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(4) 803–812, 1999.—In female rats the gonadal hormones estrogen and progesterone modulate dopamine
(DA) activity in the striatum and nucleus accumbens. For example, there is estrous cycle-dependent variation in basal extra-
cellular concentration of striatal DA, in amphetamine (AMPH)-stimulated DA release, and in striatal DA-mediated behav-
iors. Ovariectomy attenuates basal extracellular DA, AMPH-induced striatal DA release, and behaviors mediated by the
striatal DA system. Estrogen rapidly and directly acts on the striatum and accumbens, via a G-protein–coupled external
membrane receptor, to enhance DA release and DA-mediated behaviors. In male rats, estrogen does not affect striatal DA
release, and removal of testicular hormones is without effect. These effects of estrogen also result in gender differences in
sensitization to psychomotor stimulants. The effects of the gonadal hormones on the striatum and ascending DA systems pro-
jecting to the striatum and nucleus accumbens are hypothesized to occur as follows: estrogen induces a rapid change in
neuronal excitability by acting on membrane receptors located in intrinsic striatal GABAergic neurons and on DA terminals.
The effect of these two actions results in enhanced stimulated DA release through modulation of terminal excitability. These
effects of gonadal hormones are postulated to have important implications for gender differences in susceptibility to addic-
tion to the psychomotor stimulants. It is suggested that hormonal modulation of the striatum may have evolved to facilitate
reproductive success in female rats by enhancing pacing behavior. © 1999 Elsevier Science Inc.
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THERE is substantial evidence that gonadal hormones mod-
ulate behavioral and neurochemical indices of activity in the
striatum and nucleus accumbens, and there are gender differ-
ences in this regard [e.g., (10,11,14,41,42,44,49,58,64,67,70,
127)]. For example, during naturally occurring behavioral es-
trus, amphetamine (AMPH)-induced striatal dopamine (DA)
release and AMPH-induced behaviors are greater than on
other days of the estrous cycle (13,14,16). AMPH and other
drugs that act via these DA systems have been important
tools in studying these effects of gonadal hormones. After re-
ceiving AMPH or other DA-mimetic drugs, the behavioral
syndrome that results is predominantly mediated by the activ-
ity of DA in the striatum and nucleus accumbens. This has
been repeatedly demonstrated in experiments in which these
DA systems are either lesioned or blocked pharmacologically
[e.g., (2,35,55,124,125)]. Thus, it is interesting to note that
ovariectomy attenuates while estrogen treatment in ovariec-
tomized (OVX) female rats rapidly enhances both AMPH-
induced striatal DA release and AMPH-induced behaviors
(9,14,31,111,137). Furthermore, the effects of estrogen are
sexually dimorphic. In the male rat, estrogen does not pro-
duce the same effects (9,31). This article will review the au-
thor’s interpretation of the results of research on this topic
and propose a model for how gonadal steroid hormones may
be acting in females to produce the observed results. Finally,

the relevance of these effects of ovarian hormones for gender
differences in more naturally occurring behaviors will be dis-
cussed.

 

GONADAL HORMONES INFLUENCE BEHAVIORAL AND 
NEUROCHEMICAL INDICES OF DOPAMINE FUNCTION

IN STRIATUM AND NUCLEUS ACCUMBENS

 

Estrous Cycle

 

During the estrous cycle, ovarian hormone fluctuations in-
duce variation in behavioral and neurochemical responses to
psychomotor stimulant drugs. Female rats show a greater be-
havioral response (e.g., rotational behavior, stereotyped be-
haviors) when the striatal DA system in stimulated, pharma-
cologically or electrically, on the evening of behavioral estrus
(6–12 h after the surges of estrogen and progesterone) than
they do 24 h later on diestrus 1 (13,16,71,112). Female rats
also show enhanced sensorimotor function on estrus com-
pared with diestrus (19). Striatal DA metabolism and AMPH-
stimulated release of DA either in vitro or in vivo are greater
during estrus than on diestrus (8,13,69), while striatal DA up-
take sites are highest on the morning of proestrus (91). The
basal extracellular concentrations of DA in the striatum, de-
termined by quantitative microdialysis, are greater on estrus
than on diestrus (134). There is also estrous cycle-dependent
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variation in striatal DA receptors (40,82). Thus, coincident
with the endogenous surges of estrogen and progesterone,
there is enhanced presynaptic DA activity, as indicated by en-
hanced DA release, metabolism, and reuptake. To determine
the roles of the ovarian hormones, it is important to see what
happens when these hormones are removed and subsequently
replaced.

 

Effect of OVX

 

Rotational behavior induced by AMPH or electrical stim-
ulation of the ascending DA projection decreases within 2–3
weeks after OVX (11,27,111). OVX also decreases basal ex-
tracellular DA concentrations in striatum (134), AMPH-stim-
ulated striatal DA release (14,15), and striatal DA transporter
density (23). Striatal DA-stimulated adenylate cyclase activity
is lower, and D

 

1

 

 DA receptor density is decreased in OVX
relative to intact females (78,82). By contrast, OVX-induced
supersensitivity of striatal D

 

2

 

 DA receptor binding sites de-
velops over 2–3 months (65) [c.f. (58)]. Furthermore, there is
an increase in the ratio of high:low affinity D

 

2

 

 DA agonist
binding sites following OVX (40). This is apparently followed
by an increase in D

 

2

 

 DA receptor 

 

B

 

max

 

 at 3 months post-OVX
(58). So, OVX results in a decrease in behavioral and neuro-
chemical indices of presynaptic DA functions and induces a
decrease in D

 

1

 

 DA receptor function, while D

 

2

 

 DA receptor
binding is increased.

 

Effects of Acute Estrogen Treatment

 

The acute administration of estrogen to OVX rats induces
a rapid (within 30 min) increase in AMPH-induced striatal
DA release as detected by in vivo microdialysis (9,17,31). Es-
trogen also induces an increase in striatal DA turnover (43)
and downregulates D

 

2

 

 class DA receptors (3). These effects
are thought to be due to the direct effect of estrogen on the
striatum, as physiological concentrations of estrogen in vitro
enhance the AMPH- or K

 

1

 

-induced release of DA from stri-
atal tissue (8), and interfere in vitro with the GTP-induced af-
finity shift of D

 

2

 

 DA receptors (81). Furthermore, the pulsa-
tile administration of physiological concentrations of estradiol
to striatal slices directly stimulates DA release in vitro (8).
Thus, estrogen acts directly on the striatum to induce changes
in DA release and DA receptor activity. Estrogen has also
been shown to act directly on the nucleus accumbens to en-
hance K

 

1

 

-stimulated DA release (121). Local injection of 20–
50 pg 17

 

b

 

-estradiol, but not 17

 

a

 

-estradiol, produces a rapid
(within 2 min) and dramatic increase in stimulated DA over-
flow in nucleus accumbens detected by in vivo voltametry. Al-
though there has been less research on estrogen–DA interac-
tions in the nucleus accumbens, the work of Thompson and
Moss (121) suggests that the mechanism(s) mediating the ef-
fects of estrogen in the nucleus accumbens and striatum are
similar.

In cultured striatal neurons from an embryonic mouse, es-
trogen induces changes in adenylate cyclase activity stimu-
lated by D

 

1

 

 and D

 

2

 

 DA receptor agonists by apparently modi-
fying the G-protein coupling process (83,84). This effect is
prevented by inhibition of protein synthesis (84), suggesting
that classical estrogen receptors may be involved in this phe-
nomenon (although second-messenger induction of protein
synthesis also occurs). Estrogen receptor mRNA is present in
the striatum during development at postnatal days 10–12 in
the female rat, and there is specific binding to estrogen recep-
tors at this time (123). Therefore, the effect reported by Maus
et al. (83,84) may reflect the early developmental stage of the

neurons obtained for culture. It is also possible that the cul-
ture system in some way affected protein expression, and con-
sequently, the time course of the expression of the response to
estrogen. In the adult rat, there are few, if any, classical estro-
gen receptors (ER

 

a

 

) in the striatum (93). Nor is the newly
cloned estrogen receptor, ER

 

b

 

 (77) found in the striatum of
the adult female rat (118). Furthermore, because the effects of
estrogen reported in the adult striatum occur within minutes
or seconds, it seems unlikely that the rapid effects of estrogen
in the adult rat striatum are mediated by genome-activating
estrogen receptors.

Electrophysiological studies have shown that estrogen can
induce rapid changes in the response of striatal neurons to D

 

1

 

and D

 

2

 

 DA agonists (38). Results from experiments using
whole-cell clamp electrophysiology in acutely dissociated stri-
atal neurons indicate that there are also rapid effects of estro-
gen on L-type Ca

 

2

 

1

 

 channels in striatal neurons (89). In this
preparation the acute application of 17

 

b

 

-estradiol decreases
Ca

 

2

 

1

 

 currents. The effects are rapid (within seconds), reverse
as soon as estrogen delivery ceases, are sex specific (cells from
females show a greater response than males), and are seen at
physiologically relevant concentrations of estrogen (i.e., pM).
Furthermore, estrogen conjugated to bovine serum albumin
(BSA, prevents estrogen entry onto cells) is also effective. In-
terestingly, estrogen applied internally to cells through the
electrode is not effective at reducing Ca

 

2

 

1

 

-currents, nor does
it block the effect of 1 pM estrogen applied externally. Collec-
tively, these results suggest that the effect of estrogen occurs
externally at the membrane surface. In the presence of GT-
P

 

g

 

S (which prevents inactivation of G-protein–mediated
events) the effect of 17

 

b

 

estradiol does not reverse when hor-
mone delivery ceases. Thus, the effect of estrogen on striatal
neurons is apparently dependent upon a G-protein–coupled
receptor. Finally, the effect of 17

 

b

 

estradiol is stereospecific—
as 17

 

a

 

-estradiol does not mimic the modulation—and steroid-
specific, as 100 pM estrone and 3-methoxyestriol were ineffec-
tive while estriol or 4-hydroxy-estradiol mimic the effect of
17

 

b

 

-estradiol. The striatal neurons used in these studies were
medium spiny neurons, which are primarily GABAergic
(57,133). It is concluded, therefore, that estrogen has rapid
stereospecific effects on striatal GABAergic neurons that al-
ter signaling pathways independent of genome-activating es-
trogen receptors (89).

In in vitro superfusion experiments we find that the effects
of estrogen on AMPH-induced striatal DA release are mim-
icked by the catechol–estrogens or estrogen–BSA, but not by
the nonsteroidal estrogen agonist, diethylstilbestrol (DES), or
by estriol or estrone (137). Furthermore, the effect of estro-
gen to enhance AMPH-induced DA release from striatal tis-
sue in vitro is blocked by the steroidal estrogen receptor an-
tagonist ICI 182,780, but not by the nonsteroidal estrogen
antagonist, tamoxifen (136). Thus, the pharmacology of the
effects of estrogen in the striatum indicate that it is steroid
specific with characteristics distinct from ER

 

a

 

: 1) a rigid ste-
roidal conformation is necessary for efficacy; and 2) hydroxy-
lation of the A-ring does not inhibit, while modification of the
D ring prevents, efficacy of a compound in the striatum. In ad-
dition, it is not necessary for estrogen to enter a cell to pro-
duce its effect in the striatum, as estrogen–BSA mimics the ef-
fect of estrogen to enhance AMPH-induced DA release.
Finally, there is a rapid downregulation of D

 

2

 

 DA receptor
binding within 30 min following estrogen administration (3).

The rapid effects of estrogen on D

 

2

 

 DA receptors and DA
release in striatum and nucleus accumbens are associated with
an enhancement of sensorimotor function and DA-mediated
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behaviors (9,19,31). During the estrous cycle, however, the fe-
male rat is exposed to estrogen repeatedly. Therefore, if hor-
monal modulation of the striatum and nucleus accumbens are
important for naturally occurring behaviors, it is important to
determine how both estrogen and progesterone affect DA
function in these brain regions.

 

Effects of Estrogen and Progesterone Treatments

 

Estrogen and progesterone are the hormones released
during the estrous cycle that have been found to affect striatal
DA function. Effects of physiological doses of estrogen on the
striatum have a rapid onset, but there are also long-term ef-
fects of repeated hormone treatments that vary with the time
after cessation of treatment. When testing occurs 1–4 h fol-
lowing the last dose of estrogen (2–4 days of estrogen within
the physiological range), or after repeated estrogen followed
by progesterone treatment, the AMPH- or K

 

1

 

-stimulated re-
lease of DA from striatal tissue in vitro is potentiated
(11,12,14,44) as are AMPH-induced behaviors (11). On the
other hand, 24 h after 3 days of estrogen treatments, there is a
significant decrease in the high/low affinity states of the stri-
atal D

 

2

 

 DA receptor (33). The behavioral effects of DA mimet-
ics, 24–48 h after estrogen, are either attenuated or unchanged
(11,20,52,58,59). Recently, however, we have found that 24 h
after the last of 4 days of estrogen treatment (5 

 

m

 

g/day)
AMPH-induced DA in dialysate and AMPH-induced stereo-
typed behaviors are significantly greater than that seen in
OVX rats that do not receive estrogen treatment, but signifi-
cantly lower than the responses of rats that are tested 30 min
after the last of four daily estrogen treatments (17). Finally,
2–8 days after the termination of estrogen treatment there is a
second phase when the behavioral response to AMPH or
apomorphine is again enhanced (11,58,59,67,70). The first two
phases of this response have only been reported in female
rats. The third phase has been reported to occur in both males
and females. This sex difference indicates that phase 3 can oc-
cur independently of the first two phases, and suggests that
more than one mechanism is involved.

A very different response to estrogen treatment is ob-
tained when high doses of estrogen are administered or when
estrogen treatment is extended for more than 4 days. With
chronic estrogen treatment, or with high doses of estrogen,
presynaptic DA activity is decreased, and D

 

2

 

 DA receptor su-
persensitivity is reported (39,42,63,67). The mechanism(s)
through which the effects of prolonged estrogen treatments
affect striatal DA activity have not been investigated to a
great extent. In one experiment, intrastriatal implants of es-
tradiol were found to enhance rotational behavior, but only
after the striatum had been exposed to estradiol for 4 days
(113). Roy et al. (113) did not determine the extent of estra-
diol diffusion from the site of the unilateral implant, however,
so whether the enhanced rotational behavior is due to the ac-
tions of estradiol in the striatum, or at an adjacent site, is not
known. Nevertheless, these results, and other findings dis-
cussed above, raise the possibility that estrogen may also have
actions on the striatum mediated by genome-activating estro-
gen receptors. Whether these effects are mediated by a small
number of classical estrogen receptors (ER

 

a

 

 or ER

 

b

 

) in the
striatum or indirectly by estrogen receptors in adjacent/affer-
ent brain regions remains to be determined.

Progesterone has also been shown to enhance DA release
in striatal tissue from estrogen-primed OVX female rats
(44,45,47,48,50). Furthermore, after estrogen priming, a mem-
brane-associated protein with high affinity for progesterone

has been isolated from the striatum (74,100). The effect of
progesterone on striatal DA release is not seen without estro-
gen priming. Thus, there are acute effects of estrogen on stri-
atal neuronal activity, striatal DA receptor binding, and stri-
atal DA release, as well as a long-term effect that primes
progesterone receptors. Recently, we directly compared the
effect of repeated estrogen with acute estrogen or progester-
one treatment on striatal DA activity. We find that prior ex-
posure to estrogen enhances the effects of subsequent estro-
gen or progesterone treatments on AMPH-stimulated DA in
dialysate from dorsolateral striatum (17). This confirms previ-
ous reports that progesterone, without estrogen priming, is in-
effective in this regard (45). Behaviorally, AMPH-induced ro-
tational behavior and stereotyped behaviors are enhanced by
a single dose of estrogen, repeated estrogen treatment, or dur-
ing the evening of behavioral estrus (6–12 h after the estrogen
surge) (9,11,13,17). The enhancement of AMPH-induced DA
detected in dialysate is greater following repeated treatments
than with a single acute treatment, suggesting that physiologi-
cal doses of estrogen produce both acute and long-term ef-
fects in the striatum (17).

 

Males

 

It has been reported that there are no differences between
intact and castrated (CAST) males in the efficacy of AMPH
or apomorphine to induce stereotyped behaviors (114,128).
Other studies have reported that CAST increases AMPH-
induced stereotypy (6) or prolongs chlorpromazine-induced
catalepsy (90). However, it is difficult to dissociate these in-
creases in drug-induced behaviors from the decreased rate of
liver microsomal enzyme activity that accompanies CAST
(34). When intact male and CAST male rats are given the
same dose of AMPH (1.25 mg/kg, IP), brain concentrations of
AMPH are significantly higher in the CAST group at 30 and
60 min after injection (unpublished results from the Becker
laboratory). Therefore, the differences that Beatty et al. (6)
find in stereotypy after CAST may be attributable to different
brain concentrations of AMPH. In fact, when different sys-
temic doses are used to produce equivalent brain concentra-
tions in CAST and intact males, the two groups do not differ
in AMPH-induced rotational behavior or stereotypy (27). In
addition, CAST does not alter rotational behavior induced by
unilateral electrical stimulation of the ascending nigrostriatal
bundle (112). In contrast, spontaneous shuttle box activity is
reported to be increased following CAST compared to intact
males (46), although open-field activity is not reported to be
affected by CAST (5).

 

Gender Differences

 

Intact female rats show more intense and prolonged ste-
reotyped behavior after AMPH or apomorphine administra-
tion (6,66), a greater decrease in activity in response to chlor-
promazine or haloperidol (7,90) and more AMPH-stimulated
rotational behavior than do males (109). Although there are
gender differences in drug metabolism, the gender difference
in rotational behavior persists even when brain levels of
AMPH are equivalent (16). This suggests that although most
reported gender differences in response to AMPH may be
greater in magnitude than would be found if brain levels of
the test drugs were equalized, there are underlying gender dif-
ferences in the organization of the striatal DA system. This
idea is supported by research on gender differences in the be-
havioral response to cocaine, where males and females do not
differ in cocaine metabolism (25). Female rats also exhibit
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greater locomotor activation in response to cocaine than do
male rats (126).

In addition to gender differences in the behavioral re-
sponse to psychomotor stimulants, there are more D

 

1

 

 DA re-
ceptors in the striatum of male rats than in intact female or
OVX rats, but no gender difference in striatal D

 

2

 

 DA recep-
tors (65,80). In vitro, the AMPH-stimulated increase in stri-
atal DA release is comparable in intact male rats and intact
female rats in estrus (14). Females, however, are found to
have a higher density of DA transporter mRNA in striatum
than do males (23). There are also gender differences in basal
and AMPH-stimulated striatal DA release in the absence of
gonadal hormones. Following OVX, the AMPH-induced in-
crease in striatal DA release is significantly less than the re-
sponse of tissue from CAST (14). Finally, results from in vivo
microdialysis in freely moving rats indicate that the basal ex-
tracellular concentrations of DA are twice as high in striatum
of CAST males as in OVX females (134). These sex-related
differences in striatal DA release and receptors likely reflect
an underlying sexual dimorphism in the organization of the
striatum (30).

 

A MODEL FOR ESTROGEN–DOPAMINE INTERACTION IN 
STRIATUM AND NUCLEUS ACCUMBENS

 

Figure 1 illustrates schematically our current working hy-
pothesis on how estrogen is acting acutely in the striatum to
enhance DA release in female rats. It is hypothesized that es-
trogen can affect DA release in two ways. First, estrogen acts
on intrinsic medium spiny striatal neurons (89), which have
recurrent collaterals onto DA terminals, to inhibit Ca

 

1

 

2

 

 cur-
rent in these neurons. Because medium spiny striatal neurons
are primarily GABAergic neurons, we speculate that the ef-
fect of reduced Ca

 

1

 

2

 

 current is to decrease GABA release.
This, in turn, results in a decreased response to GABA at the
DA terminals and increased stimulated DA release. Second,
estrogen is hypothesized to act directly on DA terminals to
downregulate D

 

2

 

 DA autoreceptors. This also results in a re-
lease from the inhibitory action of these receptors and in-
creased stimulated DA release.

The first component of this model is supported by data
that indicates GABA inhibits K

 

1

 

-stimulated DA release from
nigrostriatal terminals by its action on GABA-B receptors
(24,101). Thus, if estrogen inhibits GABA release, this would
result in an enhancement of stimulated DA release. This, in
turn, could cause enhanced activation of pre- and postsynap-
tic DA receptors. The effect of DA at presynaptic DA recep-
tors results in enhanced activity at the DA transporter (86).
Therefore, the effect of DA at both pre- and postsynaptic
DA receptors results in downregulation of the D

 

2

 

 DA recep-
tor (32).

We postulate further that there is a separate, independent,
effect of estrogen on presynaptic D

 

2

 

 DA receptors. This idea
is supported by research indicating that estrogen in a synapto-
somal preparation prevents the GTP-induced affinity shift of
D

 

2

 

 DA receptors (81). Further research is needed to deter-
mine whether the rapid changes in D

 

2

 

 DA binding (3), and
the changes in DA binding and DA transporter activity dur-
ing the estrous cycle (40,91), are directly caused by the effects
of estrogen on presynaptic DA terminals or indirectly medi-
ated by the effect of estrogen on striatal neurons.

This model assumes that these effects are sexually dimor-
phic, in that the GABAergic neurons and DA terminals in
male rats do not contain (or contain lower concentrations of)
the receptors mediating these responses to estrogen. Finally,
the mechanism(s) through which the effects of repeated estro-
gen treatment result in an enhanced rapid response to estro-
gen remain to be determined. As discussed above, the long-
term effects of estrogen may be mediated by other mecha-
nisms. There could be cumulative effects of estrogen medi-
ated within the striatum via cumulative effects of activation
on specific second messengers. Alternatively, estrogen could
be acting at sites external to the striatum to further enhance
the striatal response to estrogen.

 

A ROLE FOR GENDER DIFFERENCES IN BEHAVIORS
MEDIATED BY THE STRIATUM

 

Implications for the Behavior of the Rat

 

What are the implications of these gender differences in
the effects of estrogen on the striatum for other species, and
how are they manifest in functions associated with the natural
behavior of rats? Two examples are presented.

First, gender differences in the striatum result not only in
an enhanced acute response to psychomotor stimulants, but
also in an enhancement in sensitization to psychomotor stimu-
lants. Behavioral sensitization refers to an increase in drug ef-
fect with repeated drug administration. Typically, behavioral
sensitization is quantified as a progressive increase in the be-
havioral response to a drug with successive injections of a con-
stant dose of that drug. Gender differences in sensitization
may have important implications for gender differences in ad-
diction in humans.

Second, gender differences in the striatum are important
for the reproductive success of the female rat. In the female
rat, estrogen in the striatum enhances specific components of
sexual behavior (i.e., pacing behavior), thereby increasing fer-
tility. Thus, it is suggested that the gender differences dis-
cussed above have important consequences for the female rat
in the wild.

 

Behavioral Sensitization

 

So far we have dealt solely with gender differences in the
acute effects of psychomotor stimulants. It is well established,

FIG. 1. Two mechanisms are postulated to contribute to the effect
of E on stimulated DA release in female rats: #1—Estrogen acts to
inhibit intrinsic GABA neurons that have recurrent collaterals onto
DA terminals. This results in greater DA release. #2—Estrogen acts
on DA terminals to enhance DA release by downregulating presyn-
aptic D2 DA receptor function.
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however, that the effects of drugs change with repeated ad-
ministration, and these changes take two general forms: toler-
ance or sensitization (76,120). Historically, tolerance (i.e., the
progressive decrement in responses induced by subsequent
exposures to a drug), and its role in the development of phys-
ical dependence, have been a central focus of research on ad-
diction (68,76,122,129,132). There is increasing evidence,
however, that sensitization-related neuroadaptations may
play an important role in the process of addiction (21,37,61,
62,79,97,106,110,115,120). It is beyond the scope of this article
to completely review the sensitization literature. Sensitization
has been, however, the topic of a number of review articles to
which the reader is referred [e.g., (72,99,104,105,107,
116,117,131)]. Some critics have argued that sensitization is
merely a phenomena of pharmacokinetic changes; however,
behavioral sensitization to cocaine clearly occurs in the ab-
sence of altered brain cocaine levels (22). For additional dis-
cussion of how behavioral sensitization can be dissociated
from pharmacokinetics the reader is referred to the reviews
cited above and to the work of Stewart and colleagues
(119,120).

The literature on gender differences in sensitization of
AMPH- and cocaine-induced psychomotor behavior is both
convincing and problematic. If one considers sensitization of
AMPH or cocaine-induced psychomotor behavior to be the
absolute increase in the behavioral response exhibited when
the results of two behavioral tests are compared, females ex-
hibit more robust sensitization than do intact males (28,
29,56,103,108,126). The studies looking at AMPH-induced
behaviors are confounded, however, by gender differences in
AMPH metabolism (16). Robinson (103) attempted to con-
trol for metabolic differences by giving females a lower dose
than males (2.6 vs. 3.0 mg/kg). These doses were calculated
from previous research based on brain concentration of
AMPH at 30 min and 1 h postinjection (16); however, rota-
tional behavior was recorded for 2 h post-AMPH. Because
males exhibit more rapid AMPH metabolism, and gender dif-
ferences become more pronounced with time postinjection, it
is not really possible to determine from these data the magni-
tude of the gender difference in sensitization to AMPH.
Camp and colleagues (28) attempted to address this problem
by giving females a substantially lower dose of AMPH on a
challenge test. Females received 2.6 mg/kg AMPH during the
sensitizing regimen and 1.78 mg/kg on the challenge test,
while males received 3.0 mg/kg AMPH on all tests. Stereo-
typed behavior exhibited by females on the challenge test was
significantly greater than for males on the challenge test, sup-
porting the idea that gender differences in AMPH metabo-
lism are not the only cause of the gender differences in behav-
ior reported. Thus, females apparently exhibit more robust
behavioral sensitization to AMPH than do males, but the
magnitude of the difference has not been addressed by the re-
search to date. Finally, it has been reported that there are
gender differences in sensitization of AMPH-induced rota-
tional behavior at a high dose of AMPH, but not at a low dose
(103). This suggests that there may be gender differences in
the dose–effect curve for the induction and/or expression of
sensitization.

Research on gender differences in the sensitization of co-
caine-induced behavioral activity is less problematic, as co-
caine metabolism is the same in males and females (25), and
yet females again exhibit greater behavioral sensitization
(126). Research on sensitization to cocaine has been problem-
atic in intact female rats, as cocaine has been shown to disrupt
neuroendocrine function in rats (102) and other species (87).

Thus, the specific roles for ovarian hormones in sensitization
has been difficult to parcel out.

In general, OVX of female rats does not affect the induc-
tion or expression of sensitization (28,29,56,103,108), al-
though in one report OVX females did not exhibit sensitiza-
tion of cocaine-induced locomotor activity when intact
females did (126). Interpretation of reports that intact and
OVX females do not differ in behavioral sensitization to
AMPH or cocaine is further complicated by reports that es-
trogen treatments enhance sensitization of locomotor activity
induced by AMPH or cocaine (56,92). These apparently con-
flicting results suggest that 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 sen-
sitized psychomotor behaviors.

Castration of male rats has been reported to enhance sen-
sitization of AMPH- or cocaine-induced psychomotor behav-
ior [e.g., (28,29,103)], although this result has not been found
consistently (56,126). It has been hypothesized that if castra-
tion enhances the induction and/or expression of behavioral
sensitization, then testosterone treatment should reverse this
effect. This is not the case, however, as testosterone treatment
has not been found to affect behavioral sensitization in CAST
males (56). Thus, the role of testicular hormones in sensitiza-
tion to psychomotor stimulants remains an open question.

Behavioral sensitization has important implications for
gender differences in susceptibility to cocaine addiction. Ac-
cording to a recent report, 9% of women age 12 and over
have used cocaine. The only illicit drug used more by women
is marijuana (28% have used marijuana) (73). Among women
who have used cocaine, the prevalence of lifetime depen-
dence for cocaine is 14.9 

 

6

 

 2.0% (mean 

 

6

 

 SD). This is in con-
trast to alcohol where 79% have used alcohol, but only 9.2 

 

6

 

0.8% have developed a lifetime dependence (73). The use of
all illicit drugs has been increasing among women in the past
decade, and cocaine dependence among women, in particular,
is a growing public health concern (130).

It is unlikely, however, that these gender differences in the
brain evolved to make individuals more susceptible to drug
addiction.

 

Pacing of Sexual Behavior

 

Demonstrating that estrogen in female rats modulates the
sensorimotor function and DA-induced behaviors through its
effects on the striatum has been important for understanding
how estrogen affects this neural system. However, our under-
standing of the role this phenomena plays in the behavior of
the rat in the wild remains relatively speculative. One report
suggests that estrogen acting in the striatum enhances sen-
sorimotor behavior, allowing female rats to traverse narrow
pieces of wood with greater precision during estrus (19). Yet,
although it may be adaptive for a female rat to be able to
traverse the environment more efficiently when she is in be-
havioral estrus, the strength of this relationship is weak. Evo-
lutionary biologists argue that biological functions that vary
with the reproductive cycle are likely to play a role in repro-
duction. Therefore, my laboratory began to look for a role for
the ascending DA systems in sexual behavior.

Research on the role of the ascending DA systems in sex-
ual behavior of the male rat suggests that the nucleus accum-
bens is important for anticipatory or motivational compo-
nents, while the striatum is important for consummatory
aspects of sexual behavior (36,94–96). In male rats, extracellu-
lar DA concentrations, as detected by microdialysis or voltam-
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metry in the nucleus accumbens, increase when a sexually re-
ceptive female rat is presented. Increases in extracellular DA
occur in the striatum as well as the nucleus accumbens during
copulation (36,94,96,98). Furthermore, infusion of the DA an-
tagonist, haloperidol, into the striatum increases the number
of ejaculations that males display in a 20-min period, while
haloperidol in the nucleus accumbens attenuates anticipatory
sexual behavior (95). 

In female rats, DA antagonists abolish the soliciting/pro-
ceptive behaviors of hopping and darting, while enhancing
the receptive lordosis posture (53,54). Similarly, bilateral DA
and norepinephrine depletions enhance lordosis while de-
creasing the incidence and duration of soliciting behaviors
(26). Conversely, lesions of the ascending ventral norepineph-
rine pathway attenuate lordosis behavior, but do not affect
proceptive behavior (60). Hansen et al. (60) suggest that le-
sions of the ventral norepinephrine pathway result in a loss of
inhibition of nigrostriatal/mesolimbic DA activity, which
causes a decrease in passive responses, such as lordosis, and
an increase in active responses, including proceptive behav-
iors. Different neural systems, therefore, mediate lordosis and
proceptive behaviors in the female rat, and the ascending DA
system is implicated in the later.

To study the possible role of the ascending DA system in
proceptive sexual behaviors of the rat, testing conditions need
to be optimized for the expression of these behaviors. Sexual
behavior in the female rat has typically been studied in the
laboratory under conditions where the male rat is able to cop-
ulate with the female rat at will, resulting in low levels of fe-
male proceptive behaviors [e.g., (4)]. In seminatural condi-
tions, however, the female rat will actively control the pace of
copulatory behavior by exhibiting proceptive behaviors and
actively withdrawing from the male (85). The optimal rate of
intromissions for males and females are different. For the
male rat, a rapidly paced series of intromissions (about 1 min
between intromissions) is optimal to induce ejaculation in the
fewest number of intromissions (1). The female rat, on the
other hand, requires behavioral activation of a progestational
response to facilitate pregnancy. When intromissions are
spaced 2–15 min apart, the chance that insemination will re-
sult in pregnancy is significantly enhanced (1). A female rat
will “pace” the rate of intromissions if there is a barrier be-
hind which she can escape from the male rat (51,85). Within
one or two intromission a naive sexually receptive female rat
will take advantage of a barrier in the testing apparatus and
begin pacing (personal observation). The rate at which the fe-
male withdraws from the presence of the male after a copula-
tory contact (percent exits) and the time before she returns to
the male after a contact (return latency in minutes), are used
to objectively define the behavior referred to as pacing. A fe-
male that is pacing shows higher rates of percent exits and a
longer return latency after an ejaculation than after an in-
tromission or mount. These sexually dimorphic mating strate-
gies are optimal for the reproductive success of both males
and females, because in the wild, mating occurs within a
group of animals rather than in individual male–female pairs
(85). With rapid intromissions and ejaculation, the mating
strategy of the male maximizes the number of females it is
possible to inseminate. The pacing behavior of the female in-
creases the probability that pregnancy will occur.

 

The Role of Dopamine in Pacing Behavior

 

The possible role of the ascending DA systems in female
rodent sexual behavior has been a recent topic of investiga-

tion in this laboratory and others. We find that there is en-
hanced DA in dialysate from striatum and nucleus accumbens
during sexual behavior in female rats that are pacing sexual
behavior, compared with females that are engaging in sex but
not pacing (88). In the striatum and nucleus accumbens, the
increase in DA concentrations in dialysate of estrogen and
progesterone-primed OVX rats pacing copulation is signifi-
cantly greater than that of nonpacing animals or behaviorally
receptive animals tested without a male rat (88). Similarly, in
hamsters, DA in the nucleus accumbens increases in dialysate
of females engaging in copulation, but only when the male can
achieve intromission. Females tested with vaginal masks that
prevent intromission by the male do not show an increase in
DA in dialysate from nucleus accumbens (75). In rats, DA in
dialysate from striatum and nucleus accumbens has been
found to increase in animals pacing sexual behavior and in an-
imals where the male rat is introduced by the experimenter at
the female’s previously determined preferred pace, relative to
animals engaging in sexual behavior but not pacing or those
prevented form receiving coital stimulation by the presence of
a vaginal mask (18). These results together support the notion
that DA in the striatum and nucleus accumbens is important
for coding specific aspects of the coital stimuli received, rather
than being related to specific motor behaviors.

Support for the functional dissociation of the roles of the
striatum and nucleus accumbens in pacing behavior comes
from studies in which female rats were induced into behav-
ioral estrus via bilateral ventromedial hypothalamus (VMH)
hormone treatments and then received estrogen bilaterally
into the striatum or nucleus accumbens (135). Intrastriatal es-
trogen was found to facilitate exits from the male after a cop-
ulatory contact (percent exits), while intranucleus accumbens
implants increases the time to return to the male (return la-
tency). Conversely, the antiestrogen ICI 182,780 applied to
the striatum decreased percent exits, while in the nucleus ac-
cumbens it decreased return latency (135). Thus, the results
together suggest that the striatum and nucleus accumbens dif-
ferentially modulate specific components of pacing behavior,
and that the effects of estrogen on dopamine in these brain ar-
eas enhances these functions.

 

CONCLUSIONS

 

The evidence reviewed indicates that there are gender dif-
ferences in the acute response to psychomotor stimulants and
in sensitization of psychomotor behavior induced by AMPH
or cocaine. The neural systems mediating the behavioral re-
sponse to psychomotor stimulants are sexually dimorphic, and
are modulated by the gonadal steroid hormones in the female
rat. Estrogen enhances the acute behavioral and neurochemi-
cal responses to psychomotor stimulants in female rats, and
female rats exhibit a greater sensitization of psychomotor be-
haviors in response to these drugs than do males. These ef-
fects of gonadal hormones are postulated to have important
implications for gender differences in susceptibility to addic-
tion to the psychomotor stimulants. It is suggested that hor-
monal modulation of the striatum may have evolved to facili-
tate reproductive success in female rats by enhancing pacing
behavior.

A model is proposed for the mechanisms through which
estrogen produces the effects described above. It is suggested
that estrogen induces rapid changes in neuronal excitability
by acting on membrane receptors located on intrinsic striatal
neurons and on DA terminals. The effects on intrinsic striatal
GABAergic neurons result in decreased firing of recurrent
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collaterals that synapse on GABA-B receptors found on DA
terminals, and this decrease in GABA-B receptor stimulation
enhances stimulated DA release. Estrogen also affects pre-
synaptic DA terminals by downregulating D

 

2

 

 DA autorecep-
tors, which also results in enhanced simulated DA release.
The behavioral consequence of these actions is enhanced sen-
sorimotor efficiency, pacing during sexual behavior, and en-
hanced behavioral responses to psychomotor stimulant drugs.
Thus, the hormonal stimuli that are important for behavioral

estrus also induce enhanced nucleus accumbens and striatal
DA activity, thereby facilitating specific components of pac-
ing behavior in the female rat.
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