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Abstract
Estrogen enhances dopamine-mediated behaviors, which make women and female rats more
sensitive to the effects of the psychostimulant drugs, cocaine and amphetamine. How cocaine and
amphetamine elicit more robust behavioral responses in females remains unclear, but studies have
shown that the Regulator of G-protein Signaling 9-2 (RGS9-2) protein is an important modulator of
the behavioral responses to these drugs. Previously, we reported that 17-beta estradiol reduced
RGS9-2 mRNA expression in the shell of the nucleus accumbens, but not the core. The present studies
were designed to further evaluate the involvement of RGS9-2 in estradiol-enhancement of
amphetamine-induced place preference behavior and to examine which estrogen receptor subtype
mediates the effect of estradiol. Female Sprague-Dawley rats were ovariectomized and treated for
fourteen days with an inert vehicle or 17-beta estradiol (by Silastic implant or injection [80μg/kg]).
17-beta-Estradiol-treated female rats had enhanced amphetamine-induced conditioned place
preference behavior compared to vehicle-treated, ovariectomized female rats. In situ hybridization
histochemistry and Western blotting identified an inverse relationship between RGS9-2 protein
expression in the nucleus accumbens shell and the hormonal enhancement of amphetamine-induced
place preference behavior. A similar relationship was not found between place preference behavior
and RGS9-2 expression in the accumbens core. Moreover, treatment of ovariectomized female rats
with the selective estrogen receptor-beta agonist, diarylpropionitrile (1 mg/kg), for two weeks also
facilitated amphetamine-induced place preference behavior and selectively reduced nucleus
accumbens shell RGS9-2 protein expression. These data provide insight into a potential mechanism
by which estrogen and/or sex modulate mesoaccumbal dopamine receptor signaling and possibly,
addictive behaviors.
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Introduction
According to the National Institute of Drug Abuse, over nine million women have used illegal
drugs in the past year. Previously, there was a large difference between the number of men and
women in drug abuse treatment programs but this gap has been narrowing at an alarming rate
(http://www.nida.nih.gov/WomenDrugs/Women-DrugAbuse.html). Substance abuse among
females has grown rapidly because once females experience illicit drugs, they progress to the
abuse state faster than males. During periods of elevated estrogen secretion, psychostimulant
drugs generate enhanced euphoria and craving in women (White et al., 2002). Similarly, these
drugs have profoundly increased effects in female rodents (for review Becker et al., 2001;
Lynch et al., 2002; Carroll et al., 2004). Specifically, female rats display augmented locomotor
sensitization to amphetamine (AMPH) (Robinson, 1984) and cocaine (van Haaren and Meyer,
1991) compared to males. 17β-estradiol (E2) appears to have mediated the more powerful
effects of these drugs (Becker, 1999). Additionally, E2-treated ovariectomized (OVX) female
rats became proficient at cocaine self-administration more rapidly than OVX female and male
rats (Lynch and Carroll, 1999; Hu et al., 2004). Conditioned place preference (CPP) studies
also suggested that female rats developed associations between contextual stimuli and the
rewarding effects of cocaine at lower doses and with shorter latencies than male rats (Russo et
al., 2003a). Female gonadal hormones appear to be responsible for this enhanced preference
(Russo et al., 2003b; Russo et al., 2003a).

Given the hormonal influence on dependence patterns, an investigation of E2 and progesterone
(P) effects on the neural substrates of reward behaviors, such as the mesolimbic dopamine
(DA) system, is critical. Early anatomical experiments identified E2-concentrating cells in the
limbic system (Pfaff and Keiner, 1973). Presynaptically, E2 potentiated psychostimulant-
induced DA release in the nigrostriatal system (Becker et al., 1984) and enhanced DA turnover
in the striatum and nucleus accumbens (NAc) (Di Paolo et al., 1985; Thompson and Moss,
1994). While DA release appears to be facilitated by E2, there is controversy about the
downstream actions of E2 on DA receptor expression, re-uptake, and post-synaptic signaling
suggesting that the nature of the E2 effect on DA-mediated behavior is unresolved. On the
molecular level, E2 effects on gene transcription can be mediated by either estrogen receptor
(ER)α or ERβ. These members of the steroid hormone receptor superfamily have distinctive
neuroanatomical distribution patterns that probably underlie the differential behavioral effects
of E2 (Ogawa et al., 1998; Ogawa et al., 1999; Lund et al., 2005; Walf and Frye, 2005). The
localization of ERβ mRNA and immunoreactivity (Shughrue et al., 1997; Shughrue and
Merchenthaler, 2001) in the ventral striatum and the ventral tegmental area (VTA) (Creutz and
Kritzer, 2004) supports the hypothesis of ERβ-mediated augmentation of DA function and
subsequent facilitation of enhanced reward behaviors in female rats.

Anatomically, VTA projection neurons terminate in the NAc. The NAc shell has been linked
with emotional and motivational functions (Sellings and Clarke, 2003) while the NAc core
appears to be involved in movement-related behaviors (Maldonado-Irizarry and Kelley,
1995; Sellings and Clarke, 2003). Interestingly, rats self-administered AMPH if it was injected
into the medial shell but not core (Ikemoto et al., 2005). The NAc shell also is involved in
naturally rewarding situations, such as pup retrieval in rats and mice, and pair bond formation
in voles. These conclusions were based on the selective induction of the immediate early gene,
FOS, in the NAc shell during these behaviors (Li and Fleming, 2003; Aragona et al., 2006).
The VTA neurons projecting to the NAc elicit effects by releasing DA onto either D1 or D2
receptors, which are highly expressed in the NAc. D1-like receptors (D1, D5) are G-protein
coupled receptors (GPCR) that stimulate adenylate cyclase and subsequently, the cAMP
response element binding protein (CREB) (Nestler and Carlezon, 2006). On the other hand,
D2-like receptors (D2, D3, and D4) are coupled to inhibitory G-proteins, Gαi/Gαo, that
inactivate adenylate cyclase and decrease CREB (Kebabian and Calne, 1979). D2-like
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receptors are important mediators of processes associated with psychostimulant abuse (Wise
et al., 1990; Britton et al., 1991; Self et al., 1996).

One of the specific intracellular regulators of DA D2 receptor activation is a protein known as
Regulator of G-protein Signaling9-2 (RGS9-2) (Rahman et al., 2003; Kovoor et al., 2005). It
has been shown that RGS proteins modulate the function of GPCRs by acting as GTPase-
activating proteins (GAPs) (Dohlman and Thorner, 1997; Berman and Gilman, 1998). GAPs
increase the rate of GTP hydrolysis and accelerate the rate of the Gα inactivation. Consequently,
RGS proteins actively control the duration of receptor-mediated intracellular signaling by
dictating the rate of the GTP-GDP exchange reaction. RGS9-2 is selectively expressed in the
NAc and dorsal striatum and co-localizes with the D2 receptor (Gold et al., 1997; Rahman et
al., 1999). Acute and chronic psychostimulant administration modifies the expression of
RGS9-2 mRNA in the male rat striatum (Burchett et al., 1998). Unfortunately, however, very
little work has focused on this potentially important intracellular signaling protein in female
rats. Previous work from our laboratory illustrated E2 selectively reduced RGS9-2 mRNA
expression in the NAc shell. Interestingly, AMPH failed to alter RGS9-2 mRNA expression
in contrast to studies in male rats (Sharifi et al., 2004). The present studies were performed to
test the hypothesis that E2-potentiation of AMPH-induced place preference behavior in female
rats is mediated by ERβ. Additionally, it is hypothesized that E2-facilitation of psychostimulant
behaviors is associated with alterations in RGS9-2 levels. Thus, we examined whether
potentiation of CPP was accompanied by a correlative reduction of RGS9-2 protein in the NAc.

Methods
Animals

Female adult Sprague-Dawley rats (175-200g) were purchased from Charles River
Laboratories (Kingston, NY). The animals were housed in a temperature-controlled animal
facility on a 12h-12h light-dark cycle (lights on from 0700 hr to 1900 hr). Animals had access
to food and water ad libitum. All animals procedures were approved by University of Maryland
School of Medicine Institutional Animal Care and Use Committee and adhered to the NIH
Guide for the care and use of laboratory animals (National Institutes of Health Publications,
n. 80-23, revised 1978).

Experimental Design
Preliminary testing—Two separate control experiments were performed to evaluate bias in
the place preference apparatus. First, twelve adult female rats weighing between 225-250g
were anesthetized with chloral hydrate (300 mg/kg; Sigma Aldrich, St Louis, MO) and the
ovaries were removed using a ventral approach. On the morning of the seventh day after
surgery, the rats were treated with a 0.9% solution of sodium chloride i.p. (1 ml/kg; saline,
Fisher Scientific, Pittsburg, PA). Following the injection, the rats were placed on one side of
the place preference apparatus (see details below) for thirty minutes. In the afternoon, after a
second saline injection, the rats were placed in the opposite chamber of the place preference
apparatus for thirty minutes. This procedure was repeated for two additional days. At
approximately 1200 hours on the fourth day, rats were placed in the place preference box for
twenty minutes and allowed access to both chambers. The session was videotaped and at a later
time, the tapes were scored for time spent in both chambers of the apparatus by a trained
observer.

In a second experiment, twelve ovary-intact, random-cycle female rats weighing between
225-250g received an injection of 0.9% saline (1 ml/kg, i.p.) at 1000 hrs and were placed in
one side of the place preference apparatus for thirty minutes. In the afternoon of the same day,
the rats were given a second injection of saline and placed in the other chamber of the place
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preference apparatus for thirty minutes. As above, these female rats were treated with saline
for two additional days followed by exposure to the place preference apparatus, and on the
fourth day their place preference behavior was video recorded. At a later time, the videotapes
were scored for time each rat in each of the chambers of the place preference apparatus by a
trained observer.

Experiment 1: Effects of Hormonal Milieu on AMPH induced Place Preference in Female
Rats: Fifteen adult female rats were surgically OVX under aseptic conditions using a ventral
approach following an i.p. injection of chloral hydrate (300 mg/kg). While under anesthesia,
ten of the OVX animals received a subcutaneous (s.c.) Silastic implant (5mm in length) filled
with crystalline E2 (Steraloids, Inc., Newport, RI) (Bridges, 1984) in order to maintain
proestrus levels of circulating E2 (OVX+E2; n=10). Five of the ten E2-replaced female rats
were also given a daily s.c. injection of P (2.5 mg/kg; Steraloids, Inc., Newport, RI) dissolved
in sesame oil (E2+P; n=5). P replacement at this dose has been routinely used to induce
reproductive behaviors in rats (Hiermke et al., 1987; Russell et al., 2005). The remaining OVX
female rats (n=5) received an empty s.c. implant and were designated as non-hormone receiving
control rats. The OVX+E2 and the OVX females received a daily injection of sesame oil.
Eleven days after OVX, the rats received AMPH and saline injections to CPP behaviors.
Following three days of conditioning, all rats were tested for AMPH-induced place preference
followed immediately by euthanasia to harvest the brains for analysis if RGS9-2 protein levels
using Western blotting.

Experiment 2: Effects of Selective Agonists on Place Preference in Female Rats: Thirty-
six female rats were anesthetized with chloral hydrate (300 mg/kg, ip) and their ovaries were
removed using a ventral approach (OVX). Twenty-four hours after surgery, each rat received
a s.c. injections of either E2 (80 μg/kg; Steraloids, Inc., Newport, RI; n=9), the ERα selective
receptor agonist, propylpyrazoletriol (PPT; 1 mg/kg; Tocris Cookson, Ellisville, MO; n=9) or
the ERβ selective agonist diarylpropionitrile (DPN 1mg/kg; Tocris Cookson, Ellisville, MO;
n=9). These compounds were administered daily by a s.c. injection for fourteen days because
of their limited availability. E2, DPN and PPT were dissolved in sesame oil. The remaining
OVX female rats (n=9) were treated for fourteen days with the sesame oil vehicle. Eleven days
after OVX, rats received AMPH and saline injections to condition place preference behaviors.
Following three days of conditioning, all rats were tested for AMPH-induced place preference
followed immediately by euthanasia to collect brain tissue.

Drug Administration
d-AMPH sulfate (Sigma Aldrich, St Louis, MO) was dissolved in sterile saline and injected
i.p. at a dose of 1.0 mg/kg. Animals also received an i.p. injection of sterile saline (0.9%NaCl;
Fisher Scientific, Pittsburg, PA).

Conditioned Place Preference
Place preference cages consisted of a rectangular plexiglass box containing two distinct
chambers separated by a removable guillotine door. One conditioning chamber (28 cm × 28
cm × 12cm) was black in color and contained horizontal steel rod floor. The other conditioning
chamber (28 cm × 28 cm × 12 cm) was black and white striped with a steel mesh floor. The
conditioning procedure consisted of three phases and was conducted according to previously
published protocols (Russo et al., 2003b). First, rats were pre-conditioned for a five minute
period during which the animals had unlimited access to both chambers. The pre-conditioning
period provides for acclimation to the CPP apparatus. Second, a three-day series of
conditioning sessions were conducted in which rats were randomly assigned to separate
conditioning groups of AMPH (1.0mg/kg) or saline. Experimental animals were injected with
AMPH each day for three days in either a morning or afternoon session. They were then

Silverman and Koenig Page 4

Horm Behav. Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immediately placed in one chamber of the CPP apparatus for 30 minutes. Saline was also
administered each day and the rats were subsequently confined to the other chamber of the
CPP apparatus. Conditioning sessions were conducted over three days and six sessions. Third,
on the test day (>12-16 hours after the last training session), animals were allowed access to
both chambers of the CPP apparatus for twenty minutes during which a video recording was
collected for later analysis. A blind observer analyzed the tapes for the total time spent in each
chamber. CPP scores were calculated by subtracting the time spent in the saline-paired chamber
from the time spent in the AMPH-paired chamber (Russo et al., 2003a).

Western Blotting
Immediately after behavioral testing, the rats were taken to an adjoining room and sacrified by
decapitation. The brains were removed from the skull and rapidly frozen on powdered dry ice.
To isolate the NAc and dorsal striatum, the brains were cut into 1-mm coronal sections on a
cryostat (Leica, Deerfield, Il) and the NAc shell and core were isolated by micropunches using
a 12-gauge needle (Gold et al., 2003). A representative coronal rat brain section illustrating
the location of the micropunches (1.45 mm anterior to bregma) is shown in Figure 1 (Swanson,
2004). In Experiment 1, a total of four bilateral micropunches were taken from the NAc shell
and core from two adjacent coronal sections. In Experiment 2, each brain was bisected after
removal from the rat’s skull. One half of the brain was frozen for in situ hybridization
histochemical analysis. The other half of the brain was cryosectioned into 1-mm coronal
sections and two punches were obtained from adjacent sections for Western blotting of
RGS9-2. The brain punches were homogenized by sonication in a buffer containing 50 mM
Tris (pH 8.0), 150mM NaCl, 5mM EDTA, 1%SDS, 10μg/mL leupeptin and 10μg/mL
pepstatin. The homogenates were briefly sonicated, and centrifuged at 15,000 rpm for 15
minutes. Protein concentration in the supernatant was measured using a Bio-Rad protein assay
kit (Bio-Rad, Carson, CA). Brain tissue extracts were diluted in Laemmli sample buffer
(Biorad, Carson, CA) to a concentration of 15 μg of protein per lane and resolved by
electrophoresis on a 10% polyacrylamide gel (Biorad, Carson, CA). Proteins were
electrotransferred from the gel onto PVDF membrane (Bio Rad, Carson, CA) in cold transfer
buffer containing 25mM Tris, 192mM glycine. The PVDF membrane was blocked with 5%
nonfat dry milk dissolved in 1X Tris buffered saline (TBS) and was then incubated with goat
anti-rat RGS9 antiserum (Santa Cruz Biotechnology T-19; 1:1000, Santa Cruz, CA) diluted in
TBS/0.1% Tween (TBS-T) with 1% milk and 1% bovine serum albumin (BSA) overnight. The
next day the membrane was rinsed 3 times for 10 min with TBS-T in 1 % milk. The sample
membrane was then incubated in rabbit anti-goat alkaline phosphatase-conjugated secondary
antibody (Chemicon; 1:5000, Temecula,CA), diluted in TBS-T, for one hour and rinsed again
in TBS-T. The blot was washed once with TBS and the protein detected using the Biorad
Immuno-Star chemiluminescent kit (Biorad, Carson, CA). Integrated densitometeric
measurements of the protein bands were made using a Sony CCD camera attached to a Power
Macintosh computer running NIH Image 1.62 (Bethesda, MD). Following collection of the
RGS9-2 images, blots were stripped and reprobed for beta-actin using a mouse monoclonal
antiserum (Chemicon; 1:10000, Temecula, CA). The procedures described above were
repeated. Relative RGS9-2 expression levels were normalized using beta-actin staining
intensity to ensure equal loading of all lanes.

In Situ Hybridization
In experiment 2, following bisection of the brains and freezing on powdered dry ice, the brains
were stored at -70°C. Subsequently, each hemisected brain was cut into twelve-micron coronal
sections using a cryostat and mounted on SupraFrost Plus slides (Fisher Scientific, Pittsburg,
PA). Tissue fixation and hybridization were conducted according to the previously published
protocol (Sharifi et al., 2004). Briefly, tissue sections were fixed with 4% paraformaldehyde,
acetylated with acetic anhydride (0.25%) in triethanolamine (0.1M, pH 8), and dehydrated with
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chloroform and a series of ethanol rinses. Hybridization buffer containing 1.0×106 cpm
of 35S-labeled cRNA probe (synthesized by the riboprobe method) was applied. Antisense
cRNA probes were generated using DNA templates for rat RGS9-2 that spans nucleotides
437-639 (GenBank Accession U32433). Processed, mounted sections received 25 microliters
per section of hybridization buffer (1.0 × 106 cpm). Labeled sense strand probes served as
control for background hybridization. Following hybridization (18h at 55°C), slides were
rinsed in 4× SSC, incubated with RNase A (20 mg/ml), rinsed under high stringency conditions
(0.1× SSC at 68°C), and dehydrated with an ethanol series. The slides were exposed to Kodak
BioMax MR film (Eastman Kodak Co., Rochester, NY) for autoradiographic image analysis.
Films were developed using GBX developing chemicals (Eastman Kodak Co., Rochester, NY).
Autoradiographic images were captured using a Sony CCD video camera interfacing with a
Power Macintosh computer via a Quick Time digitizer and Frame Grabber (Data Translation,
Marlboro, MA). The data collected from the films were processed using NIH Image 1.62
(Bethesda, MD) to yield relative hybridization values for the regions of interest, expressed as
a percentage of control hybridization and statistical analysis performed.

Statistical Analysis
For each experiment, CPP scores obtained for each separate hormone treatment were analyzed
using a one-way analysis of variance (ANOVA) with a Tukey’s post-hoc analysis. These
statistical tests were also employed for RGS9-2 protein measurements, following a beta-actin
correction, in which data is presented as the mean value ± standard error of the mean (S.E.M).
A p-value less than 0.05 represented a significant difference between groups in all analysis.
All analyses were conducted using Graphpad Prism (Graphpad Software Inc., San Diego, CA).

Results
Preliminary Findings

OVX female rats treated with saline spent 413.3 ± 51.74 seconds (mean ± SEM) in the black
chamber and 420.5 ± 52.2 seconds in the black and white striped chamber of the place
preference apparatus (Student’s t = 0.0975, n = 12, p > 0.05). Saline-treated, ovary-intact,
random-cycle female rats spent 476.1 ± 122.9 seconds in the black chamber and 418.33 ± 118.0
seconds in the black and white chamber of the place preference apparatus (Student’s t = 0.3394,
n = 12, p > 0.05). Because no side bias was revealed in these preliminary experiments, AMPH
and saline were randomly paired with the black or black and white striped side of the chamber
in Experiments 1 and 2.

Experiment 1: Effects of Hormonal Milieu on AMPH induced Place Preference in Female Rats
In the following experiments, the saline-paired and AMPH-paired sides were assigned in a
randomized, counter-balanced manner. During the three days of conditioning in the CPP
apparatus, one training session consisted of the rats being placed in one chamber of the
apparatus following injection of a low dose (1.0 mg/kg) of AMPH. During the second daily
training session, the rats were placed in the other chamber following injection of the saline
vehicle. These placements were randomized with regard to time of day. Figure 2A shows that
OVX female rats spent approximately equal amounts of time in the AMPH-paired chamber
and the saline-paired chamber with the resultant CPP score approximating zero. However,
OVX rats that received either E2 or a combination of E2+P replacement therapy were able to
discriminate between the effects of a low dose of AMPH (1.0 mg/kg) and the saline vehicle.
The ability to distinguish AMPH from saline resulted in the rats in these two treatment groups
spending significantly more time in the AMPH-paired chamber than the saline-paired chamber
and a positive CPP score (one-way ANOVA, F (2,12) = 6.115, p<0.05). Tukey’s post-hoc
multiple comparison test revealed a significant difference between OVX and OVX+E2
treatments (q = 4.025, p<0.05) as well as OVX and OVX+E2+P treatments (q = 4.363, p<0.05).
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Using Western blotting techniques to quantify RGS9-2 protein expression in the NAc shell
and core, we subsequently tested the hypothesis that a significant AMPH-induced place
preference would be associated with decreased RGS9-2 protein levels in the NAc shell but not
core. Figure 1 shows a diagrammatic representation of the NAc regions sampled for shell and
core tissue. A representative Western blot of RGS9-2 protein expression in the NAc shell is
shown in the inset of Figure 2B. RGS9-2 is a 78 kilodalton (kDa) protein and Western blotting
reveals a single band of immunoreactive material at this molecular weight in the NAc shell
protein extracts. Lanes 1 and 2 show representative RGS9-2 expression in extracts of the NAc
shell of OVX female rats, lanes 3 and 4 show expression in OVX+E2 replaced rats and lanes
5 and 6 show RGS9-2 expression in OVX rats following E2+P replacement. Beneath the
RGS9-2 bands are the corresponding beta-actin expression profiles, which were used as loading
controls. Figure 2B shows the quantitative comparison of RGS9-2 protein expression across
all groups. OVX+E2 and OVX+E2+P-treated rats had significantly lower RGS9-2 expression
in the Nac shell (ANOVA, F (2,12) =13.99, p<0.05). Tukey’s post-hoc comparison revealed
that OVX rats had significantly higher levels of RGS9-2 in the NAc shell than the OVX+E2
(q = 4.747, p<0.05) or OVX+E2+P-treated rats (q = 6.443, p<0.01). In contrast to the NAc
shell, the level of RGS9-2 protein in the NAc core was unaffected by E2 or E2+P administration
(Figure 2C). In the inset of Figure 2C, lane 1 represents RGS9-2 immunoreactive material in
the core of an OVX female rat, lane 2 shows RGS9-2 expression in the NAc core of a
representative OVX+E2-treated rat and lane 3 depicts RGS9-2 expression in a representative
OVX+E2+P treated rat. No significant differences were observed in RGS9-2 protein levels in
the NAc core (ANOVA, F (2,12) = 0.2940, p>0.05, Figure 2C).

Experiment 2: Effects of Selective Agonists on Place Preference in Female Rats
Since E2 potentiated AMPH-induced place preference in OVX female rats, examination of the
contribution of the ER subtypes in E2-enhanced CPP became of great interest. In these studies
the ERα and ERβ agonists, PPT and DPN, were employed. A previous study revealed the ability
of the ERα agonist, PPT, to reduce post-OVX weight gain in rat uterus as well as overall body
weight (Le Saux and Di Paolo, 2005; Roesch, 2006). In our studies, OVX female rats treated
for fourteen days with the sesame oil vehicle had a body weight of 285 ± 12.0 g. Treatment
with E2 for fourteen days reduced the body weight of OVX rats to 249 ± 7.0 g. OVX female
rats that received PPT for fourteen days had a body weight of 256 ± 6.7 g while OVX rats
treated with DPN had a weights of 283 ± 10 g (one-way ANOVA, F(3,32) = 42.6, p<0.001).
Tukey’s post-hoc statistical analysis of these data revealed a highly significant difference
between the body weights of the OVX rats treated with sesame oil compared to the rats treated
with OVX+E2 (q = 15.27, p<0.001) or OVX+PPT (q = 12.83, p<0.001) but no difference
between OVX and OVX+DPN (q = .7080, p>0.05) or OVX+E2 and OVX+PPT (q = 2.374,
p>0.05) suggesting that the doses of PPT and DPN employed were effective.

As in Experiment 1, OVX female rats that received sesame oil injections for fourteen days
when exposed to three-days of place conditioning did not develop an AMPH place preference
(Figure 3A). However, the OVX rats treated with E2 or the ERβ selective agonist, DPN, for
fourteen days were able to discriminate the AMPH-paired context from the saline-paired
context and developed a significant preference for the AMPH-paired environment (one-way
ANOVA with Tukey’s post-hoc analysis (F(3,32) = 4.305, p<0.05; q OVX+E2 = 3.853, p<0.05;
q OVX+DPN = 4.907, p<0.05). However, OVX rats treated with the ERα selective agonist, PPT,
did not develop a preference for the AMPH-paired context (Figure 3A).

Following behavioral testing, animals were sacrificed for determination of the effect of PPT
and DPN on RGS9-2 protein levels in the NAc shell and core. One-way ANOVA followed by
Tukey’s post-hoc comparison revealed a statistically significant decrease (F(3,12) = 5.761,
p<0.05) in RGS9-2 protein expression in the NAc shell of OVX+E2-treated rats (q OVX+E2 =
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4.816, p<0.05) and the OVX+DPN-treated rats (q OVX+DPN = 5.218, p<0.05) compared to the
OVX-sesame oil vehicle rats (Figure 3B). These findings were replicated in a second set of
NAc shell samples also with 4-5 animals per experimental group. Figure 3C shows
representative examples of the expression of RGS9-2 in the NAc shell of an OVX-sesame oil
control rat (Lane 1), an OVX+E2-treated rat (Lane 2), an OVX+PPT-treated rat in Lane 3 and
in Lane 4 the expression of RGS9-2 in the NAc shell of an OVX+DPN-treated rat. The beta-
actin loading controls are shown in the lower portion of the figure. There was no significant
effect of these hormonal treatments on RGS9-2 expression in the NAc core (data not shown).
The brains from five randomly selected rats from each group were used for RGS9-2 in situ
hybridization histochemistry. Table 1 depicts the values of RGS9-2 mRNA expression in the
NAc shell were significantly reduced by both E2 and DPN replacement therapies
(Fshell (3,16)=7.763, p<0.05; q OVX+E2 = 6.194, p<0.01; q OVX+DPN = 4.122, p<0.05) as
compared to control OVX female rats. The data obtained by in situ hybridization histochemistry
correlated with the effects of E2 and DPN on the NAc RGS9-2 protein expression. In addition,
no changes in RGS9-2 mRNA expression were found in the NAc core after any hormone
treatment regimen (data not shown).

Discussion
Clinical and preclinical evidence provide a strong basis for the sexually differentiated pattern
in behavioral responses generated by psychostimulants (Quinones-Jenab, 2006). Recent
studies have documented an earlier initiation of cocaine use among young females compared
to males as well as a higher frequency of cocaine use (Chen and Kandel, 2002). Human female
functional imaging studies revealed positive correlations between E2 level and brain activity
in the reward circuit (Dreher et al., 2007). In rodent models, females exhibited enhanced
locomotor responses to cocaine (van Haaren and Meyer, 1991), accelerated acquisition of
cocaine self-administration behavior (Lynch et al., 2002; Hu et al., 2004) and greater cocaine-
induced place preference (Russo et al., 2003a) which was accompanied by enhanced NAc DA
release (Carr and White, 1983; Pettit and Justice, 1989; Peris et al., 1991). The cyclical pattern
of estrogen secretion in females appeared to be responsible for the exaggerated behavioral
responses to psychostimulants because surgical removal of the ovaries yields behavioral
responses in self-administration tasks that are similar to male rats (Hu et al., 2004; Lynch and
Taylor, 2005).

Evidence indicated an E2 induced increase in tyrosine hydroxylase activity in the VTA (Kritzer,
2003) and in the amount of DA released from striatal and accumbens nerve terminals following
psychostimulant administration (Thompson and Moss, 1994; Xiao and Becker, 1998).
However, with enhanced DA release, changes in DA receptor densities in the terminal regions
that compensate for the augmented release of DA would be expected. However, inconsistent
E2-induced changes in D2 receptor density have been found with both increased and decreased
receptor density being reported (Di Paolo et al., 1982; Hruska, 1986; Lammers et al., 1999).
In humans, no D2 receptor changes have been found across the menstrual cycle according to
a recent positron emission tomography study (Nordstrom et al., 1998). Other studies suggested
that alterations in D2 receptor coupled G-protein function may be altered by E2 administration
and could account for E2-enhancement of psychostimulant-induced behaviors (Thompson et
al., 2001; Febo et al., 2003). Earlier findings from our laboratory also suggested that an
alteration in the recycling of G-proteins by a reduction of RGS9-2 mRNA expression may be
a novel site of E2 action (Sharifi et al., 2004). The work presented in this paper extended our
previous finding in several ways.

First, OVX female rats failed to develop a place preference for AMPH using a three-day, six
session training paradigm while OVX rats receiving E2 replacement from either an implanted
silastic capsule containing crystalline E2, E2 implant in combination with P injection or daily
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E2 injections successfully learn to discriminate AMPH from saline. In each case of learning
the association of AMPH and a specific context, the rats expressed less RGS9-2 in the NAc
shell. Consistent with our findings are data from male mice with a null mutation of the RGS9-2
gene, which display heightened locomotor responses to AMPH (Rahman et al., 2003), the D2
agonist quinpirole (Kovoor et al., 2005) and enhanced AMPH-induced place preference
(Rahman et al., 2003). E2-induced enhancement of cocaine-induced locomotor activity (Hu
and Becker, 2003) has also been reported. Thus, there is a strong possibility that the
accompanying reduction of RGS9-2 in the NAc shell underlies E2-enhancement of AMPH-
induced behavior. Russo and colleagues (2003b) reported E2 treatment of OVX female rats
failed to enhance cocaine-induced CPP following a four-day training period and a high dose
of cocaine as compared to OVX females not treated with E2. Because we employed a threshold
dose of AMPH (1.0mg/kg) and an abbreviated training schedule, we were able to differentiate
the facilitating effects of E2. If a higher dose of AMPH and a longer training paradigm had
been used we might easily have generated results similar to Russo et al., (2003b). Previously,
P and its metabolites were found to enhance place preference for locations associated with
mating (Gonzalez-Flores et al., 2004). Frequently, however, P antagonizes E2 effects. For
example, co-administration of P with E2 prevents an enhancement of the acquisition of cocaine
self-administration in females normally associated with E2 treatment (Jackson et al., 2006) and
P reduces locomotor counts following cocaine (Quinones-Jenab et al., 2000). While P may
impede some effects of E2, several studies support the notion that the E2 interaction with DA
mechanisms in brain are not disrupted by P (Becker and Rudick, 1999). Currently, the results
of our experiments are consistent with this notion. Yet, it is important to note that in our
experiments, P treatment was given s.c. for fourteen days. We recognize that this regimen does
not mimic physiological P secretion across the rat estrus cycle. However, other investigators
have implanted silastic capsules releasing P for seven to twenty-one days (Sell et al., 2000;
Russo et al., 2003b) to study putative proestrus P modulation of E2 effects. We did not find
that P altered E2-amplified AMPH-induced place preference, which was rather surprising
considering the P enhancement of mating (Gonzalez-Flores et al., 2004) and cocaine-induced
place preference (Russo et al., 2003b). It is possible that P had no effect in our experiments
because the E2 influence on place preference behavior could have been maximally stimulated
precluding further enhancement. This seems reasonable in light of the findings of Russo et al
(2003b). It could also be that with our repeated daily P treatment masked a possible
enhancement of preference behavior by the combination of E2 and P.

A second finding of this work is the demonstration that E2 augmentation of AMPH-induced
place preference appeared to be due to activation of ERβ. Our studies utilized a fourteen-day
E2 treatment regimen following OVX, which decreases the likelihood that the action of E2
involved a membrane-bound receptor.. However, because we employed pharmacological
agents which are highly selective for ERα and ERβ but not absolutely specific, the possibility
remains that non-genomic effects of E2 could be involved (Thompson and Moss, 1994).
Coincident with DPN-induction of AMPH place conditioning was a reduction of RGS9-2
expression in the NAc shell, similar to OVX+E2-treated female rats. PPT, which activates
ERα selectively, did not have a significant effect on either RGS9-2 levels in the NAc or on
AMPH-induced CPP. It is likely that both E2 and DPN exert their effects within the NAc since
peripheral administration of E2 increases concentrations of E2 within the NAc (Frye and
Rhodes, 2006). Additionally, an infusion of ER antisense oligonucleotides into the NAc
prevented E2-induced place preference (Walf and Frye, 2005). Because of the presence of
ERβ in brain regions known to be involved in rewarding behaviors, such as the NAc and the
VTA (Shughrue and Merchenthaler, 2001; Creutz and Kritzer, 2002), it is likely that the effects
of DPN and E2 involved activation of NAc ERβ. However, other studies demonstrated that
ERβ receptor stimulation with DPN selectively affect D2 receptor binding in the NAc core and
not the shell (Le Saux et al., 2006). Unfortunately, there is no obvious explanation for these
somewhat dichotomous findings. Micropunches were used to separate two immediately
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adjacent structures in the present study and it is possible that our finding of DPN-induced
changes in the NAc shell could be attributable to contamination with NAc core tissue but based
on the accuracy of the micropunching exemplified in Figure 1, this explanation would not
appear to be relevant. It is also possible that the repeated administration of AMPH coupled
with the associative learning our animals received during CPP training may have changed the
dynamic interaction of DA, D2 receptors and ERβ within the NAc subterritories, subsequently
yielding these somewhat discordant findings. Furthermore, it should be noted that mice with
a null mutation of RGS9-2 have been shown to display enhanced psychostimulant induced
place preference compared to wild-type mice, and these animals have no significant differences
in D2 receptor binding (Rahman et al., 2003). These data provide a basis for investigating the
role of ERβ in other aspects of reward related behaviors.

Previously, we reported that E2 decreased RGS9-2 mRNA expression in the NAc shell (Sharifi
et al., 2004). In the present studies, we demonstrated that E2 also decreases RGS9-2 protein
levels in the NAc shell, but not core, and that rats showing psychostimulant-induced place
preference have significant reductions in the NAc shell RGS9-2 protein levels compared with
animals not exhibiting place preference behavior. The NAc shell is the site most commonly
associated with the rewarding effects of drugs of abuse. The NAc shell has been demonstrated
to be the neural substrate for AMPH self-administration (Ikemoto et al., 2005) and it plays a
major role in AMPH place preference (Carr and White, 1983). Considering the abundant
research that has implicated DA signaling in reward related behaviors (Koob, 1996; Nestler,
2004) and the critical role of the D2 receptor in these behaviors, a likely target of investigation
would be RGS9-2, because of its strikingly specific expression to the dorsal and ventral striatal
areas and its exclusive co-localization with the D2 receptor (Rahman et al., 2003; Kovoor et
al., 2005). Interestingly, RGS9-2 mRNA is not expressed in VTA neurons (Gold et al., 2003)
suggesting that the actions of E2 on RGS9-2 expression are targeted to postsynaptic D2 receptor
expressing cells in the NAc. RGS proteins regulate GTP-GDP recycling and are known to have
a GTPase activity (Dohlman and Thorner, 1997; Berman and Gilman, 1998). Estrogens could
have additional effects on the levels of G-proteins directly in the NAc and previous studies
have shown that E2 treatment decreased Gαi protein levels in the striatum (Thompson and
Certain, 2005). Decreasing Gαi could also augment CPP behavior if similar effects of E2 were
present in the NAc. Alternatively, Ikeda et al., (2000) reported that a steroid binding protein
with an RGS domain interacted with the estrogen response element. Further investigation will
be needed to determine whether the observed decreases of RGS9-2 in E2-treated OVX females
are the result of a direct interaction between RGS9-2 and ERβ.

The CPP paradigm is based on the concepts of classical conditioning and associative learning
to generate a linkage between the rewarding effects of a drug and the contexual stimuli of the
environment. A variety of studies have demonstrated that E2 augments learning and memory
(Woolley et al., 1997; Daniel and Dohanich, 2001). E2 enhanced working memory (Daniel et
al., 1997) and exhibited robust effects on behavioral and neurochemical measures of striatal
function (Becker, 1999), which are critical for procedural memory. Recently, E2 has been
shown to increase the sensitivity of D2 antagonist effects in learning tasks (Daniel, 2006;
Daniel et al., 2006a; Daniel et al., 2006b). The present findings in combination with the work
reported by Russo et al. (2003b) and Walf and Frye (2006; 2007) would support the thesis that
E2 facilitates other types of non-hippocampal learning, i.e. associative learning. In the current
study, OVX rats treated with E2, E2+P or the ERβ agonist DPN learned to discriminate the
AMPH-paired context from the saline-paired context and developed a significant preference
for the AMPH-paired environment. Each of these groups significantly differed from the OVX
controls and had attenuated RGS9-2 expression in the NAc shell. The correlative nature of
these data provides evidence for the possibility that as animals improve performance on the
CPP task, RGS9-2 protein levels decrease in the NAc shell, but not the NAc core. Because E2
facilitates AMPH-induced CPP behavior, we can conclude that E2 enhances the heightened
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state of association between environmental context and drug reward and that this effect may
involve NAc RGS9-2. In fact, increased DA in the NAc shell, but not core, is associated with
development of addictive processes, while the core is selectively involved in rekindling drug
taking behavior during episodes of relapse (Pontieri et al., 1995; McFarland and Kalivas,
2001; Kalivas and McFarland, 2003; Sellings and Clarke, 2003; Di Chiara et al., 2004).

In summary, studies have demonstrated AMPH-induced place conditioning in male rats and
mice but we may be among the first to show that E2 augments the development of AMPH
place preferences in female rats. In addition, evidence is presented for ERβ mediation of E2’s
effects on reward enhancement. Finally, these studies point to the possible involvement of
RGS9-2 in E2-enhanced behaviors and provide evidence for its role in augmented behavioral
responses that might be account for the more rapid development of addictive behavior in
women.
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Figure 1. Histological Example of Nucleus Accumbens
A representative coronal section depicting the NAc shell and core. The scale bar is 1-mm. The
1-mm micropunches extracted from the slice are represented by a filled circle (shell) and an
open circle (core).
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Figure 2.
Figure 2A. Place Preference to AMPH in OVX rats with and without Gonadal Hormone
Replacement
The effects of OVX, OVX+E2 and OVX+E2+P replacement on AMPH-induced CPP in female
rats are shown. Data are represented as the mean (±S.E.M.) time spent in the drug paired
chamber minus the time spent in the saline paired chamber (CPP scores). * indicates a
statistically significant difference from OVX controls (p<0.05 by one-way ANOVA and
Tukey’s post-hoc comparison). There were 5 female rats in the OVX, OVX+E2 and OVX+E2
+P groups.
Figure 2B. Effects of Gonadal Hormones on RGS9-2 Following AMPH-induced CPP in the
NAc Shell
Data are presented as the mean (±S.E.M.) integrated density of RGS9-2 protein expression in
the NAc shell of OVX, OVX+E2 and OVX+E2+P treated females sacrificed after CPP testing.
There were 5 rats in each treatment group. Significant reductions in RGS9 expression in the
NAc shell are indicated by * (p<0.05) or **(p<0.01). Inset of figure shows a representative
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Western blot of RGS9-2 expression in the NAc Shell using 15 micrograms of tissue extracted
utilizing micropunches. RGS9-2 is a 78 kDa protein shown in the upper image. The lower
image shows beta-actin expression (43 kDa) expression.
Figure 2C. Effects of Gonadal Hormones on RGS9-2 Following AMPH-induced CPP in the
NAc Core
Quantification of the RGS9-2 expression in of the NAc core tissue. Data are presented as the
mean (±S.E.M.) of integrated density. The inset of the figure displays a representative
immunoblot for Experiment 1 on NAc core samples. There were 5 rats in each treatment group.
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Figure 3.
Figure 3A. The Effects of OVX and Selective Agonists on AMPH-induced CPP in Female
Rats
Place preference is expressed by the mean (±S.E.M.) time spent in the drug paired chamber
minus the time spent in the saline paired chamber (CPP scores). * indicates a statistically
significant difference compared to OVX control rats (p<0.05) by one-way ANOVA and
Tukey’s post-hoc comparison. There were 9 animals in the OVX, OVX+E2, OVX+PPT and
OVX+DPN groups.
Figure 3B. Effects of Selective Agonists on RGS9-2 expression in the NAc Shell
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Data are presented as the mean (±S.E.M.) integrated density of RGS9-2 protein expression in
the NAc shell of the four groups OVX, OVX+E2, OVX+PPT and OVX+DPN (n=4/group).
Significantly reductions in RGS9-2 expression in the NAc shell are indicated by * (p<0.05).
Figure 3C. Representative Immunoblots from Experiment 2 in the NAc Shell
Expression of RGS9-2 in the NAc shell using 15 micrograms of tissue extracted utilizing
micropunches. The upper image shows expression of the 78 kDa protein, RGS9-2. The lower
image shows beta-actin expression (43 kDa) expression. Lane 1 depicts RGS9-2 protein
expression in the NAc shell of OVX female rat. Lanes 2 shows expression in an OVX+E2
female rat. Lane 3 depicts expression in an OVX+PPT treated female rat and lane 4 depicts
expression in a DPN-treated OVX female rat.
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Table 1
Effects of SERMS on RGS9-2 mRNA Expression in the NAc Shell and Core
Data shown are mean RGS9-2 mRNA relative optical density measures (±S.E.M.) in the NAc shell and core of OVX,
OVX+E2, OVX+PPT and OVX+DPN treated rats.

OVX OVX+E2 OVX+PPT OVX+DPN
SHELL 51.7±0.8 34.4±3.0** 46.5±4.0 39.3±0.6*
CORE 46.6±3.9 45.2±4.8 42.8±5.0 39.8±4.2
*
indicates statistical significance p<0.05 or ** p<0.01 versus OVX control female rats. There were 9 animals treated with hormone regimen and 5 animals

of each group were randomly selected for in situ hybridization histochemical analysis.
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