
Acute estradiol treatment affects the expression of cocaine-
induced conditioned place preference in ovariectomized female 
rats

Samara A.M. Bobzean, Torry S. Dennis, Linda I. Perrotti*

Department of Psychology, College of Science, The University of Texas at Arlington, Arlington, TX 
76019, USA

Abstract

Women and female rodents are more responsive to the subjective effects of psychostimulant drugs 

of abuse compared to males. A growing body of literature supports a role for estradiol as a 

mechanism underlying these sex differences. However, little is known about the influence of acute 

elevations in levels of estradiol on drug conditioned behaviors. The aim of the present study was to 

evaluate the influence of an acute increase in systemic estradiol levels on the expression of cocaine 

conditioned place preference (CPP). Using a six day conditioning procedure, ovariectomized 

(OVX) female rats were conditioned with one of four doses of cocaine (2.5, 5, 10, or 15 mg/kg) to 

associate one of two large chambers of a CPP apparatus with cocaine or saline. Thirty minutes 

prior to the start of the CPP preference test, rats were pretreated with either 5 μg estradiol benzoate 

(EB) or peanut oil (PO). PO-treated rats expressed a significant preference for only the mid-range 

conditioning doses of cocaine (5 and 10 mg/kg). However, acute EB treatment resulted in a 

rightward shift in the cocaine dose-response curve; rats demonstrated a significant preference at 

only the moderate and high conditioning doses of cocaine (10 and 15 mg/kg). These findings 

demonstrate that acute elevations in estradiol may dampen the expression of conditioned responses 

to cocaine’s secondary rewards at lower conditioning doses of the drug and facilitate CPP at 

higher doses while estradiol deficiency decreases the threshold dose of cocaine necessary to 

induce CPP.
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1. Introduction

Cue reactivity and exposure to cues are important factors in continued drug use and relapse 

to former patterns of drug use (Childress et al., 1988; Epstein et al., 2009; O’Brien et al., 

1990). Investigations into gender differences in reactivity to cocaine-associated cues have 

produced inconsistent results; some studies report greater cue reactivity in women (Elman et 

al., 2001; Robbins et al., 1999), one reports greater reactivity in men (Sterling et al., 2004), 
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and another reports equivalent cue reactivity among men and women (Avants et al., 1995). 

Several methodological factors account for these discrepancies. A recent neuroimaging 

study high-lights the importance of simultaneously collecting neural data along with self-

report data during specific periods of the menstrual cycle and reports greater brain reactivity 

to conditioned cocaine cues in mid-follicular phase women than in men who were current 

cocaine abusers even though their self-reported craving responses did not differ (Volkow et 

al., 2011). Overall, these data strongly suggest that exposure to cocaine-associated 

environmental conditioned stimuli stimulates and/or increases the desire to use drugs in drug 

dependent individuals and this desire to use may be further enhanced in women during 

phases of the menstrual cycle during which high levels of circulating estrogen are 

predominant (O’Brien et al., 1977).

Evidence from drug selt-administration studies in rodents has reliably demonstrated sex and 

hormonally modulated differences during all phases of the addiction process: acquisition, 

maintenance, and reinstatement (Anker and Carroll, 2011). Overall, these data show that 

female rats’ operant behavior is more robust than males’ during acquisition of cocaine self-

administration, escalation of cocaine intake, and drug-primed and stress-induced 

reinstatement (Bard et al., 2000; Buffalari et al., 2012; Fuchs et al., 2005; Lynch et al., 2000; 

Lynch and Carroll, 1999; Roth and Carroll, 2004). Female rodents’ response to cocaine also 

varies with their estrous cycle. Female rats in the estrus phase of the cycle display increased 

motivation to self-administer cocaine (Roberts et al., 1989) and increases in the intensity of 

cocaine-induced stereotypic and locomotor activities (Quinones-Jenab et al., 1999). Taken 

together, these data suggest that increases in circulating levels of estradiol increase the 

motivation to self-administer cocaine and other behavioral subjective effects of the drug.

Studies manipulating circulating levels of estradiol in rodents have consistently 

demonstrated a key role for estrogen in enhancing the behavioral response to cocaine in 

females (Becker, 1999; Festa et al., 2004). For example, removal of endogenous ovarian 

hormones by ovariectomy (OVX) decreases acquisition rates of cocaine self-administration 

and cocaine-primed reinstatement of drug-seeking behavior. Moreover, replacement of 

estradiol, via chronic daily subcutaneous injections or via continuous release Silastic 

implant, restores cocaine self-administration rates to levels comparable with those of intact 

females’ (Frye, 2007; Larson et al., 2005; Lynch et al., 2001). In summary, most studies 

have consistently shown that chronic sustained elevations in levels of estradiol increases 

cocaine self-administration.

The conditioned place preference (CPP) paradigm is used to determine the conditioned 

rewarding effects of drugs in rodents because the contextual cues used within the paradigm 

acquire secondary appetitive properties when paired with an addictive drug. Very few studies 

have used the CPP paradigm to investigate sex differences in the conditioned rewarding 

effects of cocaine and fewer still have examined the role of ovarian hormones. To date, only 

three investigations have examined the activational effects of estradiol on conditioned 

cocaine reward (Russo et al., 2003; Segarra et al., 2010; Twining et al., 2013). Through the 

use of slightly different methodologies, each of these studies examined the role of prolonged 

elevations in estradiol levels on cocaine-induced CPP and has provided some fundamental 

insight into our understanding of the influence of estradiol on learning drug-context 
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associations. However, until now, the issue of the effects of acute elevations of estradiol on 

cocaine-induced CPP has remained unsettled. Therefore, the purpose of the present study 

was to examine the influence of a single acute increase in systemic estradiol levels on the 

expression of cocaine CPP.

2. Methods

2.1. Subjects

Eighty-three experimentally naïve, adult (60 day old), female, Long Evans rats (University 

of Texas at Arlington vivarium) were triple housed with same-sex cage mates in a 

temperature and humidity-controlled environment under a 12 h reversed light/dark cycle 

with lights on at 7 p.m. and off at 7 a.m. All animals had free access to food and water 

throughout the study and were maintained and cared for in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures were 

approved by the University of Texas at Arlington’s Institutional Animal Care and Use 

Committee (IACUC) in accordance with AAALAC standards.

2.2. Ovariectomy

Rats were anesthetized with a 2–3% isoflurane-oxygen vapor mixture and ovariectomized 

(OVX) using a dorsal approach. Briefly, both flanks were shaved and swabbed with 

Betadine. The skin was opened with a 5 mm incision along the midline just below the ribs, 

and a 10 mm incision was made through the muscle ∼1.5–2 cm lateral to the midline. The 

ovary was pulled through the incision. The tissue between the oviduct and uterus were 

clamped with a hemostat and a ligature was placed just below the hemostat. The ovary was 

removed with scissors and the hemostats released. This procedure was repeated on the 

contralateral side. Lastly, the muscle layer was sutured closed and the skin incision closed 

with 9 mm wound clips.

2.3. Vaginal lavage testing

Following a 4–5 day surgical recovery period, all rats underwent daily vaginal lavage testing 

for 8–10 consecutive days to confirm cessation of cycling. Vaginal secretion was collected 

with a plastic pipette filled with 10 μL of 0.9% NaCl− by inserting the tip into the rat vagina, 

but not deeply. Unstained material was observed under a light microscope. All ovariectomies 

performed were confirmed as complete and thus, no animals were eliminated on the basis of 

an imcomplete procedure.

2.4. Estradiol treatment

Animals were assigned to one of two groups of hormone treatment: 0.1 ml peanut oil - 

vehicle (OVX); or 5 μg 17β-Estradiol 3 benzoate (EB; Sigma-Aldrich, St Louis, MO) 

dissolved in 0.1 ml peanut oil. Hormone treatment was delivered via subcutaneous (s.c.) 

injection only once; 30 min prior the test for conditioned place preference (see Fig. 1).
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2.5. Cocaine conditioned place preference

The apparatus used to carry out the conditioned place preference (CPP) consists of two large 

chambers distinct in visual and tactile cues (wall color and floor material) that are connected 

by a small shuttle chamber (Med Associates, Georgia, VT). The two large contextually 

distinct chambers (8.25″W × 8.24″H × 26.75″L) are equipped with 16 infrared photobeam 

detectors for automated data collection. Behavioral testing began 12–14 days after OVX 

surgery; following confirmation of OVX. On Day 17 of experimentation, all rats underwent 

a preconditioning test (PreTest) allowing them to freely explore the entire apparatus for one 

15-min session. Rats were then randomly assigned to saline/cocaine conditioning chambers 

for a total of six conditioning sessions. On each of the three saline conditioning days, 

animals received a 1 ml/kg intraperitoneal (i.p.) injection of 0.9% NaCl− (saline) and were 

confined to the previously assigned saline-paired chamber for 30 min. For each of the three 

cocaine conditioning days, animals received an i.p. injection of cocaine hydrochloride (or 

saline) at one of four doses (2.5, 5, 10, or 15 mg/kg; Sigma-Aldrich, St Louis, MO) at a 

volume of 1 ml/kg dissolved in 0.9% NaCl− and were confined to the cocaine-paired 

chamber for 30 min. Thirty minutes prior to the preference test (PostTest; Day 24), animals 

received a s.c injection of 5 μg EB in 0.1 mL or PO alone (see Fig. 1) and were again 

permitted free access to all chambers for 15 min. Total time spent in each chamber during 

the PreTest and PostTest was automatically recorded for subsequent statistical analyses 

using MedPC software (Med Associates, Georgia, VA).

2.6. Statistical analyses

Preference scores (CPP scores) for each animal were created by calculating the total time 

spent in the cocaine-paired chamber during the PreTest and subtracting it from the total time 

spent in the cocaine-paired chamber during the PostTest. These CPP scores were than 

analyzed using a 5 (cocaine conditioning dose) × 2 (hormone treatment) ANOVA. A 

statistically significant interaction (p < 0.05) was followed by post hoc analyses with 

Fisher’s lease significant differences tests to compare preference scores between hormone 

treatment groups within each dose.

Locomotor scores for each animal were created by subtracting the total movement counts 

during the PreTest from the total movement counts during the PostTest. The effects of 

estradiol on movement counts were examined using a 5 (Cocaine Dose) × 2 (Treatment) 

between subjects ANOVA. A statistically significant main effect or interaction (p < 0.05) 

was followed by post hoc analyses with Fisher’s least significant differences.

3. Results

To determine the extent to which an acute post-training elevation in estradiol affects cocaine-

induced CPP, rats were conditioned with one of four doses of cocaine (2.5, 5,10, or 15 

mg/kg) or saline and received an injection of EB or PO 30 min prior to the CPP acquisition 

test (Fig. 2A). A significant Dose × Treatment interaction F(4, 73) = 3.78, p < 0.05, partial 
n2 = 0.17 was observed and post hoc tests revealed that PO-treated rats demonstrated a 

significant preference for the cocaine-paired chamber at the 5 mg/kg and 10 mg/kg 

conditioning doses of cocaine (p < 0.05), but not at the lowest 2.5 or highest 15 mg/kg 
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conditioning doses of the drug (p > 0.05). Acute EB-treated females demonstrated 

significant cocaine-induced CPP to the 10 mg/kg and 15 mg/kg conditioning doses of 

cocaine (p < 0.05) but not to the lower conditioning doses of the drug (2.5 or 5mg/kg; p > 

0.05). Post hoc tests to examine differences between the hormone treatment groups within 

each dose revealed that PO-treated females had significantly higher CPP scores for the 5 and 

10 mg/kg conditioning doses of cocaine compared to the EB-treated females (p < 0.05). 

Although, EB-treated females demonstrated significant preference for 15 mg/kg of cocaine 

while PO-treated females did not, there were no significant differences between the CPP 

scores of these treatment groups (p > 0.05; Fig. 2A).

The 2-way ANOVA testing the effects of estradiol on cue induced locomotor activation 

during the Post-Test produced no significant main effect of Dose (p = .25), Treatment (p 
= .44), or Dose × Treatment interaction (p = .15). Overall, neither Treatment nor Dose alone 

altered locomotor response to cocaine cues during the Post Test. Furthermore, EB and PO 

treated females did not differ in their locomotor response to cocaine cues during the Post 

Test for any cocaine conditioning dose (Fig. 2B).

4. Discussion

The present study was conducted to investigate the influence of an acute post-training 

elevation in estradiol on cocaine-induced CPP. Our results show that the influence of post-

training elevations in estradiol levels on expression of cocaine CPP was dependent upon the 

conditioning dose of cocaine; CPP was inhibited at lower and maintained at higher training 

doses of the drug. These data indicate that acute elevations in estradiol may facilitate or 

inhibit conditioned responses to cocaine’s secondary rewards.

Previous studies have demonstrated a role for estradiol on conditioned cocaine reward 

(Russo et al., 2003; Segarra et al., 2010; Twining et al., 2013). Through the use of slightly 

different methodology, each of these studies examined the role of chronic sustained 

elevations in estradiol levels on cocaine-induced CPP and has provided some fundamental 

insight into our understanding of the influence of estradiol on learning drug-context 

associations. Each of these studies used a chronic estradiol replacement method. Two of 

these investigations (Russo et al., 2003; Segarra et al., 2010) both employed the same 

general method of chronic continual estrogen replacement; slow release Silastic capsule 

implants were used, albeit the amounts of estradiol contained within the capsule were 

different (10% estradiol solution vs. a fixed amount of 4 mg of crystalline estradiol). In a 

more recent investigation byTwining et al. (2013), the investigators used chronic daily 

subcutaneous estradiol injections. Thus, for all three investigations the amount of estradiol 

administered and resultant circulating levels achieved were different and, not surprisingly, 

the behavioral results of these investigations are incongruent. Two of these studies report 

that chronic continual (Russo et al., 2003) and chronic intermittent (Twining et al., 2013) 

administration of estradiol does not influence the expression of cocaine-induced CPP in 

OVX rats beyond what is observed in non-estradiol treated controls. Interestingly, the data 

presented in Segarra et al. (2010) suggest that chronic continual lower dose estradiol 

treatment may result in enhanced cocaine-induced CPP in OVX rats.
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Previous experiments conducted in our laboratory indicate that female rodents are more 

responsive to the environmental stimuli associated with cocaine reward compared to males 

(Bobzean et al., 2010). Data from self-administration studies in rodents suggest that 

circulating levels of estradiol are one of the fundamental underlying factors responsible for 

this sex difference (Hu and Becker, 2008; Lynch et al., 2001). However, until now, the direct 

effects of acute increases in circulating levels of estradiol on the salience of drug-associated 

cues remained unresolved. Because it is well established that estradiol is known to enhance 

many cocaine-related behaviors, such as locomotor activation and behavioral sensitization 

(Becker, 1990; Festa and Quinones-Jenab, 2004; Hu et a., 2004), we postulated that the 

effects of estradiol on the salience of drug-cues may be mediated by a more rapid 

mechanism. Thus, the hormone treatment paradigm used in this study was targeted to 

specifically assess the influence of an acute elevation of estradiol, similar to what would be 

observed during proestrus, on the expression of cocaine-induced CPP. The results presented 

herein, indicate dose-dependent expression of cocaine-induced CPP in both EB-treated and 

PO-treated groups. More specifically, neither EB-treated nor PO rats expressed CPP for the 

lowest conditioning dose of cocaine (2.5 mg/kg). PO rats expressed CPP for only the 5 and 

10 mg/kg conditioning doses of cocaine, while the EB-treated rats expressed CPP for the 10 

and 15 mg/kg conditioning doses and not for the 5 mg/kg dose. This suggests that the 

rewarding effects stimuli associated with higher versus lower doses of cocaine are 

differentially modulated by estradiol and that acute EB pretreatment shifts the cocaine dose-

response curve to the right and inhibits the expression of cocaine CPP at lower conditioning 

doses of the drug. Our conclusions that acute EB treatment is responsible for altered CPP 

expression is further supported by the finding that acute EB and PO pre-treated females did 

not differ in their locomotor response to cocaine cues during the Post Test for any cocaine 

conditioning dose; thus, differences in CPP expression are not likely attributed to other 

conditioned treatment effects.

Previous investigations into underlying mechanisms indicate that estradiol increases 

dopamine release and increases the density of striatal dopamine uptake sites in the dorsal 

and ventral striatum; brain regions critical in mediating cocaine reward; (Becker and Beer, 

1986; Becker et al., 1984; Becker and Ramirez, 1981; Di Paolo, 1994; Morissette et al., 

1990). In this way the potentiated effects of estradiol on dopamine activities are implicated 

as a likely contributor to previously reported sex and hormone-related differences to cocaine. 

Our current study extends these findings by demonstrating that an acute elevation in 

estradiol occurring in the presence of drug-associated cues can influence conditioned 

behavioral responses to cocaine.

Interestingly, no CPP was seen in the 15 mg/kg PO treated rats, as has been previously 

reported by our group in 2010. Differences in methodology could account for this difference 

in findings. One of the problems associated with working with ovariectomized females is 

long-term reduction of female gonadal steroids (24 days in our experiments) animals 

undergo following surgery. The long term absence of estradiol has previously been shown to 

alter DA transmission, DA transporter, and D2 expression in the striatum of OVX female 

rats (Attali et al., 1997; Bazzett and Becker, 1994; Morissette et al., 1990). Acute and 

chronic EB treatment reversed the effects of OVX in these experiments. Such changes to 

mesolimbic DA systems could lead to a significant reduction in the salience of cocaine-
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paired cues. This supports our notion of the critical impact that estradiol is necessary for 

female behavioral responses to cocaine and cocaine-associated stimuli.

One mechanism by which estradiol produces its effects by genomic and non-genomic 

actions. Genomic estrogen receptors are ligand-activated transcription factors which reside 

in the cytosol and translocate to the nucleus upon ligand binding and dimerization and take 

several hours or even days to activate (Nilsson et al., 2001). More rapid effects are initiated 

via binding at nongenomic estrogen receptors localized on the cell membrane; membrane 

estrogen receptors (mERs) (Boulware et al., 2005; Mermelstein and Micevych, 2008; 

Micevych and Mermelstein, 2008). The signaling cascades initiated via mERS are some of 

the same that are initiated by dopamine at D1 receptors. Our findings that the estradiol 

treatment 30 min prior to behavior testing supports that estradiol’s effects in this study are 

likely modulated by rapid nongenomic actions. We believe that these behavioral data reflect 

the ability of estradiol to alter dopamine signaling and subsequently influence the salience of 

cocaine associated cues.

In conclusion, we found that the threshold conditioning dose of cocaine necessary for 

inducing cocaine CPP in PO rats is lower than in animals given acute EB. The fact that this 

effect can be blocked by administering EB 30 min prior to the preference test provides an 

intriguing avenue for future research to explore the underlying mechanisms of estradiol on 

brain reward systems.
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Fig. 1. 
Timeline of experimental procedures. All animals undergo ovariectomy (Day1; OVX) 

followed by a five day surgical recovery period (Days 2–6) after which they are subjected to 

ten days of vaginal lavage testing to confirm completion of OVX. The conditioned place 

preference protocol commences with a PreTest (Day 17) during which rats freely explore the 

entire apparatus in a drug-free state. Conditioning for Saline/Cocaine occurred over days 

18–23; on alternating days OVX rats received injections of 0.9% saline or one of four doses 

of cocaine (2.5, 5,10, or 15 mg/kg) and were confined to one chamber of the apparatus for 

30 min. Thirty minutes prior to the test for conditioned preference (PostTest; Day 24), 

animals received an injection of EB (5 μg) or peanut oil (PO).
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Fig. 2. 
Cocaine-induced conditioned place preferance. (A) OVX rats were conditioned with one of 

five doses of cocaine (0, 2.5, 5, 10, or 15 mg/kg i.p.) or saline on alternating days for six 

consecutive days and then pretreated with a single s.c. injection of EB (5 μg) or peanut oil 

(PO) 30 min prior to the test for cocaine conditioned place preference (CPP; PostTest). PO-

treated (white bars) rats expressed CPP to the 5 and 10 mg/kg conditioning doses of cocaine 

(p < 0.05), but not the 2.5 or 15 mg/kg doses. EB-treated rats (black bars) demonstrated an 

inhibition of CPP to the 5 mg/kg dose, but expressed a significant preference to the higher 

doses of cocaine (10 and 15 mg/kg; p < 0.05). n = 7–10 rats per group. * indicates a 

significant difference from zero (p < 0.05). ** indicates a significant difference between EB 

and PO treatment groups within a dose (p < 0.05). (B) Locomotor activity during the CPP 

PostTest as measured by total photobeam breaks over the 15 min testing period for PO 

treated (white bars) and EB-treated (gray bars) at each of the five conditioning doses of 

cocaine. Neither dose nor EB treatment prior to the CPP PostTest affected locomotor 

activity.
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