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Both sex and gonadal steroid hormones may influence the abuse-related behavioral effects of cocaine under some conditions, but there

is considerable inconsistency in the literature. In the present study, rats were trained under a fixed ratio (FR) 5 schedule of food

presentation and were then allowed to self-administer cocaine (1.0 mg/kg/injection) until behavior stabilized. Subsequently, complete

dose-effect functions for cocaine self-administration (0.032–3.2 mg/kg/injection) were determined in female and male rats before and

after gonadectomy, and in gonadectomized female and male rats before and during chronic treatment with estradiol or testosterone,

respectively. Sex, gonadectomy, and gonadal hormones did not alter the shape or position of dose-effect functions for cocaine self-

administration. These results suggest that sex, estrogen, and testosterone levels are not critical determinants of cocaine’s reinforcing

effects in rats under these conditions. This study differed from earlier studies in that complete dose-effect functions for cocaine were

determined. These findings suggest that the behavioral training history, the unit dose of cocaine, and the schedule of reinforcement are

important variables in studies of sex and gonadal hormone effects on cocaine self-administration.
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INTRODUCTION

Several lines of evidence suggest that gonadal steroid
hormones may influence the behavioral and abuse-related
effects of cocaine (Lynch et al, 2002; Mello and Mendelson,
2002). However, findings from both clinical and preclinical
studies have been inconsistent. Relative to men, women
have been reported to have both lower and higher subjective
and physiological responses to cocaine, and no differences
have been detected under some conditions (Lukas et al,
1996; Kosten et al, 1996; Mendelson et al, 1999; Sofuoglu
et al, 1999; Evans et al, 2002). In contrast, preclinical studies
have consistently suggested sex differences and a modula-
tory role for estrogen on psychomotor stimulant drug
effects. For example, cocaine-induced stimulation of loco-
motor activity in female rats was enhanced during estrus,
and this effect was decreased by ovariectomy (Sell et al,
2000; Zhou et al, 2002). Cocaine also produced greater
locomotor activation in ovariectomized rats treated with
estrogen than in untreated ovariectomized rats or ovari-

ectomized rats treated with progesterone (Sell et al, 2000;
Hu and Becker, 2003). Stereotypic as well as locomotor
responses to cocaine, amphetamine, and methamphetamine
were greater in female rats than in male rats (Schneider and
Norton, 1979; Savageau and Beatty, 1981; Camp et al, 1986;
Schindler et al, 2002; Schindler and Carmona, 2002), and
were greater during estrus than during other stages of the
estrous cycle (Becker et al, 1982; Becker and Cha, 1989;
Quinones-Jenab et al, 1999; Sell et al, 2002).

Although motor responses to cocaine appear to be more
robust in female than in male rodents, no differences in the
discriminative stimulus effects of cocaine and amphetamine
were found. In rats trained to discriminate 5.6 or 10 mg/kg
of cocaine from saline, there were no sex differences in the
potency of cocaine to engender cocaine-appropriate lever
responding (Craft and Stratmann, 1996; Anderson and van
Haaren, 1999, 2000). No sex differences were found in the
dose-dependent substitution of D-amphetamine for cocaine,
or in the antagonism of cocaine’s discriminative stimulus
effects by dopamine antagonists (Craft and Stratmann,
1996; Anderson and van Haaren, 2000).

Intravenous cocaine self-administration may differ be-
tween female and male rats, and estradiol may modulate the
reinforcing effects of cocaine under some conditions
(Roberts et al, 1989; Grimm and See, 1997; Lynch and
Carroll, 2000; Lynch et al, 2001; Carroll et al, 2002; Hu et al,
2003). For example, female rats trained to self-administer
cocaine under a progressive ratio (PR) schedule achieved
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higher break points than male rats, and break points were
higher during estrus than during other phases of the estrous
cycle (Roberts et al, 1989; Carroll et al, 2002). When various
doses of cocaine were available, female rats chose higher
cocaine doses during estrus than during other phases of the
estrous cycle (Lynch and Carroll, 2000). Finally, when
acquisition of cocaine self-administration was studied with
an autoshaping procedure, the acquisition criteria were met
by more females than males, and by more gonadally-intact
females and ovariectomized females given estrogen replace-
ment than by untreated ovariectomized females or intact
females that received an estrogen antagonist (Lynch and
Carroll, 1999; Lynch et al, 2001; Carroll et al, 2002). Similar
findings were also reported for acquisition of cocaine self-
administration under a fixed ratio (FR) 1 schedule of
reinforcement (Hu et al, 2003). These findings were
interpreted to suggest that estrogen increased the reinfor-
cing effects of cocaine. However, no sex differences were
observed when cocaine self-administration was maintained
under an FR 1 schedule of reinforcement, and under those
conditions, estrous cycle phase in intact rats or estradiol
administration to ovariectomized rats did not affect cocaine
self-administration (Roberts et al, 1989; Lynch and Carroll,
2000; Cosgrove et al, 2002). Moreover, in ovariectomized
rats, chronic estradiol administration did not affect cocaine
self-administration maintained under FR or PR schedules of
reinforcement, and acute estradiol administration decreased
cocaine self-administration under the PR schedule (Grimm
and See, 1997).

A number of procedural variables may have contributed
to these discrepant findings. One important variable is the
unit dose of cocaine available for self-administration.
Greater potency or efficacy of cocaine as a reinforcer may
be evidenced by leftward or upward shifts in dose-effect
functions for cocaine self-administration. As dose-effect
functions for cocaine self-administration under fixed-ratio
schedules are characterized by an inverted U-shape, curve
shifts are most clearly assessed by studying both the
ascending and descending limbs of the dose-effect function
(Mello and Negus, 1996). One goal of the present study was
to determine whether there are differences in the shape and
position of complete dose-effect functions for cocaine self-
administration in females and males, and in gonadecto-
mized rats before and during exogenous gonadal hormone
administration.

Another important variable that may influence drug self-
administration is operant performance. Although cocaine
self-administration behavior was acquired more rapidly by
female than by male rats, and by intact and ovariectomized
females treated with estradiol than by untreated ovariecto-
mized females (Lynch and Carroll, 1999; Lynch et al, 2001;
Carroll et al, 2002; Hu et al, 2003), these results could be due
to performance differences in acquisition of operant
behavior rather than differences in the reinforcing effects
of cocaine. In the present study, rats were operant trained
with food reinforcement prior to evaluation of cocaine self-
administration behavior to minimize the influence of
performance differences, and possible sex differences in
food-maintained behavior were also assessed.

Another goal of the present study was to determine if
testosterone modulates cocaine’s reinforcing effects in male
rats, and to compare the results to the effects of estradiol in

females. There has been considerably less research on
gonadal hormone influences on cocaine’s effects in males
than in females, and findings from studies of unconditioned
responses are inconsistent. Acute testosterone administra-
tion enhanced cocaine-induced hyperactivity under some
conditions (Martinez-Sanchez et al, 2002). In contrast,
chronic testosterone administration decreased cocaine-
induced hyperactivity in intact rats (Long et al, 1994).
Moreover, several reports indicated that spontaneous and
psychostimulant-induced locomotion, stereotypy, and brain
dopamine levels were preserved or even enhanced in
castrated rats compared with intact males (van Luijtelaar
et al, 1996; Hull et al, 1997; Kuhn et al, 2001; Chin et al,
2002; Sorg et al, 2002). Consistent with these findings, it was
recently reported that acquisition of cocaine self-adminis-
tration did not differ in castrated and sham-operated male
rats (Hu et al, 2003).

In the first experiment, acquisition of cocaine self-
administration was examined in intact female and male
rats, and complete cocaine dose-effect functions were
determined under an FR 5 schedule. The effects of varying
the concentration of liquid food on food-maintained
responding under an FR 5 schedule were also compared
in intact female and male rats. After cocaine self-adminis-
tration was acquired, rats were gonadectomized or sham-
operated, and complete cocaine dose-effect functions were
redetermined. In the second experiment, gonadectomized
females and males were trained to self-administer cocaine,
and complete cocaine dose-effect functions were deter-
mined under an FR 5 schedule. Subsequently, estradiol or
testosterone pellets were implanted subcutaneously in
females and males, respectively, and complete cocaine
dose-effect functions were redetermined. Control studies
were conducted to establish that circulating concentrations
of estradiol and testosterone were depleted by gonadectomy
and restored to physiologic levels by hormone pellet
implantation.

METHODS

Subjects

Experimentally näive adult Sprague–Dawley female (n¼ 58)
and male (n¼ 62) rats were obtained from Charles River
Laboratories (Wilmington, MA) at approximately 8–10
weeks of age and weighing approximately 220 and 280 g,
respectively. All rats were acclimated to clear Plexiglas cages
with bedding in a temperature- and humidity-controlled
room with a 12-h light/dark cycle (lights on at 0700) for a
minimum of 1 week. During this time, food (PMI LabDiet
Rat Diet 5012, Farmer’s Exchange, Framingham) and water
were freely available, and animals were handled by an
experimenter on at least three separate occasions. There-
after, all rats were given approximately 14.5 g of food per
day in the home cage. Approximately half of the animals
were assigned to behavioral experiments and the other half
to endocrine experiments. Initially, most of the rats were
group housed, and some were individually housed. All rats
were individually housed after surgical manipulations (see
below).

Animal maintenance and research were conducted in
accordance with the guidelines provided by the Committee
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on Care and Use of Laboratory Animals of the Institute of
Laboratory Animal Resources, National Research Council.
All research protocols were approved by the McLean
Hospital Institutional Animal Care and Use Committee.
The health of rats was monitored daily by experimenters
and periodically by a consultant veterinarian.

Behavioral and Surgical Procedures

An overall summary of behavioral procedures, including
sequence of training and testing, is shown schematically in
Table 1. Details are provided below.

Operant apparatus. Operant behavioral training and
testing were conducted in sound-attenuating and ventilated
operant chambers (21� 29.5� 24.5 cm3; Med Associates
Inc., Georgia, VT). Two response levers were located on
either side of a centrally located food receptacle (the ‘front’
levers), and one lever was located in the center of the
opposite wall (the ‘rear’ lever). Levers were 4 cm wide and
located 3 cm from the floor. A stimulus light was located
above each lever. A pellet dispenser (ENV-203, Med
Associates, Georgia, VT) delivered 45 mg food pellets (PJ
Noyes, Lancaster, NH) into the food receptacle. Cocaine was
delivered intravenously with infusion pumps (PHM-100,
Med Associates, Georgia, VT) equipped with 3.3 rpm
motors and connected to a single channel liquid swivel
(Lomir Biomedical, Malone, NY) with spring-reinforced
connector tubing. Scheduling of experimental events and
data acquisition were accomplished with computers located
in an adjoining room.

Training procedure with food pellet reinforcement.
Following acclimation to the laboratory, lever-pressing
behavior was shaped with food reinforcement during
training sessions conducted 5 days per week. Food-training
sessions lasted for 1 h or until 100 food pellets were
delivered, whichever occurred first. Initially, stimulus lights
were illuminated over each of the three levers in the operant
chamber, and a single response on any of the levers resulted
in delivery of a food pellet and initiation of a 20 s timeout
period, during which all stimulus lights were turned off and
responding had no scheduled consequences (FR 1 TO 20-s
schedule of reinforcement). Once a rat earned 430 pellets
in a single session, the schedule conditions were changed so
that food pellet delivery was contingent upon responding
only on the rear lever, and responding on either of the two
front levers had no scheduled consequences. The response
requirement on the rear lever was gradually increased to an
FR 5, and food training was considered complete when a rat
earned 430 pellets under the FR 5 schedule during a single
session.

Liquid food reinforcement procedure. Following food
training with food pellet reinforcement, responding main-
tained under an FR 5 schedule of liquid food presentation
was evaluated in groups of female and male rats (n¼ 10).
The procedure was identical to the FR 5 schedule of food
pellet reinforcement except that sessions lasted up to 2 h
and completion of the response requirement resulted in
delivery of 75 ml of vanilla-flavored Ensure (a nutritional
supplement; Abbott Laboratories, Columbus, OH). After
responding stabilized (see criteria above), responding was

Table 1 Sequence of Training and Testing Procedures

Operant task, listed chronologicallya Criteria for completion Experimental groupsb

FR 1 food maintained responding 30 reinforcers earned per h Males and females (n¼ 26 per sex)

FR 3 food maintained responding Same as above Same as above

FR 5 food maintained responding Same as above Same as above

Control studies: liquid-food maintained responding in
males and females (n¼ 10)

FR 5 cocaine IVSA (acquisition) X5.0 mg/kg/h and p10% variation for three sessions Exp. 1: females pre-OVX (n¼ 12)

Exp. 1: males pre-ORX (n¼ 12)

Control studies: male and female pre-sham (n¼ 6)

Exp 2: OVX females before E2 replacement (n¼ 8)

Exp. 2: OVX males before T replacement (n¼ 8)

FR 5 cocaine IVSA (dose-effect) All doses tested at least twice All of the above

FR 5 cocaine IVSA (dose-effect) All doses tested at least twice Exp. 1: females post-OVX (n¼ 12)

Exp. 1: males post-ORX (n¼ 12)

Control studies: male and female post-sham (n¼ 6)

Exp 2: OVX females during E2 replacement (n¼ 8)

Exp. 2: OVX males during T replacement (n¼ 8)

aIVSA, intravenous self-administration; acquisition, 1.0 mg/kg/injection cocaine; dose-effect, between-sessions tests with saline or 0.032, 0.10, 0.32, 1.0, 3.2 mg/kg/
injection cocaine, using Latin square design.
bOVX, ovariectomized; ORX, orchidectomized; E2, estradiol; T, testosterone.
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reinforced either by water or Ensure for five sessions to
allow for extinction of responding in the absence of food
presentation. Thereafter, responding maintained by various
concentrations of liquid food was evaluated to assess
general operant performance across a range of reinforcer
magnitudes. Concentrations of liquid food (water, 3, 10,
32% Ensure in water, or 100% Ensure) were presented
according to a Latin square design, and all concentrations
were tested in each rat at least twice.

Intravenous catheter implantation. Following food train-
ing, a chronic indwelling intravenous jugular catheter was
implanted in each rat using aseptic procedures. Midazolam
(5 mg/kg, i.p.) was administered as a preanesthetic.
Anesthesia was maintained during the surgical procedure
via an inhaled isoflurane–oxygen vapor mixture. One skin
incision was made lateral and anterior to the heart on the
ventral surface, and another in the midscapular region on
the dorsal surface. Via a trochar, the catheter was threaded
subcutaneously with the external port exiting the mid-
scapular region and the tip of the catheter positioned for
insertion into the right external jugular vein (for details, see,
Caine et al, 1993). The surface muscle and fascia were
dissected bluntly to expose the vein. A small cut was made
in the vein with artery scissors to allow insertion of a
catheter introducer, followed by the catheter. The catheter
was secured by sutures tied gently around the catheter
within the vein. Upon completion of the surgery, a topical
antibiotic ointment was applied at the wound sites, and
buprenorphine (0.032 mg/kg s.c.) was administered as a
postoperative analgesic. In addition, ticarcillin (approxi-
mately 20 mg/kg, i.v.) was administered after surgery and
once daily for a minimum of five additional days in a
solution of heparin and saline (30 USP U heparin/ml 0.9%
saline). Thereafter, catheters were flushed once or twice
daily with the solution of heparin and saline (without
ticarcillin). Approximately 1 week after surgery, one group
of eight rats was allowed to respond for food presentation
under an FR 5 schedule until response rates were stable to
assess the degree to which surgical procedure disrupted
operant responding. Data from these rats indicated that the
surgical procedure did not disrupt operant responding
(data not shown). As a result, cocaine self-administration
was initiated immediately following the surgery recovery
period for all remaining rats in the study.

Cocaine self-administration procedure. During initial self-
administration training, cocaine (1.0 mg/kg/injection) was
available under an FR 5 TO 20-s schedule of reinforcement
on the rear lever during 3 h sessions, 5 days per week. The
concentration of cocaine was 5.6 mg/ml and the cocaine unit
dose was adjusted for each subject’s body weight by
adjusting the infusion volumes and durations. For example,
for a rat that weighed 320 g, 0.056 ml of the 5.6 mg/ml
cocaine solution was delivered intravenously over 3.2 s. If a
subject self-administered fewer than 10 cocaine injections in
a 3 h session, the response requirement was reset to FR 1 in
the next training session, and incremented (FR 3, FR 5) after
the subject earned at least 10 cocaine injections during a
subsequent session. Criteria for acquisition of cocaine self-
administration were: (a) a minimum of 5.0 mg/kg self-

administered during each hour of the 3-h session, and (b)
stable levels of drug intake (710%) for three consecutive
sessions. These criteria for baseline were selected for two
reasons. First, stable drug intake for three consecutive
sessions (710%) is a standard criterion for stable self-
administration of cocaine within this dose range (Caine et al,
1993). Second, in this study (and others with similar
conditions), self-administration of fewer than five injections
per hour of 1.0 mg/kg/injection led to increasing or
decreasing trends in subsequent sessions within a subject
(unpublished observations).

When a subject met criteria for acquisition of cocaine
self-administration, saline was substituted for cocaine
(1.0 mg/kg/injection) in every other session until saline
self-administration was tested three times. Thereafter, dose-
effect functions for cocaine self-administration were deter-
mined by substituting saline or various unit doses of
cocaine (0.032, 0.1, 0.32, 1.0, or 3.2 mg/kg/injection) in
consecutive sessions. The starting dose was balanced across
rats based on a Latin square design. The unit dose of
cocaine was varied by changing the concentration of the
cocaine solution by one-half log-unit increments (0.18, 0.56,
1.8, 5.6, 18.0 mg/ml), and the infusion volume and duration
were adjusted based on each subject’s body weight (see
above). Cocaine dose-effect test sessions terminated after
3 h had elapsed or after the delivery of 100 injections
(whichever occurred first). The cocaine self-administration
dose-effect function was determined twice under each
experimental condition. Double determinations for each
animal were averaged, and those values were used to
calculate group means and standard errors. In the event of
catheter failure, testing was interrupted to allow for surgical
implantation of a second catheter into the left jugular vein,
as described above. After recovery from surgery, self-
administration of the training dose of cocaine (1.0 mg/kg/
injection) was evaluated first, and then dose-effect testing
was resumed. Whenever self-administration of 1.0 mg/kg/
injection of cocaine deviated from baseline parameters
(710% of the previous determination with 1.0 mg/kg/
injection), tests with this dose of cocaine were conducted
until a return to the previous baseline was observed or until
a new baseline was established (using the same baseline
criteria for initial acquisition).

Ovariectomy, orchidectomy, and sham surgeries. Rats
were anesthetized with midazolam (5.0 mg/kg, i.p.) and an
isoflurane–oxygen vapor mixture, and one of the following
surgical procedures was performed: bilateral ovariectomy
(n¼ 20), sham ovariectomy (n¼ 6), bilateral orchidectomy
(n¼ 20), or sham orchidectomy (n¼ 6). Ovariectomy
consisted of a single dorsal transverse incision (1.0–
1.5 cm), including the area ventral to the epaxial muscles
around the third lumbar vertebrae and caudal to the last rib.
The subcutaneous tissues and abdominal wall muscles were
separated. The peritoneum was punctured approximately
5 mm off midline to reveal and allow extraction of the
ovaries. Orchidectomy consisted of a single ventral
transverse incision (1.0–1.5 cm). The subcutaneous tissues
were separated to expose the linea alba. A stab incision was
made through the linea alba and enlarged to reveal and
allow extraction of the testes. After bilateral removal of the
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gonads, the body wall was closed with sutures, and the skin
was closed with surgical glue (VetbondR, 3M Animal Care
Products, Minneapolis, MN). The sham surgeries involved
anesthetizing the animal and making an incision, but the
gonads were not removed. All wounds were treated with
antibiotic ointment, and buprenorphine (0.032 mg/kg, s.c.)
was administered as a postoperative analgesic.

All animals were allowed to recover for 2 weeks after
gonadectomy or sham surgery, because previous research
indicates that 2 weeks is required for stabilization of
gonadal and pituitary hormones after gonadectomy (Peris
et al, 1991). For animals with indwelling catheters, the
catheter was flushed up to twice daily with a solution of
heparin and saline (30 U heparin/ml saline) to maintain
patency. At 12 days after surgery, eight rats were allowed to
respond for food presentation under an FR 5 schedule until
response rates were stable. Rates of food-maintained
responding were similar to baseline rates in those rats
(data not shown), suggesting that gonadectomy surgeries
did not produce general disruption of operant responding.
Accordingly, the remaining rats were not exposed to
schedules of food availability after gonadectomy, and
cocaine self-administration testing resumed (1.0 mg/kg/
injection) in all rats 2 weeks after gonadectomy. When
criteria for stable self-administration were met (see above),
dose-effect tests were conducted.

Estradiol and testosterone replacement. Ovariectomized
(n¼ 8) and orchidectomized (n¼ 8) rats were anesthetized
with midazolam (5.0 mg/kg, i.p.) and an isoflurane–oxygen
vapor mixture for subcutaneous implantation of steroid
treatments. Ovariectomized females were implanted sub-
cutaneously with 0.1 mg estradiol pellets or placebo pellets
in the posterior scapular region. The estradiol pellets were
reported by the manufacturer (Innovative Research of
America, Sarasota, FL) to release a consistent amount of
the steroid each day, approximating high physiological
levels, for up to 60 days following implantation. Orchidec-
tomized males were implanted subcutaneously with 45 mm
silastic tubing capsules filled with either crystalline
testosterone (Sigma Chemical Co., St Louis, MO) or
placebo-cholesterol in the posterior scapular region. The
testosterone capsules were predicted to result in plasma
testosterone levels within the normal physiological range
(Damassa et al, 1977). For behavioral studies, on the third
day after hormone pellet implantation, cocaine self-admin-
istration testing resumed (1.0 mg/kg/injection). When
criteria for stable self-administration were met (see above),
dose-effect tests were conducted. Plasma hormone determi-
nations are described below.

Hormone Status Determinations

Vaginal cytology. Before cocaine self-administration began,
vaginal smears were obtained once per day for at least 5
consecutive days to determine if the rats exhibited regular
estrous cycles. Vaginal swabs were performed each morn-
ing, at least 2 h before the operant sessions. Smears were
stained with JorVet Dip-Quick stain (Jorgensen Labora-
tories, Inc., Loveland, CO) and examined with a light
microscope under � 40 magnification. Phases of the estrous
cycle were defined according to the following criteria.

Proestrus days were characterized by the presence of greater
than 75% nucleated epithelial cells. Estrus days were
characterized by the presence of greater than 75% non-
nucleated cornified epithelial cells. Diestrus days were
characterized by a minimal amount of cells, including
leukocytes and occasional cornified epithelia (Grimm and
See, 1997).

Plasma hormone concentrations. Studies in separate
groups of rats (22 females, 26 males) were conducted to
assess plasma estradiol and testosterone concentrations,
respectively, after gonadectomy, sham gonadectomy, and
hormone replacement conditions. For hormone replace-
ment studies, time points of 7, 15 and 28 days after
hormone pellet implantation were selected, because all
behavioral studies were conducted between 7 and 28 days
after hormone pellet implantion, even in cases where
implantation of a second catheter was necessary during
the course of behavioral testing. Animals were anesthetized
with an isoflurane–oxygen vapor mixture and then decapi-
tated. Trunk blood was collected in heparinized tubes,
and samples were centrifuged to isolate plasma. Plasma
estradiol and testosterone concentrations were measured in
duplicate determinations using a direct, double-antibody
radioimmunoassay with kits purchased from ICN
Biomedical, Inc. (Costa Mesa, CA). For estradiol determina-
tions, the assay sensitivity was 4.3 pg/ml, and intra- and
interassay coefficients of variation were 8.6 and 9.8%,
respectively. For testosterone determinations, the assay
sensitivity was 0.017 ng/ml, and intra- and interassay
coefficients of variation were 5.9 and 8.7%, respectively.

Data Analyses

Food- and cocaine-maintained responding in intact females
were compared to the same behaviors in intact males to
determine if there were sex differences. The effects of the
gonadal steroid hormones estradiol and testosterone on
food- and cocaine-maintained responding were examined
by comparing behavior before and after gonadectomy or
sham gonadectomy, and also by comparing behavior of
gonadectomized animals before and after hormone replace-
ment. The effects of gonadectomy and gonadal hormone
replacement on circulating levels of gonadal hormones were
examined by comparing plasma hormone concentrations in
the following five groups of animals: intact animals,
gonadectomized animals implanted with placebo pellets,
and gonadectomized animals implanted with gonadal
hormone pellets for 7, 15, or 28 days. Analyses were
conducted using ANOVA with between-subjects factors
(sex, gonadal status, hormone replacement status) and/or
within-subjects factors with repeated measures (session
number, cocaine unit dose, pre- or postgonadectomy or
sham-surgery, pre- or posthormone pellet implantation).
Significant main effects and significant main interactions
were explored by pair-wise comparisons (Fisher’s PLSD).
The level of significance was 0.05.

Drugs

Cocaine hydrochloride was provided by the National
Institute on Drug Abuse (NIH) and was dissolved in sterile
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physiological saline. 17�-estradiol and placebo pellets were
purchased from Innovative Research of America (Sarasota,
FL). Crystalline testosterone and cholesterol (5-Cholesten-
3�-ol) were purchased from Sigma Chemical Co. (St Louis,
MO).

RESULTS

Acquisition of Operant Responding Maintained by Food

Table 2 shows data for acquisition of food-maintained
responding in gonadally intact female and male rats. Males
acquired the behavior slightly more rapidly than females
under the FR 1 schedule (F1,34 ¼ 6.25, po0.05). However,
there were no differences between males and females
in the number of sessions necessary to meet criteria for
food-maintained responding under the FR 5 schedule
(F1,34¼ 1.40, p40.1). Although body weights differed
between females (273.876.5 g) and males (351.074.7 g)
during acquisition of food-maintained responding, females
and males exhibited comparable increases in body weight
over the course of the study (3.2% increase per month for
females, 3.8% increase per month for males).

Acquisition of Cocaine Self-Administration

Figure 1 shows data during acquisition of cocaine self-
administration in males and females (left panels); in

gonadally intact and ovariectomized females (center pa-
nels); and in gonadally intact and orchidectomized males
(right panels). These data are also summarized in Table 2.
Gonadally intact male rats reached criteria for stable
cocaine self-administration (1.0 mg/kg/injection) signifi-
cantly faster than gonadally intact female rats under these
conditions (F1,34 ¼ 21.2, po0.0001). All of the males reached
criteria for stable self-administration behavior within 12
days, whereas an additional 7 days were required for all of

Table 2 Training Sessions to Meet Baseline Criteria (Group Mean
and SEM Values)

Intact
females Intact males

OVX
females ORX males

FR 1 food
maintained
responding

3.6 (70.3)a 2.7 (70.2)a

FR 5 food
maintained
responding

6.1 (70.3) 6.7 (70.4)

FR 5 cocaine
self-
administration

11.9 (71.0)b 6.4 (70.7)b 12.4 (72.1) 8.8 (71.3)

aSignificantly different by ANOVA (F1,34¼ 6.3, po0.05).
bSignificantly different by ANOVA (F1,34¼ 21.2, po0.0001).
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Acquisition of Cocaine Self-Administration

Figure 1 Acquisition of cocaine self-administration in gonadally intact and gonadectomized female and male rats. Abcissae: overall training session number
(top panels) or session number relative to the session in which each rat met criteria for acquisition (bottom panels). Ordinates: percent of rats from each
group that met criteria for acquisition (top panels) or mean number of cocaine injections (1.0 mg/kg/injection) self-administered per hour (bottom panels).
Brackets indicate one SEM. Probability values from ANOVA comparisons (main effect of group) are shown in the bottom right of each panel.

Gonadal hormone uralize and cocaine self-administration
SB Caine et al

934

Neuropsychopharmacology



the females to reach the acquisition criteria (top left panel).
During the 5 days immediately preceding acquisition of
stable cocaine self-administration for each rat, mean rates
of drug intake were comparable for female and male rats
(bottom left panel; F1,34¼ 3.45, p¼ 0.07).

Ovariectomized females did not differ significantly from
intact females in the number of sessions necessary to meet
criteria for cocaine self-administration (1.0 mg/kg/injection;
top center panel; F1,24 ¼ 0.06, p40.1). However, during the
5 days immediately preceding acquisition of stable cocaine
self-administration for each rat, mean rates of drug intake
were significantly lower in ovariectomized females com-
pared with intact females (bottom right panel; F1,24 ¼ 7.56,
p¼ 0.01).

Orchidectomized males did not differ significantly from
intact males in the number of sessions necessary to meet
criteria for cocaine self-administration (1.0 mg/kg/injection;
top right panel; F1,24 ¼ 3.3, p¼ 0.08). Moreover, during the 5
days immediately preceding acquisition of stable cocaine
self-administration for each rat, mean rates of drug intake
did not differ between orchidectomized and intact males
(bottom center panel; F1,24¼ 1.52, p40.1).

Dose-Effect Curves for Cocaine Self-Administration
and Concentration-Effect Curves for Liquid Food-
Maintained Responding in Gonadally Intact Female
and Male Rats

Figure 2 shows the number of cocaine injections self-
administered as a function of the cocaine unit dose (left
panel) and the number of liquid food reinforcers earned as a
function of the liquid food concentration (right panel) in
gonadally intact female and male rats. Cocaine dose-effect
curves were inverted U-shaped functions with the peak at
0.1 mg/kg/injection in both females and males, and there
were no significant differences in dose-effect functions for
cocaine self-administration between these two groups of

rats (F1,34¼ 1.58, p40.1). Inspection of data from indivi-
dual rats indicated that dose-effect curves were inverted U-
shaped functions with the peak at 0.1 mg/kg/injection in
most of the females (n¼ 13) and males (n¼ 12), and at the
next higher dose of cocaine (0.32 mg/kg/injection) in all of
the other rats. Inspection of vaginal cytology indicated that
all of the female rats exhibited estrous cycles during the
course of these tests (data not shown). Although estrous
cycle phase varied between the two determinations for each
dose of cocaine within-subjects, there were no trends for the
number of self-administered cocaine injections to vary as a
function of estrous cycle phase (data not shown). Respond-
ing maintained by various concentrations of liquid food
also did not differ between female and male rats across a
range of food concentrations under the FR 5 schedule of
reinforcement (F1,18¼ 1.46, p40.1).

Effects of Ovariectomy or Orchidectomy on Dose-Effect
Curves for Cocaine Self-Administration

Figure 3 shows the number of cocaine injections self-
administered as a function of the cocaine unit dose in
female rats before and after ovariectomy (left panel) and in
male rats before and after orchidectomy (right panel). In
females, mean dose-effect curves were inverted U-shaped
functions with the peak at 0.1 mg/kg/injection both before
and after ovariectomy, and there were no significant
differences in dose-effect functions for cocaine self-admin-
istration before and after ovariectomy (F1,22 ¼ 0.05, p40.1).
In addition, inspection of data from individual rats
indicated that there were no trends for ovariectomy to
systematically alter the shape or position of dose-effect
functions for cocaine self-administration (individual data
not shown).

In males, mean dose-effect curves were inverted U-shaped
functions with the peak at 0.1 or 0.32 mg/kg/injection both
before and after orchidectomy, and there were no
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Figure 2 Dose-effect curves for cocaine self-administration and concentration-effect functions for liquid food-maintained responding in gonadally intact
female and male rats. Abcissa: unit dose of cocaine in mg/kg/injection (doses were adjusted according to the body weight of each individual rat) or liquid
food concentration (Ensure protein drink diluted in water). Points above S show data for i.v. saline injections (left panel) and points above zero show data for
water presentation (right panel). Ordinate: mean number of self-administered injections or liquid food reinforcers earned per hour. Brackets indicate one
SEM. The probability value from an ANOVA comparison (main effect of group) is shown in the top of each panel.
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significant differences in dose-effect functions for cocaine
self-administration before and after orchidectomy
(F1,22¼ 0.07, p40.1). In addition, inspection of data from
individual rats indicated that there were no trends for
orchidectomy or sham surgery to systematically alter the
shape or position of dose-effect functions for cocaine self-
administration (individual data not shown).

Control studies were also conducted with female and male
rats before and after sham ovariectomy or orchidectomy
(data not shown). There were no significant differences for
either females or males in dose-effect functions for cocaine
self-administration before and after sham-gonadectomy
surgery (n¼ 6; sham-ovariectomy, F1,10¼ 0.17, p40.1;
sham-orchidectomy, F1,10¼ 0.86, p40.1). For females, mean
dose-effect curves were inverted U-shaped functions with
the peak at 0.1 mg/kg/injection both before and after sham
surgery, and for males mean dose-effect curves were
inverted U-shaped functions with the peak at 0.1 or
0.32 mg/kg/injection both before and after sham surgery.
Inspection of data from individual male rats indicated that
the dose of cocaine at the peak of the dose-effect function
increased by one-half log unit in three rats and decreased by
one-half log unit in two other rats after sham surgery. Thus,
there were no trends for sham-orchidectomy surgery to
systematically alter the shape or position of dose-effect
functions for cocaine self-administration.

Effect of Estradiol or Testosterone Replacement on
Dose-Effect Curves for Cocaine Self-Administration

Figure 4 shows the number of cocaine injections self-
administered as a function of the cocaine unit dose in
ovariectomized female rats before and after estradiol
replacement (left panel) and in orchidectomized male rats
before and after testosterone replacement (right panel).
Mean dose-effect curves were inverted U-shaped functions
with the peak at 0.1 mg/kg/injection both before and after

gonadal hormone replacement, and there were no signifi-
cant differences in dose-effect functions for cocaine
self-administration before and after gonadal hormone
replacement in gonadectomized female and male rats
(females, F1,14¼ 0.55, p40.1; males, F1,14¼ 0.10, p40.1). In
addition, inspection of data from individual rats indicated
that there were no trends for gonadal hormone replacement
to systematically alter the shape or position of dose-effect
functions for cocaine self-administration in gonadectomized
female and male rats (individual data not shown).

Plasma Concentrations of Estradiol And Testosterone

Figure 5 shows plasma estradiol (left panel) and testoste-
rone (right panel) concentrations under various conditions
in five groups of female rats and five groups of male rats.
The conditions for female rats were as follows: intact rats
(n¼ 6), ovariectomized rats implanted with a cholesterol
pellet for 7 days (n¼ 5), and ovariectomized rats implanted
with a 0.1 mg estradiol pellet for 7 days (n¼ 2), 15 days
(n¼ 5), or 28 days (n¼ 4). Concentrations of estradiol
varied considerably among individual intact females (from
5.9 to 73.9 pg/ml), and the mean value was 27.5 pg/ml of
estradiol. Estradiol concentrations were significantly dif-
ferent among the five groups of female rats (F4,17 ¼ 10.6,
po0.001). The mean estradiol concentration in ovariecto-
mized rats implanted with cholesterol pellets was 4.9 pg/ml,
and was significantly lower than estradiol levels in intact
females (po0.05). In ovariectomized rats implanted with
estradiol pellets (0.1 mg), mean estradiol concentrations
were 66.2, 53.5 and 43.6 pg/ml after 7, 15, and 28 days,
respectively. Estradiol concentrations in ovariectomized
females implanted with estradiol pellets were higher than
estradiol levels in ovariectomized females implanted with
cholesterol pellets and in intact females at 7 and 15 days
after pellet implantation (po0.01) but not at 28 days after
pellet implantation (p40.1).
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Figure 3 Dose-effect curves for cocaine self-administration determined before and after ovariectomy or orchidectomy surgery. Abcissa: unit dose of
cocaine in mg/kg/injection. Points above S show data for i.v. saline injections. Ordinate: mean number of self-administered injections per hour. Brackets
indicate one SEM. The probability value from ANOVA comparisons (main effect of ovariectomy or orchidectomy) is shown in the top right of each panel.
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The conditions for male rats were as follows: intact rats
(n¼ 6), orchidectomized rats implanted with a cholesterol-
filled 45 mm silastic capsule for 7 days (n¼ 4), and
orchidectomized rats implanted with a testosterone-filled
45 mm silastic capsule for 7 days (n¼ 6), 15 days (n¼ 5), or
28 days (n¼ 5). Concentrations of testosterone varied
considerably among individual intact males (from 0.089 to
1.219 ng/ml), and the mean value was 0.526 ng/ml of
testosterone. Testosterone concentrations were significantly
different among the five groups of male rats (F4,21 ¼ 28.1,
po0.0001). Testosterone concentrations in orchidecto-
mized rats implanted with cholesterol-filled capsules were
undetectable up to the sensitivity of the assay (0.017 ng/ml),
and this was significantly different from testosterone
levels in intact males (po0.05). In orchidectomized rats

implanted with testosterone-filled capsules, mean
testosterone concentrations were 1.852, 1.383, and
1.380 ng/ml after 7, 15, and 28 days, respectively. Testoste-
rone concentrations in orchidectomized males implanted
with testosterone-filled capsules were higher than testoster-
one concentrations in orchidectomized males implanted
with cholesterol-filled capsules and in intact males at all
time points (po0.001).

DISCUSSION

These studies were designed to examine the influence of sex
and gonadal hormone levels on complete dose-effect
functions for cocaine self-administration under an FR 5
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Figure 4 Dose-effect curves for cocaine self-administration determined before and after gonadal hormone replacement in gonadectomized female and
male rats. Abcissa: unit dose of cocaine in mg/kg/injection. Points above S show data for i.v. saline injections. Ordinate: mean number of self-administered
injections per hour. Brackets indicate one SEM. The probability value from ANOVA comparisons (main effect of orchidectomy or sham surgery) is shown in
the top right of each panel.
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Figure 5 Plasma hormone concentrations in intact, gonadectomized and hormone-treated female and male rats. Abcissa: experimental group including
intact rats, gonadectomized rats with cholesterol treatment for seven days and gonadectomized rats with hormone replacement for 7, 15 or 28 days.
Ordinate: plasma estradiol concentration (left panel, pg/ml) or testosterone concentration (right panel, ng/ml). Brackets indicate one SEM. Symbols over
‘Intact’, ‘OVX’ and ‘ORX’ depict values from individual rats, and all other symbols (histograms, filled circles and filled squares) depict group mean values.
Brackets indicate one SEM.
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schedule of reinforcement. Our four major findings were as
follows:

(1) When acquisition of cocaine self-administration
(1.0 mg/kg/injection) under an FR schedule was evaluated
following operant training with food reinforcement, gonad-
ally intact females reached the acquisition criteria more
slowly than males. However, during the final stages of
acquisition, levels of cocaine self-administration were
comparable between intact females and males.

(2) When complete dose-effect curves for cocaine self-
administration were examined (0.032–3.2 mg/kg/injection)
under an FR 5 schedule of reinforcement, there were no
significant differences between gonadally intact females and
males in the shape or position of the cocaine dose-effect
curves.

(3) Ovariectomy in females and orchidectomy in males
did not significantly alter the shape or position of dose-
effect curves for cocaine self-administration under an FR 5
schedule of reinforcement.

(4) Chronic administration of estradiol to ovariectomized
females and testosterone to orchidectomized males also did
not alter the shape or position of dose-effect curves for
cocaine self-administration under the FR 5 schedule of
reinforcement.

Taken together, the findings of the present study indicate
that the potency and effectiveness of i.v. cocaine as a
reinforcing stimulus do not differ between female and male
rats under these conditions. These findings also indicate
that gonadectomy and subsequent replacement of estradiol
and testosterone levels do influence cocaine’s reinforcing
effects in rats under these conditions. The relationship of
these data to previous studies of sex and gonadal-steroid
hormone influences on cocaine’s behavioral effects is
discussed below.

Comparison with Previous Studies in Rats

A number of previous studies examined effects of sex or
gonadal hormone status on cocaine self-administration in
rats (Roberts et al, 1989; Grimm and See, 1997; Lynch and
Carroll, 1999; Lynch et al, 2001; Carroll et al, 2002; Hu et al,
2003). In all of those studies, only a single dose of cocaine or
a very narrow range of cocaine doses was evaluated. The
present study extends findings from previous studies in that
complete dose-effect curves for cocaine self-administration
were determined. One advantage of complete dose-effect
curve determinations is that sex or gonadal hormone status
may affect self-administration of some cocaine doses but
not others (see below). A second advantage of this approach
is that the position and shape of the curve can be used to
assess effects of sex or gonadal hormone status on the
potency and efficacy of cocaine (Mello and Negus, 1996). A
third advantage is that the ascending and descending limbs
of the dose-effect function for cocaine self-administration
may reflect different behavioral effects of cocaine (Katz,
1989), and differences between experimental groups may be
detected on only one limb of the function (Caine et al,
2002). In the present study, sex and gonadal hormone status
did not influence cocaine self-administration across a broad
range of doses, and did not alter the overall shape and
position of complete dose-effect functions for cocaine self-

administration, including both ascending and descending
limbs of the function.

Sex Differences in Cocaine Self-Administration:
Importance of Behavioral History, Schedule of
Reinforcement and Unit Dose

In contrast to the present findings, results from several
previous studies suggested that intact females may be more
sensitive than intact males to the reinforcing effects of
cocaine under conditions that differed from those in the
present study (Roberts et al, 1989; Lynch and Carroll, 1999;
Carroll et al, 2002). Critical differences between the
conditions of those studies and the present study include
the training of food-maintained responding before evalua-
ting cocaine self-administration, the schedule of reinforce-
ment (FR) and the unit dose of cocaine (1.0 mg/kg/
injection). For example, in several previous studies, intact
female rats acquired cocaine self-administration more
rapidly than intact male rats (Lynch and Carroll, 1999;
Carroll et al, 2002), and in contrast, in the present study
intact females acquired cocaine self-administration more
slowly than intact males. In those previous studies, rats
did not have a behavioral history of operant training
prior to evaluation of acquisition of cocaine self-adminis-
tration. We trained rats with food-maintained responding
prior to evaluation of cocaine self-administration to
eliminate potential performance differences that could
affect acquisition of operant responding maintained by
cocaine injections. We also found that after the training
criteria were met, females and males did not differ when
responding was maintained by presentation of a range of
liquid food concentrations or water. These results suggest
that female and male rats in this study did not differ in
their operant behavior prior to the introduction of cocaine
as a reinforcer.

In addition to no prior operant training, other important
variables in previous studies where females were more
sensitive than males to the reinforcing effects of cocaine
included the use of a specialized autoshaping procedure and
a relatively low training dose of cocaine (0.2 mg/kg/
injection; Lynch and Carroll, 1999; Carroll et al, 2002), or
the use of a PR schedule (Roberts et al, 1989). In other
studies, no sex differences were observed for acquisition or
maintenance of self-administration of slightly higher
cocaine doses (0.32–0.5 mg/kg/injection) under an FR 1
schedule (Roberts et al, 1989; Haney et al, 1995). However,
sex differences were observed when a relatively high cocaine
dose (0.6 mg/injection) was available under a PR schedule
(Roberts et al, 1989). In the present study, females acquired
self-administration of a high cocaine dose (1.0 mg/kg/
injection) more slowly than males under an FR schedule,
and no sex differences were observed in the maintenance of
self-administration of a broad range of cocaine doses under
an FR schedule. Collectively, the present results and those
from previous studies suggest that sex differences in cocaine
self-administration are not consistently observed across a
wide range of conditions, and are probably dependent upon
the behavioral history of the subjects, the schedule of
reinforcement, the unit dose of cocaine and other experi-
mental variables.
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Effects of Gonadectomy and Gonadal Hormone
Replacement on Cocaine Self-Administration

In the present study, gonadectomy did not facilitate or
impair the acquisition of cocaine self-administration
(1.0 mg/kg/injection) in females and males, although
ovariectomized females self-administered slightly less co-
caine than intact females during the final stages of
acquisition. After acquisition of cocaine self-administration,
gonadal hormone replacement in gonadectomized rats did
not alter self-administration of any cocaine dose under an
FR 5 schedule. Consistent with the results of the present
study, in one earlier study all ovariectomized rats learned to
self-administer cocaine (0.219 mg/injection, not adjusted for
body weights) under an FR 1 schedule of reinforcement, and
once rats acquired self-administration, chronic estradiol
treatment did not significantly change the average daily
cocaine intake (Grimm and See, 1997). There were also no
significant differences in cocaine self-administration under
a PR schedule between ovariectomized females treated
chronically with estradiol or vehicle (Grimm and See, 1997).
However, in two previous studies, estradiol administration
to ovariectomized rats facilitated acquisition of self-admin-
istration of low cocaine doses (0.2–0.3 mg/kg/injection) in
an autoshaping procedure or under an FR 1 schedule
(Lynch et al, 2001; Hu et al, 2003). In addition, in both the
present study and a previous study (Hu et al, 2003),
orchidectomy did not alter cocaine self-administration in
male rats. Collectively, these findings suggest that an
influence of ovariectomy and estradiol administration on
the reinforcing effects of cocaine are more likely to be
observed during acquisition with low cocaine doses, and an
influence of gonadectomy and gonadal hormone adminis-
tration on the reinforcing effects of cocaine are less likely to
be observed under other conditions.

Comparison with Findings from Studies of Conditioned
Place Preference and Motor Activity

Generally, the reinforcing effects of the psychomotor
stimulant drugs cocaine, amphetamine, and methampheta-
mine measured with the conditioned place preference
procedure did not significantly differ between female and
male rats (Schechter, 1992; Bardo et al, 1995; Stöhr et al,
1998; Schindler et al, 2002). However, trends toward greater
effects of low doses in females relative to males were
observed in several of those studies. Moreover, in one
recent study, conditioned place preferences were observed
with lower (5.0–10.0 mg/kg) but not higher (20.0 mg/kg)
cocaine doses in female rats, and the reverse was found with
male rats (Russo et al, 2003a), and it was suggested that this
sex difference reflected ovarian hormone levels (Russo et al,
2003b). Conditioned place preferences observed in female
rats with lower but not higher cocaine doses may be related
to the slower acquisition of cocaine self-administration in
female relative to male rats in the present study, in that a
relatively high training dose was used (1.0 mg/kg/injection).
Taken together, the present and previous findings suggest
that under some conditions, low cocaine doses may be more
effective in females and high cocaine doses may be more
effective in males during acquisition of either self-admin-
istration or conditioned place preferences in rats. Never-

theless, there were no effects of sex or gonadal hormone
levels on complete dose-effect curves during maintenance of
cocaine self-administration in female and male rats in the
present study.

Whereas sex, gonadectomy and subsequent hormone
administration had no effect on dose-effect curves for
cocaine self-administration in the present study, these
variables significantly affected cocaine-induced locomotor
activity in a number of previous studies (Sell et al, 2000,
2002; Sircar and Kim, 1999; Walker et al, 2001; Haney et al,
1994; Kuhn et al, 2001; Chin et al, 2002; Schindler and
Carmona, 2002; Hu and Becker, 2003).

Effect of Gonadal Hormone Administration on Gonadal
Hormone Blood Levels

One limitation of most studies of the effects of estrogen in
ovariectomized rats is that direct measures of 17b-estradiol
levels in plasma are not reported. Rather, dose levels are
estimated, and physiological relevance is verified with
measures of vaginal cytology. In the present study, both
vaginal cytology and plasma estradiol and testosterone
concentrations after gonadectomy and hormone replace-
ment were analyzed. As expected, gonadectomy decreased
gonadal hormone levels, and estradiol and testosterone
implanted pellets produced hormone levels that were
sustained over 28 days. Estradiol and testosterone levels
in gonadectomized rats were in the physiological range
usually reported in the literature (Bridges, 1984), and at the
high end of the physiological range observed in intact rats
in the present study.

Limitations of the present study are that only a single
chronic dose-regimen for each steroid hormone, and only
one hormone, estradiol or testosterone, was administered to
gonadectomized rats. We chose not to study hormone
combinations because the interactions between the steroid
hormones are very complex (see for a review O’Malley and
Strott, 1999). For example, although combinations of
estradiol and progesterone may enhance cocaine-induced
locomotor activity under some conditions (Sell et al, 2000;
Sircar and Kim, 1999), there is also considerable evidence
that progesterone may antagonize the endocrine effects of
estradiol (Clark and Mani, 1994; Dierschke et al, 1973;
VanVugt et al, 1992; Wildt et al, 1981). Accordingly,
examination of the effects of a single hormone, rather than
hormone combinations, seemed appropriate for this initial
series of studies.

Finally, acute and chronic administration of gonadal
steroid hormones stimulate dopamine release under many
conditions (Becker and Rudick, 1999; Castner et al, 1993;
McDermott et al, 1994; Pasqualini et al, 1995, 1996;
Thompson and Moss, 1994; Toney et al, 1992), and gonadal
steroid hormones are also directly stimulated by cocaine in
rhesus monkeys (Mello et al, 1993, 2000). In the present
study, cocaine self-administration dose-effect curves were
not affected by gonadectomy or by chronic steroid hormone
administration in gonadectomized rats. Acute steroid
treatment produces rapid-onset, nongenomic effects
whereas chronic steroid treatment produces slow-onset
genomic effects (Thompson and Moss, 1994; see for a
review Falkenstein et al, 2000). Thus, comparisons of effects
of acute vs chronic administration of gonadal hormones in
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cocaine self-administration studies, and understanding the
behavioral implications of stimulation of rapid endocrine
changes by cocaine administration, remain areas for further
investigation (Mendelson et al, 2002, 2003; Mello and
Mendelson, 2002).

Summary and Conclusions

Sex and gonadectomy did not alter the potency or
effectiveness of cocaine as a reinforcer when cocaine dose-
effect curves were evaluated under an FR 5 schedule.
Moreover, chronic administration of estradiol and testos-
terone to gonadectomized female and male rats did not alter
cocaine self-administration dose-effect curves. Critical
features of this study include operant training with food
reinforcement prior to acquisition of self-administration of
a relatively high cocaine dose (1.0 mg/kg/injection) under
an FR schedule. These results are in agreement with results
from some previous studies that used similar conditions,
and contrast with results from some previous studies in
which experimentally naı̈ve rats self-administered low unit
doses of cocaine during acquisition of self-administration,
or operant experienced rats self-administered high unit
doses of cocaine under a PR schedule of reinforcement.
These data also contrast with findings from studies of
locomotor activity where sex and gonadal hormone levels
consistently influenced the effects of cocaine. Taken
together with previous findings, these results suggest that
operant training history, the unit dose of cocaine, and the
schedule of reinforcement all are critical determinants of
the influence of sex and gonadal hormones on cocaine self-
administration. In addition, factors that influence other
behavioral effects of cocaine, such as motor activation, do
not necessarily predict effects on cocaine self-administra-
tion. In conclusion, under the conditions used in the
present study, sex, estrogen, and testosterone levels did not
significantly influence the reinforcing effects of cocaine
in rats.
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