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Abstract

Sexual receptivity induced in ovariectomized rats by the long-term administration of estradiol
benzoate (EB) can be inhibited by concurrent administration of androgens. Experiment 1
examined the role of time course and dose of androgens in the inhibition of estrogen-induced
sexual receptivity. Ovariectomized rats were treated with EB (2.0 g per rat per day) for 6 days
and tested for sexual receptivity (Test Day I). EB treatment continued for 15 days concomitant
with daily administration of one of three doses of dihydrotestosterone propionate (DHTP; 7.5,
0.75, 0.075 mg/kg) or 3a-androstanediol (3a-Adiol; 3.75, 1.0, 0.375 mg/kg). Four tests for sexual
receptivity were conducted on days 3, 6, 14, and 15 of the androgen/vehicle treatment period (Test
Days Il — V). On Day 15 (Test Day V), the rats received progesterone (1.0 mg per rat) 4 h before
testing. Using the same experimental design, Experiment 2 examined the effect of increasing the
dose of estrogen on the androgenic inhibition of sexual receptivity. Ovariectomized rats were
treated with one of two doses of EB (2.0 or 10.0 pg per rat per day) concomitant with daily
administration of DHTP (7.5 mg/kg) or 3a-Adiol (3.75 mg/kg). In Experiment 1, the highest doses
of both DHTP and 3a-Adiol significantly inhibited estrogen-induced sexual receptivity. Data from
Experiment 2 indicate that the inhibitory effects of DHTP but not 3a-Adiol can be moderated by
an increased dose of EB.
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1. Introduction

Androgens antagonize the actions of estrogens in both central [1,2] and peripheral tissues
[3,4] to influence behavioral and endocrine responses. Substantial evidence has shown that
both naturally-occurring [5,6,7,8] and synthetic [9] androgens suppress estrogen-induced
receptivity in ovariectomized rats. The effect of androgens on female sexual behavior
appears to be mediated, at least in part, by actions at the androgen receptor. Specifically, the
administration of flutamide, an androgen receptor antagonist, reverses the inhibition of

© 2010 Elsevier Inc. All rights reserved.

Corresponding author: Meg Kirkpatrick, Ph.D., Department of Psychology, Wheaton College, Box 18, 26 E. Main Street, Norton, MA
02766, 508-286-3642, fax: 508-286-3640, Kirkpatrick_meg@wheatonma.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kirkpatrick and Clark

Page 2

sexual receptivity by dihydrotestosterone propionate (DHTP) and an androgenic metabolite,
3a-Androstanediol (3a-Adiol) [6,10]. Flutamide has also been shown to modulate male-
directed sexual preference in female rats by a selective androgen receptor modulator [11].
An unequivocal role for the androgen receptor in mediating androgenic effects on female
sexual behavior is challenged, however, by data showing that flutamide fails to block the
inhibitory effects of dihydrotestosterone (DHT) on sexual receptivity induced by short-term
treatment with unesterified estradiol-17p in combination with progesterone (P) [8].
Additionally, DHT has been shown to inhibit estrogen-mediated increases in progesterone
receptor content in breast tissue from tfm/Y mice that lack functional androgen receptors
[12]. These results suggest that androgens may affect female sexual behavior through more
than one mechanism.

The androgenic inhibition of sexual receptivity may occur as a result of disruption of critical
estrogenic processes in the ventromedial nucleus of the hypothalamus (VMN) [13,14].
Delivery of antiestrogenic compounds into the VMN inhibits the normal display of female
receptive behavior [15,16]. Similarly, analysis of the VMN has also shown a downregulation
of estrogen receptor expression and a decrease in estrogen receptor binding following 4 days
of DHT treatment [17,18]. Therefore, androgenic inhibition of female sexual behavior may
reflect the ability of androgens to interfere with necessary estrogen priming in the
hypothalamus.

If androgens inhibit female sexual behavior by interfering with estrogenic activity, then the
dose of estrogen or duration of treatment used in a given study may modulate the inhibitory
actions of androgens, a possibility that has not yet been explored. Inhibition of estrogen-
induced lordosis by cholinergic antagonists is reduced by supplemental estrogen [19,20] and
extending the duration of estrogen treatment attenuates the inhibition of lordosis in response
to 5HTq A agonists [21,22]. Increasing the duration of treatment and/or the dose of estrogen
could maximize possible occupation of available central estrogen receptors, therefore
optimizing the chance to elicit the estrogen-dependent behavior. However, if the behavior
remains inhibited despite presumably maximal estrogen receptor occupation, it is likely that
androgens are acting through another mechanism (independent of the estrogen receptor) to
inhibit behavior. The present study tested directly the ability of an increased estrogen dose
and extended treatment period to override the inhibition of sexual receptivity by DHTP and
3a-Adiol.

2. Methods

2.1 Animals

Adult female Long-Evans rats, approximately 3—4 months old and derived originally from
stock obtained from Harlan (Indianapolis, IN), were maintained in the vivarium of the
Department of Psychological and Brain Sciences at Dartmouth College. Sexually
experienced adult male Long-Evans rats were used as stimulus rats in behavioral tests. Male
and female rats were housed individually in hanging metal cages under temperature-
controlled conditions on a 14L.:10D (Lights ON at 2030 h) light cycle. Food and water were
freely available. Rats were ovariectomized (OVX) under sodium methohexital (50.0 mg/kg)
anesthesia 1 week before the start of the experiment. The Institutional Animal Care and Use
Committee at Dartmouth College approved the procedures using rats in these experiments.

2.2 Behavioral testing

Tests for sexual receptivity were conducted during the early portion of the dark period under
dim red light in rectangular Plexiglas chambers (38.5 x 21.7 x 30.4 cm) with wood shavings
covering the floor. OV X stimulus rats were primed with 10.0 g estradiol benzoate (EB) 48
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h before testing and 1.0 mg progesterone (P) 4 h before testing. Experimental female rats
were placed with stimulus male rats until each female rat received 10 mounts. Lordosis
responses were scored on a 4-point scale [23], and the percent of times a female rat
exhibited lordosis (lordosis quotient; LQ) were calculated for each female rat.
Experimenters unaware of the treatment conditions of individual female rats conducted the
behavioral tests.

2.3 Hormone treatments

Experiment 1: Effect of androgen dose on estrogen-induced receptivity—Three
doses of dihydrotestosterone propionate (DHTP; 5a-androstane-17p-OL-3-one propionate;
7.5, 0.75, and 0.075 mg/kg) were chosen based on previous studies and represent a range of
doses shown to inhibit estrogen-induced sex behavior [6,24,25,26]. Three doses of 3a-
androstanediol (3a-Adiol; 5a-androstane-3-a, 17p-diol; 3.75, 0.375, and 0.0375 mg/kg)
were chosen based on previous studies and represent a range of doses shown to inhibit
estrogen-induced sex behavior [25,27,28,29]. DHTP was purchased from Sigma (St. Louis,
MO) and delivered daily in a volume of 1.0 ml/kg in a sesame oil vehicle. 3a-Adiol was
purchased from Steraloids Inc. (Newport, RI) and was delivered daily in a 1.0 ml/kg volume
in a 10% ethanol in propylene glycol (PG) [18].

The rats received daily injections of EB (2.0 pg/rat) for the duration of the study and a single
injection of P (1.0 mg/rat) on Day 15. The dose of EB was chosen based on previous
experiments examining the inhibition of estrogen-induced sexual receptivity by androgens
[6,25,30]. These supraphysiological doses have been shown to reliably induce high levels of
sexual receptivity that are appropriate for examining inhibitory effects on a robust behavior.
The EB and P were purchased from Sigma (St. Louis, MO) and were delivered in a volume
of 0.1 ml/rat. All hormones were administered via subcutaneous injection and EB/P and the
androgen were administered on opposite sides of the body. Androgen and EB injections
were given 20-24 h before behavioral testing and P was given 4 h before behavioral testing.

Experiment 2: Effect of estrogen dose on androgenic inhibition—Based on the
results of Experiment 1, the highest doses of each androgen (7.5 mg/kg DHTP and 3.75 mg/
kg 3a-Adiol) were examined in Experiment 2. Rats received daily injections of the androgen
or vehicle concomitant with either 2.0 or 10.0 g /rat of EB.

2.4 Testing schedule

Four independent experiments were conducted. Separate groups of rats (n > 7 per group)
were used in each experiment. Approximately 1 week following ovariectomy, rats were
tested for sexual receptivity in response to a single injection of EB (10.0 pg/rat) 48 h and P
(1.0 mg/rat) 4 h before the test. Rats exhibiting an LQ > 60 continued in the experiment.
Within 2 weeks, rats were tested for sexual receptivity after six daily injections of EB
(Experiment 1: 2.0 pg/rat/day; Experiment 2: 2.0 or 10.0 pg/rat/day). After the EB alone test
(Test Day 1), rats continued to receive daily injections of the specified dose of EB along with
the androgen or the vehicle for 15 days. On Day 15, all rats received an injection of 1.0 mg
P 4 h before the test. Tests for sexual receptivity were conducted on Days 3, 6, 14, and 15
(Test Days 11, 111, IV and V, respectively), in accord with other published studies [6,9].

2.5 Data analysis

LQs were calculated for each rat on each of the sexual receptivity tests (Test Days I-V).
Statistical analyses focused on the data from Test Days II, 11l and IV. The data from Test
Day I served to confirm high levels of receptivity before initiating androgen treatment and
the data from Test Day V served as a positive control to verify high levels of receptivity in
response to P. In both experiments, maximal levels of sexual receptivity were seen on Test
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Days | and V and therefore the data are not discussed further. In both Experiments 1 and 2,
data were subjected to repeated-measures ANOVAs (Test Day X Androgen/Estrogen Dose).
In Experiment 2, data were also subjected to a two-factor ANOVA (Estrogen Dose X
DHTP/3a-Adiol Treatment). ANOVAS were followed by post-hoc comparisons (if
appropriate) using the Tukey HSD test and a P < 0.05 significance level.

In agreement with previous studies, estrogen-induced sexual receptivity was inhibited in
response to DHTP and to 3a-Adiol. In addition, the influence of the dose of estrogen on the
androgen inhibition of sexual receptivity varied as a function of the specific androgen being
tested and the test day.

3.1 Experiment 1: Effect of androgen dose on estrogen-induced receptivity

On Test Days 11, 11, and 1V, there was an overall effect of DHTP administration on
estrogen-induced sexual receptivity [F (3, 37) = 8.0], a significant effect of test day [F (2,
36) = 3.7] but there was no significant DHTP by Test Day interaction. As shown in Figure
1A, on Test Days Il and 111, the animals receiving 7.5 mg/kg DHTP displayed significantly
lower LQs as compared to all other groups (Tukey, P < 0.05). On Test Day IV, the animals
receiving 7.5 mg/kg displayed significantly lower LQs as compared to animals receiving
0.75 mg/kg (Tukey, P < 0.05).

On Test Days 11, 111, and 1V, there was an overall effect of 3a-Adiol administration on
estrogen-induced sexual receptivity [F (3, 32) = 11.4]. There was no effect of test day but
there was a significant 3a-Adiol by Test Day interaction [F (6, 64) = 3.5]. As shown in
Figure 1B, on Test Day 11, animals receiving 3.75 mg/kg displayed significantly lower LQs
as compared to all other groups (Tukey, P < 0.05). On Test Day Il1, the animals receiving
3.75 mg/kg 3a-Adiol displayed significantly lower LQs than all other groups, and the
animals receiving 1.0 mg/kg displayed significantly lower LQs as compared animals
receiving 0.375 mg/kg (for both Tukey, P < 0.05). Although animals receiving 3.75 mg/kg
continued to display low levels of sexual receptivity, there were no significant group
differences on Test Day IV.

3.2 Experiment 2: Effect of estrogen dose on androgenic inhibition

Inhibition of estrogen-induced sexual receptivity by DHTP was modulated by the dose of
estrogen. On Test Days 11, 111, and IV, there was a significant effect of test day [F (2, 40) =
5.9] but there was no significant Estrogen Dose by Test Day interaction. There was a
significant overall effect of estrogen dose on sexual receptivity [F (1, 41) = 8.95], a
significant overall effect of DHTP [F (1, 41) = 86.3] and a significant Estrogen Dose by
DHTP Treatment interaction [F (1, 41) = 6.4]. There was a main effect of estrogen dose on
Test Days Il, 111, and IV [for all, F (3, 44) > 4.1]. As shown in Figure 2A, on each test day,
animals receiving 10.0 pug EB displayed higher levels of sexual receptivity as compared to
animals receiving 2.0 ug EB (Tukey, P < 0.05). There was also a significant main effect of
DHTP on sexual receptivity on Test Days I, I, and 1V [for all, F (3, 44) > 40.4]. On each
test day, the animals receiving DHTP displayed lower levels of sexual receptivity as
compared to animals receiving the oil vehicle. On Test Days Il and 11, the 2.0 ug EB dose
plus DHTP group displayed significantly lower levels of sexual receptivity as compared to
all other groups (Tukey, P < 0.05). On Test Day Ill, the 10.0 ug EB dose plus DHTP group
was significantly different from all other groups (Tukey, P < 0.05).

Inhibition of estrogen-induced sexual receptivity by 3a-Adiol was not modulated by the
dose of estrogen. There was no significant effect of test day or any Estrogen Dose by Test
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Day interaction. There was a significant overall effect of 3a-Adiol [F (1, 26) = 97.9] and no
significant Estrogen Dose by 3a-Adiol Treatment interaction. As shown in Figure 2B, on
Test Days 11, 111, and 1V, the animals receiving 3a-Adiol displayed lower levels of sexual
receptivity as compared to animals receiving the PG vehicle, regardless of EB dose [for all,
F (3, 29) > 22.6].

4. Discussion

The present results illustrate that both DHTP and 3a-Adiol have potent inhibitory effects on
estrogen-induced sexual receptivity. In addition, this report is the first to demonstrate that
androgenic inhibition of estrogen-induced sexual receptivity by DHTP can be reversed by
additional estrogen treatment. In Experiment 1, the highest doses of DHTP and 3a-Adiol
inhibited sexual receptivity induced by EB (2.0 pg) within three days of treatment. This time
course is similar to that reported in studies examining the inhibitory effects of anabolic-
androgenic steroids on estrogen-induced sexual receptivity [9,10] and the downregulation of
estrogen receptor binding in the VMN following DHT administration [17,18]. However,
there was some variation in behavior over the course of the 14-day treatment period,
suggesting that short-term androgen treatment (3 or 6 days) may have more consistent
inhibitory effects on estrogen-induced sexual receptivity. When treatment is extended (i.e.,
14-days), the inhibitory effects of DHTP and 3a-Adiol become less consistent, even at
higher doses. Earlier reports that prolonged estradiol treatment down-regulates estrogen
receptor levels in forebrain areas relevant for sexual receptivity may explain some of the
variability observed after 14 days of treatment (Test V) in animals receiving EB only [17].
Furthermore, chronic estrogen treatment (15— 30 days) has been shown to decrease androgen
receptor protein expression in testis, prostate and pituitary tissues in adult male rats [31,32].
The extended 14-day EB and androgen treatment may yield inconsistent results due to
changes in estrogen and androgen receptor levels as a result of the extended treatment
period. Therefore, the results observed on Test Day IV may reflect interactions between
time-course and hormone treatment that merit further investigation.

The consistently high levels of sexual receptivity observed on Test V suggest that while
androgens are able to interfere with estrogen priming of sexual receptivity, subsequent
administration of progesterone was able to reverse androgenic inhibition such that maximal
levels of lordosis were observed. Previous studies have shown that DHT does not inhibit
induction of progestin receptors in the hypothalamus following pulses of estradiol despite a
decrease in receptivity [7]. A similar dissociation between estrogen priming of sexual
behavior and induction of progestin receptors was observed following treatment with certain
antiestrogens [33]. In addition, we have demonstrated that administration of progesterone
can reverse the inhibitory effects of anabolic-androgenic steroids, DHTP and 3a-Adiol on
female sexual behavior, even after 15 days of daily androgen and estradiol benzoate (EB)
treatment [9,10]. The results of these studies suggest that androgenic inhibition of female
sexual behavior may be due to effects on estrogenic actions in the hypothalamus but is not
related to induction or function of progestin receptors.

We hypothesized that a higher dose of estrogen might reverse the inhibitory effects of
androgens on receptivity. The inhibitory effects of DHTP were attenuated by a 10.0 pg dose
of EB and sexual receptivity was increased compared to rats receiving 2.0 ug EB and DHTP
on both Test Days Il and I11. In contrast, the inhibitory effects of 3a-Adiol on sexual
receptivity persisted in animals receiving 10.0 pg EB. To explore this result further, we
examined sexual receptivity in animals receiving a higher dose of EB (50.0 pg/rat) in
combination with 3.75 mg/kg 3a-Adiol (Clark, unpublished results). Surprisingly, sexual
receptivity was inhibited even in these animals receiving an extremely high dose of EB.
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Thus, the inhibitory effects of 3a-Adiol on sexual receptivity appear to be more resistant to
override by EB than observed for DHTP.

These new data on the override of DHTP by supplemental EB are consistent with previous
findings that increased doses of estrogen have been shown to prevent the inhibition of sexual
receptivity by certain pharmacological treatments [19,20] and by large doses of progesterone
[34,35]. Our results are also consistent with a model in which androgen regulation of sexual
receptivity is mediated by down-regulation of estrogen receptors in the VMN [17,18]. We
predicted that increasing the dose of EB might also decrease the inhibitory effects of DHTP
on sexual receptivity based on reports that increasing the dose of estrogen attenuates the
ability of DHT to reduce estrogen receptor binding in the brain [18]. While a decrease in
estrogen receptor binding was still observed in the VMN following a larger dose of estrogen,
the overall inhibitory effect of DHT was diminished in all of the brain areas examined [18].
Maximizing estrogen receptor binding in the VMN and other brain areas by increasing the
amount of circulating EB may allow for greater estrogen receptor occupation, resulting in an
increase in sexual receptivity. As predicted, the results of Experiment 2 describe a
significant increase in receptivity in groups given the larger EB dose (10.0 pg/rat) in
combination with DHTP (Figure 2A), yet the levels of receptivity were not equal to the
groups treated with EB alone. These results are consistent given the reported effects of DHT
on estrogen receptor binding in the hypothalamus [18]. While it is likely that androgen
administration can affect estrogen receptor actions, it is unlikely that estrogen treatment may
have an effect on androgen receptor expression.

Substantial evidence supports a role for the androgen receptor in mediating the effects of
DHT on estrogen-induced sexual receptivity. Flutamide partially blocked the reduction in
estrogen receptor binding in the VMN induced by DHT [18], and reversed the inhibitory
effects of DHT on female sexual behavior in ovariectomized rats [6,10]. The androgen
receptor also appears to mediate the effects of endogenous androgens on sexual behavior
observed during the estrous cycle. Endogenous androgens reach peak circulating levels at
approximately the same time as estrogen and progesterone [36,37,38]. However, androgens
do not appear to be necessary for the induction of sexual receptivity (Erskine, 1983). Daily
administration of the androgen receptor blocker, flutamide, to female rats over three
consecutive estrous cycles did not prevent the display of sexual receptivity [39]. However,
female rats treated with flutamide displayed significantly elevated levels of sexual
receptivity for 3 hours longer that untreated female rats [39]. The findings of Erskine (1983)
suggest that suggesting androgens may act via the androgen receptor to modulate estrous
termination but not initiation of the behavior. Although the present studies examined the
behavioral effects of supraphysiological hormone levels, the results suggest that changes in
relative levels of estrogens and androgens over the course of the estrous cycle may serve to
regulate timing of receptivity in intact rats. Future studies might examine the effect of
physiological levels of DHTP and 3a-Adiol on estrous behavior in intact rats.

We have shown previously that the inhibition of sexual receptivity by 3a-Adiol is mediated
by the androgen receptor [10], however the effectiveness of supplemental EB in overriding
the inhibitory effects of DHTP, but not 3a-Adiol, observed in Experiment 2 raises the
possibility of a role for an additional androgen receptor- independent mechanism. Recently
described non-genomic actions of another androgen metabolite, 3p-Adiol, at estrogen
receptor B (ERpB) opens up the possibility that the behavioral actions of androgens may not
be mediated through the androgen receptor [40,41]. An alternative mechanism is also
suggested by findings showing that 3a-Adiol interacts allosterically with the GABAp
receptor to affect female sexual behavior [28,29,42,43]. Future studies might examine the
effects of ERB or GABA, agonists and/or antagonists on the inhibition of female sexual
behavior observed following androgen administration to test directly these possibilities. In
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closing, the results of the present study contribute to an expanding literature documenting
increased complexity in the ways in which androgens and estrogens interact to mediate
behavior.

Research Highlights
e DHTP and 3a-Adiol inhibit estrogen-induced sexual receptivity.

¢ Inhibitory effects of DHTP but not 3a-Adiol are moderated by greater dose of
EB.

e Androgenic inhibition may involve androgen receptor-dependent/independent
pathways.
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Figure 1.

Mean (£SEM) Lordosis quotients (LQs) were determined on sexual receptivity tests
conducted after 6 days of estradiol benzoate (EB; 2.0 pg/day; Test Day 1), and again
following 3, 6, 14, and 15 days (Test Days Il, 111, IV, and V, respectively) of continued EB
treatment concurrent with dihydrotestosterone propionate (DHTP; 7.5 mg/kg, 0.75 mg/kg or
0.075 mg/kg) or the oil vehicle or 5a-androstane-3-a, 17p-diol (3a-Adiol; 3.75 mg/kg, 1 mg/
kg, or 0.375 mg/kg) or the propylene glycol (PG) vehicle. On Day 15 (Test Day V), all
female rats received progesterone (1.0 mg/rat) 4 h before testing.

N = 9 per group.

* P < 0.05 vs. all other groups on the same Test Day

# P <0.05 vs. 0.075 mg/kg DHTP or 0.375 mg/kg DHTP group on the same Test Day
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Figure 2.

Mean (£SEM) Lordosis quotients (LQs) were determined on sexual receptivity tests
conducted after 6 days of estradiol benzoate (EB; 2.0 or 10.0 pg/day; Test Day 1), and again
following 3, 6, 14, and 15 days (Test Days Il, 11, 1V, and V, respectively) of continued EB
treatment concurrent with dihydrotestosterone propionate (DHTP; 7.5 mg/kg) or the oil
vehicle or 5a-androstane-3-a, 17f-diol (3a-Adiol; 3.75 mg/kg) or the propylene glycol (PG)
vehicle. On Day 15 (Test Day V), all female rats received progesterone (1.0 mg/rat) 4 h
before testing.

N =7 per group.

* P < 0.05 vs. all other groups on the same Test Day

# P < 0.05 vs. both EB + 0il/PG treated groups on same Test Day
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