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Acute ovarian hormone treatment in freely cycling
female rats regulates distinct aspects of heroin seeking
Maribel Vazquez, Jessica H. Frazier, Carmela M. Reichel, and Jamie Peters
Department of Neuroscience, Medical University of South Carolina, Charleston, South Carolina 29425, USA

Females are at higher risk for certain opioid addictive behaviors, but the influence of ovarian hormones is unknown. In our
rat model of heroin self-administration, females exhibited higher relapse rates that correlated with rates of heroin seeking
on the first extinction session. We administered estradiol alone, or in combination with progesterone, 30 min prior to the
first extinction session in freely cycling, heroin-seeking female rats. Although neither treatment produced long-term effects
on relapse, each treatment regulated distinct aspects of heroin seeking. Estradiol treatment enhanced extinction memory
retention, whereas the combination treatment acutely reduced expression of heroin seeking.

[Supplemental material is available for this article.]

Epidemiological data indicate thatwomenmaybemore vulnerable
to opioid addiction than men, as they meet dependence criteria
faster after first-time use, enter treatment earlier (Anglin et al.
1987; Hser et al. 1987), and report higher craving for opioids
once dependent (Back et al. 2011). This is consistent with reports
frompreclinicalmodels of opioid self-administration in rats, where
females have been shown to acquire heroin self-administration
faster than males and to self-administer heroin over a wider range
of intravenous doses (Lynch and Carroll 1999; Carroll et al. 2002).
Additionally, females work harder for heroin on progressive ratio
schedules of reinforcement, and consume more heroin on a mg/kg
basis (Lynch et al. 2002; Cicero et al. 2003; Lacy et al. 2016). No pri-
or studies, however, have reported sex differences in cued reinstate-
ment, or relapse, in these opioid models.

The influence of ovarian hormones on opioid seeking in these
reported sex differences is not well understood. Females self-
administer less heroin during the high-estrogen state of proestrus
(Lacy et al. 2016), suggesting that higher circulating estradiol levels
may be therapeutic in freely cycling females. Progesterone also
peaks during proestrus (Becker et al. 2005; Lebron-Milad and
Milad 2012), but no effects of progesterone in preclinical opioid
self-administration models have been reported (Sedki et al.
2015), underscoring the need for further research in this area. For
psychostimulants like cocaine, research suggests that estrogen pro-
motes cocaine seeking and/or taking (Lynch et al. 2002; Perry et al.
2013). This may occur, at least in part, due to estradiol’s ability to
enhance striatal dopamine release (Becker and Rudick 1999), there-
by acting to “prime” drug seeking. Opiate seeking, in contrast, may
be less reliant on striatal dopamine release (Pettit et al. 1984;
Hnasko et al. 2005), highlighting the potential for differential es-
trogen effects on opiate seeking compared to psychostimulants.

Whereas most preclinical studies including females have fo-
cused on heroin-taking behaviors, heroin-seeking behavior under
conditions of drug unavailability (i.e., extinction) provides an indi-
cator of relapse propensity. Extinction training, wherein the ani-
mal learns to stop seeking drug when it is no longer available,
can recruit distinct neural circuits to reduce drug seeking (Peters

and De Vries 2014; Augur et al. 2016). Evidence from rodent and
human studies of fear learning indicates that estradiol promotes
extinction learning and/or memory retention (Milad et al. 2009,
2010; Zeidan et al. 2011; Graham and Milad 2012; Maeng et al.
2017; Graham and Scott 2018), and similar effects have been re-
ported for cocaine conditioned place preference (Twining et al.
2013). While the neural circuits controlling extinction of fear
and cocaine seeking are similar (Peters et al. 2009), the extent to
which these circuits are shared for opioid seeking is unknown
(Peters et al. 2013). No prior studies have reported effects of estra-
diol treatment (in freely cycling rodents) on conditioned opioid
behaviors.

Wefirst characterized heroin-taking and -seeking behaviors in
female rats in our heroin self-administration model. Identical her-
oin self-administration procedures were applied to age-matched
(P50–75 on arrival) female (n =40) and male (n=8) Wistar rats.
Rats were moderately food-restricted (15–17 g/d females; 20–22
g/d males) in order to promote acquisition. Intravenous catheters
were surgically implanted as previously described (Augur et al.
2016), and each infusion contained 0.04 mg heroin (NIDA Drug
Supply Program) in 50 µL saline. Lever presses over the course of
behavioral training for each experiment were first analyzed using
a three-way RM ANOVA, followed by two-way ANOVAs where a
three-way interaction was observed (see Supplemental Table 1 for
statistical details). Heroin-taking occurred over 12 daily sessions,
progressing from an FR1 schedule of reinforcement (7 d) to an
FR2 (2 d), and concluding on an FR4 (3 d). Successful acquisition
was gauged by active versus inactive lever discrimination, which
emerged on day 8–10 of self-administration (Fig. 1A). The rates of
responding during acquisition of heroin taking were similar
between sexes, as was the number of heroin infusions self-
administered (two-way ANOVA: Time F(11,132) = 11.66, P<0.0001)
(Fig. 1B). Importantly, each heroin infusionwas signaled by a com-
pound tone (4 kHz, 78 dB) and light stimulus (5 sec), and a 20 sec
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time-out period followed each lever press (house light off, heroin
unavailable). These conditioned cues are effective at triggering
cued reinstatement after extinction.

Extinction training, wherein responding on both levers was
without consequence (no heroin, no cues), commenced 5 d after
the last heroin self-administration session. Notably, the first ex-
tinction training provides an opportunity to measure heroin seek-
ingwhen heroin is no longer available. Responding on this session
can thus be viewed as the first “lapse” in drug seeking, reflecting
motivation to seek heroin. Females had significantly higher rates
of heroin seeking on extinction day 1 than males (Fig. 1C).
Lever discrimination disappeared by extinction day 3, and the sex-
es exhibited similar rates of extinction over the remaining sessions
(10 total). We also examined the extinction index, as a measure of
extinction memory retention, using the formula: 1− [(active lever
presses on extinction day 2)/(sum of active lever presses on extinc-
tion days 1 and 2)]. This results in a value between 0 and 1, where
higher values indicate better extinction memory. This within-
subject measure of the decrease in heroin seeking from extinction
day 1 to extinction day 2 was analyzed using an unpaired, two-

tailed t-test and was similar between the sexes (Fig. 1D). Lever dis-
crimination reemerged on the cued reinstatement test, wherein the
heroin light-tone cue (FR2, 20 sec time-out) became available again
on the active lever, to trigger a relapse. Females relapsed at a higher
rate thanmales on this test (Fig. 1E). Interestingly, extinction day 1
response rates on the active lever correlated with relapse rates only
in females (Pearson’s r=0.88, P=0.009) (Fig. 1F).

With regards to extinction, female rats in the low-estrogen
phase of metestrus exhibit poor fear extinction memory, similar
to women in the early follicular phase, also marked by low estro-
gen. However, extinction is more likely to be successful if extinc-
tion training is conducted during proestrus (in female rats) or the
late follicular/mid-luteal phase (in women), when estradiol is
high (Milad et al. 2009; Zeidan et al. 2011; Graham and Daher
2016). We were unable to assess the role of the estrous cycle phase
on extinction success in this experiment, as all but one female rat
was in metestrus or diestrus on extinction day 1; one was in estrus.
Interestingly, Graham and Scott (2018) recently assessed the inter-
action between estradiol dose and estrous cycle phase in freely cy-
cling female rats undergoing fear conditioning and extinction
procedures. They found that a low dose of β-estradiol (15 µg/kg,
s.c.) improved extinction memory retrieval across all estrous cycle
phases except proestrus, where it had no effect. Thus, if females are
in a low-estrogen state, this low dose of β-estradiol enhances ex-
tinction memory, but if they are already in a high-estrogen state,
they do not reap additional benefits. In fact, a higher dose of
β-estradiol (100 µg/kg, s.c.) impaired extinction memory retrieval
in rats that were in proestrus (but not other phases) at the time
of administration (on extinction day 1). These results are consis-
tent with a proposed inverted U-shaped dose-response curve for es-
tradiol on drug seeking (Hu and Becker 2008).

We next assessed the role of acute, low-dose estradiol admin-
istration in freely cycling, heroin-seeking female rats on extinction
memory retention, as well as any long-term effects this treatment
might have on relapse. Estradiol (15 µg/kg, s.c.) or vehicle (sesame
oil) was administered 30 min prior to extinction day 1 training.
This dose and treatment interval has been shown to enhance
fear extinction memory retention (Milad et al. 2009; Zeidan et al.
2011; Graham and Daher 2016; Maeng et al. 2017; Graham and
Scott 2018) and increase activity acutely in extinction neural cir-
cuits in both female rats and humans (Zeidan et al. 2011; Maeng
et al. 2017). Notably, these rapid effects of estradiol are consistent
with nongenomic actions of estradiol (Luine and Frankfurt
2012; Srivastava et al. 2013; Kow and Pfaff 2018). For this experi-
ment (and the next), where treatments were administered prior
to extinction day 1, we conducted two-tailed, unpaired planned
comparison t-tests for key variables. These included active and in-
active lever responding on extinction day 1, extinction day 2, and
the cued reinstatement test. Lever presses over the entire course
of each experiment were also analyzed using three-way ANOVAs,
and two-way ANOVAs where appropriate (Supplemental Table 1).
Rats acquired heroin self-administration, indicated by successful
lever discrimination at the end of self-administration (Fig. 2A),
and there were no group differences in the number of heroin infu-
sions self-administered (two-way ANOVA: Time F(11,143) = 11.26, P
<0.0001) (Fig. 2B), indicating that the groups were appropriately
balanced before treatments were administered.

No effects of treatment were observed acutely on the first ex-
tinction session (Fig. 2C). However, the estradiol group had a high-
er extinction index than the vehicle group (t(13) = 2.729, P=0.0172)
(Fig. 2D) and had lower rates of heroin seeking on extinction day 2
(t(13) = 3.324, P=0.0098) (Fig. 2E), indicating that estradiol treat-
ment selectively enhanced extinction memory retention. Lever
discrimination disappeared by extinction day 3 in the vehicle
group, and extinction day 2 in the estradiol group. The groups re-
sponded similarly over the remaining nine daily extinction
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Figure 1. Heroin seeking in females versus males. (A) Heroin seeking
over the course of heroin self-administration, extinction, and cued rein-
statement in female and male rats (Charles River Laboratories). n=
7/group (n=1 catheter failure/group eliminated). Sidak’s post-hoc active
versus inactive lever (*) P<0.05 females, (+) P<0.05 males. (B) Number
of heroin infusions consumed in females and males over the course of self-
administration. (C) Heroin seeking on the first day of extinction was higher
in females. Sidak’s post-hoc males versus females (*) P<0.05. (D) The ex-
tinction index did not differ between sexes. (E) Females relapsed at higher
rates on the cued reinstatement test. Sidak’s post-hoc males versus females
(**) P<0.0001. (F ) Heroin seeking on extinction day 1 correlated with
cued relapse rates in females, but not males. All data are mean±SEM,
except data from individual rats shown in (F). Gray bars = inactive
presses nested within active presses.
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sessions, and they were then subjected to the cued reinstatement
test. No effects of treatment were observed on this test (Fig. 2F),
and lever discrimination reemerged in both groups (Fig. 2A).
Thus, while estradiol effectively enhanced extinction memory re-
tention, it did not alter long-term propensity to relapse.

Since the peak in estradiol during proestrus is rapidly followed
by a peak in progesterone levels (Becker et al. 2005; Lebron-Milad
and Milad 2012), and some evidence suggests progesterone may
be capable of enhancing estradiol effects on extinction (Graham
and Daher 2016) and/or reducing drug seeking (Feltenstein and
See 2007; Feltenstein et al. 2008), we next examined whether a
combination treatment of estradiol + progesterone prior to extinc-
tion trainingmight confer additional therapeutic effects on heroin
seeking. Estradiol or estradiol + progesterone (2mg/kg, s.c.) was ad-
ministered 30 min prior to extinction day 1 training. The estradiol
dosewas held constant with the previous experiment, and the pro-

gesterone dose was chosen based on relevant literature (Feltenstein
et al. 2008; Graham andDaher 2016). Both groups acquired heroin
self-administration, indicated by successful lever discrimination at
the end of self-administration (Fig. 3A), and there were no group
differences in the number of heroin infusions self-administered
(two-way ANOVA: Time F(11,143) = 13.64, P<0.0001; Time×
Treatment F(11,143) = 2.119, P=0.0225, no Sidak’s post-hoc compar-
isonswere significant) (Fig. 3B), indicative of balanced groups prior
to treatment.

Heroin seeking was acutely reduced by the combination treat-
ment on extinctionday 1 (t(13) = 2.404, P= 0.0319) (Fig. 3C). No dif-
ferences were observed in the extinction index (Fig. 3D) or rates of
heroin seeking on extinction day 2 (Fig. 3E), indicating that com-
bination treatment does not further enhance extinction memory
retention relative to estradiol alone. Lever discrimination disap-
peared by extinction day 3, and the groups responded similarly
over the remaining nine daily extinction sessions. Furthermore,
no effects of treatment were observed on the cued reinstatement
test (Fig. 3F), and lever discrimination reemerged in both groups
(Fig. 3A). Thus, combination treatment with estradiol + progester-
one selectively reduced acute heroin seeking on extinction day 1,
but provided no additional therapeutic benefit on extinction
retention, and produced no long-term effects on relapse.

Because we rarely sampled proestrus (the high-estrogen
phase) in our female rats, groups were underpowered for cycle
phase analyses. However, pooling the estradiol groups from
the last two experiments provided sufficient power to compare
the low-estrogen phases of metestrus/diestrus versus estrus
(Supplemental Fig. 1). Since no studies have assessed the role of ex-
ogenously administered ovarian hormones on heroin seeking in
freely cycling females, this study was designed to address this gap
in knowledge by examining the effects of acutely administered ex-
ogenous estradiol and progesterone on the expression of heroin-
seeking behavior versus extinction memory success. The hor-
mones were administered 30min prior to the first extinction train-
ing session to simulate conditions under which theymight be used
clinically to enhance extinction retention, and tomaintain consis-
tency with prior studies (Milad et al. 2009; Zeidan et al. 2011;
Graham and Daher 2016; Maeng et al. 2017; Graham and Scott
2018). We chose this approach, as opposed to using ovariecto-
mized (OVX) females, to preserve the clinical relevance of our find-
ings and because ovariectomy alters heroin self-administration
(Roth et al. 2002), which we wanted to avoid.

Consistent with a growing literature indicating that estradiol
has beneficial effects on extinction memory (Wegerer et al. 2014;
Graham and Daher 2016; Maeng et al. 2017; Graham and Scott
2018), we found that β-estradiol enhanced extinction memory
retention in heroin-seeking female rats, measured by the extinc-
tion index. A proposed mechanism by which estradiol may
enhance extinction is through increased production of endoge-
nous brain-derived neurotrophic factor (BDNF) (Liu et al. 2001;
Scharfman et al. 2003; Barker et al. 2015), as well as more rapid,
synergistic signaling interactions that increase hippocampal spine
density (Srivastava et al. 2013). Exogenously applied hippocampal
BDNF induces extinctionmemory for conditioned fear (Peters et al.
2010). We have observed similar extinction-like reductions in her-
oin seeking with exogenous-hippocampal BDNF; however, these
effects did not reach statistical significance (Barker et al. 2015).
The extent to which such known mechanisms of fear extinction
memory are shared for heroin seeking is an area that warrants fur-
ther investigation (Peters et al. 2009, 2013). Additional studies are
also needed to examine other acute doses of β-estradiol, as well as
endogenous estradiol levels (e.g., in blood plasma), whichmay cor-
relate with extinction memory success.

Because our final experiment compared the combination
treatment of estradiol + progesterone to an estradiol-only
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Figure 2. Estradiol selectively enhances extinction memory retention
without altering heroin seeking. (A) Heroin seeking over the course of
heroin self-administration, extinction, and cued reinstatement did not
differ between groups prior to treatment. n=7 vehicle (n=1 statistical
outlier excluded, >2 standard deviations from mean); n=8 estradiol.
Sidak’s post-hoc active versus inactive lever (*) P<0.01 vehicle, (+) P<
0.0001 estradiol. (B) Number of heroin infusions over the course of self-
administration also did not differ. (C ) Heroin seeking on the first day of
extinction was not altered by estradiol treatment (15 µg/kg, s.c.;
Sigma-Aldrich, E8875) 30 min prior. (D) The extinction index was signifi-
cantly higher (indicating better extinction) in the estradiol group.
Unpaired, two-tailed t-test (*) P<0.05. (E) Heroin seeking on the second
day of extinction was reduced by estradiol treatment the previous day.
Unpaired, two-tailed t-test (**) P<0.01. (F ) Estradiol treatment on extinc-
tion day 1 did not alter relapse rates on the cued reinstatement test. All
data are mean± SEM. Gray bars = inactive presses nested within active
presses.
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treatment group, we cannot attribute the observed effects solely to
progesterone, although it is possible progesterone may produce
similar effects independently. One study found no effects of exog-
enously administered progesterone in a preclinicalmodel of opioid
seeking (on food restriction-induced enhancement of reinstate-
ment in OVX rats) (Sedki et al. 2015). In freely cycling female
rats, progesterone administration (at the same dose as the latter
and present study) reduced the enhanced cocaine-primed rein-
statement observed during estrus, but had no effect when females
were in other cycle phases (Feltenstein et al. 2008). These results are
consistent with findings that levels of progesterone in freely cy-
cling female rats are inversely correlated with cocaine seeking
(Feltenstein and See 2007), and are in linewith our findings report-
ed here on heroin seeking, with a combination progesterone+ es-
tradiol treatment. Future studies should examine the effects of
progesterone alone, as well as chronic treatment with ovarian hor-
mones, on heroin seeking.

One mechanism by which progesterone may decrease drug
seeking is through its known anxiolytic effects mediated by its me-
tabolite, allopregnanolone (Bitran et al. 1995). This nongenomic
effect of progesterone occurs via allopregnanolone’s ability to rap-
idly enhance GABAA-receptor mediated currents (Bitran et al.
1993, 1995). Opioid withdrawal is characterized by an aversive
emotional and physical state entailing increased anxiety and
hyperalgesia (Le Roy et al. 2013; Koob 2019). This withdrawal-asso-
ciated anxiety may be more pronounced in female opiate abusers
compared to males (Kosten et al. 1985), and may account, at least
in part, for the additional therapeutic benefit conferred by gaba-
pentin in conjunction with naltrexone to manage opiate with-
drawal symptoms (Martínez-Raga et al. 2004). Interestingly,
womenwith posttraumatic stress disorder (PTSD) exhibit a blunted
metabolism of progesterone to allopregnanolone compared to
trauma-exposed women without PTSD (Pineles et al. 2018), sug-
gesting that this metabolic pathway may provide endogenous
protection against multiple forms of anxiety, and perhaps anxi-
ety-precipitated relapse.

We found that females had higher rates of heroin seeking
than males on the first day of extinction, a form of postabstinence
relapse (Fuchs et al. 2006; Reichel and Bevins 2009; Giannotti et al.
2018). Females also had higher rates of cued reinstatement of her-
oin seeking after extinction. Because both extinction day 1 re-
sponding and cued reinstatement responding have been shown
to correlate with the variable α (a measure of demand elasticity)
in behavioral economics models (Bentzley et al. 2014; Cox et al.
2017), both forms of relapse likely relate to the motivational drive
to seek heroin (or inelastic demand). Interestingly, we observed a
correlation between heroin seeking on extinction day 1 and cued
relapse in females only. However, the latter studies, which were
conducted using psychostimulants, indicate that α correlates
with relapse rates in both sexes (Bentzley et al. 2014; Cox et al.
2017). The present study is the first to report a correlation between
extinction day 1 and reinstatement for opioid seeking; thus the ap-
parent lack of correlation inmales may be unique to opioids. Since
our hormone treatments were restricted to early extinction, and no
long-term effects of this acute treatment on relapse were noted,
future studies should examine the effects of ovarian hormone
treatment on cued relapse rates in freely cycling females.
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