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Activation of G protein-coupled estradiol
receptor 1 in the dorsolateral striatum
enhances motivation for cocaine and drug-
induced reinstatement in female but not
male rats
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Abstract

Background: Estradiol potentiates drug-taking behaviors, including motivation to self-administer cocaine and
reinstatement of drug-seeking after extinction in females, but not males. The dorsolateral stratum (DLS) is a region
of the brain implicated in mediating drug-seeking behaviors and, more specifically, is a target brain area to study
how estradiol regulates these behaviors. The estradiol receptors α, β, and G protein-coupled estradiol receptor 1
(GPER1) are all present in the DLS. In this study, the effects of activating GPER1 in the DLS on drug-seeking are
investigated.

Methods: Gonad-intact male and female rats were trained to self-administer cocaine (0.4 mg/kg/inf) on a fixed-
ratio 1 schedule of reinforcement. For 4 weeks, animals underwent testing on a progressive ratio schedule of
reinforcement to determine their motivation to attain cocaine. Halfway through progressive ratio testing, a selective
agonist targeting GPER1 (G1) was administered intra-DLS to determine the contribution of GPER1 activation on
motivation for cocaine. The effects of intra-DLS GPER1 activation on drug-induced reinstatement after extinction
were subsequently determined.

Results: Activation of GPER1, via intra-DLS G1 administration, potentiated females’ motivation to self-administer
cocaine. There was no effect of prior G1 treatment on extinction of cocaine-taking in females; however, G1
treatment resulted in greater drug-induced reinstatement (10 mg/kg cocaine, i.p.). There were no effects of intra-
DLS GPER1 activation observed on motivation for cocaine or cocaine-induced reinstatement of responding in
males.

Conclusions: These results support the conclusion that activation of GPER1 in the DLS enhances cocaine-seeking
behaviors for female, but not male rats.
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Highlights

� Selective stimulation of the membrane estradiol
receptor, GPER-1, in the dorsolateral striatum en-
hances motivation to self-administer cocaine in fe-
male rats.

� Selective stimulation of the membrane estradiol
receptor, GPER-1, in the dorsolateral striatum en-
hances cocaine-induced reinstatement in female rats.

� GPER-1 stimulation in the dorsolateral striatum
does not alter self-administration of cocaine or re-
instatement of responding for cocaine in male rats.

Introduction
The prevalence of adults who will develop a substance
use disorder (SUD) is approximately 10%, although a
much greater percentage of individuals will have expos-
ure to elicit drug use at some point in their lifetime [19].
Many factors contribute to individual differences in es-
calation of drug-taking behavior and the propensity to-
wards addiction. Biological sex is one component that
affects individual differences in vulnerability to develop a
SUD to psychostimulants, in particular [34]. For ex-
ample, women escalate cocaine use more rapidly, report
greater craving for cocaine, and have shorter cocaine-
free periods compared to men [17, 45]. Women also
have greater incidence of relapse, possibly due to stress-
induced drug seeking that occurs more in women than
men [3, 31].
There are sex differences in rodent models of addic-

tion that are comparable to what is reported in the clin-
ical literature (Jill B [7]). Female rats acquire cocaine
self-administration more rapidly than males do, are
more motivated to obtain cocaine, and take longer to ex-
tinguish cocaine-seeking behavior, compared to males
([23]; W J [28]; Wendy J [29, 37]). In females, but not
males, the presence of estradiol potentiates sensitization
to cocaine, acquisition and maintenance levels of drug
intake, and reinstatement of cocaine-taking after extinc-
tion [16, 20, 30, 52]. Together, these data support that
estradiol plays a role in increasing vulnerability to
addiction-like behaviors in female rodents.
Recent evidence supports a modulatory role of estra-

diol on males’ preference for cocaine. Specifically, activa-
tion of the estradiol receptor subtype, G protein-coupled
estradiol receptor 1 (GPER1), decreases conditioned
place preference for cocaine and morphine in male ro-
dents [33, 42]. As mentioned above, no studies thus far
have determined an effect of estradiol treatment on
males’ self-administration of cocaine, but this could be
because prior studies have not investigated the contribu-
tion of individual estradiol receptor subtypes to drug
self-administration in either sex.

Estradiol receptor subtypes including ERα, ERβ, and
GPER1 are all expressed in the dorsal striatum of both
males and females [2, 25, 33]. Given the recent evidence
implicating GPER1 as an important neuronal target for
mediating the rewarding properties of cocaine in males,
this study was designed to determine whether GPER1
activation within the dorsolateral striatum (DLS) modu-
lates motivation for cocaine in either sex. The current
study used a progressive ratio self-administration para-
digm to determine the contribution of GPER1 activation
on motivation for cocaine and also evaluated the impact
of DLS-GPER1 activation on drug-induced reinstate-
ment in both female and male rats.

Materials and methods
Animals
A total of 25 male and 26 female gonad-intact Sprague-
Dawley rats were used in this experiment. Animals were
ordered from Charles River Breeding Laboratory (Port-
age, MI, USA) and were approximately 75 days old on
arrival. Animals were maintained on a 14:10 light/dark
cycle in a temperature-controlled climate of 72°F ± 2°F.
Animals were housed individually in standard ventilated
cages in the laboratory vivarium. In their home cages,
rats had ad libitum access to water and phytoestrogen-
free rat chow (2017 Teklad Global, 14% protein rodent
maintenance diet, Harlan rat chow; Harlan Teklad,
Madison, WI, USA). All animals were weighed daily to
determine good health, and females were also vaginally
lavaged daily to track estrous cycle. Estrous cycle was
not interrupted by cocaine or G1 exposure. All animal
care and experimental procedures were carried out in
accordance with the National Institutes of Health guide-
lines on laboratory animal use and care, using a protocol
approved by University of Michigan Institutional Use
and Care of Animals Committee.

Stereotaxic surgery and treatment stylets
One week after arriving in the laboratory, rats under-
went surgery for the implantation of bilateral guide can-
nula (purchased from P1 Technologies) aimed at the
DLS (AP: +0.4 ML: +/−3.6 DV: −4.0). During surgery,
33-gauge solid stylets were inserted into the 26-gauge
hollow guide cannula that were fixed on the animal’s
heads. These stylets were flush with the bottom of the
guide cannula and did not protrude further into the
brain. Hollow treatment stylets were filled with solid ve-
hicle or test drug and protruded from the guide cannula
by 1mm to deliver treatment directly into the DLS. Con-
trol animals received 100% cholesterol (CHOL), and ex-
perimental animals received the selective GPER1 agonist
G1, in cholesterol (10% G1:90% CHOL; dissolved in
ethanol and evaporated to dryness prior to use). In order
to insert stylets, rats were briefly anesthetized with 5%
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isoflurane. Post-mortem analyses confirmed correct
placement of guide cannula into the DLS; no animals
were excluded from analyses due to incorrect placement.
On the day of surgery, rats were injected with carpro-

fen (5 mg/kg s.c) and 30 min later were anesthetized
with ketamine (50 mg/kg i.p.) and dexmedetomidine
(0.25 mg/kg i.p.). At the conclusion of the surgery, ani-
mals received atipamezole hydrochloride (0.5 mg/kg i.p.)
and 3 ml 0.9% saline (s.c.). Every 24 h for 3 days post-
surgery, animals were given carprofen (5 mg/kg s.c.)
prophylactically for postoperative pain then monitored
for an additional 7 days.
Stylets were prepared as previously described [5].

Pharmacological drugs were obtained from the following
sources: Cholesterol (Santa Cruz Biotechnology, purity ≥
92%) and G1 (Cayman Chemical, purity ≥ 98%). Previous
studies report that G1 has no binding affinity for ERα or
ERβ [1, 9].

Catheter surgery
One week after undergoing stereotaxic surgery, animals
were fitted with indwelling jugular catheters that con-
nected to a dorsal external port [13]. On the day of sur-
gery, animals received carprofen (5 mg/kg s.c.) and 30

min later were anesthetized with 5% isoflurane in oxy-
gen. Every 24 h for 3 days post-surgery, animals were
given carprofen (5 mg/kg s.c.) prophylactically for post-
operative pain. Animals were monitored for an add-
itional 7 days before beginning self-administration
behavioral testing.
Beginning 2 days after surgery and continuing every-

day thereafter, catheters were flushed with 0.2 ml of gen-
tamicin (3 mg/ml) and heparin (20 U/ml) to prevent
infection and clotting, respectively. Prior to the begin-
ning of each cocaine self-administration session, the
catheters were also flushed with 0.1 ml of sterile saline.
Once weekly, catheter patency was verified using 2.5
mg/kg methohexital sodium in sterile saline. Eight ani-
mals (4 males and 4 females) were removed from the ex-
periment due to catheter failure. Two additional males
and one female failed to continue after initial training
(see below) when they failed the first catheter patency
check).

Cocaine self-administration procedures chamber
Cocaine self-administration was performed in standard
operant chambers (Med Associates, Inc., Georgia, VT,
USA) for a maximum of 4 h per day, 5 days per week.

Fig. 1 Illustration of self-administration operant chamber and timeline for self-administration training, progressive ratio, extinction, and
reinstatement testing
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As depicted in Fig. 1, each rat was able to move freely in
the operant chamber, while connected to an infusion
syringe via their dorsal catheter port. A house light
turned on inside the chamber to signify the start of each
self-administration session. Each chamber was also
equipped with two nose poke ports. The active port had
an illuminated light, while the other port had no light
and was therefore “inactive.” A nose poke response in
the active port resulted in an intravenous 50-μl infusion
of 0.4 mg/kg/infusion cocaine HCl delivered over 2.8 s.
There was no consequence of poking in the inactive
port.

Training
Animals were tested 5 days a week with 2 days off each
week. During week one, rats were trained to nose poke
in the active port to self-administer cocaine on a fixed-
ratio 1 schedule of reinforcement. Under this schedule, a
response into the active port resulted in one infusion of
cocaine followed by a 5-s timeout period of drug un-
availability. If an animal nose poked during a timeout
period, the nose poke was recorded but the animal did
not receive an infusion of cocaine. Each training session
was 3 h long or until an animal received a maximum of
15 infusions of cocaine. If an animal did not meet the
15-infusion threshold, they were given the remaining in-
fusions one minute apart. By day 5 of training, all ani-
mals were earning 15 infusions of cocaine.

Progressive ratio
For four consecutive weeks thereafter, animals under-
went a progressive ratio schedule of reinforcement that
escalated through an exponential series: 1, 3, 6, 9, 12, 17,
24, 32, 42, 56, 73, 95, 124, 161, 208, … [35]. On this
schedule, the number of nose pokes required increased
exponentially and the consequence remained at a single
cocaine infusion (0.4mg/kg/infusion). The final com-
pleted response ratio represents the animals’ breaking
point. All progressive ratio tests lasted 4 h or until 1 h

elapsed without the animal having earned the next
infusion.
During weeks 3 and 4 of progressive ratio self-

administration, animals received either G1 or CHOL
intra-DLS (see Table 1 for treatment condition assign-
ments) via their treatment stylets. Treatment conditions
were assigned so that the average breaking point be-
tween each group did not differ for weeks 1 and 2 of
progressive ratio testing. Treatment stylets were inserted
after the final self-administration session of week 2 and
remained through week 4, except for when they were
briefly replaced with new stylets between weeks 3 and 4,
in order to maintain a stable dose. Treatment stylets
were removed at the conclusion of the last session of
week 4.

Extinction and reinstatement
During week 5, rats underwent 1-h extinction training
twice per day for a total of 10 extinction training ses-
sions in 5 days. Chamber conditions (i.e., house light
and nose port light) were the same as during progressive
ratio testing; however, rats did not receive an infusion of
cocaine after nose poking. The rate of extinction was
calculated as the difference between activate and inactive
nose pokes per session.
New treatment stylets were introduced after the final

extinction session. Treatment assignments were counter-
balanced with prior G1 or CHOL exposure, to control
for confounding effects of prior pharmacological ma-
nipulation. On day one of week 6, animals were tested
for drug-induced reinstatement. At the start of the self-
administration session, each animal received a 10 mg/kg
i.p. injection of cocaine. Similar to during extinction,
number of nose pokes were recorded; however, no con-
sequence resulted from nose poking in either port.

Statistics
All statistical analyses were performed using GraphPad
Prism v8.0 and IBM SPSS Statistics v27.0. Data were an-
alyzed for general normality using the Shapiro-Wilk test

Table 1 This table presents subjects per treatment condition at each stage of the self-administration paradigm
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but no corrections were needed. Muuchly’s Test was
used to determine sphericity, and a Greenhouse-Geisser
correction was used where sphericity was violated. Effect
sizes for these tests are reported as Cohen’s d (d) and
partial eta squared (n2p). The threshold for significance
for all statistical tests was set to p<0.05.
Sex differences in motivation were assessed across

time, using a two-way repeated measures ANOVA (sex
× session) and as average group differences, by using an
unpaired t test (Fig. 2). Two-way repeated measures
ANOVAs were also used to assess the effects of G1 ver-
sus CHOL on motivation within each sex (Fig. 3a, b).
Three-way repeated measures ANOVAs were used to
analyze sex differences in the effects of G1 versus CHOL
on motivation (Fig. 4) and extinction (Fig. 5). A two-way
ANOVA was used to analyze sex differences in the ef-
fects of G1 or CHOL on reinstatement (Fig. 6). In the
case of a significant interaction, a Bonferroni multiple
comparison test determined if there were significant
group differences.
Finally, the effects of estrous cycle on motivation were

analyzed by grouping non-estrus (metestrus and dies-
trus) versus estrus (proestrus and estrus) and comparing
them using paired non-parametric Wilcoxon tests for
week 1 and week 2 (Fig. 7).

Results
During weeks 1 and 2 of progressive ratio testing, prior
to any pharmacological manipulation, motivation for co-
caine increased for both sexes (Fig. 2a). A two-way re-
peated measures ANOVA found a main effect of test
session (F (1.456,72.79) = 8.197; p = 0.0020; n2p = 0.141).
Since previous studies have found sex differences on a
progressive ratio schedule, an unpaired t test was per-
formed to compare the mean breaking point values for

Fig. 2 During weeks 1 and 2 of progressive ratio testing, a breaking
point increases across self-administrations session for both sexes (p
< 0.0001). b Females have a greater average breaking point across
weeks compared to males (p = 0.0267). Data are presented as mean
± SEM

Fig. 3 During weeks 3 and 4 of progressive ratio testing, G1
potentiates motivation for cocaine in a females (p = 0.0498) but not
b males. Data are presented as mean ± SEM

Fig. 4 There are sex differences in the effects of GPER1 activation on
motivation for cocaine. During weeks 3 and 4 of progressive ratio
(PR), G1-treated females have significantly greater breaking point
than they did during weeks 1 and 2, prior to treatment (p < 0.0001).
G1-treated females also have a greater breaking point than G1-
treated males, during weeks 3 and 4 of PR (p = 0.0039). Data are
presented as mean ± SEM
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males versus females across weeks 1 and 2 (t (18) =
2.412; p = 0.0267; d = 1.078) (Fig. 2b). Thus, the average
breaking point for females was greater than for males in
the first 2 weeks of self-administration.
During weeks 3 and 4 of progressive ratio testing,

DLS-GPER1 receptors were pharmacologically activated
using G1 and motivation for cocaine was assessed within
each sex (Fig. 3a, b). A two-way repeated measures
ANOVA revealed a main effect of treatment for females
(F (1,24) = 4.267; p = 0.0498; n2p = 0.1509) but no main
effect of day, and no treatment × day interaction. For
males, there was no main effect of treatment or day, and
no significant interaction.

As illustrated in Fig. 4, there are sex differences in the
effects of G1 on breaking point for cocaine. A three-way
repeated measures ANOVA revealed main effects of
both sex (F (1,47) = 6.973; p = 0.0112; n2p = 0.129) and
timepoint (F (1,47) = 33.14; p < 0.0001; n2p = 0.414). Add-
itionally, there was a significant three-way interaction
among sex × treatment condition × timepoint (F (1,47) =
5.654; p = 0.0215; n2p = 0.107). Bonferroni multiple
comparisons discovered significant group differences be-
tween G1-treated males and females’ post-treatment (p
= 0.0039) as well as a significant difference in breaking
point between timepoints in females treated with G1 (p
< 0.0001).
As illustrated in Fig. 5, there was no effect of prior G1

exposure on rates of extinction. A three-way repeated
measures ANOVA revealed a main effect of day (F (9,243)

= 5.840; p < 0.0001; n2p = 0.178) and a main effect of
treatment condition (F (1,27) = 4.317; p = 0.0474; n2p =
0.138). There were two significant interactions: sex ×
day (F (9,243) = 2.563; p = 0.0078; n2p = 0.087) and sex ×
treatment condition (F (9,243) = 2.982; p = 0.0022; n2p =
0.099). Bonferroni multiple comparisons indicated that
the G1 females were significantly different from CHOL
females (p < 0.0001) and both groups of males (p <
0.0001) on day 1 only. There were no group differences
on any other day of extinction training between or
within either sex.

Fig. 5 There is no effect of prior G1 treatment and no sex difference
in the rates of cocaine self-administration. During the first extinction
session only, prior G1-treated females are greater than all other
groups (p < 0.0001). Data are presented as mean ± SEM

Fig. 6 GPER1 activation enhances cocaine-induced reinstatement in
females but not males. G1-treated females have a significantly
greater number of active pokes than CHOL-treated females (p =
0.0460), G1 males (p = 0.0241), and CHOL males (p = 0.0259). Data
are presented as mean ± SEM. Individual data points presented as
“X” indicate prior G1 treatment and individual data point presented
as “+” indicate prior CHOL treatment, during weeks 3 and 4
of self-administration

Fig. 7 Females’ breaking point differs by phase of estrous cycle
during a week 1 of progressive ratio self-administration (p = 0.0001)
but not during b week 2. Data are presented as mean ± SEM
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Females treated with G1 also exhibited greater drug-
induced reinstatement than did males (Fig. 6) regardless
of prior treatment. A two-way ANOVA revealed a main
effects of treatment condition (F (1,24) = 5.189; p =
0.0319; n2p = 0.165) and sex (F (1,24) = 4.745; p = 0.0394;
n2p = 0.178). There was a significant sex × treatment
condition interaction (F (1,24) = 4.940; p = 0.0359; n2p =
0.171). Bonferroni multiple comparisons showed that
G1-treated females were significantly different than
CHOL females (p = 0.0460), G1 males (p = 0.0241), and
CHOL males (p = 0.0259).
For females, phase of estrous cycle (metestrus/diestrus

versus proestrus/estrus) had an effect on breaking point
during week 1, but not during week 2 of progressive ra-
tio (Fig. 7). For each female animal, mean breaking
points during metestrus/diestrus days were compared to
the mean breaking points during proestrus/estrus days.
A paired t test was used to compare group means. Dur-
ing week 1, breaking point during proestrus/estrus was
significantly greater than during metestrus/diestrus (t

(23) = 4.693; p < 0.0001; d = 0.782). There was no differ-
ence between estrous cycle timepoints during week 2 of
progressive ratio (t (24) = 0.8255; p = 0.172; d = 0.094).

Discussion
We report here a sex difference in the effects of intra-
DLS GPER1 activation on cocaine self-administration.
For females, activation of GPER1 enhances females’ mo-
tivation for cocaine (i.e., breaking point), but this effect
was not observed in males. Prior GPER1 activation did
not alter females’ or males’ rates of extinction. However,
females with intra-DLS GPER1 activation also show
greater cocaine-induced reinstatement of drug-seeking
behavior compared to control females. The effects of
GPER1 activation on reinstatement in females were also
not observed in males. Together, these findings indicate
that estradiol may be enhancing vulnerability to addic-
tion in females, at least in part, by acting on GPER1.
While this is the first study to show a role of GPER1

on cocaine self-administration specifically, previous re-
search has found that estradiol enhances cocaine intake
and motivation for cocaine (Jill B [6, 20, 32, 52]). Add-
itionally, for female rodents, drug-associated cues ac-
quire a higher incentive value when they are initially
presented during estrus versus non-estrus [22]. Although
the current study did not investigate the association of
cue-learning, an effect of estrous cycle during initial
stages of cocaine self-administration in females was
found. During week 1 of progressive ratio testing, fe-
males show greater motivation to attain cocaine during
proestrus/estrus compared to metestrus/diestrus. The
lack of effect of estrous cycle in the succeeding weeks is
likely due to the enhanced propensity to take cocaine
overall.

We found that there were no differences in extinction
rates between males and females or between prior treat-
ment conditions beyond day 1 of extinction training.
Prior studies have shown that estradiol is necessary for
learning and extinction of cocaine-seeking in females
[43]. Given that animals in the current study are gonad-
intact and have circulating estradiol, it is not surprising
that they extinguished at similar rates. It was important
in the current study that animals extinguish similarly in
order to compare rates of reinstatement.
Estradiol enhances females’ reinstatement of cocaine

self-administration [16]. This effect had previously
been shown to be regulated by ERβ, and not ERα,
but this study was done via peripheral injections and
did not investigate role of GPER1 on reinstatement
[26]. Our study supports the idea that the DLS is a
target region for estradiol’s effects on reinstatement
in females.
Sex differences in drug-taking and cocaine reward are,

in part, regulated by the interactions between estradiol
and the dopamine system [10, 24, 51]. In vitro and
in vivo studies have shown that estradiol can act directly
on the dorsal striatum to enhance stimulated dopamine
release and amphetamine-induced dopamine release in
dorsal striatal tissue from female but not male rats [4,
11, 38, 39, 41, 46]. In vivo studies showed that systemic
estradiol treatment in gonadectomized rats increases
cocaine-induced dopamine levels in microdialysis of the
dorsal striatum of ovariectomized females, but not cas-
trated males [14]. Given the direct effect of intra-DLS
GPER1 activation on cocaine-seeking in females seen in
this study, we hypothesize that GPER1 could be, in part,
modulating the effects of estradiol on the cocaine-
induced increase in dopamine. Future studies should in-
vestigate this mechanism in both sexes.
In the current study, we did not see a protective effect

of GPER1 activation on males’ motivation for cocaine, as
both G1- and CHOL-treated males show increased mo-
tivation over time. However, we have previously reported
that intra-DLS GPER1 activation attenuates cocaine con-
ditioned place preference in males [33]. Previous re-
search that demonstrated that the DLS is necessary for
stimulus-response learning in males, along with the
current results, suggest that the timing of pharmaco-
logical activation of intra-DLS GPER1−, relative to initial
drug exposure, is important for GPER1’s effects on mo-
tivation for cocaine [47, 48]. In our earlier study, GPER1
receptors in the DLS were activated or inhibited prior to
the initial cocaine treatment, whereas in the current
study, animals begin taking cocaine 3 weeks prior to ad-
ministration of the GPER1 agonist. Additional studies
are needed to determine whether activating GPER1 re-
ceptors intra-DLS before rats are trained to self-
administer cocaine would affect the subsequent
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motivation and propensity to self-administer in males
and/or females.
As discussed above, in our prior study, we reported

that intra-DLS GPER1 attenuated males’ preference for,
or “liking,” of cocaine. In our previous study, we also
showed that the same dose of intra-DLS G1 used in
the study here attenuated preference for saccharine in
males, but not females, indicating a general effect of G1
in males to decrease preference [33]. In this study, we
have shown that there is no effect of intra-DLS GPER1
on “wanting” cocaine in males. The neurobiological
mechanisms of “liking” a drug are discrete from “want-
ing;” that is, one may not necessarily like a drug but
still crave and consume it. These dissociable mecha-
nisms and are mediated by opioidergic and dopamin-
ergic signaling, respectively [8, 36]. We speculate that
the interactions of GPER1 on opioid and dopamine sig-
naling are different for females and males, and this
could be contributing to sex-dependent behavioral out-
comes related to propensity to addiction.
There is circumstantial evidence for sex differences in

the circuitry for “wanting” and “liking.” In females, estra-
diol acts on GABAergic neurons to disinhibit dopamin-
ergic neurons and increase dopamine levels in the
striatum [49]. This enhanced neurotransmission of
dopamine is presumably responsible for females’ more
rapid escalation of self-administration and enhanced
motivation to attain psychostimulants [14, 50]. Directly
below the dorsal striatum is the nucleus accumbens shell
which is an opioid hedonic hotspot that regulates “lik-
ing” [12]. In males, pharmacological studies have impli-
cated mu-opioid receptor functioning in the shell
subregion to regulate responses for palatable food and
cocaine [40, 44]. The direct interactions of GPER1 on μ-
opioid receptor function in the dorsal and ventral stri-
atum are yet to be investigated. However, there is some
evidence for crosstalk between these receptors including
GPER1 activation rapidly downregulating μ-opioid re-
ceptors in the arcuate nucleus as well as eliciting phos-
phorylation of μ-opioid receptors in human
neuroblastoma SH-SY5Y cells [15, 27].
It is also possible that the sex differences in the effect

of G1 on preference for cocaine vs. motivation for co-
caine are due to different dose-response sensitivities of
males and females, reflecting differences in cellular or
subcellular distribution. One limitation of this study is
only a single concentration of G1 was used, and only a
single dose of cocaine was used during self-
administration and cocaine-induced reinstatement.
GPER1 has been shown to have a bell-shaped dose-
response curve for social recognition in mice [18]. It will
be important to test other doses in males in case this
concentration of G1 was too high or too low to see an
effect on motivation.

In summary, the present study confirmed previous
findings that there are sex differences related to motiv-
ation to attain drugs of abuse. As discussed above, a
large body of work has supported that estradiol en-
hances females’ vulnerability towards addiction but has
not necessarily unveiled which estradiol receptor sub-
types are responsible for the behavioral effects seen in
females. The results of this study support a novel role of
GPER1 in females and provide a future target for pre-
clinical research as well as clinical research targeted at
therapeutics for addiction.

Perspectives and significance
It is vital that we better understand the neurobiological
mechanisms contributing to drug addiction and relapse
in women, given that they are more sensitive to environ-
mental cues and more susceptible to spontaneous re-
lapse [21, 34]. Increased drug-seeking induced by
estradiol in females has been well established, and the
current study aids to this body of knowledge by identify-
ing a role for GPER1, specifically. In this study, activa-
tion of GPER1 in the DLS not only enhances motivation
for cocaine in females, but also increases drug-induced
reinstatement. The information gained here may be used
to target treatment for addiction via selective estradiol
receptor modulators.
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