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1. Introduction

Estradiol has profound effects on brain and behavior [45]. There
are two identified estrogen receptors (ER), ER� [11] and ER� [29],
that act as ligand-inducible transcription factors. The majority of
estradiol’s identified transcriptional actions in mammals are medi-
ated by the classical receptor ER� [11] and the more recently
cloned ER� [10,29,37,56]. Since the discovery of ER�, investigating
the mechanisms of action behind estrogens and related synthetic
drugs has become increasingly complex. For example, the synthetic
estrogenic agent tamoxifen has both agonist/antagonist proper-
ties depending on the tissue in which it is examined; it serves as
an estrogen-receptor agonist in bone [36,57] but acts as an estro-
gen receptor antagonist in breast tissue [23] and in the brain [19].
Furthermore, the mode of interaction of estrogenic agents also
depends on the ER subtype involved; for instance, tamoxifen is
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ts on sexual behavior, however the role of the estrogen receptors (ER) �
ains to be fully determined. This study investigated the individual and
� and � on sexual behaviors in the adult female rat. Subtype selective ER
PPT; ER� agonist) and diarylpropionitrile (DPN; ER� agonist) were utilized
pe’s contribution, individual and co-operative, for both receptive (lordo-
rting, ‘ear wiggling’) female sexual behaviors. Ovariectomized female rats
ns of either: sesame oil (OIL), dimethylsulfoxide (DMSO), estradiol ben-
e of three doses of the ER� agonist PPT (1.25 mg, 2.5 mg or 5.0 mg/0.1 ml
he ER� agonist DPN (1.25 mg, 2.5 mg or 5.0 mg/0.1 ml DMSO) or a com-

(2.5 mg PPT + 2.5 mg DPN/0.1 ml DMSO) for two consecutive days, 48 and
y a progesterone injection (500 �g/0.1 ml OIL) 4 h prior to testing in order
� agonist PPT, but not the ER� agonist DPN, elicited both proceptive and

s of 2.5 and 5.0 mg significantly elicited lordosis and proceptive behavior
arting). Intriguingly, the administration of both agonists together at the
d levels of proceptivity and receptivity, suggesting that ER� modulates
and proceptive sexual behavior.

© 2008 Elsevier B.V. All rights reserved.
both an agonist and antagonist of ER� and a pure antagonist of
ER� [3,6,32,61]. Therefore, understanding the differential effects
of estradiol requires the consideration of cell context along with
receptor subtype involvement.

Many studies examining estrogen receptor subtype neural activ-
ity and behavior use estrogen receptor knockout mice and the
results have demonstrated the importance of ER� for the expres-
sion of sexual behavior [28,40,41,49]. However, there are various
experimental caveats to consider when working with knockout
models including pleotropic effects, developmental failures, the
production of truncated proteins that have uncertain activity in
vivo and potential compensatory effects such as overexpression of
a related gene. The use of ER subtype-selective ligands [35,47,60]
and antisense oligodeoxynucleotide for ER� and ER� [59] provide
an alternative, complementary approach to the use of receptor
knockout mice to substantiate these important findings on female
sexual behavior and allow us to determine the relative contribu-
tion of these receptors to adult behavior. The present study utilized
recently available ER subtype agonists, propyl-pyrazole triol (PPT),
an ER� agonist, and diarylpropionitrile (DPN), an ER� agonist, to
examine the individual physiological roles of the two receptors and
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their potential co-modulatory effects in mediating female sexual
behavior. PPT is a potent ER� agonist [55], whereas DPN is a full
ER� agonist [34]. These agonists are valuable tools for elucidating
the biological activity of ER subtypes and understanding estradiol’s
diverse effects on brain and behavior.

ER� and ER� are expressed in the neural sites implicated in
female sexual behavior [45–47] such as the ventromedial hypotha-
lamus (VMH) [33,50], and the medial preoptic area (mPOA) [20,24].
Additionally, ER� mRNA and ER� mRNA have been found to overlap
within cells of the caudal VMH [22] and the mPOA [15] suggesting
the two subtypes are present within the same cells. Previous work
has shown that estradiol acts within the VMH to facilitate receptiv-
ity, defined as the lordosis response [33,50], while the mPOA seems
to be important for both proceptive and receptive behavior [20,24].
While both receptor subtypes are expressed in areas involved in
female sexual behavior, studies have found that ER� is more criti-
cal for the expression of female receptivity. For example, in studies
utilizing ER� knockout mice the lordosis reflex was eradicated,
while studies using ER� knockout mice maintained receptivity with
some subtle changes, indicating that ER� is crucial for female sexual
behavior [28,41,49]. Although knockout studies suggest the exclu-
sive involvement of ER� in female rodent receptivity [41,49], ER�
knockout females display significantly higher receptivity than wild-
type (WT) females on the day after behavioral estrus [40]. These
findings suggest that female receptivity, an ER� activated behav-
ior, may be modulated by ER�, perhaps by means of fine-tuning
the expression of receptivity. Along with the VMH and mPOA, ER�
mRNA and ER�-immunoreactive (ir) neurons have been found in
the spinal cord and the amygdala, two other areas implicated in
female sexual behavior further suggesting that ER� may play a role
in the expression of female sexual behavior [15,58]. In addition,
mating stimulation induces Fos expression in the mPOA in cells
co-expressing ER� and ER�, and the medial amygdala in cells co-
expressing only ER� [15], further suggesting a modulatory role for
ER� on female sexual behavior. With novel agonists currently avail-
able, this investigation provides a complementary study to solidify
behavioral alterations observed in genetically modified mice.

Very little work has investigated the role of SERMs (selec-
tive estrogen receptor modulators) on female sexual behavior
[35,47,59,60]. Recently Frye and her colleagues have shown that
ER� is important for lordosis in the rat [47,60]. They, and others,
have demonstrated that administration of estradiol or the ER� ago-
nist, PPT, enhanced lordosis ratings whereas administration of the
ER� agonist, DPN, did not elicit lordosis [35,47,60]. However, to our

knowledge no study has investigated the combined contribution of
both ERs on sexual behavior, the role of ERs on both proceptive and
receptive female sexual behaviors, and doses necessary to elicit an
effect [35,47,60]. Therefore our investigation provides an exclusive
approach by employing ER agonists individually and in combina-
tion to determine their relative contributions towards proceptive
and receptive behavior. A plausible hypothesis is that estradiol is
mediating sexual behavior through the action of both ER� and
ER� to elicit proceptive and receptive behaviors in adult female
rats.

2. Materials and methods

All experiments were conducted and approved in accordance with the poli-
cies established by the University of British Columbia and the Canadian Council on
Animal Care regarding the ethical treatment of animals used for research.

2.1. Subjects

Thirty-six adult female Sprague–Dawley (250–300 g) rats were obtained from
Charles Rivers Laboratories (Quebec, Canada). All rats were housed singly in
polyurethane cages with access to food (Purina Lab Diet 5012, Richmond, Indiana,
USA) and water ad libitum. Female rats were maintained on a reversed 12:12 h light
in Research 191 (2008) 111–117

Table 1
Number of female rats in each group and the order of testing per group

Group 1st 2nd 3rd Total

OIL 3 2 1 6
DMSO 3 2 1 6
EB 2 2 2 6
PPT 1.25 5 2 1 8
PPT 2.5 6 1 1 8
PPT 5.0 2 2 3 7
DPN 1.25 2 4 2 8
DPN 2.5 2 3 3 8
DPN 5.0 2 3 2 7
PPT + DPN 3 1 5 9

dark cycle with lights off at 09:00 h in order to schedule testing during their active
cycle. Twenty sexually experienced Long–Evan male rats (450–500 g) served as stud
males for sexual behavior testing.

2.2. Surgery

Approximately 1–2 weeks after arrival, all females were bi-laterally ovariec-
tomized using aseptic technique. Rats were placed in a chamber to which halothane
was delivered at an induction flow rate of 4% (flow rate of O2 was 2%) and maintained
on a flow rate of 1–3% to maintain a stable respiratory rate during surgery. Rats were
given 7 days to recover prior to the commencement of experimental manipulation.

2.3. Drug treatment

Ovariectomized female rats were randomly assigned to 1 of 10 groups (n = 6–9
per group) and received subcutaneous (s.c.) 0.1 ml injections of either: sesame oil
(OIL), dimethylsulfoxide (DMSO), estradiol benzoate (EB; 10 �g/0.1 ml OIL), one
of three doses of the ER� agonist propyl-pyrazole triol (PPT; 1.25 mg, 2.5 mg or
5.0 mg/0.1 ml DMSO), one of three doses of the ER� agonist diarylpropionitrile (DPN;
1.25 mg, 2.5 mg or 5.0 mg/0.1 ml DMSO) or a combination dose of PPT and DPN
(2.5 mg PPT + 2.5 mg DPN/0.1 ml DMSO) for two consecutive days, 48 h and 24 h
prior to testing followed by a progesterone injection (500 �g/0.1 ml OIL) which was
administered 4 h prior to testing in accordance with [17]. Twenty-two of the female
rats were tested three times to account for all treatment groups and groups were
counterbalanced with re-testing occurring at least 10 days apart in order for the
treatment to fully dissipate before the next treatment condition. Table 1 shows the
number of rats in each group and the number of rats per group in each session that
was tested.

2.4. Drug preparation

The ER� agonist, propyl-pyrazole triol (PPT; Tocris, Ellisville, MO, USA) and the
ER� agonist, diarylpropionitrile (DPN; Tocris, Ellisville, MO, USA) were dissolved in
dimethylsulfoxide (DMSO; Sigma–Aldrich, Oakville, Ontario, Canada). 17�-Estradiol
benzoate (Sigma–Aldrich) was prepared to obtain a concentration of 10 �g EB per
0.1 ml sesame oil and was stored in a light insensitive container. Progesterone
(Sigma–Aldrich) was prepared to obtain a concentration of 500 �g progesterone

per 0.1 ml sesame oil and stored in a light insensitive container.

2.5. Testing procedure and sexual behavior measurements

Following post-operative recovery (7 days), each animal was handled for 5 min
on two occasions. Following handling, all animals were habituated to the sex testing
apparatus, a bi-level chamber (described below), for 10 min on two occasions.

The sex-testing chambers were narrow in width (width × length; 7 in. × 24 in.),
which maintains an optimal sideway orientation of the animal to the experimenter
and consisted of two levels (height; 30 in.). The rats had easy access to both levels
by ramps at the ends of the chamber. These chambers have been used previously
to examine the relationship of appetitive and consummatory sexual behaviors in
male and female rats, and allow for female pacing behavior [46]. Testing was done
within 4–6 h after progesterone administration, with the female rat placed on the
top level of the bi-level chamber and a sexually vigorous male rat placed on the
bottom level. Behaviors were video recorded for 10 min for analysis. All males were
pre-screened to confirm their sexual motivation and the data was excluded from any
male that did not show mounting behavior during the session. The female behav-
ior measurements evaluated include: (1) level changes, (2) ‘ear wiggling’, (3) hops
and darts, (4) lordosis quotient, (5) lordosis rating, and (6) rejection quotient. In
addition, the number of mounts and mount attempts by the male rat was recorded
to evaluate their sexual aggressiveness and mount latency was recorded to exam-
ine attractivity of the female rats. Distinct proceptive behaviors of female rats were
‘ear wiggling’ (rapid oscillatory movement of the females ears due to rapid head
movements which is consequent to a high degree of tension in the axial muscles)
and hops and darts (jump and scatter directly in front of the male). The receptive
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behavior was the lordosis response; a postural reflex with a dorsiflexion of the ver-
tebral column [18]. Two receptivity measurements were determined by examining
the lordosis response; the proportion of time the female rat exhibited lordosis in
response to a sexual contact (lordosis quotient; LQ = # of lordosis response scores of
2 or 3/# of mounts) and the intensity of lordosis responses (lordosis rating; LR = sum
of 0, 1, 2, or 3 response scores/# mounts) [5]. Defensive behaviors were measured
by addition of three rejection responses (fending, kicking and rolling) with each
response receiving one point (rejection quotient; RQ = total number of rejection
scores/#mounts).

2.6. Statistical analyses

The dependent variables (level changes, ‘ear wiggling’, hopping and darting,
lordosis quotient, lordosis rating, rejection quotient, mount attempts and mount
latency) were each analyzed using an analysis of variance (ANOVA) with treatment
group (OIL, EB, DMSO, PPT 1.25, PPT 2.5, PPT 5.0, DPN 1.25, DPN 2.5, DPN 5.0 and PPT
and DPN 2.5) and order (1, 2, 3) as the independent variables. A priori comparisons
used Dunnett’s procedure while post hoc comparisons used Neuman-Keul’s method
unless otherwise specified. All statistical procedures set ˛ = 0.05.

3. Results

3.1. Male sexual behavior

To determine whether male response was different according to
treatment group and order we examined the number of mounts and
mount latency. There was a significant interaction between treat-
ment and order for number of mounts (F(18, 43) = 1.87, p < 0.04)
however, post hoc tests failed to find any significant difference
between any groups. There was a main effect of treatment (F(9,
43) = 2.63, p < 0.016) but no main effect of order (p < 0.32), and
post hoc tests revealed that the number of mounts was increased
in the PPT 1.25 group compared to DMSO controls. There were
no other differences between treatment groups and their rel-
ative control group (data not shown). To test male motivation
we examined mount latency. There was a significant interaction
between treatment and order for mount latency (F(18, 43) = 2.72,
p < 0.004) however, post hoc tests failed to find any significant dif-
ference between any groups. There was no significant effect of order
(p < 0.12) but a trend for a main effect of treatment (p < 0.054). A pri-
ori tests on the main effect of treatment found that mount latency
was significantly higher in the DMSO group compared to the PPT
1.25 and DPN 5.0 (p < 0.019; p < 0.025, respectively, although with a
Bonferroni correction these would no longer be significant). Thus
this suggests that all males were initially equally sexually vigorous
and motivated to perform sexual behavior irrespective of female
treatment.
For females, regardless of treatment or order of testing gross
overall motor activity was not effected [main effect of treatment
p ≤ 0.83; main effect of order p < 0.52, interaction p < 0.30], indicat-
ing that any changes due to agonist administration were not due to
overall differences in locomotor activity.

3.2. The ER˛ agonist, but not the ERˇ agonist, treatment induces
proceptive behavior

There was a main effect of treatment on ‘ear-wiggling’ (F(9,
43) = 5.71, p < 0.001) but no other significant effects (order: p < 0.27;
interaction: p < 0.95). Post hoc analysis revealed that EB and PPT 5.0
females showed significantly more ‘ear wiggling’ relative to their
respective vehicles (p ≤ 0.0002; p ≤ 0.011, respectively; Fig. 1A).
There were no other significant differences between treatment
groups. The concomitant administration of PPT and DPN dose
produced very little effect on ‘ear wiggling’; specifically, only
two females (2/9) from this treatment group exhibited ‘ear wig-
gling’.

There was a significant interaction between treatment and order
for hopping and darting (F(18, 43) = 3.10, p < 0.002). Post hoc anal-
Fig. 1. (A) Frequency of ‘ear wiggling’ as a function of treatment in female rats. The
EB and PPT 5.0 treated rats showed significantly more ‘ear wiggling’ relative to their
respective vehicles (p ≤ 0.0002; p ≤ 0.011, respectively; main effect of treatment on

‘ear-wiggling’ (F(9, 43) = 5.71, p < 0.001)). ‘Ear wiggling’ of the female rats admin-
istered the combination agonist treatment (2.5 mg PPT + 2.5 mg DPN/0.1 ml DMSO)
did not statistically differ from vehicle suggesting that dual receptor subtype activa-
tion does not mimic the effect of estradiol alone. (B) Number of hops and darts as a
function of treatment in female rats. PPT 5.0 and PPT 2.5 treated rats demonstrated
significantly more hopping and darting relative to DMSO (p ≤ 0.04; p ≤ 0.01, respec-
tively). The combination agonist treatment (PPT and DPN 2.5 mg/0.1 ml DMSO)
did not statistically differ from vehicle. Error bars indicate standard error of mean
(S.E.M.; n = 6–9). *Significantly different from control group (OIL or DMSO) (p < 0.05).

ysis indicated that PPT 2.5 rats tested during session 3 expressed a
greater number of hops and darts than the other 2 sessions and PPT
5.0 rats tested during session 1 exhibited greater number of hops
and darts than the other 2 sessions. Post hoc analysis on the main
effect of treatment revealed that PPT 5.0 and PPT 2.5 treated groups
demonstrated significantly more hopping and darting relative to
their DMSO vehicles (p ≤ 0.04; p ≤ 0.01, respectively; F(9, 43) = 5.67,
p < 0.0001; Fig. 1B). All other groups were not significantly different
relative to their vehicle (all p’s > 0.1). The concomitant administra-
tion of PPT and DPN dose produced no significant effect on hops and
darts but four females (4/9) from this treatment group exhibited
hops and darts.
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3.3. The ER˛ agonist, but not the ERˇ agonist, elicits receptive
behavior in a dose-dependent manner

There was a significant main effect of treatment on lordosis
quotient (F(9, 43) = 10.90, p < 0.0001) but no main effect of order
or interaction (p ≤ 0.34; p ≤ 0.27, respectively). Post hoc analysis
demonstrated that EB, PPT 2.5 and PPT 5.0 groups demonstrated
a significantly greater lordosis quotient relative to their respec-
tive vehicle (p ≤ 0.0001, p ≤ 0.04, p ≤ 0.0001, respectively; Fig. 2A).
There were no other significant differences between groups (all
p’s > 0.2). The concomitant administration of PPT and DPN dose
produced very little effect on lordosis quotient; specifically, only
two females (2/9) from this treatment group exhibited a lordo-

Fig. 2. (A) Lordosis quotient (LQ) as a function of treatment in female rats. EB, PPT
2.5 and PPT 5.0 treated rats demonstrated a significantly higher LQ relative to their
respective vehicle (p ≤ 0.0001, p ≤ 0.04, p ≤ 0.0001, respectively; main effect of treat-
ment on lordosis quotient (F(9, 43) = 10.90, p < 0.0001)). Combined agonist treatment
group (P and D 2.5) did not statistically differ from vehicle. DPN treated females did
not display the lordosis posture. (B) Lordosis rating (LR) as a function of treatment
in female rats. EB, PPT 5.0, PPT 2.5 and PPT 1.25 treated females displayed a signif-
icant lordosis rating relative to their vehicles (EB p ≤ 0.0001; PPT 5.0, p ≤ 0.0001;
PPT 2.5, p ≤ 0.02; PPT 1.25, p ≤ 0.04; main effect of treatment on lordosis rating (F(9,
43) = 11.76, p < 0.0001)). Error bars indicate S.E.M. (n = 6–9). *Significantly different
from control group (OIL or DMSO) (p < 0.05).
Fig. 3. Rejection quotient as a function of treatment in female rats. EB treated ani-
mals demonstrated significantly less rejection behavior relative to vehicle (p ≤ 0.02;
main effect of treatment on rejection quotient (F(9, 43) = 2.12, p < 0.04)). All PPT doses
(PPT 1.25, PPT 2.5 and PPT 5.0) and combined agonist (PPT and DPN 2.5) treated
rats demonstrated no significant differences relative to vehicle (all p’s > 0.5). There
was no significant differences in rejection quotient for all DPN treated rats relative
to vehicle (all p’s > 0.5). Error bars indicate S.E.M. (n = 6–9). *Significantly different
from control group (OIL or DMSO) (p < 0.05).

sis quotient greater than zero. There was a significant main effect
of treatment on lordosis rating (F(9, 43) = 11.76, p < 0.0001) but no
main effect of order or interaction (p ≤ 0.56; p ≤ 0.13, respectively).
Post hoc tests revealed that EB, PPT 1.25, PPT 2.5 and PPT 5.0 treated
females demonstrated a significantly higher lordosis rating (LR) rel-
ative to their vehicles (EB p ≤ 0.0001; PPT 1.25 p ≤ 0.04; PPT 2.5,
p ≤ 0.02; PPT 5.0, p ≤ 0.0001; Fig. 2B). There were no other signifi-
cant differences between groups (all p’s > 0.8).

There was a significant main effect of treatment on rejection
quotient (F(9, 43) = 2.12, p < 0.04), a trend for a main effect of order
(p ≤ 0.056) but not an interaction (p ≤ 0.44). Post hoc analyses
revealed that EB treated animals demonstrated significantly less
rejection behavior relative to vehicle (p ≤ 0.02; Fig. 3). There were
no other significant differences between groups (all p’s > 0.6). Due
to the trend for a main effect of order, we used an a priori with a
Bonferroni correction and did not find any significant differences

between order, however, the direction of the means indicated that
there were greater rejection quotient scores during the first testing
session compared to the second and third testing sessions.

4. Discussion

The results from the present experiment clearly show a disas-
sociation in function between ER� and ER� using the ER� and ER�
selective agonists, propyl-pyrazole triol (PPT) and diarylpropioni-
trile (DPN). The ER� agonist, PPT, but not the ER� agonist, DPN,
when administered in isolation, elicited sexual proceptivity and
receptivity in the female rat. Therefore, our findings indicate ER�,
but not ER�, is involved in both proceptive and receptive female
sexual behavior, consistent with prior findings using knockout mice
[41,47,49,59]. Furthermore we found that DPN eliminated the PPT-
induced increase in expression of both receptive and proceptive
female sexual behavior, when co-administered with PPT. This sug-
gests that although the ER� agonist DPN on its own does not elicit
receptive or proceptive sexual behavior, it can modulate the ER�
agonist’s degree of expression on female sexual behavior.
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Previous studies on the role of ERs on female sexual behavior
have not directly investigated the expression of proceptive behav-
iors in the female [35,46,59,60] such as ‘ear wiggling’ and hops and
darts [4]. The results from the present study suggest that ER� acti-
vation is not essential for eliciting proceptive behaviors, as DPN
alone failed to elicit proceptive behaviors such as ‘ear wiggling’ or
hopping and darting. However evidence from the �ERKO mice sug-
gests that female reproduction is altered as �ERKO females have
reduced fertility and decreased litter size, likely due to a decrease
in the number of oocyctes released [27]. In addition, the neural areas
important for proceptive behavior such as the VMH [1] and medial
preoptic area (mPOA [20,24]), both contain ER� and ER� [51–53],
suggesting that ER� can directly modulate ER� elicited proceptive
behaviors as was found in the present study.

In agreement with previous work of Frye and colleagues
[47,59,60] and Miller et al. [35], our results demonstrate that ER�
is not essential to elicit receptive behavior, as PPT, but not DPN,
elicited high lordosis ratings and increased lordosis quotient (LQ) to
a similar level as estradiol-treated rats [35,47,59,60]. In the present
study we also showed a dose response curve with dose of PPT of
2.5 and 5.0 mg eliciting significantly higher LQs than controls and
all doses of PPT tested eliciting significantly higher lordosis ratings
than controls. To the best of our knowledge, no study has exam-
ined a dose response curve for female sexual behavior using these
agonists. Intriguingly, two studies found that a dose of 10 �g of
PPT elicited LQs to similar levels as estradiol-treated rats [47,60],
while Miller et al. [35] found that a dose of approximately 3 mg of
PPT elicited LQ levels to the same level as estradiol-treated rats
[35]. These results coupled with the present study suggest that
there may be a sinusoidal dose relationship between PPT and LQ
with lower and higher doses eliciting high LQ levels. Furthermore
it should be noted that the size and shape of the testing chamber
can profoundly affect the expression of sexual behavior especially
in female rats [42]. Paced mating is more rewarding to female rats
and the use of the bi-level chamber, as was used in the present
study, allows for more paced behavior on the part of the female
[46]. In addition, experience plays a role in the activation of neu-
ral areas involved in sexual behavior in females [8]. Although in
the present experiment we did not have large enough sample size
to examine experience, there were some subtle session differences
particularly in rejection quotient across sessions, suggesting that
experience may play a role in the expression of sexual behavior in
the female rat.

Our results demonstrate the ER� is important for both procep-

tive and receptive behaviors, and that ER� has a modulatory role
on sexual proceptivity. This is not surprising as this ER subtype
is present in neural areas implicated in proceptive and recep-
tive behavior [51,53]. For example, a recent study found that
after females experienced mounting, Fos-ir was expressed in ER�-
containing cells in the mPOA, however after intromissions Fos-ir
cells containing both ER� and ER� were expressed in the mPOA
[15]. These findings suggest that specific mating stimuli activates
cells that express ER� in concert with ER� or alone, further suggest-
ing a modulatory role of ER� on ER� for the expression of female
sexual behavior.

Rejection quotient was significantly decreased only in estradiol-
treated females, although PPT 5.0-treated females also showed
reduced rejection quotient scores that were not significantly dif-
ferent compared to their control. Intriguingly, rejection quotients
were non-significantly elevated in DPN injected rats (except for
DPN 1.25), while PPT injected females showed reduced rejec-
tion scores. This result further supports a dichotomy between the
actions of ER� and ER� on affiliative and aggressive behaviors, con-
sistent with previous literature [7,38,39,54]. Intriguingly, ER�KO
male mice show more aggressive behaviors than WT or ER�KO male
n Research 191 (2008) 111–117 115

mice, suggesting that ER� activation attenuates aggressive behav-
iors in male mice [38,39]. Male macaque monkeys fed a high soy
isoflavone-rich diet, which has a greater affinity for ER�, elicited
more aggression than monkeys fed a control diet [54], suggesting
that ER� may have aggressive-promoting tendencies. Future stud-
ies should aim to investigate the potential differences between ER�
and ER� in stimulating rejection behaviors and/or aggression in
female rodents.

Our observations using an ER� selective agonist coupled with
previous studies using transgenic mice provide additional evi-
dence that ER� is not essential for the expression of female rodent
sexual behavior [41,47,49,59]. However recent studies investigat-
ing the organizational influences of ER� have found ER� agonists
inhibit female sexual behavior if administered during development
[25,26]. Furthermore, in our study, the combined dose of PPT and
DPN did not enhance female sexual behavior, and in fact, DPN
eliminated the PPT-induced facilitation of sexual behavior. These
results complement the finding in knockout mice showing that
ER�KO female mice exhibit extended receptivity further suggesting
a modulatory role of ER�. �ERKO females demonstrate significantly
higher receptivity than WT females the day after behavioral estrus
and exhibit a proceptive/still posture throughout the cycle [40].
These findings indicate a modulatory role of ER�, perhaps to reg-
ulate the expression of receptivity, specifically the switching-off
phase during the estrous cycle. Because each receptor subtype is
present in the neural areas implicated in proceptive and receptive
behavior [51,53], ER� function lends itself to a modulatory role.
ER�’s subtle role in the regulation of sexual behavior in adulthood
may be due to acting as a regulatory of ER� transcriptional activ-
ity. Indeed, ER� has been demonstrated to have both an enhancing
and inhibitory effect on ER� activity [12,16]. These findings sug-
gest that ER� is inhibiting ER� activity when each receptor subtype
is bound by the complementary agonist. ER�’s inhibitory role is
further supported by work in mammalian cells [16,43] and in ER
knockout mice [9,44] which report that ER� mediates the prolifer-
ative effects, while ER� favors the suppression, of gene expression.
Furthermore each ER subtype has the ability to regulate different
genes and have separate or shared functional roles at the cellular
and/or behavioral level when both expressed in the same neural
area. For instance, ER� in the hippocampus has been suggested to
influence neuronal morphology by stimulating dendritic branching
[2] whereas ER� [13] and ER� [47,48] have been suggested to play
a role in hippocampus-dependent spatial learning and neurogene-
sis in the hippocampus [30]. Evidence demonstrating ER�’s ability

to regulate ER�’s activity is beginning to elucidate how estradiol
can regulate a plethora of distinct effects in a variety of cellular and
physiological contexts.

Although ER� is the predominant estrogen receptor in the VMH
and is found in neurons throughout the rostrocaudal extent of this
brain region [52,53], studies have also found ER� localized in the
VMH [51,53]. Additionally, ER� mRNA and ER� mRNA have been
found to overlap within cells of the caudal VMH [22] and the
mPOA [15] suggesting the two subtypes are present within the
same cell. The suggestion of ER� and ER� cellular co-expression
invites the possibility of three types of dimers (ER�- and ER�-
homodimers and ER�–� heterodimers) that might play different
roles in this hormone-regulated brain function or behavior via
a complex regulatory mechanism [31]. Recent data support the
hypothesis that ER� expression is regulated via the ER� path-
way [14] and that both ER� and ER� regulate unique subsets of
downstream genes within a given cell type [21]. Considering the
location, expression and activity of each receptor subtype this
deliberation invites a variety of possibilities of mechanistic action
in order to mediate the desired brain function and/or behavioral
outcome.
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5. Conclusion

In the present study we have shown that ER�, but not ER�,
is primarily involved in eliciting both proceptive and receptive
female sexual behavior. Understanding how estradiol and its recep-
tors dynamically regulate various physiological processes is of vital
importance to further evaluate its potential therapeutic role for var-
ious conditions and disease states. Estradiol is a network chemical
communicator within the mammalian system that will continue
to demand a thorough approach for clearer understanding of its
mechanisms and molecular chaperoned pathways.
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