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ABSTRACT: When ovariectomized female rats receive estrogen, the re-
sponse to the psychomotor stimulants amphetamine or cocaine is en-
hanced. Estrous cycle-dependent differences in amphetamine-stimulated
behaviors and striatal dopamine release are also noted. Intact female rats
exhibit a greater behavioral response to amphetamine on estrus than they
do on other days of the cycle. Ovariectomy results in attenuation of am-
phetamine-induced behavior and the striatal dopamine response to am-
phetamine. Physiological doses of estrogen given to ovariectomized rats
reinstate both of these responses to a level comparable to that in estrous fe-
males. Furthermore, a sex difference is noted, in that females tend to ex-
hibit a greater behavioral response to the psychomotor stimulants, and
estrogen enhances this sex difference. Repeated treatment with amphet-
amine or cocaine produces a progressive increase in behavioral responsive-
ness with subsequent drug administration, a process known as
sensitization. In rodents, behavioral sensitization results in increases in
both frequency and duration of psychomotor behaviors such as rotational
behavior, stereotyped grooming, headbobs, and forelimb movements. In-
terestingly, females display greater sensitization of behaviors in response
to psychomotor stimulants than do males. Previous research results are
summarized, and new results are presented, demonstrating that estrogen
selectively enhances components of behavior that exhibit sensitization in
female rats. Results also indicate gender differences in sensitization inde-
pendent of gonadal hormones, suggesting that the neural systems that un-
dergo sensitization are sexually dimorphic.
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INTRODUCTION

The use of all illicit drugs has been increasing among women in the last
decade. In particular, cocaine dependence among women is a growing public
health concern.! While males have historically been seen as the primary users
of illicit drugs, 9% of women over the age of 12 have used cocaine. Marijuana
is the only illicit drug used more frequently by women (28% have used mar-
ijuana).? Of particular concern is the finding that women are more likely to
become addicted to cocaine, if they have used it, than to any other drug.
Among the women who have used cocaine, the prevalence of lifetime depen-
dence is 14.9 £ 2.0% (mean = SD). By contrast, 79% of women have used
alcohol, but only 9.2 +0.8% have developed lifetime dependence.? With gen-
der differences in the use of illicit drugs diminishing, it is necessary to con-
sider whether gender differences exist in the neural mechanisms mediating
the effects of cocaine and the likelihood of becoming addicted to this drug.

We know that there are gender differences in some of the acute subjective
responses to psychomotor stimulant drugs.3 In a recent study of the acute
subjective effects of amphetamine (AMPH) in women, higher levels of estro-
gen were associated with greater AMPH-induced increases in “euphoria” and
“energy and intellectual efficiency.”® Gender differences and significant ef-
fects of the menstrual cycle on peak plasma cocaine were also noted after in-
tranasal administration.* Furthermore, the pattern of cocaine use and the
onset of addiction to cocaine are more rapid in women than in men.>

As evident from a review of the animal literature which follows, results in
humans parallel, to some extent, those in rodents. Here, female rats exhibit a
greater initial behavioral response to AMPH or cocaine and show an even
greater rate of enhanced behavioral response to subsequent treatments (i.e.,
sensitization) than do males. Basic research on the role of gender and ovarian
hormones in the response to acute and repeated exposure to cocaine and
AMPH may enhance our understanding of the processes involved in gender
differences in drug abuse. The Becker laboratory has been investigating how
estrogen acts in the striatum of the rat to affect the neurotransmitter dopamine
(DA) and the behavioral responses to psychomotor stimulant drugs.

The ascending DA projection from the midbrain to the dorsal and ventral
striatum is a massive projection, within which over 90% of the DA in the
brain resides.® Administration of drugs that activate or inhibit DA systems in-
duces behaviors that are due primarily to activity in this ascending DA sys-
tem. Investigated behaviors, that is, rotational behavior or stereotyped
behaviors, have been shown to be mediated primarily by the nigrostriatal DA
system.7‘11 Thus, these behaviors can be used as an index, or behavioral as-
say, of DA activity in the striatum.
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For example, a low dose of AMPH induces rotational behavior in rats due
to endogenous asymmetry in the nigrostriatal DA system.12 When males are
given a dose of 1.56 mg/kg AMPH and females receive 1.25 mg/kg AMPH
(to overcome gender differences in AMPH metabolism), striatal concentra-
tions of AMPH are equivalent during the behavioral testing period, but male
rats turn significantly less than do female rats at all stages of the estrous cycle
except for metaestrus.'3 In this experiment, animals were tested during the
dark phase of the light:dark cycle, and ovarian hormones were at their lowest
during metaestrus. A role for ovarian hormones in modulating rotational be-
havior is demonstrated by the finding that gonadectomy results in a signifi-
cant decrease in rotational behavior in female, but not male rats. In fact, after
ovariectomy (OVX) there is a decrease in rotational behavior induced by ei-
ther AMPH or unilateral electrical stimulation of the ascending DA projec-
tion to the striatum behavior.!#!5 In the same experiments, there was no
effect of castration in male rats on rotational behavior. %15 Thus, the effect of
OVX to attenuate the behavioral response to and the gender differences in-
duced during DA activation are not unique to the effect of AMPH, but are ap-
parently more general properties of the ascending DA system.

Selective hormone replacement experiments demonstrate that estrogen
alone is sufficient to enhance rotational behavior in the ovariectomized fe-
male rat.'® Importantly, while rotational behavior or stereotyped behavior is
enhanced by repeated estrogen treatment (hormone treatment to approximate
estrogen exposure during the estrous cycle), a single dose of 5 g estradiol
benzoate (EB) 30 minutes prior to AMPH is sufficient to induce a significant
increase in AMPH-induced behaviors.!7-18 Thus, acute estrogen treatment
rapidly induces an increase in behavioral measures of nigrostriatal DA activ-
ity. This is an important point, as it suggests that the mechanism mediating
the effect of estrogen in the striatum is different from that mediated by clas-
sical estrogen receptors, which usually take hours to days to produce changes
in behavior.

Furthermore, in vivo microdialysis to determine extracellular concentra-
tions of DA in striatum indicates estrous cycle-dependent variation in the
AMPH-induced increase of DA in striatum. Female rats during estrus have a
significantly greater AMPH-induced increase in extracellular DA in striatum
than do female rats during metaestrus. 19 During microdialysis in the same an-
imals, females in estrus exhibited significantly more stereotyped behavior
than did animals in metaestrus.!? In addition, a single dose of 5 ug EB given
to ovariectomized rats enhances the AMPH-induced increase in extracellular
striatal DA coincident with enhanced rotational behavior.!” The effect of
acute estrogen treatment to enhance AMPH-induced DA in striatum and
AMPH-induced behaviors is found in ovariectomized female rats but not in
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castrated male rats.20 Thus, a sex difference exists in the effect of estrogen in
the striatum.

The results of the microdialysis experiments lead to the question of wheth-
er the effects of estrogen on DA-mediated behaviors cause the effects on stri-
atal DA release just described or whether the effects of estrogen on striatal
DA release induce the reported effects on behavior. Experiments to examine
DA release from striatal tissue in vitro can be used to demonstrate the causal
relation between these events. Using an in vitro superfusion system to study
DA release from striatal tissue, we have confirmed that: (1) AMPH-induced
striatal DA release varies with estrous cycle21; (2) OVX attenuates AMPH-
induced striatal DA release, whereas castration of male rats has no effect on
this measure?!22; and (3) estrogen treatment enhances AMPH-stimulated
striatal DA release in striatal tissue from female but not male rats.2-22 From
these experiments we conclude that the effects of estrogen on striatal DA re-
lease occur in the absence of behavior. Thus, the effects of estrogen on striatal
DA release likely mediate the changes in behavior that occur.

With an in vitro superfusion system estrogen can be delivered directly to
striatal tissue slices to determine whether it is acting directly on the striatum
to produce its effects on the striatum. Thus, it is an important finding that es-
trogen in physiological concentrations (100 pg/ml) acts directly on the stria-
tum of ovariectomized female rats to enhance AMPH- or K+-stimulated DA
release.?!?3 Furthermore, the pulsatile administration of estrogen directly
stimulates DA release in striatal tissue from female rats, but not male rats. 2!
These results indicate that the acute effects of estrogen on striatal DA and on
DA-mediated behavior are most likely due to the direct effects of estrogen on
the striatum.

Experiments using whole-cell clamp electrophysiology in acutely dissoci-
ated striatal neurons support the idea of rapid, direct effects of estrogen in the
striatum. Estrogen inhibits L-type Ca?* channels in striatal neurons.?* The ef-
fects occur within seconds, reverse as soon as estrogen delivery ceases, and
are seen at physiological concentrations of estrogen (i.e., pM). Furthermore,
cells from females show a greater response than do cells from the striatum of
males. Estrogen conjugated to a large protein to prevent the entry of estrogen
into the cell is also effective. In addition, estrogen applied internally to cells
through the electrode is not effective in reducing Ca* currents and does not
block the effect of 1 pM estrogen applied externally. Collectively, these re-
sults suggest that the effect of estrogen occurs externally at the membrane
surface. In the presence of GTPYS (which prevents inactivation of G-protein
mediated events), the effect of 173-estradiol does not reverse when hormone
delivery ceases. Thus, the effect of estrogen on striatal neurons apparently de-
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pends on a G-protein—coupled receptor. Finally, the effect of 17B-estradiol is
stereospecific, as 17a-estradiol does not mimic the modulation, and steroid-
specific as 100 pM estrone and 3-methoxyestriol were ineffective while estri-
ol or 4-hydroxy-estradiol mimic the effect of 17B-estradiol. These results in-
dicate, therefore, that estrogen has rapid stereospecific effects on striatal
neurons that alter signaling pathways independent of the classical estrogen
receptor.2*

BEHAVIORAL SENSITIZATION

Gender differences in and hormonal influences on the acute effects of the
psychomotor stimulants are just part of the complex way in which these drugs
act in the brain. The reason is that the effects of cocaine and AMPH change
with repeated administration. These changes take two general forms: toler-
ance or sensitization.2>-26 Tolerance, and its role in the development of phys-
ical dependence, has been a focus of addiction research for many years.25’27‘
30 More recently, the role of sensitization-related neuroadaptations in the pro-
cess of addiction has become an important area of research as well.26- 31-39

Behavioral sensitization refers to an increase in drug effect with repeated
drug administration. Although most drug effects do not undergo sensitiza-
tion, two major classes do: the psychomotor stimulant effects and the incen-
tive motivational or rewarding effects of these drugs. The psychomotor
stimulant effects that show sensitization include locomotor hyperactivity, ste-
reotyped behavior, and rotational behavior.*-42 The association between
sensitization and addiction is indicated by the influence of prior drug expo-
sure on the later acquisition of a conditioned place preference3>*3-* or drug
self-administration behavior.33-3436:46-50 The results of these and other stud-
ies suggest a relationship between drug-seeking behavior and drug
sensitization.

One of the most remarkable features of sensitization is its persistence. Sen-
sitization to AMPH, cocaine, or morphine has been reported to last weeks to
months following the discontinuation of pretreatment.s1 Furthermore, sensi-
tization to treatment with escalating doses of AMPH persists at least a year
in the rat.52 With some treatment regimens, however, the persistence of co-
caine sensitization may be much more transient.)3-5> Sensitization has been
the topic of a number of review articles to which the reader is referred for ad-
ditional information (e.g., Refs. 40, 41, and 56-61). It is beyond the scope of
this article to provide a complete treatment of the topic.
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GENDER DIFFERENCES IN SENSITIZATION TO
PSYCHOMOTOR STIMULANTS

Female rats generally exhibit more robust sensitization in response to
AMPH (i.e., a greater absolute increase in psychomotor behavior) than do in-
tact males.*2-62-60 Although the effects of AMPH sensitization studies are
confounded by gender differences in AMPH metabolism, gender differences
persist even when males are given higher doses of AMPH to produce compa-
rable brain AMPH concentrations.*>92-6¢ One study reported gender differ-
ences in sensitization of AMPH-induced rotational behavior at a high dose of
AMPH, but not a low dose.*? This suggests gender differences in the dose-
effect curve for the induction and/or expression of sensitization, but very little
research has investigated or even -characterized sex differences in
sensitization.

Most studies have reported that OVX in female rats does not affect the in-
duction or expression of sensitization to AMPH.*2:62-64.66 However, estrogen
treatments in ovariectomized rats enhance sensitization of locomotor activity
induced by AMPH.% Thus, variability in the behavior of intact female rats
across the estrous cycle may obscure the effects of ovarian hormones on the
induction and/or expression of sensitized psychomotor behaviors in experi-
ments in which intact and ovariectomized rats are compared.

Castration (CAST) of male rats has been reported to enhance sensitization
of AMPH-induced psychomotor behavior relative to intact males, #2:62:63 pyt
not all investigators have found this result.%¢ If CAST enhances the induction
and/or expression of behavioral sensitization due to the removal of gonadal
steroid hormones, then testosterone treatment should reverse this effect. This
is not the case, however, as testosterone treatment does not suppress behav-
joral sensitization in castrated male rats.% (Our own unpublished data con-
firm this as well.) Thus, the role of testicular hormones in sensitization to
psychomotor stimulants remains an open question.

Research on gender differences in the sensitization of cocaine-induced be-
havioral activity is less problematic than is AMPH sensitization, as brain con-
centrations of cocaine afater peripheral metabolism are the same in males and
females®” and here again females exhibit greater behavioral sensitization.%3
However, ovariectomized females have been reported not to show sensitiza-
tion of cocaine-induced locomotor activity when intact females or gonadal
hormone treated females do.3>65:68

In the Becker laboratory we have been investigating the role of gonadal ste-
roid hormones in behavioral sensitization and here describe the preliminary
results of two ongoing studies. The results of these studies illustrate two im-
portant points with regard to gender differences in behavioral sensitization to
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cocaine and the role of gonadal hormones in modulating sensitization. First,
we find gender differences in and hormonal influences on the specific behav-
iors that undergo behavioral sensitization. Second, estrogen enhances sensi-
tization of the female-specific behaviors in females rats, but not in males.

EXPERIMENT 1. GENDER DIFFERENCES IN SENSITIZATION
OF STEREOTYPED BEHAVIORS

In one study the influence of gonadal hormones on the development of sen-
sitization of stereotyped behaviors induced by cocaine was investigated in
adult male and female Sprague-Dawley rats. Four groups were compared:
ovariectomized (OVX; n = 10) females, ovariectomized females treated with
16 ng/kg estradiol benzoate (OVX + EB; n = 11), castrated (CAST; n=11)
males, and SHAM castrated intact males (SHAM; n = 10). Surgery was per-
formed under pentobarbital anesthesia at least 2 weeks prior to the behavioral
tests. On test days, all animals received an injection of 0.1 ml peanut oil (s.c.)
30 minutes prior to cocaine, except for the OVX + EB group that received
16 pg/kg EB in 0.1 ml peanut oil (s.c.). Cocaine (15 mg/kg i.p.) was then ad-
ministered. Animals were videotaped for 30 minutes before and 30 minutes
after cocaine. Animals were tested for 4 consecutive days followed by 3 days
without treatment, for a period of 3 weeks (12 test days). Behaviors were
scored from videotape by an observer blind to the treatment group. The num-
bers of headbobs, forelimb movements, and midline crossings were counted
for 10 seconds every 5 minutes during the 30 minutes before injection and for
30 minutes after cocaine or saline injection. The totals for each type of move-
ment were used for analyses. The results of the first and last days of testing
are reported here.

As illustrated in FIGURE 1, the groups did not differ significantly on any of
the behaviors on day 1 (p >0.05), but exhibited different profiles of sensitiza-
tion for forelimb movements, midline crosses, and headbobs. For forelimb

FIGURE 1. Stereotyped behaviors induced by 15 mg/kg cocaine (i.p.) show dif-
ferent patterns of sensitization depending on the gender and gonadal hormone con-
dition of the rat. Forelimb movements (fop panel): Female rats exhibit greater
sensitization than do male rats, and estrogen treatment further enhances sensitization
of ovariectomized females (*significantly greater than CAST and SHAM groups, p
<0.05); **significantly greater than all other groups, p <0.001). Midline Crosses
(middle panel): SHAM males did exhibit sensitization of midline crosses, while the
other groups did. (*behavior on day 12 significantly greater than that of the SHAM
male group, p <0.05). Headbobs (bottom panel): *SHAM and CAST males showed
an increase in headbobs with repeated exposure to cocaine (p <0.05); the other
groups did not.
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movements (top panel) there was a significant group effect on day 12 (F(3,38)
=6.79; p <0.001), with the OVX + EB group exhibiting more forelimb move-
ments than did any other group (p <0.05). On paired ¢ tests within each group,
only the OVX + EB and OVX groups exhibited an increase in forelimb move-
ments as a result of repeated cocaine treatment when day 1 and day 12 were
compared (p <0.005). In terms of the magnitude of the increase in forelimb
movements (day 12 minus day 1) there was a significant effect of group
(F(3,38) = 8.297, p <0.001), indicating group differences in sensitization. In
post-hoc tests, the OVX + EB group showed greater sensitization than did the
other three groups (p <0.001 vs CAST or SHAM males; p <0.05 vs OVX),
and the OVX group exhibited greater sensitization than did the CAST or
SHAM male groups (p <0.05).

For midline crosses (center panel) there was also a significant effect of
group on day 12 (F(3,38) = 3.37; p <0.03), with the OVX + EB group exhib-
iting more forelimb movements than did either of the male groups (p <0.05).
On paired ¢ tests within each group (day 1 vs day 12), the OVX + EB, OVX,
and CAST groups exhibited an increase in midline crosses as a result of re-
peated cocaine treatment (p <0.01), whereas the SHAM males did not
(»=0.117).

For headbobs (bottom panel) there was no effect of group on day 12
(F(3,38) =0.394). On paired ¢ tests within each group (day 1 vs day 12), only
the CAST and the SHAM male groups exhibited an increase in headbobs as
a result of repeated cocaine treatment (p <0.005). Repeated saline treatment
had no effect on any measure (data not shown).

Thus, estrogen treatment enhanced sensitization of forelimb movements,
but it did not affect locomotor behavior or headbobs. Furthermore, a sex dif-
ference was noted in the absence of gonadal hormones in sensitization of
forelimb movements. By contrast, when headbobs were examined, the male
groups exhibited sensitization, whereas the female groups did not. Finding
that there are gender differences in sensitization that are independent of go-
nadal hormones suggests that there may be organizational effects of gonadal
hormones on the neural systems mediating sensitization.

EXPERIMENT 2. GENDER DIFFERENCES IN SENSITIZATION
OF ROTATIONAL BEHAVIOR

In a second study, animals received unilateral 6-hydroxydopamine lesions
of the substantia nigra® and 2 weeks later were ovariectomized or castrated
under pentobarbital anesthesia. Ovariectomized and castrated animals were
treated with 16 pg EB/kg or peanut oil as described above 30 minutes before
receiving 15 mg/kg cocaine (OVX + EB, n=12; OVX + OIL, n = 10; CAST
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+ EB, n=11; CAST + OIL, n = 12). Rotational behavior was recorded for 1
hour after cocaine treatment in automated rotometers.’? Animals were tested
for 4 consecutive days followed by 3 days without treatment, for total of 12
cocaine treatments.

As illustrated in FIGURE 2, sensitization of rotational behavior also demon-
strates the sex differences in sensitization to 15 mg/kg. First, while there was
a tendency for the female groups to rotate more than male groups on day 1,
there was no significant effect of group (F(3,41) = 1.03, p = 0.388). We also
noted that all of the groups showed sensitization of rotational behavior, but
the two female groups exhibited greater sensitization than did the males.
(Group effect - F(3,41) = 7.033, p <0.001; Effect of Time - F(11, 41) =
25.638, <0.001; Group X Time interaction F(33,451) = 1.683, p <0.02). In
post-hoc comparisons, the OVX + EB group exhibited greater rotational be-
havior than did all other groups when the entire 12 days of behavior are com-
pared (p <0.05). The OVX group exhibited more rotational behavior than did
either of the male groups (p <0.05). EB treatment had no effect on rotational
behavior or sensitization in the CAST males. Thus, we again see gender dif-
ferences independent of gonadal hormones and an effect of EB to enhance
sensitization in female but not male rats.

CONCLUSIONS

The evidence reviewed indicates that estrogen has rapid, direct effects on
the striatum that act to enhance dopamine release and the behavioral response
to psychomotor stimulants in the female rat. Electrophysiological studies
suggest that this acute effect of estrogen is indirectly mediated by novel mem-
brane receptors for estradiol. The effect of estrogen on the striatum is sexual-
ly dimorphic, in that dopamine activity in the striatum of females is enhanced
by estrogen, but dopamine activity in the striatum of male rats is not affected
by estrogen.

There are also sexual dimorphisms in the neural systems mediating sensi-
tization to cocaine, in that female rats with or without ovarian hormones show
a more rapid rate of sensitization than do males if a particular behavior shows
sensitization in the female. However, it is not simply that females are more
responsive to the psychomotor stimulants or that they show greater sensitiza-
tion; there are also qualitative differences in the behaviors invoked by the ini-
tial response to these drugs as well as the way in which these behaviors
sensitize. Thus, there may be qualitative as well as quantitative sexual dimor-
phisms in the neural systems mediating the initial response to psychomotor
stimulants as well as the responses to repeated drug exposure.
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