges
were seen in pT (n 5 3) or pDHT (n 5 3) females under the same con-
ditions. The data are represented as mean 6 SEM.

FIG. 5. Effects of prenatal androgen exposure on GnRH pulse generator
activity. Representative LH pulsatility profiles demonstrating an acceler-
ation in pulse generator activity in pT (B) and pDHT (C) rats compared
with pV females (A). *Significant pulse by ULTRA pulse analysis program.

secretion of GnRH, and is not due to an alteration in sen-
sitivity of the pituitary to GnRH.

DISCUSSION

Sex differences in gonadotropin secretory patterns are
established during fetal and perinatal development, when
testicular androgen secretions appear to render the devel-
oping male brain incapable of producing preovulatory go-
nadotropin surges in adulthood [8–11]. In the absence of
this androgen exposure, the female POA and hypothalamus
acquire the ability to sustain normal, female-typical cyclic
gonadotropin secretions as adults [5, 6]. It is thus generally
held that the default developmental pathway for neurons
controlling the GnRH surge is female, and that early an-
drogen action in the brain represents a defeminization of
this pathway. This idea is strongly supported by the obser-
vation that female rodents exposed to exogenous androgens
in fetal or perinatal development exhibit male-typical, acy-
clic gonadotropin secretion patterns [18, 29]. The mecha-
nisms by which early androgen exposure can suppress go-
nadotropin secretion in adulthood have remained unclear,
and were a major focus of the present studies. We provide
new evidence that androgens can exert these organizational
effects by 1) prenatally activating the AR, and thereby 2)
programming permanent refractoriness of POA neurons to
the PGR-inducing actions of E2.

In female rodents, preovulatory GnRH surges are de-
pendent on the ability of ovarian E2 to couple a daily neural
signal [28, 30, 31] to the neuronal circuitry that governs
GnRH release. This coupling process appears to be medi-
ated by the ability of the steroid to induce Pgr expression
in the AVPv, a key preoptic tissue locus [27, 28]. We have
proposed that these E2-induced PGRs are activated in a
ligand-independent manner by the daily neural signal,
thereby initiating timely release of a GnRH surge into the
hypophysial portal vessels. Supporting this hypothesis are
studies showing that the absence of Pgr expression [7],
diminishment of Pgr expression in the AVPv [27, 28], or
pharmacological antagonism of PGRs [32–36] block E2-
induced GnRH and LH surges. The present studies dem-
onstrate that prenatal androgen exposure blocks E2-induced
Pgr expression in the POA, while at the same time, these
same treatments abolish spontaneous and E2-induced LH

surges. Taken together, the present and previous findings
argue that E2-induced Pgr expression in the POA is oblig-
atory for release of GnRH and LH surges, and that the
ability of prenatal androgen treatments to permanently ren-
der this molecular process inoperative mediates their ca-
pacity to prevent LH surges in adulthood.

The defeminizing organizational effects of androgens
have been believed to be mediated in large part by aro-
matization of T to E2, and subsequent activation of POA
and hypothalamic ERs by E2. A large body of evidence,
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FIG. 6. LH pulse characteristics in prenatally androgenized females. Pre-
natal exposure to DHT (n 5 3) and T (n 5 6) results in a significant
increase (*P , 0.05) in LH pulse frequency (A) compared with pV (n 5
6) animals. Mean pulse amplitude (B) and mean LH levels (C) were sig-
nificantly increased in the pDHT rats compared with pV animals. The
data are represented as mean 6 SEM.

FIG. 7. Effects of prenatal androgen exposure on pituitary responsive-
ness. Pituitary responsiveness to GnRH is not altered in the pV rats (A; n
5 3) compared with pT (B; n 5 5) or pDHT females (C; n 5 3). A sig-
nificant increase in LH secretion was seen in response to a bolus of 100
ng of GnRH in the pV, pT, and pDHT animals (*P , 0.05, **P , 0.01)
compared to their baselines. The data represent the response within 30
min of the GnRH bolus and are represented as mean 6 SEM.

principally derived from studies employing postnatal ste-
roid injections, supports this idea [1, 37, 38]. The absence
of male sexual behaviors in ERa and ERab knockout mice
is also consistent with this hypothesis [39–41], at least as
it may pertain to the organizational actions of T on cir-
cuitries controlling sexual behavior. Recent studies in AR
gene knockout mice, however, have prompted a reconsid-
eration of the importance of the AR in mediating both or-
ganizational and activational effects of T on behavior [42].

Our findings, together with observations in rats [43],
hamsters [44], and mice [29] also implicate ARs in the
organizational effects of T on gonadotropin control systems
in rodents. In the present studies, prenatal injections of ei-
ther T or the nonaromatizable T metabolite, DHT, rendered
female offspring incapable of mounting LH surges in re-
sponse to E2 treatments. These results indicate that prenatal
androgen actions, at least in part via AR activation, can

contribute to the defeminization of the neuroendocrine
mechanisms governing release of gonadotropin surges. We
cannot exclude the possibility that some of the effects of
prenatal DHT on subsequent neuroendocrine function were
due to the metabolism of this androgen to 3bAdiol, and
subsequent activation of ER by this metabolite [45]. How-
ever, previous studies have employed even more sustained
and robust DHT treatment paradigms than those used in
these studies, and have unequivocally revealed no apparent
ER-mediated alterations in GnRH content or gonadotropin
secretion even as these variables were concurrently altered
via unambiguous AR activation [46]. At present, the most
straightforward interpretation of these data holds that the
activation of AR mediates at least some of the prenatal
actions of DHT on Pgr expression and the release of go-
nadotropin surges in response to E2.

These observations also suggest that the critical period
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of sensitivity to AR activation in this regard includes Em-
bryonic Days 16–19. Notably, a previous study found no
effect of brief prenatal androgen exposure (1 day) late in
gestation on subsequent gonadotropin surge release in fe-
male rats [18]. Thus, the ability of prenatal androgens to
disrupt adult gonadotropin secretory capacity in the female
may depend on exposures that more closely mimic the 3-
day duration of endogenous androgen production in the
male fetus. In the male rat fetus, androgens are produced
in a biphasic manner. Prenatal endogenous androgen ex-
posure from the fetal testes begins on Embryonic Day 16
and remains elevated throughout Embryonic Day 19 [20].
A secondary bout of secretion peaks 2 h after birth and
extends to Postnatal Day 5 [47]. Our androgen exposure
paradigm was designed to extend the duration of androgen
exposure through all 4 days of the initial bout of androgen
secretions. We speculate that the efficacy of our steroid ex-
posure regimen—specifically by blocking gonadotropin
surge induction in adulthood—is a consequence of a close
physiological mimicry of the duration of normal male pre-
natal T secretion.

The present results suggest that prenatal AR activation
in the female rat can prevent release of gonadotropin surges
in adulthood, as has previously been shown in female sheep
[48–51] and female monkeys [52]. These findings do not
exclude the possibility that ER activation, consequent to the
aromatization of T, may also normally play a role in the
masculinzation of the gonadotropin surge induction mech-
anism. We could not test the possibility that prenatal ER
activation may likewise mediate masculinizing effects on
this system, because prenatal estrogen administration before
Embryonic Day 19 produces abortions in pregnant rats
[38]. Previous studies, however, have demonstrated that
perinatal E2 treatments can block LH surge induction in
adulthood, and it remains unclear why this additional mech-
anism may operate [15, 53, 54]. We speculate that both AR
and ER stimulation during prenatal and perinatal critical
periods can activate separate sets of signaling pathways,
any of which may interfere with the acquisition of com-
petency to release gonadotropin surges. Accordingly, it is
possible that endogenous T in male fetuses may normally
activate both mechanisms in an additive, or redundant man-
ner to induce permanent hormone acyclicity. It may also be
the case that AR-mediated signals predominate during the
prenatal period, while T effects are disproportionately me-
diated by ER activation during the perinatal period. That
both prenatal and postnatal mechanisms are required for
full defeminization is supported by previous findings that
castration of newborn male pups, viz., elimination of the
secondary T surge, results in only partial feminization of
the responsiveness to E2-positive feedback in adulthood
[55, 56]. Indeed, initial AR activation may be required to
induce aromatase activity [37, 57], which would subse-
quently confer greater signaling via T-derived E2 at the ER.

These experiments also reveal that prenatal AR activa-
tion results in permanent refractoriness of the POA to PGR-
inducing actions of E2. We hypothesize that this effect me-
diates the ability of prenatal androgens to permanently in-
capacitate the gonadotropin surge induction mechanism.
Where and how may androgens produce refractoriness to
E2? Several studies point to the importance of the AVPv
as a likely locus of androgen action, because it is a preoptic
nucleus that is 1) sexually dimorphic [4, 58]; 2) larger in
females than in males [58]; 3) rich in AR [59], ER [3, 59],
and Pgr [3] expression throughout development and adult-
hood; 4) critically important in the integration of signals

leading to release of gonadotropin surges [5, 60]; and 5)
expresses PGRs whose activation appears to be obligatory
for release of gonadotropin surges [61, 62]. Collectively,
this evidence suggests one possible scenario for androgen
actions, in which AR activation in the AVPv leads to a
reduction in the number of steroid-responsive neurons that
remain viable into adulthood, which, ultimately, incapaci-
tates both the E2-induced PGR and E2-induced surge mech-
anisms that would otherwise be operative in that structure.

Our findings also reveal that prenatal AR activation pro-
duces an acceleration of pulsatile LH secretion. Prenatal
androgen treatments have been found to produce accelera-
tions of LH pulsatility in sheep [63], and elevations in LH
secretion in female mice [29] and monkeys [64]. Our find-
ings reveal a similar response in rats, as prenatal DHT ex-
posure was found to increase LH pulse frequency in the
adult ovariectomized animal; prenatal exposure to T pro-
duced a trend toward enhanced pulse frequency that did not
reach statistical significance. Because prenatal DHT expo-
sure produced an enhancement of LH pulse frequency, yet
did not alter pituitary responsiveness to GnRH stimulation,
we conclude that these effects are mediated via acceleration
of the GnRH pulse generator. Our measurements were
made in animals devoid of gonadal hormone feedback. This
suggests that the acceleration of GnRH pulsatility would
appear to be a consequence of programming of the basal
pulse-generating mechanism to operate at a higher frequen-
cy in adulthood, rather than an alteration in the responsive-
ness of the pulse generator to negative feedback regulation;
while the latter may also be true, the present experiments
provide no information toward this end. We hypothesize
that an accelerated pulse generator may represent a more
masculinized functional phenotype, as the frequency of
GnRH/LH pulsatility has often been found to be greater in
males than in females in the gonadectomized state. The
maximum frequencies of LH pulsatility in gonadectomized
male and female rats have been reported to be a 3.3 pulses/
hour [65] and 1.9 [66] to 2.2 pulses/hour (as seen in our
study), respectively, at 8 days following removal of the
gonads. The functional significance of relatively faster
GnRH pulsatility in males or androgenized females remains
unknown. Hyperandrogenic disorders in women, such as
polycystic ovarian syndrome (PCOS), are often character-
ized by LH excess, which in turn, appears to be driven by
accelerated GnRH pulse generator activity. Findings of ac-
celerated pulsatility in prenatally androgenized animals [63]
are clearly consistent with the hypothesis that this symptom
arises in women with PCOS as a consequence of prenatal
androgen excess and hence, defeminizing the GnRH pulse
generator mechanism.

It has remained unclear how prenatal AR activation may
program hyperactivity of the GnRH pulse generator in
adulthood. Prenatal androgenization of female sheep was
found to reduce synaptic contacts to GnRH neurons to low-
er levels observed in males [67], suggesting that effects of
androgens on GnRH pulsatility may be mediated by alter-
ations in synaptic connectivity. A recent study by Sullivan
and Moenter [29], however, has provided compelling evi-
dence suggesting that AR activation may produce specific
alterations in the drive from gamma-aminobutyric acid
(GABA)-releasing neurons to GnRH neurons, perhaps by
altering synaptic connectivity between the two neuronal
phenotypes. The cellular locus of AR action could be the
GnRH neuron itself, as ARs have been detected in immor-
talized GnRH cells, GT1-7 [68], but not in GnRH neurons
[69]. More likely, AR activation in GABAergic or other
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afferent neuronal groups may direct alterations in synaptic
inputs to GnRH neurons, and thereby influence the basal
state of activity of the GnRH pulse generator. The molec-
ular and cellular consequences of early AR activation in
GABA neurons remain to be fully elucidated.

Our studies provide evidence that prenatal androgens can
defeminize gonadotropin secretions in the female fetus by
rendering POA tissues insensitive to PGR-inducing actions
of E2. On the basis of these findings and previous obser-
vations, we hypothesize that refractoriness of Pgr gene ex-
pression to E2 stimulation is the cause of the gonadotropin
acyclicity that is characteristic of these prenatally androg-
enized females. These findings, along with the observation
that prenatal androgen exposure produces accelerated
GnRH pulse generator activity in adulthood, may have im-
portant implications for the understanding of accelerated
GnRH pulse generator activity and oligomenorrhea or
amenorrhea commonly observed in PCOS and other hy-
perandrogenic syndromes in women.
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