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Abstract
Preclinical studies show that estradiol enhances sensitization to cocaine in females by mechanisms
not fully understood. These studies consistently show that ovariectomized (OVX) rats exhibit little
or no sensitization to cocaine compared to OVX rats administered estradiol. In this study we
varied the dose of cocaine (10, 15, and 30 mg/kg), the length of cocaine treatment (from 5 to 10
days) and the context of cocaine injections to determine if these factors play a role on estradiol's
effects on cocaine sensitization. Because OVX rats are hormonally compromised, they are not
representative of the natural state of the animal, and thus the physiological context of these studies
remains unclear. To address this issue, we blocked ERs in gonadally intact females by icv
administration of the antiestrogen ICI-182,780. Varying the dose or length of exposure to cocaine
does not alter estradiol's effect on cocaine sensitization. In contrast, a highly context-dependent
sensitization protocol results in robust sensitization even in OVX rats. Interestingly, using this
protocol, sensitization in OVX rats diminished with time, suggesting that estradiol is necessary for
the maintenance of cocaine sensitization. Blocking brain ERs with ICI completely abolishes the
development and expression of cocaine sensization in gonadally intact female rats, even when
tested in a highly context-dependent sensitization protocol. Given these findings, we propose that
activation of brain ERs is required for the development and maintenance of sensitization and CPP.

Introduction
Drug abuse is a disease that affects more than 22.6 million Americans (Substance Abuse and
Mental Health Services Administration, 2010). Of the illicit drugs of abuse, cocaine is one
of the most widely used. Clinical studies show gender differences in addictive behaviors, in
the subjective effects of drugs of abuse as well as in the response to treatment. For example,
when women are exposed to cocaine, they show an earlier onset of cocaine use and become
addicted at a faster rate than men (Griffin et al., 1989; Colell et al., 2013). Differences in
social and environmental surroundings may contribute to some of these differences (van
Etten et al., 1999; Du et al., 2013; Colell et al., 2013). Nonetheless, fundamental biological
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differences exist between the sexes that contribute to these differences in response to drugs
(Luo et al., 2013; Rando, et al., 2013). The sex steroid milieu also plays a major role in
modulating the effects of drugs of abuse. The consensus from previous studies is that
progesterone attenuates the subjective effects of cocaine (Anker and Carroll, 2010, Evans
and Foltin, 2006; Reed et al., 2011) whereas estradiol exacerbates drug-associated responses
(Evans et al., 2002).

Studies using animal models show similar results. Our laboratory has found that in female
rats, cocaine-induced behavioral sensitization is enhanced by estradiol (Febo et al., 2002;
Puig et al., 2008; Segarra et al, 2010). Behavioral sensitization is defined as an increase in
the response to a stimulus over time (Segal, 1971). This phenomenon has been observed in
animals exposed repeatedly to drugs of abuse, such as psychostimulants (Robinson and
Becker, 1986). Many factors can affect the process of sensitization, such as the type of drug,
dose administered, length of treatment, age and sex of the animal, and the context in which
the drug is administered (for review see Steketee and Kalivas, 2011).

Cocaine-induced sensitization of brain activity, as measured by fMRI, is also dependent on
plasma estradiol (Febo et al., 2005). In these last studies we found that OVX-EB rats
previously exposed to cocaine display a higher cocaine-induced BOLD signal than drug
naive OVX-EB rats. These changes are not observed in OVX rats exposed to the same
cocaine regimen (Febo et al., 2005). Although the main sources of plasma estradiol are the
gonads, brain tissue also actively synthesizes estradiol de novo (Kretz et al., 2004, Fester et
al., 2006, for reviews see Azcoitia et al., 2011, Fester et al, 2011). This neural estradiol is
associated with the regulation of reproductive function, as well as with other non-
reproductive functions such as neuronal survival, neurogenesis and modulation of synaptic
function (Azcoitia et al., 2011).

Whereas some researchers fail to find an effect of estradiol on the behavioral response to
cocaine in rodent (Collins et al, 2007) or primate animal models (Mello et al, 2007; Mello et
al, 2008), others have found that estradiol facilitates acquisition (Jackson et al., 2006) and
enhances cocaine self-administration (Lynch et al., 2001; Hu and Becker, 2008), cocaine-
induced reinstatement (Larson et al., 2007), cocaine-induced rotational behavior (Hu and
Becker, 2003) and cocaine sensitization (Peris et al, 1991, Sircar and Kim, 1999; Hu and
Becker, 2003).

These differences in results may be attributed to differences in the way estradiol is
administered (injection, pellet, Silastic implant), the dose administered, the type of estradiol
administered (affecting half life and absorption rate), the length of treatment, if it is
administered to a gonadally intact female, immediately or a week after ovariectomy, etc. All
of these variables, in addition to differences in locally produced estrogens (neurosteroids)
will affect the amount of estradiol present in the brain that is available to interact with its
receptor, or act as a neuromodulator on other receptor systems or ion channels. Although
there are differences in the acute response to cocaine, most studies agree that estradiol
exacerbates the response to repeated cocaine administration. Therefore, we hypothesized
that in females, estradiol triggers neuroadaptative changes that sensitize the brain to
cocaine’s psychostimulant effects and enhances the rewarding properties of cocaine.

One mechanism by which estradiol may accomplish this is by increasing the incentive value
of the stimulus. Our previous studies show that OVX rats display a higher locomotor
response to an acute cocaine injection, compared to OVX-EB rats, that is maintained over
time. One possibility is that OVX rats are more sensitive to the locomotor activating effects
of cocaine, and, that if a lower dose is used, may display an increase in cocaine-induced
hyperactivity throughout time. We rationalized that varying the dose, or increasing the
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length of exposure to cocaine in OVX rats, may enhance sensitization. Therefore to
investigate if estradiol increases the incentive value of cocaine, we varied the dose and
increased the length of exposure to cocaine (Experiments 2, 3A and 3B).

Another possibility is that estradiol may be enhancing associative learning processes of
cocaine-related reward. Previous studies have shown that estradiol facilitates several aspects
of learning and memory, (McEwen and Milner, 2007; Packard and Teather 1997; Barha and
Galea, 2010; Holmes et al. 2002). We reasoned that increasing the number of exposures to
the drug-associated context would enhance associative learning processes related to cocaine
reward (Experiment 4).

In our past studies we used ovariectomized rats and provided estradiol to half of the animals.
This animal model has the advantage of teasing out the effect of estradiol on cocaine-
induced behaviors but adds the confound of estradiol deficiency in one group and non-
physiological constantly elevated estradiol levels in the other group. In addition, it does not
provide information to determine if estradiol’s actions are mediated by its interaction with
the classical genomic estrogen receptor. To address these issues, we blocked ER in the brain
of gonadally intact female rats with the anti-estrogen ICI-182,780. We surmised that if the
effect is mediated by intracellular ERs, we should prevent estradiol’s enhancement of
sensitization to cocaine (Wakeling et al., 1991; Wade et al., 1993) (Experiment 5).

To investigate if estradiol enhances rewarding properties of cocaine, we tested OVX and
OVX-EB rats using the paradigm of conditioned place preference (CPP) (Experiment 6A).
Finally, to determine if estrogen receptors play a major role in estradiol enhancement of
conditioned place preference, we administered ICI-182,780 to gonadally intact female rats
and assayed the rewarding effects of cocaine using conditioned place preference
(Experiment 6B).

Materials and Methods
Subjects

Adult female Sprague-Dawley rats (180–220g) were purchased from Charles River
Laboratories. Animals were housed in pairs in a temperature and humidity controlled room,
under a 12-h light-dark cycle. Animals used for CPP experiments were kept in an inverted
light-dark cycle with lights off at 7 AM. Animals used for sensitization experiments were
kept in regular light-dark cycle with lights off at 7 PM. Water and Harlan Tek® rat chow
were provided ad libitum. All animals were allowed to acclimate to the Animal Facilities for
5 days before any experimental manipulation. A separate group of animals was used for
each experimental protocol. All animal experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of Puerto Rico,
Medical Sciences Campus and adhere to USDA, NIH and AAALAC guidelines.

Drugs and chemicals
The anesthetic used for surgery was a combination of ketamine (50 or 70 mg/kg, as detailed
below) and xylazine (7 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in a sterile
0.9% NaCl solution and injected intraperitoneally (i.p.). Cocaine-HCl (Sigma-Aldrich) was
prepared in saline (0.9%) and injected i.p. at a dose of 10, 15 or 30 mg/kg. ICI-182, 780
(Sigma-Aldrich) was dissolved in 22.5% of (2-hydroxypropyl)-β-cyclodextrin and 0.45%
saline solution and administered intracerebroventricularly (icv) via an Alzet mini osmotic
pump. The pump was placed subcutaneously near the scapular region; the rate of delivery
was 0.15 uL/hour. The concentration delivered of ICI-182,780 was 0.075ug/hour. Control
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animals received vehicle (22.5% of (2-hydroxypropyl)-β-cyclodextrin and 0.45% saline
solution) using the same type of Alzet mini-pump, with the same delivery rate.

Surgical procedures
Ovariectomy—Following the acclimation period, a group of animals was ovariectomized
using ketamine (50mg/kg) and xylazine (7mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) as
anesthetics. To avoid a second surgery, a 5-mm Silastic tubing implant (inner diameter 1.47
mm, outer diameter 1.96 mm, Dow Corning) was prepared (Legan et al., 1975) and placed
subcutaneously in the midscapular region during surgery. Half of the animals received
empty implants (OVX group) and the others received implants packed with 4mg of
crystalline 17-β-estradiol benzoate (OVX-EB group). The amount of estradiol attained by
these implants is in the high range of physiological concentrations of estradiol during
proestrous, approximately 140 pg/ml (Febo et al, 2002; Legan et al., 1975). Estradiol
replacement was started the day the ovaries were removed to avoid hormonal and
neurochemical changes associated with ovariectomy, After a 7 day recovery period, animals
were submitted to behavioral testing.

Administration of ICI-182,780—ICI-182, 780 is a steroidal pure anti-estrogen (Howell
et al, 2000) that impairs dimerization of ER, increases ER turnover, disrupts nuclear
localization, and downregulates the ER (Parker, MG, 1993; Dauvois et al., 1993, Howell et
al, 2000). ICI 182,780 effectively blocks estradiol’s mitogenic effect on the uterus, and
attenuates estradiol’s effect on growth and sexual receptivity (Wade et al., 1993). Therefore
to test the hypothesis that centrally located ER promote cocaine-induced behavioral
sensitization we administered ICI-182,780 to gonadally intact cycling female rats and
assayed the stimulant effects of cocaine using the behavioral sensitization and conditioned
place preference paradigms.

Gonadally intact cycling females were anesthetized with a ketamine (70mg/kg) and xylazine
(7mg/kg) solution. A cannula was inserted into the right lateral ventricle (coordinates: AP=
−0.72mm, ML= +1.6mm, DV=−4.0mm from Bregma using the Paxinos and Watson Brain
Atlas (2007). The cannula was attached to an osmotic mini-pump (ALZET model 2006 and
ALZET Brain Infusion Kits) for constant administration of ICI-182,780 or vehicle (0.15 ul/
hour). The osmotic mini-pump and brain infusion tubing was inserted subcutaneously near
the scapular region. Half of the animals received osmotic pumps filled with vehicle (VEH
group) and the others received osmotic pumps with ICI-182, 780 (ICI group). After 7 days
of recovery, all animals were submitted to behavioral testing. The stage of the estrous cycle
of intact rats was determined by vaginal smears obtained after behavioral testing and
recorded. At the end of the experiment, animals were euthanized and the accuracy of the
lateral ventricle cannula was verified histologically. In all cases, cannulae were
appropriately placed into the lateral ventricle.

Behavioral Apparatus
Horizontal and stereotyped activity was measured using 10 automated animal activity cage
systems (Versamax™ system) purchased from AccuScan™ Instruments (Columbus, Ohio,
USA). The activity cages were made from clear acrylic (42 cm × 42 cm × 30 cm), with 16
equally spaced (2.5 cm) infrared beams across the length and width of the cage at a height of
2 cm from the cage floor (horizontal beams). An additional set of 16 infrared beams was
located at a height of 10 cm from the cage floor (vertical beams). All beams were connected
to a Data AnalyserR that sends information to a personal computer that displays beam data
through a WindowsR-based program (VersadatR). The Versamax™ system differentiates
between stereotyped and horizontal locomotor activity based on repeated interruption of the
same beam or sequential breaking of different beams, respectively.
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Behavioral Tests
Cocaine-induced locomotor activity—The locomotor response to cocaine was
measured in an isolated room with low illumination. To diminish the effects of novelty,
animals were habituated to the activity cage for one hour on the seventh day after surgery
(Day 0). The day that locomotor activity (LMA) was recorded, rats were placed in the
activity cage for 30 minutes prior to any injection. This served to reduce novelty-induced
activity and to determine basal LMA of the animals. Rats were then injected with saline or
cocaine and LMA recorded for 60 additional min. Each session of behavioral testing
consisted of at least one animal of each group being tested to minimize intergroup variation
that may result from differences in time of testing and/or injections. Animals that show an
increase in locomotor response after repeated cocaine administration (i.e., day 1 vs day 5)
are considered sensitized.

Conditioned Place Preference—Behavioral tests were conducted in the room used for
our sensitization experiments. The cages used for the sensitization experiments were fitted
with an acrylic box that consisted of two chambers. Chamber 1: Smooth floor, clear ceiling
and vertical black lined walls. Chamber 2: Textured floor, black ceiling and horizontal white
lined walls. Each rat was tested in the same activity cage every day. Experiments were
conducted during the dark phase of their daily light cycle. On days 1–2 (pre-conditioning
days), the rats were allowed 30 min to roam freely through both chambers. The amount of
time spent in each chamber was calculated to determine which side it preferred. If the rat
shows a very high preference for one side, (>80%) it was not used in the study to avoid
using subjects that may show aversion towards one compartment. For 12 days (days 3–14)
experimental subjects were injected daily, alternating between saline and cocaine (15 mg/
kg) injections. The cocaine injection was administered in the non-preferred side of the
chamber, the saline injection in the preferred side. Saline animals received saline injections
in both chambers. After the injection, rats were confined for 30 min to the chamber where
they received the injection. The last 2 days, days 15–16 (post-conditioning days), the
animals did not receive an injection. They were placed in the activity chamber and allowed
to roam freely between the two chambers for 30 minutes. The time spent in each chamber
was recorded and compared with that of the first days (pre-conditioning days). The rats
conditioned to cocaine if there was a significant increase in the time spent in the chamber
where they received cocaine.

Experimental subjects—Experiments 1, 2, 3A, 3B, 4, and 6A were conducted with
ovariectomized rats without (OVX) or with (OVX-EB) estradiol treatment. Experiments 5
and 6B were conducted with gonadally intact female rats that received the anti-estrogen ICI
182, 780, or its vehicle, via an osmotic mini-pump connected to a cannula that was inserted
into the lateral ventricle.

Statistical Analysis
To determine if rats showed sensitization, OVX and OVX-EB data were analyzed separately
using a Repeated Measures ANOVA with days (1, 5 and 13) and minutes (35–90) as the
repeated factors. The Bonferroni's Multiple Comparison Test was used for post-hoc analysis
and the effect size was calculated using eta squared (η2).

To compare sensitization between OVX and OVX-EB, we calculated the percent change
between day 1 and days 5 or 13 using the sum of the time points 15–45 min after cocaine
injections. These time points were selected since they represent the time points where the
locomotor activating effects of cocaine are more robust. The percent change was calculated
as follows: (1) We added the total amount of activity during the time interval 15–45 of D1;
(2) The average for D1 was calculated; (3) The total amount of activity during the time
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interval 15–45 of D5 (or D13) for each individual was calculated; (4) Percent change was
calculated as follows: For Day 5=(D5 – mean D1/mean D1) × 100; for Day 13=(D13 – mean
D1/mean D1) × 100. The percent change of OVX and OVX-EB rats were compared using
an unpaired Student's t-Test and Cohen's d was used for pairwise comparisons.

The CPP data were analyzed using a MANOVA with pre- and post-conditioning as a
repeated measures and estradiol and cocaine as the independent variables. We did not find
significant within-group differences in the groups of gonadally intact females, thus the data
were pooled, irrespective of the stage of the estrous cycle.

All graphics and statistical analysis of sensitization experiments were performed with Graph
Pad Prism (v6). CPP experiments (MANOVA analysis) were analyzed with JMP 8. The
effect size for pairwise comparisons was determined with Cohen's d using an online
calculator (http://www.cognitiveflexibility.org/effectsize).

RESULTS
Experiment 1: Five daily cocaine (15 mg/kg) injections

OVX and OVX-EB rats were injected with saline (0.9%, i.p.) or with cocaine (15 mg/kg)
and locomotor activity was recorded for 60 minutes. On the days that locomotor activity was
recorded (i.e. days 1, 5 and 13) rats were injected in the activity cage; on days 2, 3 and 4 rats
were injected in the home cage (Fig 1A).

Consistent with our previous studies, we observed that OVX rats showed a higher locomotor
response to an acute cocaine injection than OVX-EB rats (Fig 1B). Data were analyzed with
a Two Way Repeated Measures ANOVA with Estradiol as the independent variable and
Minutes as the repeated measure. Day 1-OVX-Coc (n=47) vs Day 1-OVX-EB-Coc (n=59),
N=106: Estradiol Effect: F (1,104) = 15.79, p<0.0001; η2 = 0.08.

In addition, OVX and OVX-EB rats injected for 5 days with 15 mg/kg of cocaine
hydrochloride show cocaine-induced sensitization (Fig 1B). Data were analyzed with a Two
Way Repeated Measures ANOVA with Days and Minutes as the repeated measures. OVX-
Coc: Days Effect: F(2,92)=6.38, p=0.0026, η2 = 0.03; Days × Minutes Effect:
F(22,1012)=5.24, p<0.0001, η2 = 0.02; Post hoc: Day 1 vs Day 5 p=0.0013, Day 1 vs Day 13
p=0.0602; OVX-EB-Coc: Days Effect: F(2,116)=14.75, p<0.0001, η2 = 0.04; Days ×
Minutes: F(22,1276)=6.40, p<0.0001, η2 = 0.05; Post-hoc: Day 1 vs Day 5 p=0.0020, Day 1
vs Day 13 p<0001.

We also found that although cocaine-induced locomotor activity on days 5 and days 13 is
similar between OVX and OVX-EB rats, the percent change in activity from day 1 is higher
in the OVX-EB group (Fig 1C), indicating a more robust sensitization in OVX-EB rats. Data
were analyzed with a Student’s t-Test, with Estradiol as the independent variable and
percent change from Day 1 as the dependent variable. Day 5: t=3.82, df=68, p=0.0003,
Cohen’s d=0.60; Day 13: t=4.71, df=68, p<0.0001, Cohen’s d=0.51.

Experiment 2: Increased number of cocaine injections: Ten daily cocaine (15 mg/kg)
injections

To rule out the possibility that increasing the time of exposure to cocaine would increase
sensitization in OVX rats to levels observed in OVX-EB rats, we augmented the number of
cocaine injections from 5 to 10 daily injections of cocaine and measured cocaine-induced
locomotor activity on days 1 and 10 and after a drug-free week, day 18 (Fig 2A).
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Our data illustrate that OVX-EB rats continue to display cocaine sensitization while OVX
rats did not (Fig 2B). Cocaine treated animals (OVX-Coc and OVX-EB-Coc) were analyzed
separately with a Two Way Repeated Measures ANOVA with Days and Minutes as the
repeated measures. Results for OVX rats: Days Effect: F(2,10)=1.72, p=0.2275, η2 = 0.08;
Days × Minutes Effect: F(22,110) =0.95, p=0.5311, η2 = 0.02; Post hoc: Day 1 vs Day 10
p=0.5311, Day 1 vs Day 18 p=0.1937. Results for OVX-EB rats: Days Effect: F(2,16)=5.32,
p=0.0169, η2 = 0.12; Days X Minutes Effect: F(22,176)=1.43, p=0.1043, η2 = 0.01; Post-hoc
Day 1 vs Day 10 p=0.055, Day 1 vs Day 18 p=0.0137.

We also found a trend in the percent change towards higher cocaine-induced locomotor
activity in the OVX-EB group (FIG. 2C). Data were analyzed with a Student’s t-Test, with
Estradiol as the independent variable and percent change from Day 1 as the dependent
variable. Day 10: t=1.42, df=12.29, p=0.1817, Cohen’s d=0.74; Day 18: t=1.46, df=10.75,
p<0.1720, Cohen’s d=0.78. Number of animals: OVX-Coc n=6, OVX-Sal n=8, OVX-EB-
Coc n=9, OVX-EB-Sal n= 12; N=35.

Experiments 3A and 3B: Varying cocaine dose: Five daily cocaine (10 or 30 mg/kg)
injections

To investigate if varying the dose of cocaine could enhance sensitization in OVX rats, we
injected a group of rats with 10 mg/kg (Experiment 3) and another group of rats with 30 mg/
kg, (Experiment 4) of cocaine hydrochloride daily for 5 days. Cocaine-induced locomotor
activity was recorded on days 1 and 5 and after a drug-free week, day 13.

Our data indicate that 10 nor 30 mg/kg of cocaine induced long lasting sensitization in OVX
or OVX-EB rats (Fig 3A and Fig 3B). With the dose of 10 mg/kg we did observe an overall
trend towards increased locomotor activity in OVX and OVX-EB rats on day 5 (Fig 3A).
Cocaine treated animals (OVX-Coc and OVX-EB-Coc) were analyzed separately with a
Two Way Repeated Measures ANOVA with Days and Minutes as the repeated measures.
Results for OVX rats: Days Effect; F(2,18)=3.466, p=0.0533, η2 = 0.03; Days × Minutes
Effect: F(22,198) =1.843, p=0.0152; η2 = 0.02; Post hoc Day 1 vs Day 5 p=0.1163, Day 1 vs
Day 13 p>0.9999; Results for OVX-EB rats: Days Effect: F(2,16)=2.936, p=0.0820, η2 =
0.05; Days × Minutes Effect: F(22,176)=1.036, p=0.4235; η2 = 0.01; Post-hoc Day 1 vs Day 5
p=0.1761, Day 1 vs Day 13 p>0.9999. Interestingly, a detailed Bonferroni Post-hoc analysis
revealed differences in the initial time points after cocaine injection on days 1 and 5, being
higher at day 5. Results for OVX: MIN 35: p=0.001; MIN 40: p=0.001; MIN 45 p=0.0115.
Results for OVX-EB: MIN 35: p=0.0435; MIN 40: p=0.0098; MIN 45 p=0.0001.

With the dose of 30 mg/kg we observed a decrease in cocaine-induced locomotor activity
throughout time (FIG 3B). Cocaine treated animals were analyzed separately with a
Repeated Measures ANOVA using DAYS and MINUTES as the repeated measures. Results
for OVX rats: Days Effect: F(2,12)=13.24, p=0.0009, η2 = 0.22; Days × Minutes Effect:
F(22,132) =3.467, p=0.0001; η2 = 0.11; Post hoc Day1 vs Day 5 p=0.8745, Day 1 vs Day 13
p=0.0009. Results for OVX-EB rats: Days Effect: F(2,12)=4.227, p=0.0408, η2 = 0.18; Days
X Minutes Effect: F(22,132)=4.006, p<0.0001; η2 = 0.11; Post-hoc Day 1 vs Day 5 p=0.0581,
Day 1 vs Day 13 p>0.0503.

Our data indicate that cocaine doses of 10 and 30 mg/kg do not induce a robust sensitization
in OVX and OVX-EB rats, in contrast to animals injected with 15 mg/kg that do show
sensitization at days 5 (Fig 3C) and 13 (Fig 3D). Data were analyzed with a Two Way
ANOVA with Dose and Estradiol as the independent variables. Dose Effect: Day 5: F (2,133)
=11.38, p<0.0001; η2 = 0.13; Estradiol Effect: (F (1,133) =0.2131, p<0.6451), η2 = 0.001.
Day 13: F (2,133) =22.44, p<0.0001; η2 = 0.24; Estradiol Effect: (F (1,133) =1.134, p<0.2889),
η2 = 0.01.
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Experiment 4: Maintain context of cocaine injections (15 mg/kg) constant
In Fig 1, and in all our previous studies, rats were injected with cocaine in the activity
chambers (days 1, 5 and 13) and in their home cages (days 2, 3 and 4). To determine if
estradiol facilitates processes of associative learning involved in cocaine-induced behavioral
sensitization, cocaine was injected in the activity chamber every day (days 1–5, 13 and 28).
Rats were allowed to spend an hour in the chamber after injection and during this time their
locomotor activity was measured (Fig 4A).

We found that under these conditions, OVX and OVX-EB rats rats showed an increase in
cocaine-induced locomotor activity over time, indicative of a robust sensitization. Data were
analyzed with a Two Way Repeated Measures ANOVA with Days and Minutes as the
repeated measures. Results for OVX rats: Days Effect: F(2,24)=10.77, p=0.0005, η2 = 0.18;
Days × Minutes Effect: F(12,144)=0.7853, p=0.6649; η2 = 0.03; Post hoc Day 1 vs Day 5
p=0.0002, Day 1 vs Day 13 p=0.0140. Results for 17 OVX-EB rats: Days Effect:
F(2,24)=15.84, p<0.0001, η2 = 0.33; Days × Minutes Effect: F(12,144)=0.6538, p=0.7928, η2 =
0.03; Post-hoc Day 1 vs Day 5: p=0.0001, Day 1 vs Day 13: p=0001.

Although both group of rats showed a robust sensitization on day 5, if rats are left 7 or 15
days without receiving cocaine and are then challenged with cocaine on days 13 or 28,
OVX-EB rats maintained the sensitized response to cocaine, whereas OVX rats showed a
gradual decrease in the locomotor response to cocaine, indicating that estradiol enhances the
expression of sensitization (Fig 4C). The percent change was compared using Student’s
unpaired t-Test. OVX vs OVX-EB Day 5: t=1.228, df=23.95, p=0.2313, Cohen's d= 0.94;
Day 13: t=2.393, df=23.93, p<0.0249; Day 28: t=2.624; df=5.940; p=0.0397, Cohen's d=1.8.

Experiment 5: Effect of the anti-estrogen ICI 182,780 on cocaine sensitization
To investigate the role of ER in cocaine-induced behavioral sensitization, gonadally intact
female rats were infused icv with ICI-182,780 or with vehicle. After a week, rats were
injected with cocaine (15 mg/kg) for 5 consecutive days and on day 13 (Fig 5A).

Rats treated with vehicle showed an increase in cocaine-induced locomotor activity over
time. In contrast, ICI-182,780 completely blocked the development and expression of
sensitization to cocaine despite the use of a context dependent protocol (Fig 5B), Data were
analyzed with a Two Way Repeated Measures ANOVA with Days and Minutes as the
repeated measures. Results for ICI treated females: Days Effect: F(2,24)=0.1968, p=0.8227,
η2 = 0.002; Days × Minutes Effect: F(22,264) =1.764, p=0.0206; η2 = 0.03; Post hoc Day 1 vs
Day 5 p>0.9999, Day 1 vs Day 13 p>0.9999; Results for VEHICLE treated females: Days
Effect: F(2,20)=10.78, p=0.0007, η2 = 0.23; Days × Minutes Effect: F(22,220)=0.7469,
p=0.7873, η2 = 0.01; Post-hoc Day 1 vs Day 5 p=0.0007, Day 1 vs Day 13 p>0.0034.

A comparison of the percent change in cocaine-induced locomotor activity over time reveals
that gonadally intact rats, similar to OVX-EB rats, develop sensitization to cocaine, whereas
ICI treated rats do not. The percent change between ICI and VEH (Day 5 vs Day 1 and Day
13 vs Day 1) were compared using Student’s t-Test. Day 5: t=0.3.351, df=21.94, p=0.0029;
Cohen's d=1.4; Day 13: t=2.448, df=21.68, p<0.0230, Cohen's d=1.00. These data indicate
that ERs play an essential role in cocaine-induced behavioral sensitization in the female rat.
They also attest to our model of estradiol replacement in our experiments of cocaine-induced
behavioral sensitization since gonadally intact females behave similarly to OVX-EB rats
whereas those treated with ICI-182,780 behave similar to OVX rats (Compare Figures 1B
with 5B).
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Experiment 6A: Effect of estradiol on cocaine-induced CPP
To extend our previous studies (Segarra et al. 2010), we conducted an extended CPP (12
days of alternating saline and cocaine (15 mg/kg) injections) and found that cocaine induced
CPP more robustly in OVX-EB than in OVX rats (Fig 6A). Data were analyzed with a
MANOVA with Pre and Post conditioning as a Repeated Measures and estradiol and
cocaine as the independent factors (N=24, n=6 rats per group). Cocaine Effect: F(1,20) =
56.1016, p<0.0001; Estradiol effect: F(1,20) = 11.4917, p=0.0029; Estradiol × Cociane
Effect: F (1,20) = 34.9033, p <0.0001.

Experiment 6B: Effect of the anti-estrogen ICI-180,780 on cocaine-induced CPP
To investigate the role of ER in cocaine-induced CPP, gonadally intact female rats were
infused icv with ICI-182,780 or with vehicle. After a week, rats were tested for CPP to
cocaine. Rats treated with ICI 182,780 did not show an increase in time spent in the chamber
where they were injected with cocaine whereas those treated with vehicle did (Fig 6B).
These data indicate that ERs play an essential role in cocaine-induced CPP in the female rat.
They also attest to our model of estradiol replacement in our experiments of cocaine-induced
CPP. Data were analyzed with a MANOVA with Pre and Post conditioning as a Repeated
Measures and ICI 182,780 and cocaine as the independent factors (n=20, 5 rats per group).
Cocaine Effect: F(1,16) = 7.7094, p=0.0135; ICI 182,780 Effect: F(1,16) = 1.4308, p=0.2491;
Cocaine × ICI 182,780 Effect: F (1,16) = 4.7452, p <0.0447.

Discussion
Our current study shows that estradiol, as well as a highly context-dependent sensitization
protocol, enhance sensitization and CPP to cocaine in female rats. In the absence of gonadal
estradiol, increasing the length of cocaine treatment or altering the dose of cocaine, did not
enhance cocaine sensitization. However, when OVX rats were tested in a highly context-
dependent sensitization protocol, they became sensitized to cocaine to a similar degree as
OVX-EB rats tested with a protocol that is not highly context-dependent (compare Fig 1B
with Fig 4B). Nevertheless, context-dependent sensitization of OVX rats was short lived,
and decreased gradually with time (Fig 4C) even though their estradiol-treated counterparts
continued to display a sensitized response to cocaine when challenged a week (day 13) and 2
weeks (day 28) after cocaine withdrawal, highlighting the importance of estradiol in cocaine
sensitization (Fig 4C). Our experiments also addressed the issue of constant estradiol
exposure versus fluctuating estradiol levels, as seen in intact female rats. Similar to OVX-
EB rats, gonadally intact cycling females showed sensitization and CPP to cocaine whereas
those that received the anti-estrogen ICI 182,780 did not (Fig 5B and 6B), indicating that
ERs are required.

In the current study we report that OVX rats displayed a small but significant sensitization
(Fig 1) in contrast to our previous studies in which OVX rats did not display sensitization
(Febo et al., 2002, Puig-Ramos et al, 2008). We must mention that for Fig 1 we pooled data
from 5 experiments (OVX-cocaine n=47, OVX-EB-cocaine n=59). However, when our
sample size is relatively small, the large variability between subjects may mask differences
that exist between treatments. This is illustrated in experiment 2; OVX rats (n=10) injected
for 10 days with 15 mg/kg of cocaine, did not display sensitization (Fig 2), Nonetheless,
consistent in our studies and that of others, is that females treated with estradiol always
display greater sensitization.

Interestingly, rats injected with ICI did not sensitize to cocaine, even though we used a
highly context-dependent protocol that induced sensitization in OVX rats. These data
suggest that in the absence of ovaries (OVX rats) estrogens produced by peripheral
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conversion of adrenal steroids, or neurosteroids produced locally in the brain, are sufficient
to induce neuroadaptative changes that result in sensitization and CPP to cocaine, albeit to a
lesser degree than in animals that have their ovaries or that receive estradiol via a Silastic
implant.

An interesting finding in this and in our previous studies, is that OVX rats display a higher
locomotor response to their first cocaine injection, than OVX-EB rats (compare Fig 1B, left
and right panels). One possibility is that estradiol produces this effect via its actions on
mesocorticolimbic dopamine signaling. Dopaminergic neurons in the substantia nigra and
ventral tegmental area are rich in ER (Kritzer and Creutz, 2008). Ovariectomy decreases
dopamine transporters (Le Saux and Di Paolo, 2006; Sánchez et al, 2012) and induces
changes in D2/D3 receptor function (Febo et al., 2003), effects that are prevented or
reversed by treatment with estradiol. One might argue that since OVX rats show a higher
initial response to cocaine, further increases are unlikely due to a ceiling effect. However,
when OVX rats are injected in a highly context dependent paradigm, sensitization is as
robust as in OVX-EB rats, although not as persistent. The same phenomenon is observed
between gonadally intact rats treated with ICI versus VEH (compare Fig 6B, left and right
panels).

A review of the literature shows that the dose of cocaine most commonly used to induce
sensitization is 15 mg/kg, particularly in female rats (Sircar and Kim, 1999; Chin et al, 2002;
Febo et al, 2002; Sell et al., 2002; Segarra et al, 2010). High cocaine doses (for example of
40 mg/kg) decrease cocaine-induced locomotor activity over time, a phenomenon
reminiscent of tolerance in self-administration studies (King et al. 1992). Lower doses of
intraperitoneal cocaine, such as 5 mg/kg, fail to induce sensitization (Cailhol and Mormedes,
1999; Hu and Becker, 2003). However, doses that approximate 15 mg/kg (10 mg/kg; 20 mg/
kg) exert different effects on locomotor activity that vary depending on the experimental
conditions. Consistent with these studies, we found that, animals injected with 10 mg/kg of
cocaine did not show a robust sensitization to cocaine, although we do observe a trend to
increased locomotor activity on day 5 that disappears by day 13. However other studies
report sensitization at this dose (Peris et al. (1991); Hu and Becker (2003)). There are
several methodological differences among these studies that may account for these
differences. In the Peris et al. study, rats received 3 daily injections of saline prior to the
cocaine injections and used categorical ranking scales to measure sensitization. On the other
hand, the Hu and Becker study used rotational behavior to measure sensitization, which
involves an ipsilateral injection of 6-hydroxydopamine in the substantia nigra. It is possible
that the experimental conditions of these last two studies render the animals more
“sensitive” to the locomotor activating effects of lower doses of cocaine. Thus, due to
methodological differences, it is very difficult to compare results between studies.

Our data show that: (1) pairing drug administration with a context or (2) administration of
estradiol enhances the locomotor response to cocaine (15 mg/kg) of ovariectomized rats.
Moreover, the context-dependent sensitization displayed by OVX rats dissipates faster than
in their estradiol-treated counterparts, suggesting that estradiol may be facilitating
associative learning processes linked with drugs of abuse and/or that delays extinction of
these memories. Previous studies show that animals that receive a drug repeatedly in the
same context, show a more robust sensitization than those that receive the drug unpaired
with the testing environment (Anagnostaras and Robinson, 1996; Vezina and Leyton, 2009).
These animals show increased dendritic spine density and branching in the NAc, adaptations
not found in animals sensitized in a context-independent paradigm (Singer et al., 2009).

Interestingly, estradiol increases dendritic spine density (Segarra and McEwen, 1991;
Woolley and McEwen, 1992) and synaptic proteins (Choi et al, 2003). Moreover it regulates
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ion channels (Carrer et al.2003), facilitates synaptic transmission (Teyler et al, 1980, Wong
and Moss. 1992) and long term potentiation (Foy et al, 1999; Grassi et al., 2011) events
associated with enhanced plasticity. These data imply that estradiol and ER may promote
cocaine-induced plasticity of brain substrates that facilitate and strengthen the associations
between the testing environment and the psychostimulant properties of cocaine.

Estradiol can also enhance sensitization to cocaine by activating the anaplastic lymphoma
kinase (Alk), an estrogen-responsive gene that promotes development of cocaine-induced
sensitization and CPP (Singh et al., 2005; Lasek et al, 2011). In the striatum, the estrogen
receptor alpha (ERα) directly regulates transcription of Alk (Singh et al, 2005). Lasek et al
(2011) show that in the presence of estradiol, the ERα binds to a promoter region of the Alk
gene and enhances cocaine sensitization and reward. According to this model, we would
expect increased levels of Alk in the NAc of OVX-EB rats that may enhance synaptogenesis
and neuronal plasticity as well as cocaine-induced sensitization and CPP.

Recently, cognitive enhancers have been the subject of much debate. Cognitive enhancers
facilitate processes of learning and memory, and may do so by boosting attention and
memory consolidation (Tuboly and Vécsei, 2013). Drugs, such as amphetamine and
methylphenidate, exercise, sleep, certain foods and hormones enhance cognitive
performance (Chen et al., 2011), (Chepkova et al, 1995; Ramanathan et al, 2012) (for review
see Tuboly and Vécsei, 2013). Estradiol shares several intracellular pathways with cognitive
processes, such as mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3
kinase /protein kinase B (P13K/Akt) (D’Astous et al., 2006; Chan and Ye, 2012). It is
possible that in the context of drug abuse, estradiol, acts as a cognitive enhancer, facilitating
processes of learning and memory associated with the drug. Since a common finding in
addicted individuals is a decreased ability to inhibit maladaptive behaviors (Connolly et al.,
2012; Goldstein and Volkow, 2011), estradiol, by inducing excessive response to the drug
and drug-related cues, may act exacerbate addictive behavior. Further experiments are
required to determine the mechanisms by which estradiol facilitates drug-induced plasticity.
These studies will no doubt assist in the development of pharmacological strategies to treat
addiction, particularly in women.
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HIGHLIGHTS

• Blocking estrogen receptors disrupts sensitization and CPP to cocaine in females

• Estradiol facilitates associations between cocaine and drug context.

• Estradiol strengthens the acquisition and maintenance of cocaine sensitizations
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Fig. 1. Locomotor activity of ovariectomized rats with and without estradiol after 5 daily
injections of 15 mg/kg of cocaine
A. Sensitization protocol. Context of injection is represented by activity chambers (square
boxes) and standard home cages. B. Timecourse of cocaine-induced locomotor activity of
OVX and OVX-EB rats injected for 5 days with cocaine (15 mg/kg). Rats showed an
increase in cocaine-induced locomotor activity after repeated cocaine injections, this
increase was more robust in rats that received estradiol. Plot lines with squares represent
saline groups. C. Percent change from day 1 in cocaine-induced locomotor activity of day 5
and day 13. Asterisks represent a significant difference from OVX rats; * p<0.05; **p<0.01.
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Fig. 2. Locomotor activity of ovariectomized rats with and without estradiol after 10 daily
injections of 15 mg/kg of cocaine
A. Sensitization protocol. Context of injection is represented by activity chambers (square
boxes) and standard home cages. B. Timecourse of cocaine-induced locomotor activity of
OVX and OVX-EB rats injected for 10 days with cocaine (15 mg/kg). OVX rats did not
show an increase in cocaine-induced locomotor activity after 10 daily injections of cocaine
i.p. whereas OVX-EB rats continued to show sensitization. Plot lines with squares represent
saline groups. C. Percent change from day 1 of cocaine-induced locomotor activity on day
10 and day 18.
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Fig. 3. Locomotor activity of ovariectomized rats with and without estradiol after 5 daily
injections of 10 or 30 mg/kg of cocaine
A. Sensitization protocol. Context of injection is represented by activity chambers (square
boxes) and standard home cages. B. Timecourse of cocaine-induced locomotor activity of
OVX and OVX-EB rats injected for 5 days with cocaine (10 mg/kg) or C. 30 mg/kg. A
cocaine dose of 10 or 30 mg/kg failed to induce robust sensitization in OVX or OVX-EB
rats (3A and 3B). Animals injected with 30 mg/kg showed a decrease in cocaine-induced
locomotor activity over time, particularly at day 13, suggestive of tolerance to the higher
dose of cocaine (3B). C. and D. Percent change from day 1 of cocaine-induced locomotor
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activity on day 5 and day 13. Plot lines with squares represent saline groups. Asterisks
represent a significant difference from OVX rats, * p<0.05.
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Fig. 4. Locomotor activity of OVX and OVX-EB rats after 5 daily injections of cocaine (15 mg/
kg) in the same activity chamber
A. Sensitization protocol. Context of injection is represented by activity chambers (square
boxes) and standard home cages. B. Timecourse of cocaine-induced locomotor activity of
OVX and OVX-EB rats injected in the same activity chamber for 5 days with cocaine (15
mg/kg). Administration of cocaine (15 mg/kg) in the same activity chamber every day
induced robust cocaine sensitization in OVX, as well as OVX-EB rats. Plot lines with
squares represent saline groups. C. Percent change from day 1 of cocaine-induced locomotor
activity on day 5, day 13 and day 28. In OVX-EB, but not OVX rats, this sensitization
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persisted when animals were given a first (day 13) and second (day 28) challenge of
cocaine. Asterisks represent a significant difference from OVX rats, * p<0.05.
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Fig. 5. Cocaine-induced locomotor activity of intact female rats treated with the antiestrogen ICI
182,780 or with vehicle
A. Sensitization protocol. Context of injection is represented by activity chambers (square
boxes) and standard home cages. B.Timecourse of cocaine-induced locomotor activity of
ICI and VEH rats injected for 5 days with cocaine (15 mg/kg). Gonadally intact females that
received vehicle showed an increase in cocaine-induced locomotor activity with time. In
contrast, rats that received the anti-estrogen ICI 182,780 failed to show sensitization. Plot
lines with squares represent saline groups. C. Percent change from day 1 of cocaine-induced
locomotor activity on day 5 and day 13. Sensitization of vehicle rats was maintained after
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one week of drug withdrawal when challenged with the same dose of cocaine. Asterisks
represent a significant difference from ICI rats; * p<0.05; **p<0.01.
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Fig. 6. Conditioned place preference to cocaine of OVX and OVX-EB rats (A) and of intact
female rats treated with the anti-estrogen ICI 182,780 or with vehicle (B)
Time spent in the activity chamber before (Pre-Conditioning) and after (Post-Conditioning)
12 alternating injections of saline and cocaine (15 mg/kg). A. OVX and OVX-EB rats
showed an increase in the time spent in the chamber where they were injected with cocaine
(pre-conditioning vs post-conditioning), with OVX-EB rats showing a greater change. Rats
injected with saline did not show changes in the time spent in the chamber where they were
injected with saline. B. Gonadally intact females also showed CPP to cocaine, however, ICI
182,780 treatment blocked conditioning. These data show that gonadally intact female rats
show conditioned place preference (CPP) to cocaine (15 mg/kg), that estradiol enhances this
conditioning and that estrogen receptors are necessary for the development and/or
expression of conditioning to cocaine.
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