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Sex Differences in Cocaine-Stimulated Motor
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Sex differences in biological substrates of drug use and
addiction are poorly understood. The present study
investigated sexual dimorphisms in motor behavior
following acute cocaine administration (10, 20, or 40 mg/
kg, i.p.). Cocaine increased stereotypy rating, horizontal
and vertical activity in both sexes, and effects were always
greater in females than males. A population analysis using
data from multiple experiments indicated that horizontal
activity scores were normally distributed in males but not
in females. Gonadectomy induced disparate effects on
cocaine-stimulated motor behavior. Population analysis
indicated that castrated males exhibited more horizontal

activity and stereotypy than shams. Ovariectomy did not
affect cocaine-stimulated stereotypy but did attenuate
horizontal activity in a subset of rats that had not been
vaginally lavaged. In summary, gonadectomy effects were
sex and behavioral topography specific and indicate that
activational effects of gonadal hormones partially mediate
the robust sex differences in cocaine-stimulated open-field
behavior.
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Little is known about sex differences in biologic sub-
strates of drug taking and addiction. However, an
emerging literature documents that sex differences in
the behavioral responses to addictive drugs exist in hu-
mans. A sex difference in human affective responses to
cocaine has been reported in one study in which fe-
males reported more nervousness than males following
intranasal cocaine (Kosten et al. 1996). Lukas and co-
workers (1996) showed that cocaine induced similar
cardiovascular and affective responses in men and

From the Department of Pharmacology, Duke University Medical
Center, Durham, NC.

Address correspondence to: Dr. Cynthia M. Kuhn, Department of
Pharmacology, 401 Bryan Research Building, Box 3813, Duke Uni-
versity Medical Center, Durham, NC 27710.

NEUROPSYCHOPHARMACOLOGY 2001-VOL. 25, NO. 1

© 2001 American College of Neuropsychopharmacology
Published by Elsevier Science Inc.

655 Avenue of the Americas, New York, NY 10010

women, although plasma concentrations of cocaine
were lower in women. In a laboratory setting, cocaine
cues induced more drug craving in female than male
addicts (Robbins et al. 1999). These results suggest that
women may be more sensitive to cocaine than men. In
fact, women begin using cocaine and enter treatment at
earlier ages than men (Griffin et al. 1989; Mendelson et
al. 1991) and have more severe cocaine use at intake
than men (Kosten et al. 1993).

Sex differences in spontaneous and drug-stimulated
behavior have been carefully studied in animals. Proba-
bly the most robust sex difference in behavior is the ob-
servation that female rats exhibit more running wheel
activity than males (for review see Beatty 1979). Female
rats are also often reported to be more active than males
in open-field situations (Beatty 1979). These sex differ-
ences in basal or non-stimulated behavior are likely
related to the reported sex differences in open-field
behavior following psychomotor stimulant administra-
tion (van Hartesveldt and Joyce 1986). Amphetamine is
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particularly well known for producing greater behav-
ioral effects in female rats following acute administra-
tion (Schneider and Norton 1979; Savageau and Beatty
1981; Becker et al. 1982; Camp et al. 1986; Camp and
Robinson 1988a). Acute cocaine administration has also
been reported to induce greater behavioral effects in fe-
male rats (van Haaren and Meyer 1991; Haney et al.
1994; Bowman and Kuhn 1996) and in mice (Sershen et
al. 1998). However, in other reports, sex differences in
acute cocaine-stimulated motor behavior were not ob-
served in naive Sprague-Dawley rats (Craft and Strat-
man 1996) and in three other rat strains (Cailhol and
Mormede 1999). Thus, better evidence of sex-differ-
ences in acute behavioral effects in intact animals exists
for amphetamine than cocaine.

Gonadal and especially ovarian hormones have been
investigated as likely modulators of these sex differ-
ences in behavior. Ovarian hormone effects on stimu-
lant responses are complex, as ovariectomy and estrous
cycle studies sometimes provide apparently contradic-
tory results (van Hartesveldt and Joyce 1986). Two
studies (Savageau and Beatty 1981; Camp and Robin-
son 1988b) found that ovariectomy did not affect am-
phetamine-stimulated stereotypy, while only one
showed effects on locomotion (Savageau and Beatty
1981). Despite this absence of ovariectomy effect on ste-
reotypy, the intensity of stereotyped behavior follow-
ing amphetamine was greater during estrus (Becker
and Cha 1989). Female rats in estrus also make more ro-
tations following amphetamine (Becker and Beer 1986)
or electrical stimulation of the medial forebrain bundle
(Robinson et al. 1981, 1982) than ovariectomized rats.
Cocaine effects on locomotion and stereotypy are also
greater in female rats in estrus (Quinones-Jenab et al.
1999). Orchidectomy effects on behavioral responses to
stimulants are even less understood. Camp and Robin-
son (1988b) and Beatty et al. (1982) reported that castra-
tion increased amphetamine-induced stereotypy but
not locomotion.

A consistent picture about the role of gonadal ste-
roids on behavioral responses to stimulants has been
elusive. Different behavioral strategies and paradigms
used by different authors and the absence of males in
many studies have complicated the issue. A better de-
scription of biologic sex differences in acute cocaine-
stimulated behavior is vital to understanding individ-
ual vulnerabilities in the establishment of drug-taking
because the degree of “liking” of the initial cocaine ex-
posure is significantly associated with subsequent co-
caine taking habits (Haertzen et al. 1983). Therefore, we
conducted the present studies to compare directly the
effects of male and female gonadectomy on sex differ-
ences in acute cocaine-stimulated open-field behavior.
This work examined multiple components of motor
activity in the open field: horizontal and vertical
movements and integrated observational ratings of be-
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havioral activation. Pooling data from multiple experi-
ments to form population databases led to novel obser-
vations of sex differences in individual responsiveness
to cocaine.

METHODS
Subjects

Adult male and female Sprague-Dawley rats were pur-
chased from Charles River Laboratories (Raleigh, NC).
They were segregated by sex and were housed in plas-
tic cages under a 12:12 light: dark cycle with lights on at
0600 hr. Food and water were provided ad libitum. The
animal supplier performed bilateral ovariectomy, cas-
tration or sham surgery when rats were 60 days of age.

Rats were tested two to three weeks after shipment
on average. Animals were moved to the testing facility
and weighed the day before observations. Animal care
was in accordance with the Guide for the Care and Use of
Laboratory Animals (NIH publication 865-23, Bethesda,
MD) and approved by the Institutional Animal Care
and Use Committee.

Estrous Cycle Monitoring

Estrous cycle stage was monitored in several experi-
ments (see Experiments section) by analysis of cell
types in vaginal lavages. Daily vaginal lavages were
collected in the morning for at least eight consecutive
days prior to testing and allowed to dry on microscope
slides. Slides were then fixed with ethanol and stained
with toluidine blue. Identification of cell types was
made microscopically according to published methods
(Long and Evans 1922). Lavage was used to verify lack
of cycling in ovariectomized rats in certain experiments
(Cooper et al. 1993).

Behavioral Apparatus

Initial studies of sex differences and gonadectomy in
cocaine effects used Opto-Varimex photocell chambers
(Columbus Instruments, Columbus, OH). Later experi-
ments were performed in similar photocell devices
from a different supplier (San Diego Instruments, Inc.,
San Diego, CA). The two devices were comprised of
open plexiglass arenas with wood chip bedding on the
floor. Horizontal activity (locomotion) and vertical ac-
tivity (rearing) were determined from interruptions of
photobeams spaced one inch apart in both devices.
Photocell interruptions were also recorded at 5 min in-
tervals. Data from the later devices were recorded on a
computer using software from the manufacturer. Verti-
cal activity is reported as the number of photocell inter-
ruptions. The horizontal distance traveled in inches is
reported as horizontal activity.
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Behavioral Methods

Assignment to test chambers was counterbalanced
across and within days with respect to sex, cocaine
dose, and surgical status. Experiments were conducted
only during the light cycle from 0900 to 1500 hours.
Rats were allowed to habituate to the chambers for 40
minutes. Cocaine HCl was prepared fresh in 0.9% saline
and either the saline vehicle (1 ml/kg) or cocaine was
injected i.p. In the initial dose response and gonadec-
tomy experiments, the topography of behavior was as-
sessed simultaneously with locomotor activity by re-
cording the occurrence of inactivity, rearing, grooming,
locomotion, sniffing, continuous sniffing, and stereo-
typy during three observation periods consisting of fif-
teen seconds each, every 5 min, beginning 5 min after
dosing. Stereotypy included head weaving or bobbing,
patterned locomotion, paw treading, and dyskinesia. A
single observer, blind to the drug treatment, watched
all the rats in individual experiments. For each of the
three observation periods, a summed stereotypy score
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modified from that of Gifford and Johnson (1992) was
assigned according to the behaviors observed. These
three scores were then averaged to obtain a score for
that minute. The scoring system was: 1, inactive; 2,
grooming or locomotion or sniffing or rearing; 3, sniff-
ing with locomotion and/or rearing, or continuous
sniffing; 4, continuous sniffing with continuous motion;
5, frequent stereotyped movements with locomotion; 6,
almost continuous stereotyped movements, restricted
to one place in the cage.

Experiments

The effects of sex and gonadal hormones on cocaine-
stimulated behavior were examined in several experi-
ments. The initial experiment used naive, intact males
and intact, non-lavaged females. Horizontal motor activ-
ity (locomotion) was determined in the Opto-Varimex
devices following i.p. injection of either the saline vehi-
cle, 10, 20, or 40 mg/kg cocaine. Simultaneously, these

B males C totals

17500f o female
-O-male

‘ /
[e]
veh 10 20 40

15000
12500
10000
7500
5000

time (min) time (min) cocaine (mg/kg)
4 D females E males 4 F averages
o0
g
=
= 3 3 ‘/"/’I
g
®
4
9 2 2
Rl
w2
Py
0
1020 30 40 60 10200 30 40 ° =760 a0 20 40
time (min) time (min) cocaine (mg/kg)

Figure 1. Effect of cocaine on horizontal activity (top panels) and stereotypy rating (bottom panels) in intact male and
female rats (n = 8/group). Horizontal activity (A and B) and stereotypy data (D and E) in 5-min intervals are shown follow-
ing administration of the saline vehicle, 10, 20, or 40mg/kg cocaine. Horizontal activity in all intervals of the session was
summed to show the cocaine dose-response effect on total horizontal activity in C. Stereotypy ratings in all 5 min-intervals
were averaged and are shown in F. Group means + /— standard errors are shown in this and all figures. Error bars are sub-

sumed by the symbols in some cases.
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Figure 2. Effect of cocaine on horizontal and vertical activity in intact male and female rats (1 = 5 or 6/group). Horizon-
tal (A and B) and vertical activity data (D and E) in 5-min intervals are shown following administration of the saline vehicle,
10, 20, or 40mg/kg cocaine. As in Figure 1, cocaine dose-response effects on total horizontal (C) and vertical (F) activity are

also shown.

animals were observed to determine stereotypy ratings
(Figure 1). We replicated this initial dose response ex-
periment in different activity monitoring devices that
included both horizontal and vertical photobeam ar-
rays (Figure 2).

Castration of adult male and female rats was directly
compared in a dose-response experiment (Figure 3).
Castrated and sham-castrated male and female rats of
the same age were injected with either the saline vehi-
cle, 10, 20, or 40 mg/kg cocaine and horizontal and ver-
tical motor activity was recorded simultaneous with ob-
server-rated stereotypy.

All the horizontal activity data resulting from vehicle
and 10 mg/kg cocaine treatments from 19 different ex-
periments were combined for a population-style analy-
sis. Eleven of the 19 experiments included both male
and female rats, five used only females, and three used
only males. Six of the 19 total experiments included
sham-operated and gonadectomized females and
males. In addition to these six experiments, three in-
cluded ovariectomized and sham-ovariectomized rats
exclusively, and one used only castrated and sham-cas-

trated males. The nine experiments that compared the
effects of 10 mg/kg cocaine in sham and ovariecto-
mized females were subsequently categorized accord-
ing to whether or not the rats had been vaginally lav-
aged. Cocaine dose-response relationships were
determined for stereotypy and horizontal activity in
sham and castrated males in three experiments and
these were combined to examine castration effects in a
population.

Reagents

Cocaine HCl was obtained from NIDA and the Re-
search Triangle Institute (Research Triangle Park, NC).
Cocaine solutions were prepared fresh daily in 0.9% sa-
line.

Data Analysis

Motor activity (horizontal and vertical) and stereotypy
data are shown as the mean + SEM in 5-min intervals
beginning immediately after injection. Activity session
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Figure 3. Effect of cocaine on motor behavior in sham (1 = 16) and gonadectomized (1 = 8) male and female rats. Cocaine
dose-response effects on total horizontal (A) and vertical (B) activity and average stereotypy score (C) during a one hour ses-
sion are displayed. All female rats had been vaginally lavaged to monitor estrous cycle stage and determine the efficacy of

the ovariectomy surgery.

totals and average stereotypy scores of all 5 min inter-
vals were also calculated and shown. The effects of co-
caine and sex on motor behavior and stereotypy were
analyzed using two-way ANOVA with repeated mea-
sures on trial (five minute intervals in Figures 1 and 2:
A, B, D, E). The effects of sex, castration and cocaine
were determined using three-way ANOVA (sex X sur-
gery X dose) with repeated measures on trial (Figure 3).
Repeated measures ANOVA used Geisser-Greenhouse
adjustments of probability levels for F-tests. ANOVA’s
were performed using NCSS 2000 software (NCSS, Inc,
Kaysville, UT).

Scattergrams and relative frequency histograms
were produced from populations of horizontal activity
values using Prism 3.0 (Graphpad Software, Inc., Carls-
bad, CA). This software was also used to test for devia-
tions from Gaussian distribution using the Kolmog-
orov-Smirnov test. Distributions were said to be
significantly non-Gaussian when p < .05. Sex and gona-
dectomy effects in populations were analyzed individu-
ally using Student’s T-test. When distributions were
found to be significantly non-Gaussian the non-para-
metric Mann-Whitney test was used. Differences were
considered significant when p < .05.

RESULTS
Acute Behavioral Effects of Cocaine in Intact Rats

Cocaine increased horizontal activity in all rats and
these effects were greater in female rats. Figure 1 shows
time course (A, B) and session totals (C) for horizontal
activity. Horizontal activity in vehicle-treated rats grad-
ually decreased or habituated throughout consecutive
5-min intervals of the test session (Figure 1: A and B).
The sex difference in cocaine-stimulated activity,
though apparent over the entire dose range, is most
clear at the lowest dose, 10 mg/kg. At this dose locomo-
tor stimulation relative to the vehicle treatment was
marked in females and negligible in males. Two-way
ANOVA indicated significant main effects on horizon-
tal activity for cocaine (F(3,56) = 15.6, p < .0001) and
sex (F(1, 56) = 22.4, p = .001) but the dose by sex inter-
action was not significant (p = .11). Horizontal activity
varied across the test session as indicated by the signifi-
cant effect of the repeated factor, trial (F(10,560) = 2.85,
p = .002).

Figures 1D, 1E, and 1F show that stereotypy ratings
were greater in female rats (F(1, 56) = 16.2, p = .001).
Sex differences again were most apparent for stereo-
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typy at the low dose of cocaine (Figure 1F). Cocaine in-
creased stereotypy rating in a dose-related fashion in
males, and at the highest dose males were comparable
to females. Few rats of either sex transitioned into in-
tense stereotyped behavior. Two-way ANOVA indi-
cated that cocaine significantly increased stereotypy
rating (F(3, 56) = 33.1, p < .001), but no interaction of
dose and sex was found (p = .08). Trial also exerted a
significant effect on stereotypy (F(10,560) = 3.33, p <
.001).

The initial dose-response activity experiment was
replicated in a different testing apparatus that provided
both horizontal and vertical motor activity data. Time
course data (Figures 2A and 2B) and session totals (Fig-
ure 2C) show that cocaine increased horizontal activity
overall (F(3,33) = 19.5, p < .001). Females exhibited
more horizontal activity than males (F(1,33) = 12.3,p =
.001) and in this experiment, a significant interaction of
sex and dose was observed (F(3, 33) = 3.11, p = .04).
The effect of trial did not reach statistical significance
(p = .09).

Figure 2 (C, D, E) shows the effect of cocaine on rear-
ing behavior in male and female rats. Cocaine increased
rearing overall (F(3, 33) = 4.8, p = .007) and females
reared more than males (F(1, 33) = 3.95, p = .05). No in-
teraction of sex and dose was found (p = .39). The effect
of trial was significant for vertical activity (F(11,363) =
5.27,p < .001).

Effect of Ovariectomy and Castration

Figure 3 shows cocaine dose-response effects in ova-
riectomized, castrated, and sham-gonadectomized rats.
Cocaine significantly increased all three measures of be-
havior in this experiment. Figure 3A indicates that co-
caine induced dose-related increases in horizontal ac-
tivity (F(3,144) = 51.3, p < .001) and that horizontal
activity was greater in all female than all male rats (F(1,
144) = 6.79, p = .01). Figure 3B shows that cocaine in-
creased rearing behavior (F(3,139) = 5.59, p < .001) al-
though not in a dose-related manner like for horizontal
activity. Rearing was also greater in female rats overall
(F(1, 139) = 11.1, p = .002). Figure 3C shows that co-
caine increased stereotypy scores in all rats (F(3, 139) =
19.3, p = .001) and female rats had higher stereotypy
scores (F(1,139) = 37.9, p < .001).

The sex differences observed in the prior experi-
ments for horizontal activity, rearing, and stereotypy
also existed between sham ovariectomized and sham
castrated rats. Two-way ANOVA (sex X dose) indi-
cated that female shams exhibited more horizontal ac-
tivity (F(1,88) = 6.6, p = .02), vertical activity (F(1, 85) =
15.6, p = .0002), and stereotypy (F(1,87) = 21.8, p < .001)
than male shams.

Of the three indices of open field behavior, horizontal
activity was least affected by gonadectomy. Neither ova-
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riectomy nor castration altered horizontal activity signifi-
cantly. In contrast, gonadectomy produced disparate ef-
fects in males and females with regard to both vertical
activity and stereotypy. ANOVA indicated significant in-
teractions of gonadectomy and sex for vertical activity
(F(1,139) = 8.63, p = .004) and stereotypy (F(1,144) =
13.6, p < .001). Rearing was less in ovariectomized rela-
tive to sham females (F(1, 87) = 5.5, p = .02) and greater
in castrated rats relative to sham males (F(1,52) = 16.1,
p < .001). Stereotypy rating was higher in castrated
than sham-castrated rats (F(1, 55) = 5.61, p = .02), but
ovariectomy did not affect stereotypy score (p = .28).

Population Analysis of Sex Differences

Data from all experiments using vehicle and 10 mg/kg
cocaine were combined to examine further sex and in-
dividual differences in behavioral responses. Horizon-
tal activity values for all intact male and female rats
used in 19 different experiments have been plotted in
Figure 4 as scattergrams, group averages, and relative
histograms. This analysis included 246 male rats and
344 females. The scattergram in 4A shows that most
horizontal activity values from males administered 10
mg/kg cocaine are under 7500 and densely clustered.
Only a relatively few rats in this group exhibited activ-
ity values above 7500. In contrast, the cocaine-treated
female values show a much greater range and a signifi-
cant fraction of the population is higher than the high
responding males. Group averages confirm the trends
observed in the cocaine scattergram and extend it to the
saline data also. Figure 4B indicates that activity in fe-
males following both saline and 10 mg/kg cocaine is
greater than the respective male groups (p’s < .001 by
Mann-Whitney tests).

The robust sex differences in horizontal activity
shown in Figure 4B reflect significant sex differences in
each individual experiment. Both relative frequency
histograms revealed similar distribution patterns in
Figures 4C and D. Male horizontal activity values fol-
lowing injection of either saline or 10 mg/kg cocaine
exhibited typical “bell-shaped” distributions. A larger
proportion of high responders was seen in both female
populations. These high responding females signifi-
cantly skewed both distributions of female activity so
that they were not normally distributed (p = .05).

Population Analysis of Ovariectomy Data

Populations of horizontal activity scores from nine sep-
arate experiments using ovariectomized and sham-
ovariectomized females injected with 10 mg/kg cocaine
were also analyzed. These activity values were segre-
gated according to whether the rats had previously
been vaginally lavaged and are shown separately in
each panel of Figure 5. Ovariectomy did not alter co-
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Figure 4. Population analysis
of sex differences in horizontal
activity following saline or 10
mg/kg cocaine injection. Panel A
is a scattergram or column graph
of all the horizontal activity val-
ues in this database. Panel B
shows the group means +/-—
standard errors of the same data
sets in panel A. These same data
sets are also shown as relative
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caine-stimulated horizontal activity in five experiments
using lavaged rats (t-tests, p’s= 034-0.94). Three of four
experiments that tested the effect of ovariectomy in
non-lavaged rats reported that ovariectomy signifi-
cantly decreased cocaine-stimulated horizontal activity
(p < .05). The fourth experiment, in which the effect of
ovariectomy did not reach statistical significance (p =
.092), had the smallest sample size (n = 6) and therefore
least power of these four. No significant differences
were found between any groups following vehicle
treatment and therefore were not shown.

A scattergram of all the cocaine-stimulated horizon-
tal activity data from these nine ovariectomy ex-

15 20 0

activity (x10°) bin

periments is shown in Figure 5A. In the lavaged ova-
riectomized and sham females groups, a few “high
responding” values (> 15,000) were widely dispersed.
No differences were obvious between these two col-
umns of data and their distributions were very similar
(Figure 5C). A larger fraction of high responding values
from the non-lavaged sham rats was tightly clustered
between 15,000 and 20,000 (Figure 5A). In sharp con-
trast, only two individuals in the non-lavaged ovariec-
tomized group were in the same range. Likewise, the
distribution of horizontal activity values from non-lav-
aged ovariectomized rats appeared to have a different
shape than that recorded in the corresponding sham fe-
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Figure 5. Population analysis
of ovariectomy effects on
cocaine-stimulated horizontal
activity. Panel A is a column
graph of all the horizontal
activity values in this database
segregated by surgical and lav-
age status. Group means +/—
standard errors of these four
data sets are shown in panel B.
These data sets are also shown
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as relative frequency histo-
grams in the bottom panels.
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52) injected with 10 mg/kg
cocaine and panel D shows
similar data from non-lavaged
ovariectomized (n = 48) and
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males (Figure 5D). Relative distributions of cocaine re-
sponses in non-lavaged rats suggest that ovariectomy
selectively attenuated a high responding sub-popula-
tion as an additional 22% of the sham, relative to the
ovariectomized, population had high activity values
(above the 14,000 bin; Figure 5D).

Group averages of these data (Figure 5B) indicate
that horizontal activity in non-lavaged ovariectomized
rats is less than non-lavaged shams (t = 2.89, df =
95, p = .005). A significant decrease in horizontal activ-
ity in ovariectomized rats treated with cocaine was also
determined when lavaged and non-lavaged data were
considered together (t = 2.85, df = 199, p = .0048, com-

1015 20 25 30
activity (x10°) bin

bination bars not shown). Ovariectomy did not affect
horizontal activity in lavaged rats (p = .2).

Population Analysis of Castration Data

A population-style analysis was also performed to de-
termine the effects of male castration on cocaine-stimu-
lated behavior by combining data from three experi-
ments (including the single castration experiment
previously described). Each investigated the effects of
vehicle, 10, 20, and 40 mg/kg cocaine on horizontal ac-
tivity and behavioral activation in castrated and sham-
operated males (n = 25-27/group). Because these male
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populations of 10 mg/kg cocaine values were too small
for distribution analysis, the population analysis con-
sidered dose-response effects on both horizontal activ-
ity and stereotypy. These data were analyzed by two-
factor ANOVA (surgery X dose) and are shown in Fig-
ure 6. The population analysis indicated that castrated
rats ambulated more than sham males overall (F(1,199) =
5.78, p = .02). Stereotypy scores from the castrated male
population were greater than the shams (F(3,199) =
3.99, p = .05). Cocaine increased horizontal activity
(F(3,199) = 90, p < .001) and stereotypy (F(3,199) = 85,
p < .001) in both castrated and sham-operated males.
Unlike ovariectomy, castration did not significantly alter
horizontal activity when the 10 mg/kg cocaine data
were considered separately (t-test, p = .4).

DISCUSSION

The present study reports robust sex differences in
open-field behavioral responses to acute cocaine ad-
ministration in rats. Cocaine consistently increased mo-
tor activity and stereotypy more in female than male
rats. Gonadectomy studies indicated a complex rela-
tionship between organizational and activational effects
of gonadal steroids in mediating these robust sex differ-
ences. Of the three behavioral indices measured, hori-
zontal activity was least affected by gonadectomy and
vertical activity was most affected. Population analysis
of gonadectomy effects proved instrumental for detect-
ing modest activational effects of gonadal hormones on

horizontal activity and isolated a novel interaction of
vaginal lavage and ovariectomy on cocaine-stimulated
activity.

The present behavioral results are consistent with
previous reports of enhanced responses of female rats
to amphetamine (Robinson et al. 1980, 1982; Becker et
al. 1982). Although more amphetamine reaches the
brain of female rats (Becker et al. 1982), amphetamine
still induces greater locomotor responses in female rats
after doses are adjusted to produce the same brain con-
centrations (Robinson et al. 1980; Becker et al. 1982). In
contrast to amphetamine, the present sex differences in
cocaine effects are not explained by pharmacokinetic
differences. This laboratory previously reported that
plasma and brain concentrations of cocaine are the
same in male and female rats following i.p. injection
(Bowman et al. 1999). Furthermore, the same study
showed that ovariectomy and castration did not affect
plasma and brain cocaine concentrations. The sex dif-
ferences in behavioral responses to amphetamine and
cocaine suggest these effects may result from basic sex
differences in their neural targets, most likely the dopa-
mine system.

Different behavioral topographies are mediated by
different brain regions, neurotransmitters, and interac-
tions of neurotransmitters (Randrup and Munkvad
1974; Kelly 1977). Furthermore, different doses of stim-
ulant drugs selectively induce certain behavioral topog-
raphies (Sharp et al. 1987; Walker et al. 1990). The cur-
rent work shows that ovarian hormones selectively
modulate certain aspects of the sex differences in co-
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caine-stimulated open-field behavior. Ovariectomy de-
creased vertical activity relative to female shams but
did not affect horizontal activity or stereotypy in the
single gonadectomy experiment (Figure 3). However, in
the population analysis of 10 mg/kg cocaine data (with
greater statistical power), ovariectomy did decrease
horizontal activity. The robust effects on rearing and
the more limited effects on horizontal activity suggest
that ovarian hormones have varying effects on different
components of motor behavior.

The population analysis revealed an important
source of variability in detecting ovariectomy effects on
horizontal activity. The attenuation of cocaine-stimu-
lated horizontal activity in the whole population of ova-
riectomized rats was due to a subset of animals that had
not been vaginally lavaged. Cocaine-stimulated hori-
zontal activity in ovariectomized, lavaged rats was not
different than sham, lavaged rats. Relative distributions
of horizontal activity values in non-lavaged rats
seemed to indicate ovariectomy selectively attenuated a
high responding sub-population. An effect of ovariec-
tomy on cocaine-stimulated vertical activity (Figure 3)
was detected suggesting a varying effect of lavage on
different topographies. Although the mechanism for
this effect of vaginocervical stimulation is unknown,
these findings suggest that the impact of lavage must be
considered in future behavioral studies of psychostimu-
lant effects in rats.

The present results concur with other reports show-
ing that ovariectomy did not affect cocaine-stimulated
stereotypy. van Luijtelaar et al. (1996) found that sham
and ovariectomized females were equally likely to en-
gage in cocaine-stimulated stereotyped behavior and at
a greater rate than intact but not castrated males. Addi-
tionally, Sircar and Kim (1999) found no difference in
behavioral ratings between sham and ovariectomized
females in response to acute injection of 15 mg/kg co-
caine. Camp and Robinson (1988b) have reported that
ovariectomy did not affect stereotypy following acute
administration of amphetamine. Thus, unlike the neu-
ral substrate(s) that mediate(s) cocaine-stimulated hy-
peractivity, the substrate mediating cocaine-stimulated
stereotypy does not respond to loss of ovarian hor-
mones. The possible effect of vaginal lavage on cocaine-
stimulated stereotypy has not been addressed, but
would appear to be minimal in light of these numerous
references showing a lack of ovariectomy effect on stim-
ulant-induced activity.

The effects of testicular hormones on cocaine-stimu-
lated motor behavior are more straightforward than
those of ovarian hormones. Testosterone exerted a
slight but consistent inhibitory effect on all cocaine-
stimulated behaviors. In the single gonadectomy exper-
iment (Figure 3) castration increased vertical activity
and stereotypy rating relative to male shams. Castra-
tion of males had a more modest effect than ovariec-
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tomy on horizontal activity. Although the individual
experiment showed no effect of castration on horizontal
activity, the combination of all dose-response data indi-
cated a main effect of castration on horizontal activity.
Thus, it appears that activational effects of testosterone
are much more involved with vertical activity and ste-
reotypy than horizontal activity, again suggesting dif-
ferential involvement in this case, of testosterone, on
specific behavioral topographies.

The present study, the first investigation of male go-
nadal hormone effects on cocaine-stimulated activity, is
concordant with analogous work with amphetamine.
Forgie and Stewart (1994) have shown that castration
increased the locomotor response to acute amphet-
amine, although the effect dissipated with repeated ex-
posure. Another study found no effect of castration on
amphetamine-stimulated horizontal activity (Menniti
and Baum 1981). Similar to the present results, Dluzen
et al. (1986) found that castration increased amphet-
amine-stimulated rearing behavior. Adult castration in-
creased the duration of stereotyped behavior in re-
sponse to injection of 5 mg/kg amphetamine (Beatty et
al. 1982). This same study found that exogenous testos-
terone decreased stereotypy in castrated males and
ovariectomized females. Thus, these previous studies of
amphetamine-stimulated behaviors are similar to the
present results with cocaine, in that adult castration in-
creased stereotypy and vertical activity; effects on hori-
zontal activity were more modest.

The present results and others suggest that activa-
tional effects of gonadal hormones explain part but not
all of the sex differences in both basal and cocaine-stim-
ulated activity. Gonadal hormones also appear to have
organizational effects on open field behaviors in ro-
dents (Beatty 1979). Castration before 30 days of age in-
creases ambulation and rearing to female levels
(Scouten et al. 1975; Bengelloun et al. 1976). Female rats
injected with testosterone neonatally or at puberty ex-
hibited less ambulation and rearing than oil treated fe-
males (Stevens and Goldstein 1983). Likewise, ovariec-
tomy of female rats at one or eight days of age, but not
at 23 days or later, reduced activity of adult animals in
the open field. Thus, both organizational and activa-
tional effects of gonadal hormones play certain roles in
mediating the robust sex differences in cocaine-stimu-
lated open-field behavior described in the present stud-
ies.

The high responding female subpopulation de-
scribed in the present work is reminiscent of a previous
report of individual differences in amphetamine sensi-
tization described in male rats (Robinson 1988). Hooks
and coworkers (1991) have reported that the most ac-
tive male rats in a novel environment (high responders)
exhibit more horizontal activity following cocaine ad-
ministration. A high responder was defined as having
an activity score above the median. Our data clearly
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show that female populations had more high respond-
ers than males. These populations of horizontal activity
values from all intact female rats had significantly
skewed distributions following saline and cocaine ad-
ministration, suggesting that cocaine might have accen-
tuated a predisposition to increased horizontal activity
inherent in females. We will investigate whether this
predisposition for high responding is related to the es-
trous cycle. The three clusters of horizontal activity val-
ues from sham, non-lavaged rats in Figure 5A tantaliz-
ingly suggest just such a distribution by estrous cycle
stage.

Many aspects of dopaminergic function are regu-
lated by gonadal steroids (van Hartesveldt and Joyce
1986) and could contribute to the observed sex differ-
ence in cocaine-stimulated behavior. Rivest et al. (1995)
reported a sex difference in the density of dopamine
transporters with a greater B, in female than male
rats. Estradiol administration increases dopamine re-
ceptor density over the course of several days (Hruska
1986; Hruska and Nowak 1988). Physiological doses of
estradiol rapidly shift striatal D, receptors from high to
low affinity states (Levesque and Di Paolo 1988; Di Pa-
olo et al. 1988). Ovarian hormones increase striatal do-
pamine turnover (Di Paolo et al. 1985) and dopamine
release (van Hartesveldt and Joyce 1986; Dluzen and
Ramirez 1990; Peris et al. 1991; McDermott 1993) and
amphetamine-stimulated dopamine release (Becker
and Ramirez 1980; Becker and Beer 1986). This labora-
tory reported that the rates for both dopamine uptake
and release in the striatum of naive female rats are sig-
nificantly higher than in males (Walker et al. 2000). This
result suggests that sex differences in extracellular do-
pamine regulation may mediate the observed sex dif-
ferences in saline-stimulated horizontal activity in our
populations. Furthermore, different kinetics of extracel-
lular dopamine regulation lead to differential disrup-
tion by cocaine, producing the increased behavioral re-
sponses to cocaine in female rats (Walker and Kuhn
1997). We believe this is a plausible mechanism to ex-
plain sex differences in stimulant responsivity.

In summary, the present results show that females
exhibit substantially greater motor responses to cocaine
and that gonadal steroids contribute to these differ-
ences. The present studies attempted to define the rela-
tive magnitudes of sex and gonadal hormone effects on
cocaine-stimulated motor behavior in rats. An emerg-
ing clinical database suggests that stimulant addictions
in men and women have different natural histories and
may require different therapies. Development of pre-
ventive and therapeutic strategies for drug abuse re-
quires better understanding of sex differences in bio-
logic substrates of drug use and addiction. The present
results show that both current gonadal steroid state and
underlying sex differences influence behavioral re-
sponses to cocaine in the rat.
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