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Abstract

Heroin intake decreases significantly during proestrus in normally cycling female rats, and this
effect is mediated by endogenous estradiol but not endogenous progesterone. The purpose of this
study was to determine whether chronic administration of exogenous estradiol decreases intake of
the semi-synthetic opioid, heroin, and the fully synthetic opioid, remifentanil, in intact female rats.
Normally cycling female rats were implanted with intravenous catheters and trained to self-
administer heroin on a fixed ratio (FR1) schedule of reinforcement. Rats were treated chronically
with daily administration of either a low dose of estradiol (0.5 mcg, sc), a high dose of estradiol
(5.0 mcg, sc), or vehicle (peanut oil, sc). After two weeks of heroin self-administration training,
dose-effect curves were determined for both heroin and remifentanil. Chronic administration of
estradiol non-significantly decreased heroin intake and significantly decreased remifentanil intake.
Estradiol-induced decreases in remifentanil intake were dose-dependent, characterized by large
effect sizes, and greatest in rats treated with the high dose of estradiol. These data indicate that
chronic estradiol administration decreases opioid intake in intact female rats with medium to large
effect sizes across opioids. These findings suggest that estrogen-based pharmacotherapies may
represent a novel treatment approach for women with opioid use disorder.
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1. Introduction

In 2018, opioids were involved in nearly 70% of drug-related overdoses (Wilson et al.,
2020), but the risk of overdose over the years has increased more in women than in men
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(Lopresti et al., 2020). Although significantly more men suffer from opioid use disorder,
women using opioids are at greater risk of developing an opioid use disorder than men using
opioids (NIDA, 2020). For example, women escalate from casual use to dependence quicker,
experience greater craving, are less likely to seek treatment for heroin use, are less likely to
adhere to medical treatment, and experience more withdrawal symptoms than men
(Greenfield et al., 2007; Kokane and Perrotti, 2020; Lopresti et al., 2020; Sofuoglu et al.,
2019). Current pharmacological treatments primarily use long-acting mu-opioid agonists,
such as buprenorphine or methadone. Although effective, these agonists have abuse liability
of their own and are not always fully accessible because of regulatory burdens related to
their schedule-controlled status. Consequently, new pharmacotherapies that lack abuse
liability, have low regulatory burden, and possess a proven track record of safety are needed.

Previously, Lacy and colleagues demonstrated heroin intake decreases significantly (~70%)
during the proestrus phase of the estrus cycle in normally cycling female rats (Lacy et al.,
2016). These proestrus-associated decreases in heroin intake were replicated across multiple
cycles in both socially housed and isolated females. Notably, this decrease persisted across a
100-fold dose range of heroin, indicating a decrease in the effectiveness of heroin to serve as
a positive reinforcer. During proestrus, both progesterone and estradiol levels reach their
peaks, with estradiol peaking first followed by progesterone 8-24 hours later (Scharfman
and MacLusky, 2014). Because both estradiol and progesterone reach peak concentrations
during proestrus, one or a combination of both could be responsible for the decrease in
opioid intake during proestrus.

Early studies examining the effects of estradiol and progesterone on opioid self-
administration reported that neither estradiol nor progesterone influences heroin self-
administration (Stewart et al., 1996) or that estradiol enhances the acquisition of heroin self-
administration (Roth et al., 2002). More recent research, however, has reported that estradiol
consistently decreases heroin seeking during extinction and during food restriction (Sedki et
al., 2015; Vazquez et al., 2020). Consistent with these latter findings, Smith and colleagues
reported that both acute (Smith et al., 2020a) and chronic (Smith et al., 2020b) estradiol
administration significantly reduce heroin intake in ovariectomized females, and these
effects are not altered by progesterone administration. Similarly, acute administration of an
estradiol receptor antagonist, but not a progesterone receptor antagonist, blocks proestrus-
associated decreases in heroin intake in normally cycling rats (Smith et al., 2020b). Thus, a
converging body of evidence indicates that estradiol, but not progesterone, reduces heroin
intake under a wide range of experimental conditions.

Given that estradiol decreases heroin intake in ovariectomized rats and given that blockade
of estrogen receptors prevents proestrus-associated decreases in heroin intake in normally
cycling rats, the purpose of this study was to determine whether chronic estradiol treatment
reduces opioid intake in intact female rats. To this end, female rats were treated chronically
with either low (0.5 micrograms or mcg) or high (5.0 mcg) doses of estradiol prior to daily
self-administration sessions. Following two weeks of heroin self-administration training,
heroin and remifentanil intake were measured separately across a 100-fold dose range. The
translational goal of this study was to determine if agonist activity at estrogen receptors
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reduces the intake of two structurally distinct opioids, both of which have high abuse
liability in humans, using intact female rats.

2. Methods

2.1 Animals

The subjects were experimentally naive, adult, female Long Evans rats (rattus novegicus).
Rats were obtained from the vendor (Charles Rivers Laboratories, Raleigh, NC) at postnatal
day 49 and individually housed in polycarbonate “shoebox” cages (40 cm wide x 85 cm
long x 40 cm high) with environmental enrichment. Ad /ibitum access to water and food
(LabDiet5P00 - ProLabRMH3000) was given to all rats, except during the brief period of
lever press training (see below). The animal colony was kept on a 12:12 hour light-dark
cycle with testing occurring during the light portion of the cycle. All rats were maintained in
accordance with the guidelines of the Animal Care and Use Committee of Davidson
College.

2.3 Apparatus and Chemicals

Rats were trained to lever press in operant conditioning chambers from Med Associates (St.
Albans, VT) enclosed in sound attenuating cabinets. Each chamber contained a house light,
two response levers with corresponding lights, a food tray between the levers, a food hopper,
and an infusion pump located outside the cabinet. Infusions were delivered via a tygon tube
connecting the infusion pump to a counterbalanced swivel and connecting the swivel to the
implanted catheter port. To prevent damage, the tubing from the swivel to the port was
encased in a stainless-steel tether. A white noise machine was also used throughout training
and testing. Heroin (diacetylmorphine HCI) was supplied by the National Institute of Drug
Abuse (Research Triangle Institute, Research Triangle Park, NC, USA) and dissolved in
sterile saline for intravenous infusion. Remifentanil HCI was purchased from
MilliporeSigma (St. Louis, MO, USA) and dissolved in sterile saline. Two doses of estradiol
(Low: 0.5 mcg, sc; High: 5.0 mcg, sc) were dissolved in peanut oil as a vehicle. All hormone
or vehicle injections were administered at a volume of 0.1 ml. Injections began a week
following surgery and occurred daily for the duration of the experiment.

2.4 Lever-Press Training

Rats were food restricted to 90% free feeding weight approximately a week after arrival.
Each rat was trained to lever press using food reinforcement on a fixed ratio (FR1) schedule
of reinforcement. Training sessions were limited to a maximum of 40 reinforcers or 2 hr,
whichever occurred first. Rats completed at least four training sessions.

2.5 Surgery

Rats were implanted with intravenous catheters in the same manner described previously
(Smith et al., 2008). Briefly, rats were anesthetized via injection of ketamine (100 mg/kg, ip)
and xylazine (8 mg/kg, ip). Next, the catheter was implanted in the right jugular vein and the
port was externalized between the scapulae. Postoperatively, rats were given two injections
of the analgesic, ketoprofen (3 mg/kg, sc), 24-hours apart. Additionally, catheters were
flushed daily with the antibiotic, ticarcillin (20 mg/kg, iv), along with heparinized saline to
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prevent infection and maintain patency. After one week, ticarcillin was discontinued, but
catheters continued to be flushed daily with heparinized saline throughout the experiment to
maintain patency.

2.5 Estrous Cycle Monitoring

The estrous cycle was monitored via vaginal lavage using sterile saline to collect samples.
Samples were then examined using light microscopy (10x magnification) to analyze cellular
composition. Each sample was classified as being metestrus, diestrus, proestrus, or estrus
following methods previously described (Lacy et al., 2016).

2.7 Heroin Self-Administration Training and Testing

Heroin self-administration began one week following surgery. Rats were subcutaneously
injected with estradiol (0.5 mcg or 5.0 mcg) or peanut oil 30 minutes prior to testing. During
testing, rats were placed into the operant conditioning chambers and secured via the
stainless-steel tether. Rats were trained to self-administer heroin (0.0075 mg/kg/infusion) on
a FR1 schedule. At the beginning of the session, the house light turned on and a
noncontingent infusion of heroin was delivered. Both levers, active and inactive, in the
chamber were then extended and the light above the active lever was illuminated. Each
active lever press yielded an infusion of heroin followed by a 20-s timeout during which the
lever was retracted, and the stimulus light was turned off. Each testing session continued in
this fashion for 2 hr. Rats were then returned to their homecages and the colony room.
Training continued for 10 training sessions across two weeks (5 days a week).

After two weeks of training, heroin intake was measured across five consecutive days, with a
single dose of heroin tested each day. Heroin doses (0.0003, 0.001, 0.003, 0.01, and 0.03
mg/kg/infusion) were tested in a pseudorandom order so that no more than two ascending or
descending doses were tested in a row. Upon completion of the dose effect curve, a saline
substitution test was conducted as a control during which saline was substituted for heroin.
After testing with heroin, remifentanil intake was measured across five consecutive days,
with a single dose of remifentanil tested each day. Remifentanil doses (0.0001, 0.0003,
0.001, and 0.01 mg/kg/infusion) were tested in a pseudorandom order as described above,
followed by an additional saline substitution day. All other methodology during heroin and
remifentanil testing matched training sessions.

2.8 Data Analysis

A total of 69 rats completed testing with heroin (vehicle: n = 25; 0.5 mcg estradiol: n = 19
rats; 5.0 mcg estradiol: n = 25 rats). Two rats died during testing with remifentanil for
undetermined reasons (vehicle: n = 1; 5.0 mcg estradiol: n = 1). These two rats were
excluded from the remifentanil analysis but included in the heroin analysis.

Responding during drug self-administration sessions was expressed as number of infusions
(i.e., number of active lever responses; number of reinforcers) per session. Data obtained
during training were analyzed via mixed-factor ANOVA, with group serving as a between-
subjects factor and day (i.e., training session) serving as the repeated-measure. Data
obtained during testing were analyzed via mixed-factor ANOVA, with group serving as a
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between-subjects factor and dose serving as the repeated-measure. Responding maintained
by saline was compared to responding maintained by each dose of heroin and remifentanil
by repeated-measures ANOVA, followed by Dunnett post hoc tests in which saline was
defined as the control. Area under the curve (AUC) estimates were determined from the
dose-response data using the trapezoidal rule and analyzed via one-way ANOVA with group
serving as the factor. Data obtained from responding on the inactive lever were analyzed in
an identical manner. Responding during saline substitution tests was analyzed via one-way
ANOVA using group as the factor. Tukey’s honestly significant difference (HSD) post hoc
tests were used to compare differences between groups under conditions in which the
omnibus test was significant. All statistical tests were two-tailed, and the alpha level was set
to .05. Effect sizes were calculated as either Cohen’s dor partial eta squared ().

3. Results

All rats exhibited normal estrous cycles prior to treatment, with vaginal cytology revealing
clear transitions across phases (metestrus, diestrus, proestrus, and estrus) over the course of
4- to 5-day cycles. Vehicle treatment did not produce any observable changes to the estrous
cycle over the course of the study. Chronic treatment with 0.5 mcg estradiol disrupted
cycling in all rats, characterized by a prolongation of the estrous cycle that was attributed to
additional days in the high-estradiol phases of proestrus and estrus (~60% of days in
proestrus/estrus). Chronic treatment with 5.0 mcg estradiol produced further disruptions in
estrous cycling, with an even greater proportion of days in proestrus and estrus (~90% of
days in proestus/estrus).

Responding maintained by heroin was stable by the second week of training (Figure 1) as
defined by no significant main effect of day or significant day x group interaction over the
last 5 days of training. Rats treated with 5.0 mcg estradiol responded approximately 30%
less during this period of training than rats treated with either vehicle or 0.5 mcg estradiol,
but this effect was not statistically significant [A2, 66) = 2.519, p=.088; 12 = .071].

During testing, responding maintained by heroin was characterized by an inverted U-shaped
dose-effect curve in all groups [main effect of dose: A4, 264) = 23.080, p< .001; 12
=.259;], with ascending and descending limbs that converged at 0.003 mg/kg (Figure 2).
Responding maintained by heroin was greater than responding maintained by saline in all
groups. Vehicle-treated rats self-administered more heroin than saline [F(5, 120) = 9.544, p
<.001] at doses of .001, .003, .01, and .03 mg/kg/inf (p=.018, p <.001, p=.024, and p
=.015, respectively). Similarly, 0.5 mcg-treated rats self-administered more heroin than
saline [F(5, 90) = 6.535, p<.001] at a dose of .003 mg/kg/inf (p=.011). Finally, 5.0 mcg-
treated rats self-administered more heroin than saline [F(5, 120) = 6.719, p < .001] at doses
of .001, .003, and .03 mg/kg/inf (p=.009, p=.008, p=.043, respectively). Dose-effect
curves were generally parallel, and no significant dose x group interaction was observed
[A10, 330) = .671, p=.751, n° = .02]. Rats treated with 5.0 mcg estradiol responded
approximately 35% less than rats treated with either vehicle or 0.5 mcg estradiol; however,
this effect was not statistically significant in either the dose-response [effect of group: A2,
66) = 2.662, p=.077; )2 = .075] or the AUC [A2, 66) = 2.407, p=.098; 1)2 = .068
analysis].
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Similar to that observed with heroin, responding maintained by remifentanil was
characterized by an inverted U-shaped dose-effect curve in all groups [main effect of dose:
A4, 256) = 23.102, p< .001; n2 = .265], with steep ascending and descending limbs
centered at .001 mg/kg (Figure 3). Responding maintained by remifentanil was greater than
responding maintained by saline in all groups. Vehicle-treated rats self-administered more
remifentanil than saline [F(5, 115) = 15.869, p < .001] at doses at doses of .0003, .001,

and .003 mg/kg/inf (p=.010, p=.001, and p < .001, respectively). Similarly, rats treated
with 0.5 mcg estradiol self-administered more remifentanil than saline [F(5, 90) = 7.762, p
<.001] at doses of .0003, .001, .003, and .01 mg/kg/inf (p = .003, p <.001, p =.003, and p
=.008, respectively). Finally, rats treated with 5.0 mcg estradiol self-administered more
remifentanil than saline [F(5, 110) = 4.83, p < .001] at doses of .0003, .001, and .003
mg/kg/inf (p=.020, p=.007, and p = .048, respectively).

Responding maintained by remifentanil differed significantly across groups in the dose-
response analysis [main effect of group: A2, 64) = 7.894, p=.001; 2 = .198], with a rank
order of vehicle > 0.5 mcg estradiol > 5.0 mcg estradiol. Similar effects were obtained in the
AUC analysis [A2, 66) = 7.713, p=.001; 12 = .194], with rats treated with 5.0 mcg
estradiol responding significantly less than rats treated with vehicle (p=.001; d=1.102).
Differences across groups varied across dose [significant group x dose interaction:
A10,315) = 3.144, p=.009, n)2 = .091]. Rats treated with 5.0 mcg estradiol self-
administered less remifentanil than vehicle-treated rats at doses of .0001, .0003, .001, .003,
and .01 mg/kg/infusion (p=.017, p=.043, p=.001, p=.013, and p=.005, respectively)
and less remifentanil than rats treated with 0.5 mcg estradiol at doses of .0001 and .01
mg/kg/infusion (o= 0.041 and p = .001, respectively).

Responding during the saline subjection test was ~37% lower in rats treated with the 5.0
mcg estradiol than in rats treated with vehicle, but this effect did not approach statistical
significance during testing with heroin [A2, 68)= 2.292, p =.109) or remifentanil A2, 66) =
1.180, p = .214). Responding on the inactive lever was low throughout the study, and no
significant differences in inactive-lever responding were observed across groups during
training (Supplemental Figure 1), testing with heroin (Supplemental Figure 2), or testing
with remifentanil (Supplemental Figure 3).

4. Discussion

Preclinical studies report that both acute and chronic estradiol administration decreases
opioid intake in ovariectomized female rats. The present study assessed the potential of
chronic estradiol to reduce opioid intake of structurally dissimilar opioids with high abuse
liability in fully intact female rats. Here, we demonstrate that chronic treatment with a high
daily dose of estradiol non-significantly reduces heroin intake and significantly reduces
remifentanil intake across a 100-fold dose range. These reductions reflected 35% decreases
in drug intake relative to vehicle for both drugs, with medium and large effect sizes for
heroin and remifentanil, respectively. Collectively, these data suggest that estrogenic
therapies may reduce opioid intake in women with opioid use disorder.
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Both heroin and remifentanil produced biphasic doses-effect curves with clear ascending
and descending limbs. Chronic treatment with low and high doses of estradiol led to dose-
dependent downward shifts in the curves for both drugs. The observation that the curves
were shifted vertically, as opposed to horizontally, suggests that estradiol reduced intake by
decreasing the effectiveness, as opposed to the potency, of these drugs to serve as positive
reinforcers. Indeed, the peak of the dose-effect curves were unchanged by estradiol
treatment, but the area under the curve was significantly lower in estradiol- than vehicle-
treated rats for remifentanil and non-significantly lower for heroin. Notably, there were no
significant differences in responding on an inactive lever, indicating the observed differences
were not due to differences in non-specific motor activity.

We emphasize that estradiol’s effects on heroin self-administration failed to reach statistical
significance. The 35% reduction in heroin intake at the high dose of estradiol was
characterized by an effect size smaller than remifentanil but still defined as “medium” by
traditional standards (Cohen, 2013). Rats used in this study were obtained in multiple
cohorts over a 12-month period, with all three treatment groups represented in each cohort.
All cohorts showed between-group differences in heroin intake similar in magnitude to that
depicted in the final analysis. It is possible that statistical significance may have been
achieved with a larger number of subjects; however, a power analysis revealed that
approximately 300 rats would be needed to reach statistical significance with this effect size.
We believe the 35% reduction in heroin intake and medium effect size is accurate and
potentially meaningful when applied to human populations, but nonetheless modest when
compared to remifentanil. We do not believe the differences obtained between heroin and
remifentanil reflect differences in the receptor-mediated mechanisms of these drugs.
Remifentanil is a selective, high-efficacy mu opioid agonist (Scott & Perry, 2012; Michelsen
& Hug, 2013); heroin is a prodrug whose primary metabolites (i.e., morphine, 6-MAM, and
M6G; Gottas et al., 2013) are all mu agonists with greater selectivity for mu than non-mu
receptors. It is possible that the smaller effect size observed with heroin was due to the lower
levels of responding maintained by heroin, thus creating less separation from a hypothetical
“floor”. We do not find this explanation convincing because estradiol did not decrease
responding to saline-control levels for either drug, suggesting that the floor had not been
reached. Finally, it is possible that estradiol was less effective at decreasing heroin than
remifentanil intake because heroin was tested before remifentanil and estradiol-treated rats
had one less week of estradiol exposure. We do not find this explanation convincing because
we reported previously that a single dose of estradiol significantly decreases heroin intake
when given as a bolus 22 hours before a test session (Smith et al., 2020a).

We previously demonstrated that daily heroin self-administration under limited-access
conditions can be maintained for long periods of time in female rats with no disruption to
the estrous cycle (Lacy et al., 2016). All rats were cycling normally prior to heroin self-
administration, and vehicle-treated rats continued to cycle normally for the duration of the
study. As expected, chronic treatment with estradiol disrupted cycling by increasing the
frequency and duration of high-estrogenic phases of the cycle, with the majority of rats
assigned to the high-dose consistently generating vaginal cytology characteristic of late
proestrus. We previously demonstrated that heroin intake decreases significantly during
proestrus, and these effects are due to increases in estradiol rather than progesterone (Smith
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et al., 2020a; Smith et al., 2020b). The present study adds further evidence that high
estrogenic states inhibit opioid self-administration and extend those findings to a fully
synthetic opioid.

The present study used scheduling conditions characterized by low and consistent levels of
use and did not necessarily model states of compulsive drug use and drug seeking
characteristic of substance use disorders. Potential therapies are typically evaluated for both
their ability to reduce drug intake but also to reduce drug seeking following a history of use
and subsequence abstinence, which may be akin to “drug craving” in human populations.
Recent studies report that estradiol reliably decreases drug seeking following a history of
heroin self-administration and forced abstinence. For instance, estradiol decreases heroin
seeking during extinction training (Vazquez et al., 2020) and during augmentation by food
restriction (Sedki et al., 2015), suggesting its potential to reduce both drug intake in
individuals using heroin and drug craving in individuals abstinent from heroin. In the present
study, estradiol non-significantly decreased responding during a saline substitutions test,
which may be viewed as a measure of heroin seeking. Future studies should expand the
conditions under which estradiol may reduce opioid intake, including under conditions of
high opioid intake (e.g., extended-access conditions) and high unit price (e.g., progressive
ratio schedules). Finally, the current experiment examined the effects of estradiol in female
rats given the increased risk of developing an opioid use disorder in women using opioids
relative to men using opioids (NIDA, 2020), but future experiments should assess these
effects in male rats to further identify the mechanisms underlying estradiol’s effect on opioid
intake.

The role of estradiol in opioid intake differs from its role in stimulant intake. For instance,
rats self-administer more cocaine during estrus when estradiol is high relative to
progesterone (Lynch, 2008; Lynch et al., 2000), and ovariectomized rats treated with
estradiol acquire cocaine self-administration faster and self-administer more cocaine than
vehicle-treated rats (Hu and Becker, 2008; Jackson et al., 2006; Lynch and Carroll, 2001;
Zhao and Becker, 2010). Cocaine sensitization and cocaine seeking are also enhanced with
estradiol treatment (Anker et al., 2007; Feltenstein and See, 2007; Sell et al., 2002), and
blockade of estrogen receptors with tamoxifen significantly reduces cocaine intake (Lynch
and Carroll, 2001). The mechanisms by which estradiol increases stimulant intake and
seeking has been explored previously (see Kokane and Perrotti, 2020, Meitzen et al., 2018
for review; Satta et al., 2017; Calipari et al., 2017); the mechanisms by which estradiol
reduces opioid intake are not known, but some possibilities have been proposed (Smith et
al., 2020b).

We emphasize that the effects of estradiol in this study cannot be attributed to a general
suppression of motor behavior. As noted above, these doses of estradiol increase responding
maintained (or previously maintained) by stimulants. Furthermore, estradiol did not alter
responding on an inactive lever, and high estrogen-states enhance morphine-induced
locomotion more than low estrogen-states (Craft et al., 2006).

A growing body of preclinical evidence suggests that estrogenic therapies may be an
effective intervention to reduce drug use and craving in women with opioid use disorder.
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Estrogen-based hormone replacement and birth control therapies already exist and have been
approved by the FDA. Currently, over 30 hormonal drugs containing either estradiol alone or
estradiol in combination with progesterone are clinically available (Stefanick, 2005).
Unfortunately, hormone therapies can be accompanied by potentially harmful side effects
and increased risks of health complications (Depypere et al., 2020; Manyonda et al., 2020).
These risks, however, can be mitigaged by using estradiol-only treatments or by more
careful prescription and monitoring (Gambacciani et al., 2019; Manyonda et al., 2020;
Stengler, 2019). Data obtained from vaginal cyclotomy suggested blood concentrations of
estradiol were comparable to those observed during late proestrus in rats receiving 5.0 mcg
estradiol. Estradiol concentrations during proestrus are similar to estradiol concentrations
during mid-to-late pregnancy in rats and similar to estradiol concentrations following
ingestion of an oral contraceptive in women (c.f., Smith, 1975; Anadol et al., 2014; Brenner
et al., 1980). These data suggest the dosing regimen used in the present study was sufficient
to mimic the physiological and pharmacological effects of estradiol contained in oral
contraceptives for women. We are not aware of any clinical studies published on the effects
of estradiol on opioid intake; however, ovarian hormones have already shown their utility for
treating substance use disorders. For example, exogenous treatment with progesterone
decreases cocaine use, cannabis craving, and short-term tobacco abstinence in women (Allen
et al., 2016; Sherman et al., 2019; Yonkers et al., 2014). Given evidence that women are
more susceptible to opioid addiction and overdose (Kokane and Perrotti, 2020), and that
estradiol decreases opioid intake and opioid seeking in preclinical models, a justification can
be made that clinical trials of opioid use disorder should be expanded to include exogenous
estradiol administration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Estradiol non-significantly reduced heroin intake with a moderate effect size
. Estradiol significantly reduced remifentanil intake with a large effect size
. Estrogen-based pharmacotherapy may represent novel treatment for women

with OUD
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Figure 1.
Heroin intake during the last five days of training in female rats treated chronically with

vehicle (n = 25), 0.5 mcg estradiol (n = 19), or 5.0 mcg estradiol (n = 25). Left panel depicts
number of infusions over 2 hr as a function of training session prior to testing. Right panel
depicts total number of infusions over the five sessions. Vertical bars represent the SEM.
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Figure 2.
Heroin intake during testing in female rats treated chronically with vehicle (n = 25), 0.5 mcg

estradiol (n = 19), or 5.0 mcg estradiol (n = 25). Left panel depicts number of infusions over
2 hr as a function of dose of heroin (mg/kg/infusion) or saline (SAL). Right panel depicts
AUC estimates as determined from the dose-response data. Vertical bars represent the SEM.
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Figure 3.

Remifentanil intake during testing in female rats treated chronically with vehicle (n = 24),
0.5 mcg estradiol (n = 19), or 5.0 mcg estradiol (n = 24). Left panel depicts number of
infusions over 2 hr as a function of dose of remifentanil (mg/kg/infusion) or saline (SAL).
Right panel depicts AUC estimates as determined from the dose-response data. Vertical bars
represent the SEM. Asterisk indicates significant difference between groups.
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