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Abstract  

Compared with men, women show enhanced responses to drugs of abuse, and 

consequently are thought to be more vulnerable to addiction. The ovarian hormone 

estradiol has emerged as a key facilitator in the heightened development of addiction in 

females. These actions of estradiol appear mediated by estrogen receptor (ER) 

activation of metabotropic glutamate receptor type 5 (mGluR5). However, the 

downstream effectors of this ER/mGluR5 signaling pathway are unknown. Here we 

investigate whether cannabinoid 1 receptor (CB1R) activation is a part of the 

mechanism whereby estradiol influences behavioral and synaptic correlates of 

addiction. Following repeated cocaine administration, estradiol-treated ovariectomized 

rats exhibited both sensitized locomotor responses and decreases in the dendritic spine 

density of nucleus accumbens core medium-spiny neurons in comparison to oil-treated 

controls. Both effects of estradiol were blocked by AM251, a CB1R inverse agonist. 

These results indicate that part of the signaling mechanism through which estradiol 

impacts behavioral and synaptic correlates of addiction in female rats requires activation 

of CB1Rs. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1. Introduction 

There are sex differences in the etiology of drug addiction, with women 

progressing more rapidly to an addicted state. This is particularly true for 

psychostimulants, but applies to multiple classes of abused drugs (Becker and Hu, 

2008; Carroll et al., 2004). The ovarian hormone estradiol is a key biological factor 

contributing to this vulnerability in females (Hedges et al., 2010). Clinical research 

demonstrates that women are more sensitive to the rewarding properties of 

psychostimulants when endogenous estradiol levels are elevated, and administration of 

exogenous estradiol further enhances these properties (Justice and de Wit, 1999; Maria 

et al., 2014; McCance-Katz et al., 2005). Animal models of addiction parallel human 

reports, in that high estradiol concentrations correspond with greater locomotor 

responses to psychostimulants, a more rapid acquisition of psychostimulant self-

administration, enhanced motivation for psychostimulants, and increased total 

psychostimulant consumption (Anker and Carroll, 2011; Becker and Hu, 2008; Festa 

and Quinones-Jenab, 2004; Segarra et al., 2010) Yet, despite the abundance of 

behavioral observations of the effects of estradiol in females on responsiveness to 

psychostimulants, little is known regarding the cellular mechanisms underlying these 

phenomena.  

While estradiol was once thought to act solely through a single nuclear estrogen 

receptor (Couse and Korach, 1999; Klinge, 2001), recent studies have established that 

estradiol can affect cellular function through multiple receptors, many localized to the 

surface membrane (Micevych and Kelly, 2012). In addition to GPER-1 (GPR30) and the 

putative ER-X, and the STX-sensitive receptors (Barton, 2016; Filardo and Thomas, 
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2012; Qiu et al., 2003; Toran-Allerand et al., 2002), palmitoylation of both ERα and ERβ 

promotes receptor trafficking to the surface membrane (Meitzen et al., 2013; Pedram et 

al., 2007). Within the nervous system, these two estrogen receptors functionally couple 

to metabotropic glutamate receptors (mGluRs) leading to glutamate-independent 

mGluR signaling (Boulware et al., 2007, 2005).  

Recent work from our lab has identified a putative signaling mechanism through 

which estradiol can impact structural and behavioral substrates of drug addiction, which 

in turn may promote a greater vulnerability for female drug abuse. Within medium spiny 

neurons (MSNs) of the striatum and nucleus accumbens (NAc), estradiol activates ERα 

coupled to mGluR subtype 5 (mGluR5) (Grove-Strawser et al., 2010). Specific to the 

NAc core, estradiol induces synaptic plasticity via decreases in dendritic spine density 

through transactivation of mGluR5 (Peterson et al., 2014). In general, synaptic plasticity 

within the NAc core is thought to be a neurobiological substrate of drug addiction, and to 

underlie psychostimulant behavioral sensitization (Dumitriu et al., 2012; Li et al., 2004; 

Robinson and Kolb, 2004; Waselus et al., 2013). Related, estradiol enhances 

psychostimulant locomotor sensitization through membrane ER coupling to mGluR5 

(Martinez et al., 2014). 

Activation of group I mGluRs leads to a variety of other cellular responses, one of 

which is the release of endogenous cannabinoids (endoCBs) (Alger and Kim, 2011; 

Wilson and Nicoll, 2002). Upon release from post-synaptic membranes, endoCBs within 

the CNS retrogradely bind to presynaptic type 1 cannabinoid receptors (CB1Rs). 

Interestingly, multiple lines of research demonstrate that estradiol enhances endoCB 

activity in the nervous system of both women and female rodents (Bradshaw et al., 
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2006; El-Talatini et al., 2010; Gorzalka and Dang, 2012; Huang and Woolley, 2012; 

Rodríguez de Fonseca et al., 1994; Scorticati et al., 2004). Moreover, similar to 

estradiol, both endoCBs and CB1Rs have emerged as key endogenous moderators of 

drug addiction (Olière et al., 2013). Although these lines of evidence were developed 

independently, an intriguing possibility is that within females, estradiol and endoCBs 

may act through a common pathway to exert effects on structural plasticity and 

addiction. At least in male animals, activation of mGluR5 leads to mobilization of 

endoCBs in the NAc (Jung et al., 2005; Robbe et al., 2002; Uchigashima et al., 2007). 

Based on these observations, we hypothesized that estradiol activates ERs to initiate 

mGluR5-dependent endoCB signaling, and that it is the endoCB system that is 

ultimately responsible for the effects of estradiol on structural and behavioral substrates 

of drug addiction.  

 

2. Methods 

2.1 Animals 

Female Sprague Dawley rats 12 weeks of age (175-200g) were ovariectomized 

at Harlan labs (Indianapolis, IN). Upon arrival at our animal facility animals were housed 

in pairs, handled daily, and allowed to habituate for one week prior to experimentation. 

Animals were maintained on a 12 hr light-dark cycle (lights on at 6:00 am) with all 

behavioral testing occurring between 8:30 am and 1:30 pm. Food and water were 

available ad libitum. Animal procedures were in accordance with the National Institutes 

of Health Guidelines for the Care and Use of Laboratory Animals and were approved by 

the Animal Care and Use Committee at the University of Minnesota. 
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2.2 Drugs and hormones 

17β-estradiol (Sigma-Aldrich, St. Louis, MO) was dissolved in cottonseed oil 

(Sigma-Aldrich) and injected s.c. at 2 µg in 0.1 ml oil. Cottonseed oil (0.1 ml s.c.) was 

injected as the vehicle control. The type 1 cannabinoid receptor inverse agonist N-

(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-

carboxamide (AM251; Tocris Biosciences, Minneapolis, MN) was dissolved in DMSO to 

make a 100 mM stock solution and stored at -20 oC. On the day of injections the stock 

solution was diluted in 0.5% methylcellulose (Sigma-Aldrich) in deionized water to a 

working solution of 1 mg/kg/ml. We chose a low dose of AM251 because it does not 

affect locomotor activity on its own (Shearman et al., 2003; Thiemann et al., 2008). This 

low dose of AM251 allowed us to examine the role of CB1R activation on estradiol-

induced locomotor responses to cocaine, without compromising general locomotor 

responses. 

Throughout the experiment, ovariectomized (OVX) females were injected s.c. 

with estradiol or oil on a 2 days on-2 days off schedule to mimic the estrous cycle of an 

intact female rat (Butcher et al., 1974). Thirty min prior to each hormone injection, 

females received an i.p. injection of AM251 or vehicle. Beginning on the third day of the 

experiment, females were injected i.p. with 15 mg/kg/ml cocaine (cocaine hydrochloride; 

Covidien, St. Louis, MO) in saline or a comparable volume of the saline vehicle for 5 

consecutive days. This pattern of cocaine injections produces a modest (if any) 

sensitization in untreated OVX females (Segarra et al., 2010; Sircar and Kim, 1999), 

allowing us to more clearly isolate a synergistic effect of estradiol on cocaine-induced 
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locomotor sensitization and test whether this effect is attenuated by AM251 

pretreatment. 

 

2.3 Locomotor Activity 

 Locomotor activity was assessed according to previously published methods 

(Martinez et al., 2014) with the following modifications: Locomotor chambers were 

placed inside a sensing frame (Kinder Scientific, Poway, CA) to measure activity in the 

XY plane (i.e. ambulations). Animals were in locomotor chambers for 2 hrs each day for 

the 7 days of the experiment. For the 5 consecutive days that females were injected 

with cocaine, animals were in the chamber 1 hr before (habituation session) and 1 hr 

following (test session) the injection.  

 

2.4 Activity data analyses 

For each animal, locomotor data were obtained for the entire 1 hr test period on 

the first and fifth test sessions. Depending on treatment condition, a final sample size of 

14-20 animals was obtained for each treatment group (see Fig 2 for treatment group 

sample sizes). As an index of sensitization, locomotor activity was compared on first vs. 

fifth test sessions using paired-samples t-tests with Bonferroni correction for multiple 

comparisons (SPSS version 20.0, IBM Corp, Armonk, NY). For all statistical tests, 

results were considered to be statistically significant if p < 0.0125. 

 

2.5 Tissue preparation for dendritic spine measurements 
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A subset of animals that completed the behavioral study was examined for 

neuronal morphology. Perfusions, DiI labeling, confocal imaging, quantification and data 

analysis followed previously published methods (Staffend and Meisel, 2011a) with some 

refinements (Peterson et al., 2015, 2014).  

Twenty-four hrs following the final cocaine injection, animals were anesthetized 

using Beuthanasia-D (0.3 ml i.p./animal, Schering, Union, NJ), injected with 0.25 ml 

heparin into the left ventricle of the heart and intracardially perfused with 25 mM 

phosphate buffered saline (PBS, pH = 7.2) for 3 min at 25 ml/min followed by ice-cold 

1.5% paraformaldehyde in 25 mM PBS for 20 min. Perfusion with 1.5% 

paraformaldehyde results in more complete and clearer visualization of DiI-labeled 

neurons when compared to perfusion with the standard 4% paraformaldehyde (Staffend 

and Meisel 2011b). Brains were removed and coronally blocked to allow for penetration 

of the post-perfusion fixative (1.5% paraformaldehyde for 1 hr) into the tissue blocks 

containing the striatum. Brains were sectioned at 300 µm in serial, coronal sections 

through the striatum using a Vibratome (Lancer Series 1000, St. Louis, MO) and placed 

in wells containing 25 mM PBS until DiI labeling. 

 

2.6 DiI labeling 

Instructions for DiI labeling are described in detail by Staffend and Meisel 

(2011b). Briefly, microcarriers containing DiI-coated tungsten particles (2 mg lipophilic 

carbocyanine DiI; Molecular Probes, Carlsbad, CA) dissolved in 100 µl of 

dichloromethane mixed with 90 mg of 1.3 µm tungsten particles (Biorad, Hercules, CA) 

were made in Tefzel tubing (Biorad) pre-coated with freshly prepared 10-15 mg/ml 
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polyvinylpyrrolidone (PVP, Sigma-Aldrich) and cut into 1.3 mm segments. A Helios 

Gene Gun (BioRad) with a modified barrel, 40 mm spacer and 70 µm nylon mesh filter 

was used to deliver the microcarriers to the lightly fixed brain sections using helium gas 

at a pressure of 100 PSI. Prior to DiI delivery, PBS was removed from wells containing 

the brain sections. Immediately following DiI delivery, brain sections were re-submerged 

in PBS for 24 hrs in the dark at room temperature for diffusion of DiI. After 24 hrs, the 

PBS was removed and replaced with 4% paraformaldehyde in PBS for 1 hr at room 

temperature.  

 

2.7 Confocal Imaging 

Following DiI labeling, coronal sections through the nucleus accumbens (NAc) 

were washed in PBS, mounted on Superfrost slides (Brain Research Laboratories, 

Newton, MA) and coverslipped with Fluorglo mounting medium for lipophilic dyes 

(Spectra Service, Ontario, NY). Dendritic segments were imaged using Type LDF 

immersion oil (refractive index: 1.515; Cargille, Cedar Grove, NJ) and a Leica PLAN 

APO 63X, 1.4 NA oil immersion objective (11506187; Leica, Mannheim, Germany). 

Based on our recent analyses, this immersion oil is critical to resolve dendritic spines in 

the axial plane when used with this objective lens (Peterson et al 2015). All z-stacks 

were maintained at an xy pixel distribution of 512 x 512 and scanned at a frequency of 

400 Hz. Whole neurons were imaged with a 20x air objective at 1.0 µm (micron???) 

increments in the z-axis and reconstructed using Leica LAS AF software to measure the 

distance from the soma of target dendritic segments: 70–200 µm from soma in medium 

spiny neurons. Dendritic segments were imaged with a 63x oil immersion objective with 
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a zoom of 5.61 and z-stacks were acquired in 0.12 µm increments. By adjusting the 

laser power and photomultiplier, each dendrite was imaged in its full dynamic range. 

Within the NAc core, 3 neurons and 3 dendritic segments per neuron were imaged to 

generate a total of 9 segments from every animal. Depending on the treatment 

conditions, a final sample size of 4-6 animals was obtained per treatment group (see Fig 

3 for treatment group sample sizes). 

 Confocal z-stacks of dendritic segments were first subjected to a 3D-

deconvolution process using Autoquant X AutoDeblur Gold CF software (version 3.0; 

Media Cybernetics, Bethesda, MD). Deconvoluted images were then reconstructed in 

3D using the Imaris software (version 7.7; Bitplane Inc., St. Paul, MN). 

 

2.8 Dendritic spine data analysis 

All analyses were completed by an experimenter blinded to the treatment 

conditions. Nine dendritic segments (from 3 separate neurons) were averaged to 

generate a single dendritic spine density value for each animal. In cocaine-treated 

females, a two-way ANOVA with subsequent Tukey HSD post hoc tests were used to 

evaluate the effects of drug, hormone and drug-hormone interactions among treatment 

groups in the NAc core using SPSS software (version 20.0, IBM Corp). For all statistical 

tests, results were considered to be statistically significant if p < 0.05. 

 

3. Results 

Estradiol-facilitated psychostimulant locomotor sensitization depends on CB1R 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Several laboratories have demonstrated that estradiol treatment in females 

facilitates cocaine-induced sensitization of locomotor responses (Segarra et al., 2010; 

Sircar and Kim, 1999) More recently, we demonstrated that this effect of estradiol is 

dependent on activation of mGluR5 (Martinez et al., 2014). As the endoCB system lies 

downstream of mGluR5 signaling (Jung et al., 2005; Robbe et al., 2002; Uchigashima et 

al., 2007), we sought to determine whether this effect of estradiol depends on endoCB 

signaling, specifically through activation of CB1R. To examine this question, females 

received the CB1R inverse agonist, AM251 (or vehicle) 30 min prior to estradiol (or oil) 

treatment. This treatment regimen occurred for two consecutive days before the first 

and fifth cocaine locomotor test days (Fig 1). Importantly, on each locomotor test day 

cocaine was administered 24 hrs after other drug and hormone manipulations, to 

eliminate direct effects of these agents on locomotor activity following cocaine. In 

accordance with previous studies (Martinez et al., 2014; Segarra et al., 2010; Sircar and 

Kim, 1999), females treated with estradiol exhibited robust locomotor sensitization to 

cocaine when comparing ambulations after the fifth cocaine injection to the first cocaine 

injection (t(13) = 3.043, p < 0.0125; Fig 2). Pretreatment with AM251 blocked the effect 

of estradiol. AM251 or vehicle treatment in the absence of estradiol did not significantly 

affect ambulatory movement responses to repeated cocaine injections.  

Estradiol-induced dendritic spine plasticity depends on CB1R 

As synaptic plasticity within the NAc core is thought to form a neurobiological 

basis for pyschostimulant-induced locomotor sensitization (Dumitriu et al., 2012; Li et 

al., 2004; Robinson and Kolb, 2004; Waselus et al., 2013), we examined the effect of 

AM251 and estradiol treatment on dendritic spine plasticity of NAc core MSNs in 
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cocaine-treated females. Twenty-four hrs after the fifth and final cocaine injection, a 

subset of females from each treatment group was arbitrarily selected for dendritic spine 

analyses. Representative images of a DiI-labeled MSN and dendritic segment used to 

quantify dendritic spine densities are shown in Fig 3a and Fig 3b, respectively. The 

effects of estradiol and AM251 differed across treatment groups (two-way ANOVA: 

hormone x drug interaction: F(1,21) = 10.6, p < 0.05). Estradiol treatment produced a 

significant reduction in dendritic spine density in the NAc core (p < 0.05, Tukey HSD 

post hoc test). In contrast, estradiol-treated females that received AM251 did not exhibit 

this change in the density of dendritic spines (Fig 3c,d). Compared with estradiol or oil 

treatment, females that received AM251 alone did not significantly differ in dendritic 

spine density within the NAc core. 

 

4. Discussion 

For women, estradiol is a key biological factor contributing to the etiology of 

addiction. Yet, our understanding of the underlying neural mechanisms through which 

estradiol acts is still in its infancy. Recent findings indicate that estradiol, through 

activation of metabotropic glutamate receptor type 5 (mGluR5), structurally remodels 

nucleus accumbens (NAc) reward circuits (Peterson et al., 2014) and imparts a greater 

sensitivity to psychostimulants (Martinez et al., 2014). Here we extend these findings by 

demonstrating that activation of the endogenous cannabinoid (endoCB) system is 

necessary for these effects. Specifically, CB1R signaling is required for estradiol 

potentiation of cocaine-induced locomotor responses and alterations to the dendritic 

spine density of NAc core medium spiny neurons (MSNs). While it is currently unknown 
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whether these results generalize beyond psychostimulant use, they are relevant, as 

recent reports indicate ~50% more women than men receive treatment for 

psychostimulant abuse (SAMHSA, 2014). 

The interplay between the estradiol and the endoCB system in the context of 

repeated exposure to cocaine complement and extend a growing body of work that in 

the absence of drugs of abuse, ovarian hormones, particularly estradiol, influence the 

endoCB system. Initial observations found that across the estrous cycle, CB1R density 

and ligand-binding affinity fluctuate in multiple brain regions; effects that are sensitive to 

ovariectomy and restored following hormone replacement (Rodriguez de Fonseca et al., 

1994). In parallel, CNS levels of 2-arachidonly glycerol (2-AG) and anandamide (AEA) 

fluctuate in concert with ovarian hormones (Bradshaw et al., 2006) and evidence from in 

vitro (Huang and Woolley, 2012) and in vivo (Scorticati et al., 2004) studies suggests 

that AEA levels are increased in the CNS following treatment with estradiol. The activity 

of the endoCB system appears to increase with the initial rise in plasma estradiol during 

the estrous cycle (Gorzalka and Dang, 2012). Similarly, plasma endoCB levels are 

highest with rising estradiol in the follicular phase of the menstrual cycle (El-Talatini et 

al., 2010).  

While estradiol can act through nuclear or membrane-localized estrogen 

receptors (ERs) to influence the endoCB system, membrane ER activation of mGluR 

signaling appears to be principally important. Physiological concentrations of estradiol 

rapidly stimulate AEA release from cultured human endothelial cells through surface 

membrane estrogen receptors (Maccarrone et al., 2002). Furthermore, in female rat 

hippocampal neurons membrane-localized ERα couples to mGluR1a, promoting AEA 
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activation of CB1R, and leading to an attenuation of GABAergic neurotransmission 

(Huang and Woolley, 2012; Tabatadze et al., 2015). Coupling of ERs to mGluRs is in 

fact observed throughout the female nervous system, though the exact pairing of ERs 

and mGluRs is brain-region dependent. For example, whereas in CA1 hippocampal 

pyramidal neurons ERα activates mGluR1a (Boulware et al., 2005), in MSNs of the 

caudate and NAc core, ERα couples to mGluR5 (Grove-Strawser et al., 2010; Martinez 

et al., 2014; Peterson et al., 2014).  

While ER/mGluR signaling plays an essential role in the regulation of endoCBs, 

other forms of estrogen signaling also appear to regulate this neurotransmitter system. 

For example, ERs down-regulate the expression of fatty acid amide hydroxylase 

(FAAH), the enzyme responsible for the degradation of AEA (Maccarrone et al., 2000; 

Waleh et al., 2002). Transcriptional repression of FAAH through ER binding traditional 

estrogen response elements results in elevated AEA tone. Presumably it is through this 

mechanism that estradiol elevates AEA to elicit anxiolytic effects in female rats, which 

are blocked with a CB1R antagonist (Hill et al., 2007). Moreover, this nuclear action of 

estradiol converges with membrane actions at the same functional endpoint to increase 

AEA (Huang and Woolley, 2012; Tabatadze et al., 2015). These findings parallel other 

biological systems, where both membrane and nuclear ERs work cooperatively to 

control various physiological processes (Levin, 2014, 2005; Pedram et al., 2016).  

Estradiol regulation of AEA release and metabolism provide evidence that this 

endoCB is critical for the effects of estradiol; however, as mentioned previously, 2-AG is 

also regulated by ovarian hormones (Bradshaw et al., 2006). Intriguingly, at least in 

male subjects, the effects of mGluR5 activation in the NAc are primarily dependent on 
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2-AG (Jung et al., 2005; Seif et al., 2011), a more potent activator of the CB1R (Sugiura 

et al., 2006). Because the vast majority of studies utilize only male subjects, it would be 

of interest to determine if there is a sex difference between mGluR regulation of 2-AG 

and AEA signaling.  

Notwithstanding which endoCB is (primarily) activating CB1Rs in response to 

estradiol, converging lines of evidence begin to outline how estradiol acts at a circuit 

level to enhance female sensitivity to cocaine. In their pioneering study, Woolley and 

colleagues determined that estradiol mobilization of endoCBs activated CB1R on 

GABAergic terminals to inhibit presynaptic GABA release, and thus indirectly increase 

post-synaptic pyramidal neuron excitability (Huang and Woolley, 2012; Tabatadze et al., 

2015). While these data were from the hippocampus, CB1Rs are also primarily localized 

on GABAergic terminals in the NAc (Winters et al., 2012), suggesting a similar effect 

may occur here. Moreover, activation of CB1Rs in the NAc locally disinhibits dopamine 

release in this region (Cheer et al., 2004; Chen et al., 1993; Sperlágh et al., 2009) as 

does estradiol in the female NAc and caudate resulting in increased locomotor 

responses to psychostimulants (Becker and Rudick, 1999; Schultz et al., 2009; 

Thompson and Moss, 1994). Sustained enhancement of dopamine neurotransmission 

in the NAc and changes in MSN excitability are recognized as a key factors to the onset 

of drug addiction through structural remodeling of reward circuits leading to enhanced 

behavioral responses to psychostimulants (Golden and Russo, 2012; Kalivas and Duffy, 

1990; Kourrich and Thomas, 2009).  

In contrast to the long-lasting effects on NAc structure and function imposed by 

repeated exposure to drugs of abuse, the effects of estradiol are both more transient 
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and cyclical. This is true not only for the effects of estradiol on neurotransmission and 

excitability, but for structural plasticity as well. We observe decreased dendritic spine 

density in the NAc core 24-48 hours after estradiol (Peterson et al., 2014; Staffend et 

al., 2011). These effects reverse over several days in the absence of further hormone 

treatment (Woolley, 1998). Regardless of duration, group I mGluRs and CB1R are 

necessary for the effects of estradiol on structural plasticity (Christensen et al., 2011; 

Peterson et al., 2014;). In addition, activation of group I mGluRs or CB1Rs alone are 

sufficient to decrease dendritic spine density in the NAc core (Gross et al., 2015; 

Carvalho et al., 2014). Thus group I mGluRs and CB1R are both necessary and 

sufficient to produce dendritic spine plasticity in the NAc core.  

At the same time that the effects of estradiol on dendritic spine plasticity in the 

NAc that have received little attention (Peterson et al., 2014; Staffend et al., 2011), 

numerous studies have investigated the effect of psychostimulants. Although initial 

studies indicated that repeated exposure to psychostimulants increased dendritic spine 

density within the NAc core (e.g., Li et al., 2004; Norrholm et al., 2003), more recent 

studies using advanced staining techniques and 3-D imaging, thought to more 

accurately represent neuroanatomical structure (Golden and Russo, 2012), have 

observed a decrease in spine density within this brain region following repeated cocaine 

administration (Dumitriu et al., 2012; Waselus et al., 2013). Independent of 

methodological issues, dendritic spine plasticity of MSNs in the NAc are associated with 

enhanced behavioral responsiveness to psychostimulants. While changes in dendritic 

spines may be necessary for behavioral sensitization, our findings suggest that alone 
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they are not sufficient as estradiol enhances the effects of psychostimulants, but does 

not typically produce sensitization on its own.  

In summary, it has been previously postulated that the endoCB system is an 

intermediary between estradiol and drug addiction (Maccarrone, 2004). Here, we outline 

a putative mechanism linking estradiol to the endoCB system in remodeling reward 

circuits, imparting a greater vulnerability for drug abuse in females. Whereas endoCB 

signaling via group I mGluR occurs in both males and females, the coupling of ERs to 

group I mGluRs appears relatively exclusive to the female nervous system. This 

provides a sex-specific mechanism that may account for the accelerated onset of 

female drug addiction. Hence, decoupling ERs to mGluR activation of endoCB in the 

reward system may be considered as a potential therapeutic means to mitigate 

hormonal influences on female vulnerability to addiction. 
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Fig 1. Timeline of experimental manipulations. Ovariectomized female rats were 

injected with the cannabinoid type 1 receptor inverse agonist, AM251, or vehicle (veh) 

followed by estradiol (E) or oil, on days 1, 2, 5, and 6 (n = 14-19 per group). Cocaine 

(Coc) was injected on days 3-7 and locomotor activity was assessed on day of the first 

and fifth Coc injections (Test 1 and Test 5 respectively). 24 hrs after the final Coc 

injection a subset of females that were tested for behavior were sacrificed for DiI 

labeling. 

 

Fig 2. The estradiol-mediated increase in cocaine-induced ambulations depends on 

type 1 cannabinoid receptors. In estradiol (E) treated females, ambulations (mean + 

SEM) were higher in response to the fifth cocaine (Coc) vs. first Coc injection (Test 5 vs. 

Test 1). This effect of estradiol was not observed when females were treated with the 

cannabinoid type 1 receptor inverse agonist, AM251, 30 min prior to estradiol. Oil or 

AM251 treatment alone did not affect Coc-induced ambulations. The number inside of 

each bar represents the number of animals per treatment condition. * p < 0.0125 Veh+E 

Test 1 vs Veh+E Test 5 

 

Fig 3. Estradiol-mediated dendritic spine plasticity in the nucleus accumbens core 

depends on type 1 cannabinoid receptors. a Low power DiI-labeled nucleus accumbens 

medium spiny neuron, scale bar 50 µm. b High power dendritic segment from an NAc 

core medium spiny neuron, scale bar 5 µm. c In cocaine-treated females, estradiol 

treatment decreased dendritic spine density of medium spiny neurons in the NAc core, 

and this effect was attenuated by pretreatment with the cannabinoid type 1 receptor 
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inverse agonist, AM251. Dendritic spine density in the NAc core of females treated with 

AM251 alone did not differ from estradiol or oil treatment alone. d Cumulative probability 

distribution plot of dendritic spine density within treatment groups for nucleus 

accumbens core highlights the effect of estradiol on dendritic spines. The number inside 

of each bar represents the number of animals per treatment condition. * p < 0.05 

Veh+Oil vs Veh+E and Veh+E vs AM251+E 
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Highlights: 

• Estradiol facilitated sensitization depends on cannabinoid type 1 receptors. 

• Estradiol reduces dendritic spine density via cannabinoid type 1 receptors. 

• Endocannabinoids mediate estradiol potentiation of drug addiction. 

 

 


