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Abstract

To determine whether cocaine-induced behavioral alterations are modulated by ovarian hormones, ovariectomized rats were randomly

assigned to one of two drug treatment conditions: `̀ binge'' cocaine (three 15-mg/kg intraperitoneal (ip) injections, 1 h apart) or saline

administration; and four hormone pretreatment sub-groups: vehicle control, estrogen, progesterone, or estrogen + progesterone. Cocaine-

treated animals displayed more locomotor activity than saline-treated animals and locomotor activity was higher after the third injection than

after the first two injections. When analyzed according to hormone group, the administration of estrogen + progestrone suppressed cocaine-

induced locomotion after the first injection; this effect was significant when compared to estrogen-pretreated animals. While in each

condition cocaine-treated animals displayed significantly higher stereotypic activity than saline-treated animals, in the estrogen + progester-

one replacement group, there was more activity after the second injection of cocaine than after the first. Interestingly, animals in the

estrogen + progesterone group had significantly lower plasma levels of the cocaine metabolite, benzoylecgonine, than animals in the

progesterone or estrogen groups. These results extend our earlier findings in the intact female rat, which suggest an interaction between the

endocrine environment, cocaine metabolism, and cocaine-induced behaviors. These effects may underlie reported sex and estrous cycle

differences in cocaine-induced behavioral activity. D 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Cocaine is one of the most widely abused drugs in

Western countries. Based on the 1998 National Household

Survey on Drug Abuse, an estimated 1.75 million Amer-

icans used cocaine in a month's time; 36% of those users

were female. Recent studies suggest that male and female

humans and animals respond differently to different psy-

chomotor stimulants [4,11,21,22]. For example, Lukas et

al. [13] reported significant sex differences in response to

acute cocaine administration in humans, with male parti-

cipants achieving a faster and higher peak of plasma

cocaine levels than females. Furthermore, men reported

having experienced more episodes of euphoria than wo-

men [13]. However, Mendelson et al. [14] reported no

gender or menstrual cycle differences in cocaine peak

plasma cocaine levels. Rodents show behavioral sex dif-

ferences in response to psychostimulants. Female rats

display more intense behavioral responses to drugs of

abuse than males [20], and have markedly enhanced

stereotypic behaviors to their first cocaine dose and sig-

nificantly higher locomotor activity than males [4]. Fe-

males also show less toxicity to cocaine than male rats [4].

Cocaine-induced stereotypic and locomotive behaviors

have been shown to vary across the estrous cycle of the

rat [19]. The fluctuating steroid hormone levels during the

estrous cycle may play an important role in modulating the

behavioral effects of cocaine. Furthermore, there may be

an interaction between ovarian hormones and the beha-

vioral effects of cocaine. These hormonal influences may

contribute to the sex differences in the neurobiological

effects of cocaine.
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It is well established that estrogen and progesterone

function in the brain to regulate neuronal activity and

influence behavior. These hormones alter a variety of

reproductive [1] and non-reproductive behaviors [18]

possibly through their actions on the dopamine, serotonin,

and opioid systems [7±9,12,17,23]. Due the modulating

effects of estrogen and progesterone on the CNS, these

hormones may be an integral part of the cascade of

events that are involved in cocaine's actions in the

CNS. However, it is not clear what role(s) each of these

hormones play individually or in combination in cocaine-

induced subjective and physiological alterations. The pre-

sent study was conducted to understand how estrogen and

progesterone affect cocaine-induced stereotypic and loco-

motor activities. We hypothesize that due to the profound

effect of ovarian hormones in the CNS, these steroids

may affect cocaine-induced alterations in behavior. The

aim of this study is to test this postulate. Results from

this study may help to explain previous observations of

gender and estrous cycle differences in response to

cocaine [4,11,19].

2. Methods

2.1. Animals

Two cohorts (each with 24 animals) of ovariectomized

(OVX) female Fischer rats purchased from Charles River

were individually housed in standard cages, in a stress-

minimized facility with free access to food and water, and

maintained on a 12-h light/dark cycle with lights on at 10:30

a.m. EST. All NIH Guidelines for the Care and Use of

Laboratory Animals were followed.

2.2. Drug and hormone treatment

All chemicals were purchased from Sigma (St. Louis,

MO). Two weeks after ovariectomy, rats were randomly

assigned to either cocaine- or saline-treatment groups, and

then, further divided into one of four hormone pretreat-

ment conditions: vehicle control (vehicle), estrogen, pro-

gesterone, or estrogen + progesterone (n = 6 animals per

group). Forty-eight hours prior to the start of drug

treatment, animals in the estrogen and estrogen + proges-

terone groups received subcutaneous injections of estro-

gen benzoate (50 mg) dissolved in sesame oil, and control

groups (vehicle and progesterone) received vehicle injec-

tions. Four hours prior to cocaine treatment (44 h post-

estrogen treatment) animals in the progesterone and es-

trogen + progestrone groups received subcutaneous injec-

tions of progesterone (500 mg) dissolved in sesame oil.

Vehicle and estrogen animals received injections of se-

same oil. This administration paradigm and the doses of

steroids used have been shown to induce lordosis beha-

vior in ovariectomized rats [16].

Four hours after progesterone or vehicle administration

(11:00 a.m. EST), animals received the first of three

interperitoneal (ip) injections, administered 1 h apart, of

0.9% saline (1 ml/kg) or cocaine (15 mg/kg dissolved in

0.9% saline at a concentration of 15 mg/ml). This `̀ binge''

dosing schedule was chosen to mimic the manner in which

cocaine is often self-administered by humans both in terms

of temporal pattern and in relation to circadian rhythm [3].

Throughout the study all injections were administered in

each rat's home cage.

2.3. Locomotor activity

The spontaneous locomotor activity of each animal was

monitored electronically. The monitor consists of a frame

in which the standard cage is placed; three channels of

digital information record interruptions of red light beams

that traverse the cage [26]. The sum of counts on all three

channels for each animal in 6-min time bins was used as a

measure of spontaneous locomotor activity. With this

technique, there is no change in the animal's environment

during behavioral recording and it permits the simulta-

neous videotaping for later stereotypy scoring.

2.4. Stereotypic behaviors

Each animal was videotaped in its home cage for 25 s

at 15, 30, and 45 min after the first two injections of

cocaine or saline (no filming was done after the third

injection in order to prepare to sacrifice the animals 30 min

after the last injection of cocaine). The videotapes were

analyzed for behavioral stereotypy by a trained observer

blind to each animal's treatment condition. The rating for

cocaine-induced stereotypic behavior was based upon a

modification [6] of the Creese and Iversen scale [5] (see

Table 1). A score of 10 was never observed during the

course of this experiment.

2.5. Plasma levels of cocaine metabolite

Thirty minutes after the third injection, animals were

sacrificed by decapitation, following brief (10±15 s)

Table 1

Rating scale from Daunais and McGinty [6]

Score Behavior

1 asleep, inactive

2 alert, actively grooming

3 increased sniffing in one location

4 intermittent rearing and sniffing

5 increased locomotion and sniffing

6 intense sniffing in one location

7 continuous pivoting and sniffing

8 continuous rearing and sniffing

9 maintained rearing and sniffing for > 25 s

10 splayed hind limbs
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exposure to CO2. This procedure is in compliance with

NIH Guidelines for the Care and Use of Laboratory

Animals and AVMA standards. Trunk blood was col-

lected, allowed to clot, and then centrifuged at 3000 rpm

for 15 min at 4°C. Plasma was collected and stored at

ÿ 40°C until radioimmunoassay for the cocaine metabolite

benzoylecgonine. Internal standards containing known

amounts were run to correct for extraction losses. Sam-

ples (diluted 1:100; 25 ml) and standards (0 to 5400 ng/

ml) were analyzed with Count-A-Coat Cocaine Metabolite

radioimmunoassay kit from Diagnostic Products (CA).

The intra-assay coefficient of variation was less than

3%. Results for assays were determined using a log±logit

computer program.

2.6. Data analysis

2.6.1. Stereotypic behaviors

Since the distribution of the cumulative scores of

stereotypy does not depart from normality, we examined

the effects of hormone treatment on cumulative scores of

stereotypic behavior using one- and two-way repeated

measures ANOVAs. Due to differences in the scores of

behavioral stereotypy between hormone treatment groups

Fig. 1. Locomotor behavior of cocaine- and saline-treated animals in each of the four hormone pretreatment groups. Mean ( � S.E.M.) total counts of locomotor

behavior in the home cage after administration of cocaine or saline to OVX Fischer rats pretreated with one of the hormone regimens: vehicle, estrogen,

progesterone, or estrogen + progesterone.

Fig. 2. Cocaine-induced difference scores of stereotypic behavior. Cumulative behavior scores after injection one (gray bars) and two (black bars) with data

expressed as difference scores (each cocaine-treated animal's score minus the mean of saline-treated animal's in the same hormonal condition). Values shown

are mean � S.E.M.
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in the saline baseline condition, examination of the effect

of cocaine was made using difference scores: the mean

saline score of the same hormone treatment group was

subtracted from each cocaine-treated animal's score.

2.6.2. Locomotor activity

To examine the response to `̀ binge'' pattern cocaine

administration for different hormone conditions, a three-

way ANOVA of total locomotor counts was used: `̀ condi-

tion'' (saline vs. cocaine)� `̀ hormone treatment'' (vehicle,

estrogen, progesterone or estrogen + progesterone)� `̀ injec-

injection'' (first 30 min of behavior after each injection)

with repeated measures on the last factor, followed by

Newman±Keuls post-hoc tests.

3. Results

3.1. Locomotor activity

Overall, cocaine treatment significantly increased loco-

motor activity [ f(1,40) = 29.61, P < .000005]. In addition,

there was a significant increase in locomotor activity of

the cocaine-treated animals over time [ f(2,80) = 13.924,

P < .00001]. Interestingly, cocaine-treated animals had sig-

nificantly higher locomotor activity after the third injection

compared to the second and third injections ( p < .0002 and

P < .005, respectively, Fig. 1). When data for cocaine-

treated animals were analyzed by hormone group, estro-

gen + progesterone pretreatment appeared to suppress co-

caine-induced locomotor activity after the first injection.

Post-hoc tests revealed that this effect was significant

when compared to estrogen-pretreated animals (New-

man±Keuls, P < .05).

3.2. Stereotypic behaviors

After the first injection, saline-treated animals in the

estrogen-pretreatment group had higher stereotypic activity

scores than those in the other three hormone groups

[ f(3,20) = 4.81, P < .02; Fig. 2]. Due to these differences

in the saline baseline data, the scores of stereotypy from

each cocaine-treated animal were expressed as the differ-

ence from saline-treated control mean (delta values; Fig.

3). A significant `̀ hormone''� `̀ injection'' interaction was

found [ f(3,17) = 3.261, P < .05]; the estrogen + progester-

one group displayed significantly more stereotypic beha-

vior after the second cocaine injection, but not after the

first ( p < .02).

3.3. Benzoylecgonine levels

Pretreatment of ovariectomized rats with estrogen + pro-

gesterone resulted in differences in cocaine-induced beha-

viors. Interestingly, this hormone pretreatment group also

differed from the other groups in plasma levels of the

cocaine metabolite, benzoylecgonine (Table 2). Benzoylec-

gonine plasma levels differed significantly across the dif-

ferent hormone groups [ f(3,18) = 4.589, P < .05]. Animals

Fig. 3. Behavioral stereotypy of cocaine- and saline-treated female rats in each of the four hormone-treated conditions. Mean ( � S.E.M.) scores of stereotypic

behavior in the home cage after administration of cocaine or saline to OVX Fischer rats pretreated with one of the hormone regimens: vehicle, estrogen,

progesterone, or estrogen + progesterone.

Table 2

The mean ( � S.E.M.) plasma levels of benzoylecgonine for all cocaine-

treated rats

Hormone-treatment group n Benzoylecgonine level (ng/ml)

Vehicle control 6 400 � 81

Estrogen 6 582 � 61

Progesterone 6 644 � 79

Estrogen + progesterone 5 349 � 53 *

* Differs from all other hormone groups, P < .05.
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in the estrogen + progesterone group had significantly lower

levels of cocaine metabolite than animals in the estrogen- or

progesterone-pretreatment groups (Newman±Keuls, P < .05

and P < .02, respectively).

4. Discussion

Cocaine increases both stereotypic and locomotor be-

haviors in ovariectomized rats pretreated with different

steroid replacement treatments. This finding confirms and

extends previous research in intact male and female rats

[19,26]. Male Fischer rats, treated with chronic `̀ binge''

pattern cocaine administration for 14 days displayed

increases in spontaneous locomotor activity for approxi-

mately 30 min following each injection [26]. Interestingly,

QuinÄones-Jenab et al. [19] reported that the locomotor

activity of cycling female rats in response to acute

`̀ binge'' pattern cocaine administration was similar to

the pattern of the male response. However, the overall

activity for females was higher than that for males,

suggesting that females may be more `̀ sensitive'' to

cocaine than males [19]. In the present study, ovariecto-

mized rats had a different pattern of locomotor activity in

response to cocaine than that reported for male and intact

female rats; after the third cocaine injection, locomotor

activity was higher than after the first two injections. With

the exception of the ovariectomized control rats, the

locomotor response of ovariectomized female rats to acute

`̀ binge'' pattern cocaine administration and estrogen, pro-

gesterone, or estrogen + progesterone pretreatment appears

to be similar to that of intact females. Overall, the level of

locomotor activity for OVX females in this study was

higher than that previously induced by acute cocaine

administration in male rats.

No differences in cocaine-induced activity after estrogen

or progesterone pretreatment were observed. Interestingly,

cocaine-induced locomotion after the first injection ap-

peared to be suppressed in the estrogen + progesterone

replacement group. However, after the second and third

injections locomotor behavior levels for estrogen + proges-

terone-pretreated animals reached levels comparable to the

other three groups' (control, estrogen, or progesterone). In

lordosis behavior, the interaction between estrogen and

progesterone is bimodal. Progesterone can first act in

synergy with estrogen facilitating reproductive behavior

and than act to inhibit sexual receptivity [15]. This temporal

relationship is important in the control of lordotic behaviors.

The regulation of cocaine-induced behaviors and female

reproductive behaviors may overlap in similar CNS me-

chanisms; progesterone may exert similar modulation on

either the motor components of cocaine-induced behavior or

rewarding aspects of the drug stimulation. The possible

temporal relationship between estrogen and progesterone

in the control of cocaine-induced locomotor activity remains

to be elucidated.

Cocaine administration has been shown to increase

stereotypic behaviors in both intact male and female

Fischer rats [19,25]. We have previously demonstrated

estrous cycle effects on cocaine-induced stereotypic be-

haviors after acute `̀ binge'' cocaine administration [19]

finding that after the second injection of cocaine, rats

during estrus (when both estrogen and progesterone are

present) had higher stereotypic scores than those in the

other phases of the cycle. In the present study, there were

higher levels of stereotypic behaviors in the estrogen +

progesterone group in the saline baseline condition. This

effect may be related to the increase in motor activity

associated with the facilitation of reproductive behaviors

by ovarian hormones. When stereotypic behavior scores for

cocaine-treated animals were expressed as difference from

saline control groups, there were increases in scores of

stereotypy in response to the second injection of cocaine

when compared to the first injection in the estrogen + pro-

gesterone group. This finding suggests an interaction be-

tween hormones and cocaine-induced stereotypic behaviors

and further, suggests a possible temporal interaction be-

tween estrogen and progesterone in the modulation of

cocaine-induced behaviors.

Estrous cycle [19] and gender differences [2] in benzoy-

lecgonine levels have been observed. It has been postulated

that ovarian hormones modulate cocaine metabolism.

Although it has been reported that cocaine can be sponta-

neously hydrolyzed to benzoylecgonine in solution [10],

when levels of benzoylecgonine were measured in a co-

caine±saline solution (pH 7.4, 25°C, 15 mg/ml) as used in

our study, no detectable levels of benzoylecgonine were

found (data not shown). The cocaine methyl esterase and

ethyl transferase activities in the liver are significantly

greater in male than in female rats [23]. It is possible that

steroid regulation of these enzymes may underlie gender [2]

and estrous cycle [19] differences in pharmacokinetics of

cocaine metabolism [24]. In the present study, plasma levels

of benzoylecgonine were affected by estrogen + progester-

one administration. Thus, it is possible that these esterase

mechanisms of degradation may be sensitive to estrogen and

progesterone concentrations in the plasma, as is the case of

the hepatic P450-related enzymes. Interestingly, the estro-

gen + progesterone pretreatment group also differed from

the other groups in cocaine-induced behaviors. Thus, differ-

ences in cocaine metabolism may contribute to the observed

differences in cocaine-induced behaviors.

Based on these observations, we hypothesize that co-

caine-induced behavioral alterations are affected by the

animal's endocrine profile. Because gonadal hormones have

profound effects on brain functioning, the female's hormo-

nal state at the time of cocaine administration may influence

the effects of cocaine on brain functions involved in

cocaine-induced behavior. This may be the basis of gender

and estrous cycle differences in response to cocaine.

These results confirm our earlier findings in intact female

rats, which suggest an interaction between the endocrine
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environment and cocaine-induced behaviors. The present

study extends our previous findings because estrogen and

progesterone were directly manipulated, thus adding to the

body of evidence showing an interaction between the

endocrine profile of the female at time of drug administra-

tion and effects of the drug on the CNS.
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