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Abstract

Estrogen effects on cocaine-induced reinstatement of lever responding were examined in sham-operated, vehicle-treated (SH+VEH),
ovariectomized (OVX+VEH), and OVX female Wistar rats with estrogen replacement (OVX+EB). The effect of long- (64+1.56 days) and
short-term (9 days) EB treatment on reinstatement of cocaine-seeking behavior was compared in Experiment 1 and 2, respectively, in order to
compare the effect of EB when it was present during the development vs. expression of reinstatement of cocaine-seeking behavior. Rats were
trained to self-administer 0.4 mg/kg/inf cocaine. After the acquisition criteria were met, rats continued to respond for cocaine for 2 h/day for
a 14-day maintenance period. Cocaine was then replaced with saline and the 21-day extinction period commenced. Subsequently, rats were
tested for reinstatement of lever responding on the previously drug-paired lever after alternating daily injections of saline or cocaine. In both
experiments, there were no differences between groups in self-administration behavior during training, maintenance, or extinction. In
Experiment 1, SH+VEH and chronically treated OVX+EB rats had greater cocaine-induced reinstatement than OVX+VEH rats. In
Experiment 2, short-term treated OVX+EB rats also showed enhanced cocaine-induced reinstatement compared to OVX+VEH rats. The
results indicate that EB-mediated enhancement of cocaine-induced reinstatement is dependent on EB presence during the expression of

reinstatement but not during the formation of stimulus—reward associations during the development of cocaine-reinforced behavior.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Clinical studies indicate that women may be more
vulnerable to drug abuse than men. For example, it has been
reported that women initiate cocaine use at a younger age
(Griffin et al., 1989), and they have more complications
related to their cocaine use than men (Griffin et al., 1989;
Kosten et al., 1993; Weiss et al., 1997; Brady and Randall,
1999). Women also have higher levels of cue-induced
cocaine craving (Robbins et al., 1999; Elman et al., 2001),
and they are more likely to relapse after an abstinence period
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than males (Griffin et al., 1989). The idea that females are
more prone to drug abuse is supported by preclinical self-
administration studies in which sex differences have been
reported across various phases of addiction (Carroll et al.,
2004; Roth et al., 2004). Of particular interest is the finding
that females that had been previously self-administering
fentanyl (Klein et al., 1997) or cocaine (Lynch and Carroll,
2000) were more likely than males to reinstate their drug-
seeking behavior after exposure to stress or cocaine primes,
respectively. Similarly, behavioral sensitization, which has
been associated with the reinstatement of drug seeking after
an abstinence period (De Vries et al., 1998, 2002), is more
pronounced in females compared to males (Becker, 1999).
Together, these findings suggest that females may be more
vulnerable to relapse and more sensitive to the stimuli that
induce it (e.g., cues, drug intake, and stress). Relapse
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prevention is a major goal of drug abuse research, but
currently there are no treatments that successfully prevent
relapse to cocaine abuse. Thus, it is important to identify
factors that mediate sex differences in drug-seeking and drug-
taking behavior, particularly during a drug abstinence period.

Estrogen is one factor thought to mediate sex differences
in response to cocaine administration. For example, removal
of circulating estrogen by ovariectomy (OVX) or blockade
of estrogen receptors by tamoxifen attenuated acquisition of
cocaine self-administration compared to sham-operated
(SH) controls. Conversely, administration of estradiol
benzoate (EB) to OVX rats enhanced acquisition of cocaine
self-administration (Lynch et al., 2001; Hu et al., 2004). A
role for estrogen has also been established for locomotor
and ambulatory activity, rearing, and stereotypy after acute
or chronic cocaine administration (Peris et al., 1991;
Quifiones-Jenab et al., 2000; Perrotti et al., 2001; Becker
et al.,, 2001; Sell et al., 2000, 2002; Chin et al., 2002),
cocaine-induced conditioned place preferences (Russo et al.,
2003), and cocaine-induced behavioral sensitization (Glick
and Hinds, 1984; Haney et al., 1994; Sircar and Kim, 1999;
Chin et al., 2002; Febo et al., 2003; Hu and Becker, 2003).

The ability of estrogen to modulate the behavioral
responses to cocaine in female rats is also supported by
evidence suggesting that cocaine-induced behavioral
responses vary across the phases of the estrous cycle. For
example, higher levels of behavioral activation after
cocaine, as well as self-administration of cocaine, occur
during proestrus (high estrogen) or estrus (the phase
immediately following proestrus when estrogen levels are
declining from their peak) (Becker et al., 1982; Quifiones-
Jenab et al., 1999; Sell et al.,, 2000, 2002). Similarly,
breakpoints (the highest ratio completed in an increasing
succession of fixed-ratios—responses/drug delivery) under a
progressive-ratio (PR) schedule of reinforcement are highest
in female rats in the estrus phase (Roberts et al., 1989).
Furthermore, in a study in which rats increased their cocaine
dose by responding on one lever and decreased the dose by
responding on another lever, dose dysregulation and
elevated levels of cocaine intake (mg/kg) occurred during
the estrus phase (Lynch et al., 2000).

While it has been shown that estrogen mediates sex
differences in cocaine self-administration during acquisition
and regulation/dysregulation phases of drug addiction
(Lynch et al., 2000, 2001), the effect of estrogen during
another critical phase of cocaine abuse, reinstatement, has
not been examined, yet this is the phase of drug abuse that is
the most challenging to treat. Therefore, in the present study,
the role of estrogen on cocaine-induced reinstatement of
cocaine-seeking behavior was examined by comparing SH
or OVX female rats with or without EB replacement. A drug
priming-induced reinstatement procedure modified from De
Vries et al. (1998) was used, as it employs a long-term
withdrawal period (i.e., 21 days), and it has been shown to
produce robust reinstatement of lever responding for
cocaine. In Experiment 1, EB treatment of OVX rats was

long-term (present during training, maintenance, extinction,
and reinstatement, 60—70 days). Based on previous findings
of sex differences (F>M) during reinstatement, it was
hypothesized that SH+VEH and OVX+EB groups would
show greater cocaine-induced reinstatement of lever
responding than the OVX+VEH group.

While studies examining EB effects on psychostimulant-
induced behaviors and dopamine functioning have often
employed long-term replacement methodology (Di Paolo et
al., 1981, 1982; Hruska, 1986; Lynch et al., 2001; Sell et al.,
2002), estrogen effects have also been reported under short-
term treatment durations (Becker, 1990a, 1999; Xiao and
Becker, 1998; Becker and Rudick, 1999; Thompson, 1999),
and differential effects of short- and long-term estrogen
treatment have been reported (Becker, 1990b, 1999). Addi-
tionally, there is evidence that chronic estrogen treatment
can modulate acquisition and retention of certain memory
tasks (e.g., Luine et al.,, 1998; Gibbs, 2000; Korol and
Manning, 2001; Foster et al., 2003), that may have
influenced the magnitude of reinstatement of lever respond-
ing in Experiment 1. In order to determine whether elevated
reinstatement of cocaine-seeking behavior is related to the
presence of EB during the development of cocaine-seeking
behaviors, during the expression of cocaine-induced rein-
statement, or both, Experiment 2 examined reinstatement of
lever responding when EB was given only during reinstate-
ment and 3 days before (9 days of treatment). It was
hypothesized that short-term EB treatment of OVX rats
would also enhance reinstatement of lever responding after
cocaine compared to VEH-treated controls. It was also
expected that, if EB enhanced associative learning as well as
the motivation for cocaine seeking during reinstatement,
reinstatement of lever responding in OVX+EB rats in
Experiment 1 would be greater than for OVX+EB rats in
Experiment 2.

2. Methods
2.1. Animals

Forty-four sexually mature (>90 days) female Wistar
(Harlan Sprague—Dawley) rats weighing between 240 and
350 g were used as subjects. Upon arrival at the laboratory,
rats were pair-housed in plastic bins and they had ad libitum
access to Purina Laboratory Chow (Purina Mills, Minneap-
olis, MN) and water. They were allowed to acclimate to the
laboratory for a minimum of 3 days prior to surgery. After
acclimation, each rat was implanted with a chronic
indwelling catheter into the right jugular vein following
procedures previously described (Carroll and Boe, 1982)
and they received either bilateral OVX or a SH surgery.
Following surgery, rats were placed in individual operant
chambers and allowed a recovery period of 10 days. Rats
remained in the operant chambers for the duration of the
experiment with free access to water. Rations of 16 g ground
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rat chow were given daily at 1100 hours in order to maintain
rats at 85% of their free-feeding body weights (weights were
measured weekly). Rooms were kept at constant temper-
ature (24 °C) and humidity and a 12/12-h light/dark cycle
was used with lights on at 0600 hours. The University of
Minnesota Institutional Care and Use Committee approved
the experimental protocol under protocol number
0112A13581. Laboratory facilities were accredited by the
American Association of the Accreditation of Laboratory
Animal Care (AAALAC) and experiments were carried out
in accordance with the Principles of Laboratory Animal
Care (National Research Council, 2003).

2.2. Apparatus

Rats were housed and tested in individual operant
chambers that were each enclosed in ventilated sound-
attenuating wooden boxes. Chambers were octagonal in
shape with fitted insertions for a drinking spout, a food
receptacle, and two response levers (MedAssociates, St.
Albans, VT). Three colored stimulus lights (4.76 W) were
placed 5 cm above each lever, and a house light (4.76 W)
was positioned near the top of the chamber. An infusion
pump (RHSYOCKC, Fluid Metering, Oyster Bay, NY) was
attached to a 500-ml aspirator bottle containing the cocaine
solution. Both the pump and the reservoir were mounted on
the outside of the wooden enclosure. The infusion pump
was fitted with Tygon tubing (1.52 mm o.d., 0.51 mm i.d.,
Fisher Scientific, Springfield, NJ) which was connected to a
swivel (050-0022, Alice King Chatham, Hawthorne, CA)
that was positioned at the top (center) of every test chamber.
The swivel was attached to a tether (C313CS, Plastic
Products, Roanoke, VA) that extended into the chamber and
connected to the rat via a metal cannula (C3236, Plastics
One, Roanoke, VA). The metal cannula was embedded in
the center of a plastic infusion harness (Instech Laboratories,
Plymouth Meeting, PA), and it attached to the end of the
rat’s indwelling catheter. Programming, data collection, and
data storage were conducted with IBM-compatible com-
puters with Med-PC interfaces (Med Associates, St. Albans,
V7).

2.3. Drugs

Cocaine HCI was provided by the National Institute on
Drug Abuse (Research Triangle Institute, Research Triangle
Park, NC), and it was dissolved in a sterile 0.9% saline
solution. Heparin (5 USP units/ml saline) was added to
cocaine and saline solutions in order to improve catheter
patency. Cocaine infusions (0.4 mg/kg) were delivered at a
rate of 0.025 ml/s, and the infusion duration was 1 s/100 g
of body weight. Infusion durations ranged from 2.4 to 3.5 s
and volumes ranged from 0.06 to 0.08 ml. The cocaine
solution was refrigerated until it was added to the 500-ml
reservoirs covered with aluminum foil outside each test
chamber. The 17 p-estradiol (EB) and peanut oil vehicle

(VEH) were purchased from Sigma-Aldrich (St. Louis,
MO). EB was dissolved in peanut oil (0.0006 g EB/ml oil),
and both EB and VEH were injected subcutaneously (s.c.)
on the dorsal side of the rat. The dose of EB used (0.05 mg/
kg/day) has previously been shown to result in plasma
estrogen levels comparable to estrogen peaks in intact rats in
the proestrus phase of the estrous cycle (Cheng and
Johnson, 1974).

2.4. Surgery

All rats underwent a catheterization procedure and at the
same time they were given either a bilateral or SH OVX.
Prior to the surgical procedure, they were anesthetized with
a combination of ketamine (90 mg/kg) and nembutal (10
mg/kg), and atropine (0.15 cc) was given to facilitate
respiration. For cannulation, a modified silicone catheter
containing two small silicone anchors was fed into the right
jugular vein and secured with 3 silk sutures (Genzyme, Fall
River, MA). The unfastened end of the catheter was led
subcutaneously to and passed through a puncture hole 1 cm
caudal to the scapulae, where it was then connected to a
metal cannula embedded in the center of an external
covance infusion harness (Instech Laboratories, Plymouth
Meeting, PA). For the OVX surgery, a bilateral incision
was made and ovaries were localized, externalized, and
removed. Muscle wall that had been blunt cut and the outer
incisions were sutured with chromic gut. The procedure
was the same for SH surgeries, except the ovaries were not
removed. Immediately following surgery and for the
following 2 days, rats received heparinized saline (0.3
ml) and gentamicin (2.0 mg/kg, i.v.), followed by 7 days of
injections of 0.3 ml heparinized saline alone. The tether/
swivel attachment was connected to the rat’s harness the
day after surgery and the infusion pump tubing was
attached on the morning of the first training session. The
equipment remained installed throughout the experiment
and was visually checked daily for defects. Catheter
patency was assessed approximately every 7 days by an
injection of sodium pentobarbital (25 mg/ml, i.v.). If an
immediate loss of the righting reflex was observed, it was
assumed the catheter was patent. If a loss in the righting
reflex did not manifest following the injection, the rat was
implanted with a catheter in the left jugular vein, and it was
returned to the experiment after 3 days of recovery.

2.5. Procedure

Fig. 1 summarizes the experimental procedures, that
proceeded in 5 phases: cocaine self-administration training/
acquisition, maintenance, drug extinction, pre-reinstatement,
and reinstatement.

2.5.1. Cocaine self-administration training
All rats were trained to self-administer cocaine (0.4 mg/
kg/inf) under a fixed-ratio 1 (FR 1) schedule with 2-h
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EB or VEH treatment:
Exp 1 I< >
Exp 2 I —. >|
Pre-reinstatement
Surgery/  Training/ | scscsc
| Recovery | Acquisition | Maintenance | Extinction | | Reinstatement |

Days 10 12-17 14

21 3 6

Fig. 1. Summary of the experimental procedure (adapted from De Vries et al. (1998)). Phases of the experiments are shown with the phase duration presented
underneath. S C S C S C: priming injection order during reinstatement, S=saline priming injection and C=cocaine priming injection (10 mg/kg, i.p.). The
dashed lines represent the duration of treatment with VEH or EB in Exp. 1 (~64 days) and Exp. 2 (9 days).

access beginning at 0900 hours. The house light was
extinguished 30 min prior to the daily session and
illuminated at 0900 hours to signal session onset.
Responses on the active lever resulted in illumination of
the stimulus lights above the lever and an immediate
infusion of cocaine, followed by a 20-s timeout period
where the stimulus lights remained on, but lever respond-
ing had no other consequence. Responses on the inactive
lever also illuminated the stimulus lights above the lever
for 20 s; however, inactive lever presses did not result in a
cocaine infusion. Light-reinforcement on the inactive lever
served as a control for the active lever (i.e., conditions on
both levers were identical except for the delivery of the
drug), thus differences in responding on the levers were
due solely to the presence of the drug. Responses on the
active and inactive lever, as well as infusions, were
recorded throughout the session.

During training, rats were administered 2—3 cocaine
priming infusions at the start of the session. If rats exhibited
minimal responding (i.e., 0—3 lever presses per session) for
more than a week, a small amount of food (~0.5 g) was
placed on the levers to facilitate lever pressing behavior.
Rats that earned >30 infusions/day and exhibited an
active:inactive lever response ratio of at least 2:1
subsequently had the priming infusions and/or food on
levers discontinued. If the rats continued to respond at >30
infusions a day the following day, they were advanced to
the maintenance phase of the experiment (procedure
modified from DeVries et al. (1998)). Cocaine priming
injections were only given during training in order to
promote operant lever responding, as without these primes,
the majority of the rats did not self-initiate lever pressing
behavior. Cocaine priming at the session onset may have
initially acted as an “occasion setter”, predicting contingent
cocaine availability; however, only rats that continued to
respond without those primes were allowed to progress into
the maintenance phase.

2.5.2. Maintenance

Rats were allowed to lever press under a FR 1 schedule
for cocaine (0.4 mg/kg/inf) in 2-h sessions (0900—1100) for
14 days. Stimulus conditions were the same as in training;
however, no cocaine priming infusions were given during
this phase. During maintenance, lever responses and
infusions continued to be monitored and recorded.

2.5.3. Extinction

The extinction phase of the experiment commenced after
the 14-day maintenance period and lasted for 21 days.
During this time, cocaine solutions were replaced with
saline. All other stimulus conditions remained identical to
those in the maintenance phase.

2.5.4. Pre-reinstatement

In order to eliminate the influence of conditioned stimuli
during the reinstatement phase, stimulus lights and infusion
pumps were turned off after drug extinction (3 days prior to
reinstatement testing), and they remained off throughout the
rest of the experiment. Additionally, the house light was
turned off, thus eliminating confounds from the potential
“occasion setter” effects of this stimulus. However, the rat’s
equipment (harness and tether/swivel attachment) remained
on during pre-reinstatement as well as during reinstatement
testing.

2.5.5. Reinstatement

Reinstatement testing for cocaine-seeking behavior con-
sisted of 6 alternating days of saline (S) or cocaine (C, 10
mg/kg, i.p.) priming injections (i.e., SCSCSC). Injections
were experimenter-delivered immediately prior to session
onset (0900 hours). After receiving injections, rats were
immediately returned to their individual operant chambers,
and responding on the previously active and inactive levers
was recorded for the duration of the 2-h session. Cocaine
was given based on previous studies indicating that this
dose and route of administration produced robust cocaine-
induced reinstatement of lever responding (De Vries et al.,
1998; Schenk and Partridge, 1999). Additionally, this
procedure had the advantage that catheter patency was not
needed after the extinction phase.

2.6. Hormone treatment

2.6.1. Experiment 1. Effects of long-term EB treatment on
reinstatement

Rats were randomly assigned to one of three groups: 1)
SH+VEH (n=9), 2) OVX+VEH (n=9), or 3) OVX+EB
(n=10). They received daily injections of 0.05 mg/kg EB or
an equal volume of VEH s.c. at 0830 hours each day, starting
aweek before training and continuing until the termination of
the experiment (mean treatment duration=64 (+1.56) days).



102 E.B. Larson et al. / Pharmacology, Biochemistry and Behavior 82 (2005) 98—108

To verify that the rats’ hormonal status was consistent with
their treatment group, they received a daily vaginal swab at
1430 hours. Swab samples were placed on slides, stained with
methylene blue, cover slipped, and examined under light
microscopy. Upon viewing the slides, it was noted that
OVX+EB animals had cytology that displayed a predom-
inance of cornified epithelial cells (similar to estrus in intact
females) and OVX+VEH slides were characterized by a
predominance of leukocytes (similar to diestrus in intact
females), similar to what has been previously shown (Montes
and Luque, 1988). Cycle phase was not controlled for in
SH+ VEH rats; however, all SH+ VEH animals had normal 3 —
5 day estrous cycles verified by cytologic examination of
vaginal mucosa samples.

2.6.2. Experiment 2. Short-term EB effects on reinstatement
of lever responding

This experiment was identical to Experiment 1, with 2
exceptions. One of these was the duration of EB/VEH
treatment. In Experiment 2, rats were randomly assigned to
one of two treatment groups: 1) OVX+VEH (n=28) or 2)
OVX+EB (n=8). They received daily injections of 0.05 mg/
kg EB or an equal volume of VEH (s.c.) at 0830 hours starting
3 days prior to reinstatement and continuing on until the
termination of the experiment, a total of 9 days. The second
difference was the schedule of vaginal swabbing. In contrast
to Experiment 1, rats in Experiment 2 had vaginal smears
taken for 5 days prior to training to confirm successful OVX.
Smears were then discontinued and they were resumed
during short-term VEH or EB treatment to confirm OVX+
VEH or OVX+EB group status, respectively.

2.7. Data analysis

Statistical analyses were conducted with GB Stat
(Dynamic Microsystems, Silver Springs, MD). Independent
variables were treatment, day of maintenance or extinction,
and priming injection type (saline or cocaine) during
reinstatement. Day of maintenance and extinction were
considered to be independent variables as the number of
days in these phases was determined by the experimenters
and because self-administration could potentially have
changed as a function of day. For example, in extinction,
one group could have extinguished more rapidly than the
other group; thus, we considered the number of saline
infusions administered (dependent variable) as being depend-
ent on the day of extinction (independent variable). Depend-
ent measures were infusions during maintenance and
extinction and responses during reinstatement. The effect of
treatment during maintenance and extinction was examined
using a two-way repeated measures analysis of variance
(ANOVA) (treatment and day). The effects of group and
priming injection type during reinstatement were analyzed
using a three-way repeated measures ANOVA (treatment,
priming agent type, and day). All post-hoc tests were done
using Fisher’s LSD protected ¢-tests. The comparison of

cocaine-induced reinstatement responding in OVX+EB
groups from Experiment 1 and 2 was done using a two-tailed
Student #-test. Comparisons of inactive and active lever
responses during reinstatement were conducted with one- or
two-way ANOVAs. Results were considered to be significant
if p<0.05.

3. Results

3.1. Experiment 1. Effects of long-term EB treatment on
reinstatement

There were no group differences in the number of days
for rats to meet training criteria for cocaine self-admin-
istration. The mean (=SEM) days to reach the acquisition
criteria was 14.22 (£3.75), 13.56 (+2.33), and 12.20 (£2.15)
for SH+VEH, OVX+VEH, and OVX+EB rats, respec-
tively. Fig. 2 illustrates the mean (+SEM) daily infusions
self-administered across the 14-day maintenance period.
Statistical analysis revealed no effect of treatment or day on
the number of cocaine infusions self-administered during
this phase. The mean (=SEM) number of infusions self-
administered per day was 42.67 (£7.42), 38.98 (+4.49), and
42.96 (+5.09) for SH+VEH, OVX+VEH, and OVX+EB
rats, respectively.

Fig. 3 illustrates the mean (*SEM) number of saline
infusions across the 21-day extinction phase for the 3 groups.
Statistical analysis revealed a significant effect of day
[ F20,587=20.47, p<0.05], but not a significant treatment
effect. Rats in all groups initially had high responding that
diminished over the extinction period. Saline self-admin-
istration was minimal by Day 10, and it remained low for the
rest of the 21 days. There was a significant day X treatment
interaction [ F'(49,537)=1.71, p<0.05], and post-hoc analysis
using Fisher’s LSD protected ¢-tests indicated that
SH+ VEH rats self-administered more saline infusions than
OVX+VEH or OVX+EB rats on Days 1-3 (¥*p <0.05).
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Fig. 2. Experiment 1. Cocaine self-administration behavior during 14-day
maintenance period. The daily mean (£SEM) cocaine infusions self-
administered are shown for SH+VEH (closed triangles), OVX+VEH
(open circles), and OVX+EB (closed circles) rats.
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Fig. 3. Experiment 1. Saline self-administration behavior across the 21-day
extinction period. The mean (+SEM) number of saline infusions earned
each day are shown for SH+VEH (closed triangles), OVX+VEH (open
circles), and OVX+EB (closed circles) rats. The asterisk depicts that
SH+VEH rats had more saline infusions than OVX+VEH or OVX+EB
rats on Day 3 (p<0.05).

Fig. 4 illustrates the mean (+ SEM) number of responses
on the active lever during the 2-h reinstatement tests after
priming injections of saline (S) or cocaine (C, 10 mg/kg, i.p.)
for the 6 days of reinstatement testing. Statistical analyses
revealed a significant main effect of priming agent
[Fa,167y=27.61, p<0.05], with responding on the active
lever being higher after cocaine compared to saline. There
was also a significant treatment effect [F( 167)=3.49,
p<0.05] and a priming agent x day interaction [F 167)=
3.49, p<0.05]. Post-hoc analyses revealed that all groups had
higher responding on the previously active lever after cocaine
than after saline (*p» <0.05). The one exception to this was in
OVX+VEH rats, where cocaine failed to induce significant
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Fig. 4. Experiment 1. Reinstatement of lever responding induced by saline
(S) or cocaine (C, 10 mg/kg, i.p.). The mean (+ SEM) number of responses
made on the previously active lever are shown for SH+VEH (gray bars),
OVX+VEH (white bars), and OVX+EB (black bars) rats after saline (S1,
S2, and S3) or cocaine (C1, C2, and C3) priming injections. *Significantly
different from saline priming days (» <0.05). *Significantly different from
OVX+VEH on cocaine priming days (p <0.05).
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Fig. 5. Experiment 2. Cocaine self-administration behavior during the 14-
day maintenance period. The mean (SEM) number of cocaine infusions
self-administered each day are shown for OVX+VEH (open circles) and
OVX+EB (closed circles) rats.

reinstatement of lever responding on Day 3 of testing (see S3
and C3). After cocaine priming, SH+VEH and OVX+EB
rats responded more on the previously active lever than
OVX+ VEH-treated rats for all days of testing (“p <0.05).
There was no significant difference between SH+VEH and
OVX+EB rats in responding on the previously active lever
after cocaine priming injections. There were no group
differences in inactive lever pressing after either saline or
cocaine priming injections (data not shown). Inactive lever
pressing was higher on cocaine days than on saline days
[F,ssy=14.64, p<0.05]. However, lever pressing on the
active lever was higher than inactive lever pressing on
cocaine days [ F(; 55y=5.69, p <0.05], but not on saline days.

3.2. Experiment 2. Short-term EB effects on reinstatement of
lever responding

As in Experiment 1, there were no differences in the
number of days for the rats to meet training criteria. The
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Extinction Day

Fig. 6. Experiment 2. Saline self-administration behavior across the 21-day
extinction period. The mean (£+SEM) number of saline infusions earned
each day are shown for OVX+VEH (open circles) and OVX+EB (closed
circles) rats.



104 E.B. Larson et al. / Pharmacology, Biochemistry and Behavior 82 (2005) 98—108

mean (£SEM) days to meet acquisition criteria was 17.0
(+4.1) and 15.9 (£4.1) for OVX+VEH and OVX+EB rats,
respectively. Fig. 5 illustrates the daily mean (£SEM)
number of cocaine infusions self-administered during
maintenance. There were no significant differences between
groups for the number of cocaine infusions self-adminis-
tered during maintenance and no effect of day. OVX+VEH
rats self-administered an average of 49.56 (+7.5) infusions
of cocaine per day; whereas, OVX+EB rats averaged 47.30
(+4.9) infusions per day.

Fig. 6 shows the mean (+SEM) number of saline
infusions self-administered over the 21-day extinction
period. There was a significant effect of day [F(20,335=
9.97, p<0.05], but there were no significant group differ-
ences in the overall ANOVA or on any one of the 21 days.
The pattern of responding across extinction and its
magnitude were similar to that shown in Fig. 4. By Day
13, responding was minimal.

Fig. 7 depicts reinstatement of lever responding in
OVX+VEH and OVX+EB rats after priming injections
of either saline or cocaine. There was a significant main
effect of priming agent type [ (1 ¢5y=31.10, p<0.05], with
active lever pressing being greater on cocaine than saline
days. There was also a significant treatment effect
[F(1,95)=5.65, p<0.05] and a treatment x priming agent
interaction [F(j ¢5=5.29, p<0.05]. Post-hoc analyses
indicated that reinstatement of lever responding was
significantly higher in OVX+EB rats compared with
OVX+VEH rats after cocaine priming on Days 1 and 3
of testing (C1 and C3; "p<0.05). There were no group
differences in inactive lever pressing after priming injections
of saline or cocaine and, although inactive lever pressing
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Fig. 7. Experiment 2. Reinstatement of lever responding induced by saline
(S) or cocaine (C, 10 mg/kg, i.p.). The mean (£ SEM) number of responses
made on the previously active lever are depicted for OVX+VEH (white
bars) and OVX+EB (black bars) rats after saline (S1, S2, and S3) or
cocaine (C1, C2, and C3) priming injections. *Significantly different from
saline priming days (p<0.05). “Significantly different from OVX+VEH
on cocaine priming days (p <0.05).

was higher on cocaine days than on saline days, this effect
was not significant (data not shown).

In order to compare the magnitude of reinstatement of
lever responding after cocaine in OVX rats receiving long
(Exp.1) vs. short-term (Exp. 2) EB replacement, an addi-
tional analysis was conducted using a two-tailed Student -
test. The analysis revealed no significant difference in the
magnitude of reinstatement of lever responding in
OVX+EB rats, suggesting that the enhanced reinstatement
of cocaine-seeking behavior in EB-treated animals was
specific to EB effects during reinstatement and that EB was
not significantly affecting the development of cocaine-
reinforced behavior during the training or maintenance
phases.

4. Discussion

We hypothesized that estrogen would enhance cocaine-
induced reinstatement of lever responding in female rats. In
Experiment 1, removal of endogenous estrogen by OVX
resulted in an attenuation of cocaine-induced reinstatement
of lever responding compared to SH+ VEH rats. In addition,
chronic, long-term EB replacement in OVX rats restored the
magnitude of cocaine-induced reinstatement to the level of
SH+VEH animals. There were no group differences in
saline self-administration during extinction or in lever
responding after priming injections of saline during rein-
statement testing, which indicates that EB-mediated
enhancement of cocaine-induced reinstatement was not
due to estrogen-induced elevations of general activity.
During reinstatement, inactive lever pressing was higher
on cocaine days compared with saline days, indicating that
cocaine increased general locomotor activity. However,
active lever presses were significantly higher than inactive
presses on cocaine, but not saline days, suggesting that rats
were selectively reinstating their cocaine-seeking behavior,
and increased responding on the active lever was not purely
a result of psychomotor activation after a cocaine injection.
Therefore, the ability of estrogen to enhance the resumption
of a behavior (lever pressing) previously associated with
cocaine self-administration indicates that estrogen is a
strong factor mediating drug-seeking behavior in females.
It also suggests that estrogen may underlie the previously
observed sex differences in cocaine-induced reinstatement
of cocaine-seeking behavior (Lynch and Carroll, 2000).

One explanation of the results from Experiment 1 is that
the enhanced reinstatement in SH+VEH and OVX +EB rats
was a consequence of stronger associative cue learning in
these animals, as studies have shown that EB can enhanced
learning and retention of certain memory tasks, such as the
Morris Water Maze task (e.g., Foster et al., 2003; Luine et
al., 1998; Gibbs, 2000). During training, when rats learned
to associate lever pressing (stimulus) with cocaine intake
(reward), there were no between-group differences in the
number of days to acquire cocaine self-administration,
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which suggests that EB did not affect the learning of
stimulus—reward associations. However, it is possible that
the procedure used during training may not have been
sensitive enough to detect subtle differences during this
phase. For example, using an autoshaping procedure that is
sensitive to individual differences in acquisition, EB
increased the amount and rate of acquisition of cocaine
self-administration (Lynch et al., 2001), and EB effects
during acquisition have also been found using other
procedures (Hu et al., 2004). Although these EB effects
on acquisition were thought to be due to an enhanced
rewarding value of cocaine (Lynch et al., 2001; Hu et al.,
2004), it is also possible that EB enhanced acquisition by
strengthening associative learning in these animals. In
Experiment 1, EB was not only present during training,
when stimulus—reward associations were being learned, but
it was also present during maintenance, when this associ-
ation was being maintained, and during extinction, when a
second association (i.e., lever pressing no longer resulted in
cocaine reward) was being formed. Therefore, although
there were no overt effects of EB during training,
maintenance, or extinction, it is still possible that EB was
influencing associative learning in some way that may have
resulted in enhanced reinstatement upon reexposure to the
cocaine stimulus.

In order to further assess the possibility that EB-mediated
enhancement of cocaine-induced reinstatement was a
product of EB effects on associative learning, rats were
treated with EB after the training, maintenance, and
extinction phases in Experiment 2. It was hypothesized that
short-term treatment with EB would also enhance reinstate-
ment of lever responding after cocaine priming injections.
This hypothesis was supported, as short-term EB treatment
in OVX rats significantly increased the cocaine-induced
reinstatement of lever responding above that of OVX+VEH
rats. Furthermore, the magnitude of cocaine-induced rein-
statement in OVX+EB rats in Experiment 2 was similar to
that seen in OVX+EB and SH+ VEH rats in Experiment 1
and OVX+VEH rats had similar performance during
reinstatement testing in both experiments. Although the
short- vs. long-term EB treatments were tested in separate
experiments using different rats, it is possible that there is
some mix between acute and chronic effects of EB on
cocaine self-administration or reinstatement. However, this
appears unlikely, as self-administration during maintenance
and the magnitude of reinstatement responding were similar
for rats receiving short- or long-term EB.

The finding that EB treatment promoted reinstatement of
cocaine-seeking behavior under short-term treatment con-
ditions is consistent with other studies that have shown that
EB can have rapid effects on both neurological function and
behavioral output (Becker and Rudick, 1999; Thompson
1999; Xiao and Becker, 1998; Becker, 1990a). That both
long- and short-term EB treatment enhanced cocaine-
induced reinstatement to a similar extent also indicates that
EB can mediate the motivation for cocaine seeking in the

absence of any facilitatory effects on associative learning.
Even so, as EB was present during reinstatement in both
experiments, the possibility that estrogen enhanced the
expression (recall) of learned stimulus—reward associations
cannot be excluded. Therefore, it would have been interest-
ing to compare the OVX+EB group in Experiment 2 with
OVX+EB rats that had estrogen replacement during train-
ing, maintenance, and extinction but no supplements during
reinstatement. Another limitation of the present study was
that only one dose of cocaine (10 mg/kg) was used to induce
reinstatement. Therefore, it is unknown how estrogen would
have affected dose—response functions for cocaine-induced
reinstatement (e.g., shift upward or to the left) or whether
the short- or long-term EB treatment groups would differ on
this measure. Such comparisons require either larger group
designs or repeated measures in which initial dose exposure
may influence subsequent performance. However, in future
studies priming dose will be a variable of interest.

The enhanced cocaine-induced reinstatement of lever
responding found in rats with exogenous or endogenous
estrogen was not a result of differential cocaine self-
administration histories, as all rats showed comparable
performance during training, maintenance, and extinction in
both Experiments 1 and 2. For maintenance, the lack of
group differences in cocaine self-administration in Experi-
ment 1 is consistent with other studies showing that there
are no sex differences in self-administration behavior under
short access (e.g., 2—3 h) conditions and/or conditions with
low response requirements (e.g., FR1) (Lynch et al., 2000;
Lynch and Carroll, 2000; Carroll et al., 2004, 2005; Roth et
al., 2004). In Experiment 2, OVX+ VEH and OVX+EB rats
were both untreated during maintenance, so differences in
cocaine self-administration were not expected. Therefore,
the enhanced reinstatement of cocaine-seeking behavior in
SH+VEH and OVX+EB rats in these experiments was not
due to enhanced cocaine intake during maintenance but was
specifically due to the presence of estrogen during reinstate-
ment. It should be noted that even when maintenance and
extinction responding differ across groups, it does not affect
subsequent reinstatement levels (Comer et al., 1995).

It is also possible that the enhanced reinstatement in EB-
treated females is related to increased impulsivity in these
animals. For example, high impulsivity is associated with
enhanced acquisition of cocaine self-administration (Perry et
al., 2005). Also, extinction responding has been viewed by
some as impulsive behavior (Bouton and Swartzentruber,
1991; Shaham et al., 2000) and as a factor separate from
motivation and drug seeking (Deroche-Gamonet et al.,
2004). In Experiment 1, there were no overall group
differences in extinction responding (saline self-administra-
tion) after the discontinuation of cocaine availability.
Although SH+VEH rats had higher initial responding
compared to OVX+VEH and OVX+EB rats, this differ-
ence was eliminated by Day 4 and all animals had
completely extinguished their responding prior to reinstate-
ment testing. This is consistent with Lynch et al. (2000),
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who failed to find significant sex differences in extinction
responding using a within-session, same day extinction—
reinstatement procedure. Together these findings suggest
that circulating gonadal hormones play a limited role in
extinction responding. In Experiment 2, both OVX+VEH
and OVX+EB rats were untreated during extinction and
differences in self-administration were not expected. This
again indicates that effects found in reinstatement were not
due to differences in performance in phases that preceded it.
It also suggests that, under the present conditions, estrogen
enhancement of cocaine-induced lever responding during
reinstatement was not a product of increased impulsive
responding for cocaine.

The most likely explanation for the enhanced cocaine-
induced reinstatement of lever responding in SH+VEH and
OVX+EB rats is that estrogen increased the motivation for
cocaine seeking in these animals. This idea is consistent with
the finding of Roberts et al. (1989), who demonstrated that
female rats in estrus achieved higher breakpoints than during
other phases of the estrous cycle, indicating that estrogen
enhanced the motivation for cocaine as measured by a PR
schedule of reinforcement. Estrogen has also been shown to
influence mechanisms thought to mediate the motivation for
drug seeking in drug abstinent animals. For example,
Robinson and Berridge (2003) postulate that, upon repeated
drug exposure, brain reward systems become sensitized to
the incentive-motivational properties of these drugs, and
sensitization has been shown to be associated with increased
reinstatement of lever responding after cocaine (De Vries et
al., 1998, 2002). Female rats not only reinstated their
cocaine-seeking behavior more readily than males (Lynch
and Carroll, 2000), but they also showed greater sensitization
of the psychomotor activating effects of cocaine (Febo et al.,
2003; Haney et al., 1994; Hu and Becker, 2003; Chin et al.,
2002; Glick and Hinds, 1984; Becker et al., 2001), as well as
having more pronounced sensitization of dopaminergic
functioning in the striatum (Peris et al., 1991). Whereas
estrogen has been shown to modulate many of these effects
(Sircar and Kim, 1999; Hu and Becker, 2003; Quifiones-
Jenab et al., 2001; Becker, 1999; Lynch et al., 2002; Carroll et
al., 2004; Roth et al., 2004), this is the first study that has
specifically shown that estrogen mediates cocaine-induced
reinstatement of lever responding after an extended period of
abstinence. Based on the relationship between sensitization
and relapse, it is likely that estrogen is acting to enhance
cocaine-induced reinstatement of lever responding by
increasing the incentive-motivational properties of cocaine,
presumably via an action in mesolimbic brain areas.
Alterations in dopamine functioning in these areas are
thought to mediate the acute rewarding effects, stimulus—
reward associations, and incentive-motivational effects of
psychostimulant drugs (reviewed in Spanagel and Weiss,
1999) and estrogen has been shown to directly modulate
dopamine functioning in the striatum and nucleus accumbens
(e.g., Thompson and Moss, 1994; Becker, 1990b; Disshon
and Dluzen, 1999). However, more studies are needed to

further understand the relationship between estrogen, dop-
amine, and reinstatement of cocaine-seeking behavior.

In humans, preventing relapse in detoxified individuals
remains a persistent problem, and there are currently no
medications that successfully treat cocaine use. The findings
that females are more vulnerable to relapse than males and
the implication that estrogen is a factor involved in relapse
may facilitate sex-specific drug development efforts. The
present results with reinstatement concur with previous
findings indicating that estrogen is a main factor influencing
the enhanced vulnerability to drug abuse in females
(Roberts et al., 1989; Lynch et al., 2000, 2001, 2002;
Carroll et al., 2004). In addition to being more vulnerable to
drug abuse and relapse, females are more amenable (or
sensitive) to behavioral (Cosgrove et al., 2002) and
pharmacological (Carroll et al., 2001; Campbell et al.,
2002; Cosgrove and Carroll, 2003) treatment interventions
than males it and it is possible that estrogen mediates these
differences as well. Therefore, understanding the role of
estrogen in sex differences in reinstatement will aid in the
development of targeted prevention and treatment strategies.

Acknowledgements

The authors would like to thank Paula Whitten, Sarah
Nelson, and Jon German for their technical assistance in
conducting the experiments, and Jennifer Perry for her
critical review of the manuscript. This research was
supported by NIDA ROl DA03240, K05 DA 15267
(MEC), and T32 DA07097, F31 DA14161 (MER).

References

Becker JB. Estrogen rapidly potentiates amphetamine-induced striatal
dopamine release and rotational behavior during microdialysis. Neuro-
sci Lett 1990a;118(2):169—71.

Becker JB. Direct effect of 17p-estradiol on striatum: sex differences in
dopamine release. Synapse 1990b;5(2):157—64.

Becker JB. Gender differences in dopaminergic function in striatum and
nucleus accumbens. Pharmacol Biochem Behav 1999;64(4):803—12.

Becker JB, Rudick CN. Rapid effects of estrogen and progesterone on the
amphetamine-induced increase in striatal dopamine are enhanced by
estrogen priming: a microdialysis study. Pharmacol Biochem Behav
1999;64(1):53 7.

Becker JB, Robinson TE, Lorenz KA. Sex differences and estrous cycle
variations in amphetamine-elicited rotational behavior. Eur J Pharmacol
1982;80(1):65—-72.

Becker JB, Molenda H, Hummer DL. Gender differences in the behavioral
responses to cocaine and amphetamine Implications for mechanisms
mediating gender differences in drug abuse. Ann N Y Acad Sci 2001;
937:172-87.

Bouton ME, Swartzentruber D. Sources of relapse after extinction in
Pavlovian and instrumental learning. Clin Psychol Rev 1991;11:
123-40.

Brady KT, Randall CL. Gender differences in substance use disorders.
Psychiatr Clin North Am 1999;22(2):241-52.

Campbell UC, Morgan AD, Carroll ME. Sex differences in the effects of
baclofen on the acquisition of intravenous cocaine self-administration in
rats. Drug Alcohol Depend 2002;66(1):61-9.



E.B. Larson et al. / Pharmacology, Biochemistry and Behavior 82 (2005) 98—108 107

Carroll ME, Boe IN. Increased intravenous drug self-administration during
deprivation of other reinforcers. Pharmacol Biochem Behav
1982;17(3):563 7.

Carroll ME, Campbell UC, Heideman P. Ketoconazole suppresses food
restriction-induced increases in heroin self-adminstration in rats: sex
differences. Exp Clin Psychopharmacol 2001;9(3):307—16.

Carroll ME, Lynch WJ, Roth ME, Morgan AD, Cosgrove KP. Sex and
estrogen influence drug abuse. Trends Pharmacol Sci 2004;25(5):
273-9.

Carroll ME, Batulis DK, Landry KL, Morgan AD. Sex differences in the
escalation of oral phencyclidine (PCP) self-administration under FR and
PR schedules in rhesus monkeys. Psychopharmacology (Berl)
2005;180(3):414—-26.

Cheng HC, Johnson DC. Temporal changes in serum estradiol and prolactin
in immature female rats given a single injection of estradiol benzoate.
Steroids 1974;24(5):657—64.

Chin J, Sternin O, Wu HBK, Burrell S, Lu D, Jenab S, et al. Endogenous
gonadal hormones modulate behavioral and neurochemical responses
to acute and chronic cocaine administration. Brain Res 2002;945(1):
123-30.

Comer SD, Lac ST, Wyvell CL, Curtis LK, Carroll ME. Food deprivation
affects extinction and reinstatement responding in rats. Psychopharma-
cology (Berl) 1995;121(2):150—-7.

Cosgrove KP, Carroll ME. Effects of a non-drug reinforcer, saccharin, on
oral self-administration of phencyclidine in male and female rhesus
monkeys. Psychopharmacology (Berl) 2003;170(1):9—16.

Cosgrove KP, Hunter RG, Carroll ME. Wheel-running attenuates intra-
venous cocaine self-administration in rats: sex differences. Pharmacol
Biochem Behav 2002;73(3):663—71.

Deroche-Gamonet V, Belin D, Piazza PV. Evidence for addiction-like
behavior in the rat. Science 2004;305(5686):1014—7.

DeVries TJ, Schoffelmeer ANM, Binnekade R, Mulder AH, Vanderschuren
LIMJ. Drug-induced reinstatement of heroin- and cocaine-seeking
behaviour following long-term extinction is associated with expression
of behavioural sensitization. Eur J Neurosci 1998;10:3565—71.

DeVries TJ, Schoffelmeer AN, Binnekade R, Raase H, Vanderschuren LJ.
Relapse, to cocaine- and heroin-seeking behavior mediated by dop-
amine D2 receptors is time-dependent and associated with behavioral
sensitization. Neuropsychopharmacology 2002;26(1):18—-26.

Di Paolo T, Poyet P, Labrie F. Effect of chronic estradiol and haloperidol
treatment on striatal dopamine receptors. Eur J Pharmacol 1981;73(1):
105-6.

Di Paolo T, Dupont A, Diagle M. Effect of chronic estradiol treatment on
dopamine concentrations in discrete brain nuclei of hypophysectomized
female rats. J Neurosci Lett 1982;32(3):295-300.

Disshon KA, Dluzen DE. Use of in vitro superfusion to assess the dynamics
of striatal dopamine clearance: influence of estrogen. Brain Res 1999;
842(2):399-407.

Elman I, Karlsgodt KH, Gastfriend DR. Gender differences in cocaine
craving among non-treatment-seeking individuals with cocaine depend-
ence. Am J Drug Alcohol Abuse 2001;27(2):193-202.

Febo M, Gonzalez-Rodriguez LA, Capd-Ramos DE, Gonzélez-Segarra NY,
Segarra AC. Estrogen-dependent alterations in D,/D;-induced G protein
activation in cocaine-sensitized female rats. J Neurochem 2003;86(2):
405-12.

Foster TC, Sharrow KM, Kumar A, Masse J. Interaction of age and chronic
estradiol replacement on memory and markers of brain aging. Neurobiol
Aging 2003;24(6):839—-52.

Gibbs RB. Long-term treatment with estrogen and progesterone enhances
acquisition of a spatial memory task by ovariectomized aged rats.
Neurobiol Aging 2000;21(1):107-16.

Glick SD, Hinds PA. Sex differences in sensitization to cocaine-induced
rotation. Eur J Pharmacol 1984;99:119-21.

Griffin ML, Weiss RD, Mirin SM, Lange U. A comparison of male and
female cocaine abusers. Arch Gen Psychiatry 1989;46(2):122—6.

Haney M, Castanon N, Cador M, Le Moal M, Mormede P. Cocaine
sensitivity in Roman high and low avoidance rats is modulated

by sex and gonadal hormone status. Brain Res 1994;645(1-2):
179-85.

Hruska RE. Elevation of striatal dopamine receptors by estrogen: dose and
time studies. J Neurochem 1986;47(6):1908—15.

Hu M, Becker JB. Effects of sex and estrogen on behavioral sensitization to
cocaine in rats. J Neurosci 2003;23(2):693-9.

Hu M, Crombag HS, Robinson TE, Becker JB. Biological basis of sex
differences in the propensity to self-administer cocaine. Neuropsycho-
pharmacology 2004;29(1):81-5.

Klein LC, Popke EJ, Grunberg NE. Sex differences in effects of predictable
and unpredictable footshock on fentanyl self-administration in rats. Exp
Clin Psychopharmacol 1997;5(2):99—106.

Korol D, Manning C. Effects of estrogen on cognition: implications for
menopause. Animal research and human health. Washington, DC:
American Psychological Association; 2001.

Kosten TA, Gawin FH, Kosten TR, Rounsaville BJ. Gender differences in
cocaine use and treatment response. J Subst Abuse Treat 1993;10(1):
63-6.

Luine VN, Richards ST, Wu VY, Beck KD. Estradiol enhances learning and
memory in a spatial memory task and effects levels of monoaminergic
neurotransmitters. Horm Behav 1998;34(2):149—-62.

Lynch WJ, Carroll ME. Reinstatement of cocaine self-administration in rats:
sex differences. Psychopharmacology (Berl) 2000;148(2):196—-200.
Lynch WIJ, Arizzi MN, Carroll ME. Effects of sex and the estrous cycle on
regulation of intravenously self-administered cocaine in rats. Psycho-

pharmacology (Berl) 2000;152(2):132-9.

Lynch WJ, Roth ME, Mickelberg JL, Carroll ME. Role of estrogen in the
acquisition of intravenously self-administered cocaine in female rats.
Pharmacol Biochem Behav 2001;68(4):641—6.

Lynch WJ, Roth ME, Carroll ME. Biological basis of sex differences in
drug abuse: preclinical and clinical studies. Psychopharmacology (Berl)
2002;164(2):121-37.

Montes GS, Luque EH. Effects of ovarian steroids on vaginal smears in the
rat. Acta Anat 1988;133(3):192-9.

National Research Council. Guidelines for the care and use of mammals in
neuroscience and behavioral research. Washington: The National
Academies; 2003. p. 209.

Peris J, Decambre N, Coleman-Hardee ML, Simpkins JW. Estradiol
enhances behavioral sensitization to cocaine and amphetamine-
stimulated striatal [3H]dopamine release. Brain Res 1991;566(1-2):
255-64.

Perrotti LI, Russo SJ, Fletcher H, Chin J, Webb T, Jenab S, et al. Ovarian
hormones modulate cocaine-induced locomotor and stereotypic activity.
Ann N Y Acad Sci 2001;937:202—16.

Perry JL, Larson EB, German JP, Madden GJ, Carroll ME. Impulsivity
(delay discounting) as a predictor of acquisition of IV cocaine self-
administration in female rats. Psychopharmacology (Berl) 2005;
178(1-2):193-201.

Quinones-Jenab V, Ho A, Schlussman SD, Franck J, Kreek MJ. Estrous
cycle differences in cocaine-induced stereotypic and locomotor behav-
iors in Fischer rats. Behav Brain Res 1999;101(1):15-20.

Quifiones-Jenab V, Perrotti LI, McMonagle J, Ho A, Kreek MJ. Ovarian
hormone replacement affects cocaine-induced behaviors in ovariecto-
mized female rats. Pharmacol Biochem Behav 2000;67(3):417-22.

Quifiones-Jenab V, Perrotti LI, Fabian SJ, Chin J, Russo SJ, Jenab S.
Endocrinological basis of sex differences in cocaine-induced behavioral
responses. Ann N Y Acad Sci 2001;937:140—71.

Robbins SJ, Ehrman RN, Childress AR, O’Brien CP. Comparing levels of
cocaine cue reactivity in male and female outpatients. Drug Alcohol
Depend 1999;53:223-30.

Roberts DC, Bennett SA, Vickers GJ. The estrous cycle affects cocaine self-
administration on a progressive ratio schedule in rats. Psychopharma-
cology (Berl) 1989;98(3):408—11.

Robinson TE, Berridge KC. Addiction. Annu Rev Psychol 2003;54:25—53.

Roth ME, Cosgrove KP, Carroll ME. Sex differences in the vulnerability to
drug abuse: a review of preclinical studies. Neurosci Biobehav Rev
2004;28(6):533-46.



108 E.B. Larson et al. / Pharmacology, Biochemistry and Behavior 82 (2005) 98—108

Russo SJ, Festa ED, Fabian SJ, Gazi FM, Kraish M, Jenab S, et al.
Gonadal hormones differentially modulate cocaine-induced condi-
tioned place preference in male and female rats. Neuroscience
2003;120(2):523-33.

Schenk S, Partridge B. Cocaine-seeking produced by experimenter-
administered drug injections: dose—effect relationships in rats. Psycho-
pharmacology (Berl) 1999;147:285-90.

Sell SL, Scalzitti JM, Thomas ML, Cunningham KA. Influence of ovarian
hormones and estrous cycle on the behavioral response to cocaine in
female rats. J Pharmacol Exp Ther 2000;293(3):879—86.

Sell SL, Thomas ML, Cunningham KA. Influence of estrous cycle and
estradiol on behavioral sensitization to cocaine in female rats. Drug
Alcohol Depend 2002;67(3):281—-90.

Shaham Y, Erb S, Stewart J. Stress induced relapse to heroin and cocaine
seeking in rats: a review. Brain Res Rev 2000;33(1):13-33.

Sircar R, Kim D. Female gonadal hormones differentially modulate
cocaine-induced behavioral sensitization in Fischer, Lewis, and
Sprague—Dawley rats. J Pharmacol Exp Ther 1999;289(1):54—65.

Spanagel R, Weiss F. The dopamine hypothesis of reward: past and current
status. Trends Neurosci 1999;22(11):521-7.

Thompson TL. Attenuation of dopamine uptake in vivo following priming
with estradiol benzoate. Brain Res 1999;834(1-2):164—7.

Thompson TL, Moss RL. Estrogen regulation of dopamine release in the
nucleus accumbens: genomic-and nongenomic-mediated effects. J
Neurochem 1994;62(2):1750—6.

Weiss RD, Marinez-Raga J, Griffin ML, Greenfield SF, Hufford C. Gender
differences in cocaine dependent patients: a 6-month follow-up study.
Drug Alcohol Depend 1997;44(1):35-40.

Xiao L, Becker JB. Effects of estrogen agonists on amphetamine-stimulated
striatal dopamine release. Synapse 1998;29(4):379-91.



	Effect of short- vs. long-term estrogen on reinstatement of cocaine-seeking behavior in female rats
	Introduction
	Methods
	Animals
	Apparatus
	Drugs
	Surgery
	Procedure
	Cocaine self-administration training
	Maintenance
	Extinction
	Pre-reinstatement
	Reinstatement

	Hormone treatment
	Experiment 1. Effects of long-term EB treatment on reinstatement
	Experiment 2. Short-term EB effects on reinstatement of lever responding

	Data analysis

	Results
	Experiment 1. Effects of long-term EB treatment on reinstatement
	Experiment 2. Short-term EB effects on reinstatement of lever responding

	Discussion
	Acknowledgements
	References


