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INTRODUCTION
A consistent finding in drug abuse research is that males and females show differences in
their response to drugs of abuse. For example, women show an earlier onset of cocaine use
and a faster development of dependence than men (Griffin et al., 1989). Women cocaine
addicts show more impairment in decision making, are more sensitive to cocaine’s
subjective effects, report higher craving when presented with drug associated cues and show
greater cocaine-induced activation of the orbitofrontal cortex than male counterparts
(Robbins et al., 1999; Elman et al., 2001; Kosten et al., 1996; van der Plas et al., 2008;
Adinoff et al., 2006). Interestingly, following treatment for cocaine dependence, more
women remain abstinent than men (Weiss et al., 1997). Many of these differences appear to
be independent of gender differences in the pharmacokinetics of the drug (Mendelson et al.,
1999). Factors such as route of administration (Collins et al., 2007) and a differential
sensitivity of the hypothalamic-pituitary-adrenal axis to stress (Fox et al., 2006; Li et al.,
2005), affect how men and women respond to cocaine. Hormonal fluctuations also play an
important role in women’s response to drugs (Lukas et al., 1996; Evans et al., 2002; Evans
and Foltin, 2006), suggesting that sex steroids modulate the subjective actions of cocaine (Di
Paolo, 1994; Elman et al., 2001). Here we review recent studies in rodent models of
addiction that seek to understand the biological basis and hormonal modulation of addiction
to cocaine. All studies from our laboratory described in this review have been approved by
the Institutional Animal Care and Use Committee from the University of Puerto Rico,
Medical Sciences Campus and adhere to NIH and USDA guidelines.

COCAINE AND BRAIN NEUROCHEMISTRY
Cocaine is classified as a psychostimulant drug, its pharmacological effects are largely
exerted by binding to monoamine transporters and blocking the re-uptake of dopamine
(DA), norepinephrine and serotonin. Therefore, the primary sites of action of cocaine are
found in ascending monoamine projections from the midbrain and brainstem and their target
regions across the frontal cortex and limbic forebrain where many of their binding sites are
located. Cocaine evoked increases in the extracellular concentration of these amines are

© 2009 Elsevier Inc. All rights reserved.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure: Data included in Fig. 5 and in Fig. 8 were adapted from previous publications: Febo et al., 2005; Puig-Ramos et al., 2008
respectively.

NIH Public Access
Author Manuscript
Horm Behav. Author manuscript; available in PMC 2013 April 10.

Published in final edited form as:
Horm Behav. 2010 June ; 58(1): 33–43. doi:10.1016/j.yhbeh.2009.12.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responsible for its stimulant and rewarding effects. Current hypotheses of addiction propose
that long-term drug use reorganizes circuits that mediate many motivated behaviors. The
drug-induced neuroadaptations impair cortical inhibitory regulation and lead to a
dysfunctional circuitry, hypersensitive to the direct effects of the drug and its associated
stimuli (Dalley et al., 2007). Accordingly, most studies on the neurobiology of addiction
have focused on drug-induced adaptations within this neural circuitry. Differences in the
subjective effects of drugs of abuse, as well in the response to treatment, hint at gender
differences in neurochemical substrates of addiction.

SEX DIFFERENCES IN RESPONSE TO COCAINE EXPOSURE
Studies in rodents find sex differences as well. Female rats self administer cocaine at a
higher rate (Hu et al., 2004; Lynch and Carroll 1999; Carroll et al., 2002; Campbell et al.,
2002; Roth and Carroll, 2004), show more rotational behavior (Hu and Becker, 2003; Glick
and Hinds, 1984; Glick et al., 1983) and greater cocaine-induced locomotor activity (LMA)
(Carroll et al., 2007; Walker et al., 2001; Cailhol and Mormede, 1999; Harrod et al., 2005)
than male rats. We have observed that the higher cocaine-induced LMA is not confined to
horizontal activity (Fig. 1), it is also observed in rearing and stereotyped activity (data not
shown). Moreover, it is observed regardless of cocaine dosage (Walker et al., 2001; Cailhol
and Mormede, 1999; Chin et al., 2002) or route of administration (Harrod et al., 2005; Van
Haaren and Meyer, 1991). Our saline controls attest that the sex difference is not a result of
differences in basal LMA, although there are several reports in the literature that report sex
differences in basal locomotor activity (van Haaren and Meyer, 1991). It is also not a
consequence of differences in cocaine pharmacokinetics since studies in rats show no sex
differences in plasma and brain concentrations of cocaine after systemic administration
(Bowman et al., 1999).

To determine if this sex difference persists after repeated exposure, we administered cocaine
for 5 consecutive days and again at day 13, after 7 drug-free days. Females continued to
show a higher response to cocaine than male rats at day 5 (data not shown) and also at day
13 (Fig.1B), confirming previous studies that reported sex differences in cocaine-induced
locomotion (Cailhol and Mormede, 1999) and rotational behavior (Hu and Becker, 2003)
after repeated cocaine administration.

Can these sex differences in response to cocaine be attributed to differences in sex steroid
milieu between adult males and females, or are they present before puberty? To answer this
question, cocaine-induced LMA was measured in prepubertal rats. All rats were tested as
juveniles, a developmental period that extends from postnatal day 21 to postnatal day 35
(Laviola et al., 2003). The protocol followed for behavioral sensitization was the same as
that described in Fig. 1. Prepubertal animals did not show sex differences in cocaine-induced
LMA after one (Fig. 2A) or repeated (Fig. 2B) cocaine injections. Other studies report
similar findings after one (Kuhn et al., 2001) or several (Ujike et al., 1995) cocaine
injections. This lack of sex difference in the locomotor response to cocaine is also observed
in neonatal rats treated repeatedly with different dosages of cocaine (Bowman and Kuhn,
1996).

Interestingly, we observed that prepubertal female rats showed lower cocaine-induced LMA
than adult female rats, however, no difference was observed between prepubertal and adult
male rats. These results contrast with those obtained by Kuhn et al., (2001) that report no
differences in cocaine-induced LMA between pre and postpubertal females and lower LMA
in adult compared to prepubertal males. There are several methodological differences
between these studies, such as age at testing (21 vs 25 days), and dose of cocaine (15 vs 10
mg/kg). Also, our prepubertal rats are born in our animal facilities, avoiding the stress of
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shipment that may alter the response to psychostimulants (Haney et al., 1995). In studies of
binge cocaine, sex differences between adult and preadolescent rats appear to depend on the
dose of cocaine and the behavior measured (Parylak et al., 2008). These findings suggest
that differences in the gonadal hormonal milieu of adult animals mediate, at least partially,
the sex difference in response to cocaine.

To investigate if these sex differences in response to cocaine go beyond differences in
locomotor response, we conducted functional magnetic resonance imaging (fMRI) studies in
adult, gonadally intact male and female rats. The non invasive technique of blood oxygen
level dependent (BOLD) fMRI measures brain activity indirectly as changes in microscopic
magnetic fields associated with tissue oxygenation state (Ogawa et al., 1990). The use of this
technique has provided critical insight into areas of the rodent and human brain that are
cocaine sensitive (Goldstein and Volkow, 2002; Febo et al., 2005; Breiter et al., 1997)).

Our studies show that an intracerebroventricular (icv) dose of cocaine (20 ug/10 ul)
increased BOLD signal in several mesocorticolimbic areas of male (Febo et al., 2005) and
female rats. Vehicle injections into the lateral cerebral ventricles did not increase BOLD
signal and was significantly different from the pattern of brain activation produced by
cocaine. Brain activation pattern, number of positive BOLD voxels and percent changes
were remarkably similar between the sexes (Fig. 3). These findings are unexpected in view
of the sex difference we and others observe in cocaine-induced LMA. Since these studies
did not take into consideration the stage of the estrous cycle of the female at the time of the
experiments, it is conceivable that this may have skewed our data. Indeed, subsequent
studies show that estradiol influences changes in cocaine-stimulated BOLD signal (Febo et
al., 2005). Nonetheless, the findings attest to the reliability of the technique of fMRI in fully
awake rats. A more natural approach to study the influence of sex steroids on cocaine
stimulated brain activity would be to measure the BOLD response to cocaine in females that
are in distinct reproductive behavioral states (i.e. sexually receptive vs non receptive
females).

ESTRADIOL: A PLEIOTROPIC HORMONE
Of the sex steroids that participate in modulating the response to drugs of abuse, our
laboratory has focused mainly on the role of estradiol. Estradiol is the female sex hormone
responsible for the development and maintenance of secondary sexual characteristics, such
as breast development and fat deposition. It is also neuroprotective in neurological disorders
like Parkinson’s disease (Segarra and Lee, 2004). Estradiol regulates many motivated
behaviors, increasing female sexual behavior and decreasing food intake. It is therefore not
far-fetched to envision that estradiol regulates other motivated behaviors as well, most
probably by interactions with the neural circuitry that regulates pleasure and reward.

The effect of estradiol is exerted mainly by binding to estrogen receptors (ER) that are
widely distributed in the brain, particularly in limbic structures and in areas associated with
learning and memory (Pfaff and Keiner, 1973; Shughrue et al., 1997). Two intracellular ER,
ERα and ERβ, have been cloned in mammals (Walter et al., 1985; Mosselman et al., 1996).
These are similar in their ability to regulate gene transcription by binding to estrogen
response elements (Segarra and Lee, 2004). However, rapid effects of estradiol suggest that
other non-genomic mechanisms may be present. Interestingly, ER distribution and density in
brain tissue vary little with sex (Kuiper et al., 1996).

ESTRADIOL AND BEHAVIORAL EFFECTS OF COCAINE
In the USA, oral contraceptives are the main form of contraception used by teens and
women in their early 20's (Mosher et al., 2004). These women are also at the age group of
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highest risk to use drugs of abuse. Women taking oral contraceptives (or using contraceptive
sex steroid patches), have higher than normal plasma levels of estrogens and progestins to
inhibit production of gonadotropins and gonadotropin releasing hormone, and avoid
conception. Cyclicity of sex steroids, as well as endogenous production of sex steroids, is
curtailed by these forms of contraceptives.

Data from several laboratories, including our own, indicate that estradiol modulates the
response to a single and to repeated cocaine administration. In our laboratory, we use a 5
mm Silastic tube filled with 4 mg of crystalline estradiol benzoate. This implant produces
plasma estradiol levels of approximately 100–140 pg/ml (Febo et al., 2002) for at least 4
weeks (unpublished data). Plasma estradiol levels in this range have been reported in intact
cycling females (Nequin et al., 1979). We have selected this method of administration to
avoid the stress of daily injections that may induce cross sensitization and produce
confounding results.

Estradiol and acute cocaine administration
Experiments from our laboratory show that a single cocaine injection increases LMA. We
find that this increase is more robust in ovariectomized (OVX) than in ovariectomized rats
that received estradiol benzoate (OVX-EB) (Fig. 4). Increases in psychostimulant-induced
motor activity are attributed to blockade of catecholamine reuptake, resulting in increased
synaptic levels of DA (Zetina et al., 1999), particularly in the mesocorticolimbic system
(DeWitt and Wise, 1977) or DA reward system.

There is no general consensus on the effect that ovarian steroids, specifically estradiol, exert
on cocaine-induced LMA in the female rat. A study by Sell et al. (2000) report that estrogen
increases the response to an acute injection of cocaine, others find no effect (Quiñones-
Jenab et al., 2000). In our laboratory, some experiments have found no significant
differences in LMA between OVX and OVX-EB rats, but in most experiments we find that
estradiol curtails cocaine-induced LMA. In fact, the data presented in Fig. 4 were prepared
by pooling data from several experiments.

Changes in vendor (Perrotti et al., 2001) and rat strain (Sircar and Kim, 1999) may
contribute to these differences. However, the method of estradiol administration and the
plasma estradiol concentration attained (Silastic implant vs injections; estradiol benzoate vs
Beta-estradiol), seem to be the most important factors contributing to these discrepancies. It
is noteworthy that previous studies have shown that basal LMA can increase or decrease
depending on the total amount of estradiol administered (Cushing et al., 1995). Further
studies investigating how differences in plasma estradiol affect cocaine-induced LMA are
required to clarify these issues.

Consistent with our findings that estradiol curtails cocaine-induced LMA, we find that drug
naïve OVX-EB rats show lower cocaine-induced BOLD signal than OVX rats (Fig. 5). This
effect of estradiol may arise from actions on cerebral blood flow (CBF), as well as by direct
effects on neuronal activity and metabolism. In rats, brain glucose metabolic rates vary with
the stage of the estrous cycle, being highest during proestrous, when estradiol levels are also
high (Nehlig et al., 1985). Similarly, estradiol treatment is reported to increase CBF in post-
menopausal women (Smith and Zubieta, 2001). High glucose metabolic rates and CBF are
associated with increased basal neuronal activity and a reduction in the magnitude of the
BOLD response to sensory stimuli (Hyder et al., 2002). Since the magnitude of BOLD
signal is dependent on basal CBF (Cohen et al., 2002), it is conceivable to envision that an
increase in basal neuronal activity or CBF will ultimately result in lower signal changes in
response to cocaine.
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Estradiol and repeated cocaine administration
Behavioral sensitization—One of the most studied behavioral effects of
psychostimulants is the increase in LMA known as sensitization. Sensitization can be
defined as the progressive increase in the size of a response over the repeated presentation of
a stimulus, such as the successive augmentation of behavioral hyperactivity elicited by
repeated administration of psychostimulants like cocaine (Kalivas and Stewart, 1991). Even
drugs that are not classical psychomotor stimulants, like opioids and nicotine, can induce
sensitization (Bartoletti et al., 1983; Robinson and Becker, 1986). An addictive drug, as well
as stress, may produce cross sensitization to other drugs, facilitating the acquisition of a drug
self-administration habit (Antelman et al., 1980; Piazza et al., 1989)

We find that in female rats, cocaine-induced behavioral sensitization is enhanced by
estradiol (Fig. 6A,B and C) (Febo et al., 2003; Puig-Ramos et al., 2008). Most studies
concur that estradiol potentiates cocaine-induced behavioral sensitization, despite wide
differences in: 1) the route, dosage and duration of estradiol administration; 2) the
sensitization protocol 3) the strain of rats and 4) methodology used to measure LMA. The
degree of sensitization and whether OVX rats exhibit sensitization varies across studies. In
some studies, OVX rats do not show increased LMA with repeated cocaine exposure (Sircar
and Kim, 1999; Puig-Ramos et al., 2008), whereas in others they do (Hu and Becker, 2003;
Sell et al., 2002), albeit to a lesser degree than OVX-EB rats.

Several investigators have proposed that estradiol regulates cocaine-induced LMA activity
by acting on the mesocorticolimbic dopaminergic system. Notwithstanding, it has been
difficult to identify the neuronal population affected by estradiol and the mechanisms that
mediate long-term neural adaptations leading to cocaine sensitization in females (Thompson
and Moss, 1994). Mesolimbic DA appears to be a key factor (Heidbreder et al., 1996).
Estradiol is known to decrease DA reuptake (Thompson et al., 2001), increase DA
concentration in the striatum (Becker, 1999), and decrease D2 dopaminergic receptors in the
striatum (Gordon and Fields, 1989; Joyce et al., 1982). The D2 receptors are particularly
relevant since increased D2 receptors are associated with increased craving (De Vries et al.,
2002) and may be an important substrate underlying the impulsivity that characterizes
addictive behavior (Dalley et al., 2007). . Indeed, studies from our laboratory indicate that
cocaine has contrasting effects on D2/D3 stimulated [35S]GTP γS binding in OVX and
OVX-EB, suggesting that in the female rat, neuroadaptations to repeated cocaine involve
changes in D2/D3 receptor activation (Febo et al., 2003).

Functional magnetic resonance imaging—To investigate changes in neural activity
with repeated cocaine administration, we studied BOLD changes by fMRI. A group of OVX
and OVX-EB rats received 5 daily injections of cocaine (15 mg/kg, ip), followed by a 7 day
drug free period and re-exposure to cocaine (20 µg/10 µl, icv) on day 13. Our results indicate
that cocaine-sensitized OVX-EB rats show higher neuronal activity when re-exposed to
cocaine (Day 13 vs Day 1), particularly in frontal cortical areas such as the prefrontal cortex
(Fig. 5). In contrast, OVX rats show a similar BOLD response to acute or repeated cocaine
exposure (Fig. 5). An exception was the hippocampus of OVX rats, that showed decreased
neural activity compared to the response recorded on day 1.

These results contrast with those obtained in males. Male rats treated with a sensitizing
regime of cocaine showed less positive BOLD activation as compared to drug naïve rats
receiving cocaine. This was observed for the volume of activation and percent change in
BOLD. Interestingly, these findings suggest a tolerance-like effect in male rats that would
otherwise show a sensitized behavioral response. Studies with cocaine addicts using positron
emission tomography (PET) [18F]-fluorodeoxyglucose show that after one week of
abstinence, metabolic activity is elevated in the frontal cortex, but decreases after longer
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periods of abstinence (Volkow et al., 1991). It is possible that the sex difference observed
may reflect temporal sex differences.

Another potential explanation for these findings is that the basal state for either CBF or
baseline neuronal firing has been modified (Hyder et al., 2002). PET images from detoxified
male cocaine addicts show decreased CBF in basal ganglia when presented with a cocaine
video compared to their response to a non-drug video (Childress et al., 1999). Interestingly,
females addicted to cocaine, show enhanced CBF in several brain areas when exposed to
cocaine, compared to men (Kaufman et al., 2001). Gender differences in regional CBF have
also been observed in the medial and lateral orbitofrontal cortex of cocaine addicts (Adinoff
et al., 2006). These results provide further evidence of gender differences in the neural
response to drugs of abuse.

Conditioned Place Preference—Another behavioral test used in our laboratory is that
of conditioned place preference (CPP). CPP is commonly used to determine if a particular
drug has rewarding properties. This test pairs a rewarding or unconditioned stimulus (US)
with a neutral or conditioned stimulus (CS). The CS then becomes capable of eliciting a
conditioned response. Drugs that are perceived as rewarding increase the time spent in the
environment previously associated with their administration whereas drugs that are aversive,
decrease time spent in the drug-associated environment.

Estradiol enhances amphetamine and methamphetamine CPP in rats and mice respectively
(Silverman and Koenig, 2007; Chen et al., 2003); but the effect on cocaine CPP is not clear.
One study, using Silastic implants of 1mm filled with a 10% solution of estrogen in
cholesterol, found that neither estrogen nor progesterone alone affected CPP in OVX rats,
but when administered together, they enhanced CPP (Russo et al., 2003). However, since
plasma estradiol was not measured, and the estrogenic compound not specified, it is possible
that the amount of ER ligand present in plasma was negligible and may account for the lack
of effect. To clarify this issue, we used the CPP paradigm and tested OVX and OVX-EB for
CPP to cocaine. We found that cocaine induce CPP in OVX rats and that estradiol enhanced
this conditioning (Fig. 7).

MECHANISMS OF ESTRADIOL MODULATION: OPIOIDS AS CANDIDATES
One way that estradiol can alter the effects of cocaine is by modulating the distribution and/
or expression of endogenous opioid receptors and/or ligands. Many studies show that
opioids modulate the psychostimulant and rewarding effects of cocaine. Endogenous opioid
peptides are grouped into three major classes: the endorphins, enkephalins and dynorphins.
These bind to their cognate opioid receptors mu (MOPr), delta (DOPr), and kappa (KOPr),
respectively. Enkephalins have the highest affinity for DOPr, less for MOPr and very low
for KOPr; dynorphins bind preferentially to KOPr receptors, but also bind MOPr and DOPr,
and β-endorphins bind to MOPr and DOPr but have little activity at the KOPr. These
receptors and peptides are widely distributed in the brain and spinal cord. Agonists for the
MOPr and DOPr receptor are generally rewarding as defined by place preference and
intracranial drug self-administration, whereas KOPr agonists produce aversive effects (for
review see Shippenberg et al., 2007). A fourth receptor, nociceptin/orphanin FQ peptide
receptor, also known as opioid receptor-like 1, and its endogenous ligand, orphanin FQ or
nociceptin, have recently been described (Mollereau et al., 1994; Chen et al., 1994;
Reinscheid et al., 1995). Nociceptin is structurally similar to dynorphin A (Reinscheid et al.,
1998) and, similar to KOPr agonists, it reduces the rewarding properties of cocaine and
other drugs of abuse (Lutfy et al., 2002; Márquez et al, 2008).
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Repeated cocaine exposure also varies opioid peptide and receptor levels in brain areas that
mediate the reinforcing and psychostimulant effects of drugs (Unterwald et al., 1994;
Spangler et al., 1996). The motivational effects of opiates appear to be propitiated by
dopaminergic dependent and independent mechanisms (Churchill et.al., 1995). Brain regions
where DA plays a central role in rewarding aspects of drugs of abuse, have an abundance of
opioid peptides and receptors (Svingos et al., 1998). In addition, several studies show that
MOPr and DOPr agonists increase, whereas KOPr agonists decrease, extracellular DA levels
in the NAc (Di Chiara and Imperato, 1988; Spanagel et al., 1990, 1992), effects that are
blocked by opioid antagonists (Di Chiara and Imperato, 1988; Spanagel et al., 1990). In fact,
it is proposed that the differential effect of MOPr and KOPr on motivational behaviors is
mediated via their opposing effects on mesolimbic DA release, since tonic activation of
opioid receptors is required for maintenance of basal dopaminergic release in the NAc
(Spanagel et al., 1992).

Estradiol and kappa opioid peptide receptors
Kappa opioid ligands have been evaluated as targets for addiction pharmacotherapy
(Shippenberg et al., 2007). In male rats, activation of KOPr blocks cocaine self-
administration and behavioral sensitization to cocaine (Schenk and Partridge, 2001; Glick et
al., 1995; Heidbreder et al., 1993, 1995; for reviews see Shipppenberg and Rea, 1997;
Shippenberg et al., 2007). However, their role in regulating the response to psychostimulants
in females has not received much attention, although sex differences in KOP antinociception
have been reported. These studies show that KOPs are generally more potent and effective
as antinociceptive agents in males than in females (Barret et al., 2002; Craft, 2003).

One of the few studies examining sex differences of KOPr agonists on the response to
cocaine finds that spiralodine (U-62066) potentiates cocaine-induced LMA in adult male,
but not female, mice (Sershen et al., 1998). These results contrast with those obtained in
rats. Studies in male rats show that KOPr agonists have no effect on cocaine-induced LMA
(Heidbreder et al., 1995). In addition, our studies in female rats find that injection of the
KOPr agonist U-69593 (0.32mg/kg, sc) prior to cocaine injection, diminishes cocaine-
induced LMA, independent of estradiol treatment (Puig-Ramos et al., 2008). It is possible
that these conflicting results may arise from differences in species, dosage or pharmacology
of the KOPr agonist used. They also may result from differences in sex steroid levels of
females.

Activation of KOPr by U-69593 prior to cocaine injection effectively prevented the
development of cocaine-induced behavioral sensitization in OVX-EB rats (Fig. 8). This
decrease in cocaine-induced hyperlocomotion persisted after one week of cocaine
withdrawal (Puig-Ramos et al., 2008). These results are similar to those obtained in males,
where U-69593 is effective in attenuating sensitization to cocaine (Heidbreder et al., 1995,
Shippenberg et al., 2007). It is possible that in males, estradiol also plays a role in regulating
the KOPr system since the ventral striatum is an area rich in aromatase, the enzyme that
converts testosterone to estradiol (Jakab et al., 1993).

Overall, these results show that blocking KOPr during the period of repeated cocaine
administration (Days 1–5) prevented the development of sensitization in OVX-EB rats. In
OVX rats, U-69593 is effective in reducing cocaine-induced LMA after their first exposure
to cocaine. One possibility is that sex steroids, particularly estradiol, may be modulating
KOP or receptor systems. For example, ERs have been co-localized in dynorphin
hypothalamic immunopositive neurons (Simerly et al., 1996) and recent data show that
estradiol modulates hippocampal dynorphin immunoreactivity (Torres-Reveron et al., 2009).
It is possible that our results may be attributed to differences in KOP levels which in turn are
affected by estradiol levels in particular brain areas (Fullerton et al., 1988; Spampinato et al.,
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1995). In summary, pretreatment with U-69593 diminishes the locomotor response to
cocaine on day 1 and day 13, regardless of plasma estradiol. In contrast, U-69593 was
effective in attenuating the increase in cocaine-induced LMA in OVX-EB rats at all days
tested (days 1, 5 and 13), indicating that the KOPr system participates in estradiol
modulation of cocaine-induced behavioral sensitization in the female rat.

Estradiol and mu opioid peptide receptors
The MOPr system has received particular attention in studies of cocaine addiction since it
enhances the euphoric and reinforcing properties of cocaine, a fact that is known by many
polydrug users that combine heroin with cocaine (speedball). Animal studies in males show
that administration of MOPr agonists, enhance cocaine’s psychostimulant and rewarding
effects (Leri et al., 2003; Amalric et al., 1987) whereas MOPr antagonists decrease them
(Schroeder et al., 2007). Studies in female rats show similar results. Ablation of the
hypothalamic arcuate nucleus, the main source of β-endorphin, suppressed cocaine self-
administration in female rats (Roth-Deri et al., 2006).

It is well documented that expression of MOP and MOPr vary across the estrous cycle of the
rat (Hammer et al., 1994). At the peptide level, estradiol increases pre-proenkephalin
expression in the hypothalamus (Segarra et al., 1998; Romano et al., 1990), and striatum
(LeSaux and DiPaolo, 2005). At the receptor level, estradiol reduces MOPr density in
several hypothalamic and cortical brain areas (Hammer, 1990; Joshi et al., 1993; Piva et al.,
1995; Eckersell et al., 1998). Data from Micevych and colleagues show internalization of
the MOPr following estradiol administration, an effect blocked by naltrexone (Eckersell et
al., 1998). Whether this mechanism is present in the NAc remains to be investigated.

Studies in our laboratory show that OVX-EB drug naïve rats contain a lower density of
MOPr receptors in the NAc and caudate/putamen than OVX rats (Fig. 9). Since MOPr
enhance the LMA response to cocaine, decreased MOPr would result in a lower response to
cocaine. These data may partly explain the higher LMA of OVX drug-naive rats when they
receive their first cocaine injection, compared to the response of OVX-EB rats. Future
experiments are being designed to investigate this possibility.

DISCUSSION
Human and animal studies clearly show that the response to drugs of abuse varies with the
sex of the organism. Sex steroids are key players in this differential response to drugs of
abuse. Our laboratory has focused mainly on the role of estradiol in modulating the response
to cocaine, one of the most widely abused psychostimulants in the USA. We have seen that
estradiol curtails the locomotor response to a single cocaine injection, whereas it exacerbates
the locomotor response to repeated cocaine administration. Cocaine-induced sensitization of
brain activity, as measured by fMRI, is also dependent on plasma estradiol. The BOLD
results obtained with fMRI mirror what we observed with LMA: OVX and OVX-EB show
increased BOLD signal in response to cocaine, this increase being higher in OVX than in
OVX-EB rats. However, OVX-EB rats previously exposed to cocaine display higher
cocaine-induced BOLD signal than drug naive OVX-EB rats and than OVX counterparts.
We also observed that OVX and OVX-EB rats show conditioned place preference to
cocaine. Once again, OVX-EB rats show stronger conditioning than OVX rats.

Repeated cocaine administration induces long term adaptations in the mesocorticolimbic
neural circuit such as changes in expression of the early gene c-fos (Graybiel et al., 1990;
Hiroi et al., 1997; Todtenkopf et al., 2002), in dendritic spine density (Robinson and Kolb,
1999) and in synaptic transmission (Thomas et al., 2001; Beurrier and Malenka, 2002).
Interestingly, increased c-fos expression (Priest and Roberts, 2000), dendritic spine density
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(Segarra and McEwen, 1991) and synaptic transmission (Woolley and McEwen, 1992) are
also observed following estradiol administration. Therefore, we propose that in females,
estradiol triggers neuroadaptative changes that sensitize the brain to cocaine’s
psychostimulant effects and enhances the rewarding properties of cocaine.

There is a plethora of studies that highlight the importance of the dopaminergic system in
mediating cocaine’s addictive properties (Di Chiara and Imperato, 1988; Bergman et al.,
1989; Chen et al., 2006). Once thought to function in the hedonic aspects of addiction,
studies in which DA signaling is blocked have shown that animals continue to show hedonic
preferences (Berridge and Robinson, 1998; Hyman et al., 2006). Recent theories of
addiction propose that cocaine-induced increases in DA are necessary to alert the organism
to novel salient stimuli, and subsequently, to a familiar motivational and relevant event.
After the behavioral responses are learned, DA release is no longer required (Kalivas and
Volkow, 2005). These data suggest that the primary role of midbrain DA release is to
facilitate the response to salient stimuli more than to mediate reward.

The MOPr system enhances the euphoric and reinforcing properties of cocaine. Repeated
administration of MOPr agonists, such as heroin and morphine, increase locomotor activity
(Shippenberg et al., 1993) and extracellular DA release (Di Chiara and Imperato, 1988;
Kalivas and Stewart, 1991), whereas administration of a MOPr antagonist (Spanagel et al.,
1990; Schroeder et al., 2007) or of a MOPr antisense oligodeoxynucleotide (Hummel et al.,
2006) attenuates cocaine-induced behavioral sensitization and conditioned reward in
rodents. Recent data from the Kalivas laboratory propose a role for MOPr in reinstatement
of cocaine seeking (Tang et al., 2005).

Our studies show that the effectiveness of the KOPr agonist U-69593 to block the locomotor
activating effects of cocaine varies with estradiol. Although U-69593 decreases the
locomotor response to a single cocaine injection, its effectiveness to curtail the locomotor
response after repeated cocaine injections is dependent on the presence of estradiol in female
rats. Furthermore, estradiol also decreases MOPr density in the nucleus accumbens of
female rats. These data hint that in females estradiol modulates the behavioral effects of
cocaine by regulating mu and kappa opioid signaling which in turn may affect dopaminergic
tone. Further studies are warranted to explore this possibility.

CLINICAL IMPLICATIONS
The number of women using drugs of abuse has increased over the last decade. Whereas in
the 1997 women comprised 4.5% of the population 12 years or older that had used an illicit
drug during the past month, nowadays this figure has increased to 5.8% (SAMHSA’s 1997
and 2007 National Survey on Drug Use and Health). There are several studies that report
gender differences in the response to drugs of abuse. Differences in the subjective properties
of drugs, cerebral blood flow, neural brain activity, and treatment outcome among others,
emphasize the need for more studies in this area of research.

Clinicians treating drug addicts, particularly women, should take notice of these studies. It is
possible that in women, the effectiveness of a particular pharmacotherapy may be enhanced
by starting treatment at a particular stage of the menstrual cycle. If you consider that the
genes that code for enkephalin and endorphins contain estrogen response elements, it is not
surprising to postulate that the concentration of these peptides vary throughout the menstrual
cycle. Opioid ligands are currently used as treatment for alcohol (O’Malley et al., 2003) and
opioid (Shippenberg et al., 2007) dependence. Health care practitioners that treat female
heroin addicts with MOPr ligands, such as methadone, may consider starting treatment at
different stages of the menstrual cycle to evaluate if the effectiveness of treatment is
correlated with a particular stage of the menstrual cycle. In addition, pharmacological

Segarra et al. Page 9

Horm Behav. Author manuscript; available in PMC 2013 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



treatment for addiction should be carefully monitored and evaluated for possible drug
interactions with contraceptives that alter the concentration of sex steroids since it may
affect treatment prognosis in female patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sex differences in the locomotor response to cocaine of adult rats
Female rats show higher cocaine-induced horizontal activity than male rats at day 1 (A) and
at day 13 (B) (* p<0.05). Data presented as the means ± S.E.M.; n=30–69 per group.
Methods: Rats were habituated to the LMA chamber (AccuScan™ Instruments, Columbus,
OH) for 60 min one day prior to experiments. During each testing session, LMA is recorded
for 90 min: 30 min prior to injection and 60 min after saline or cocaine (15 mg/kg) injection.
For our repeated cocaine experiments, rats are injected for 5 consecutive days, and on day
13, with saline or cocaine (15 mg/kg, ip). Locomotor activity was recorded on days 1, 5 and
13. Data were analyzed using a Repeated Measures Anova with sex as the categorical factor.
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Figure 2. Locomotor response to cocaine of male and female prepubertal rats
No sex differences were observed in cocaine-induced horizontal activity among prepubertal
rats at day 1 (A) or at day 13 (B) (p>0.05). Data expressed as means ± S.E.M.; n=30–69 per
group. Methods: Pregnant rats were housed in pairs. After birth, each litter was culled to 10
pups, 5 males and 5 females. Each dam was housed individually with its litter and left
undisturbed. At weaning (day 21), pups were housed in groups of 5 of the same sex.
Behavioral testing began on day 22 and ended on day 35. Females were examined daily for
puberty acquisition by checking for vaginal opening. The protocol followed for sensitization
was the same as described in Fig.1. Data were analyzed using a Repeated Measures Anova
with sex as the categorical factor.
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Figure 3. Blood oxygen level dependent signal in response to acute cocaine in male and female
rats
No sex differences were observed in cocaine-induced blood oxygen level dependent signal
(BOLD) activation in the dorsal striatum (dSTR), nucleus accumbens (NAcc), and medial
prefrontal cortex (mPFC) of gonadally intact male and female rats (p>0.05). Data expressed
as the mean number of positive BOLD voxels ± S.E.M. Methods: Rats were acclimated to
the functional magnetic resonance imager (fMRI) for 3 days. On day 4, animals were placed
in the fMRI and anatomical images were obtained. Cocaine was administered into the lateral
cerebral ventricle (20ug/10ul) and functional images collected for 10 min. Data were
analyzed using Students’s T-test with sex as the categorical factor
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Figure 4. Cocaine-induced locomotor activity in ovariectomized rats with and without estradiol
treatment
Estradiol decreased cocaine-induced LMA in OVX rats (p<0.05). (A) Time course of
horizontal activity comparing OVX and OVX-EB rats receiving saline or cocaine (15mg/kg)
injections. (B) Total horizontal activity showing that OVX-EB rats have reduced cocaine-
induced LMA compared to OVX rats. Data expressed as mean ± S.E.M.; n=30–69 per
group. Methods: The protocol to measure LMA is the same as described in Figure 1. (A)
Data were analyzed with a two-way ANOVA using hormone (OVX vs. OVX-EB) and
treatment (saline or cocaine) as independent variables and total horizontal activity as the
dependent variable. (B) Data were analyzed using a Repeated Measures Anova with
hormone and drug as the independent variables, Tukey test was used for posthoc
comparisons (OVX+Coc vs. OVX-EB+Coc, * p>0.05).
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Figure 5. Blood oxygen level dependent (BOLD) signal response to acute and repeated cocaine in
ovariectomized females without and with estradiol
Left: Anatomical and functional overlay images show selected regions of positive BOLD
changes (day 1 vs day 13) following cocaine administration. Scale bar hue to the right
indicates threshold level for BOLD signal changes. Right: Percent BOLD signal change
(mean ± S.E.M.) OVX-EB rats show lower BOLD signal to a single cocaine injection than
OVX rats. However, increases in BOLD signal after repeated cocaine administration were
observed only in OVX-EB rats (p < 0.05). Data were analyzed with a two-way ANOVA
(significance at p < 0.05), with a Bonferroni posthoc test. Symbol * denotes difference
between OVX-EB acute vs repeated treatments and ** difference between OVX and OVX-
EB. Data included in this figure have been adapted from a previous publication (Febo et al.,
2005, J Neurosci 25:1132)
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Fig 6. Locomotor activity in ovariectomized rats with and without estradiol treatment after
repeated cocaine administration
Estradiol (EB) enhanced cocaine-induced behavioral sensitization in ovariectomized (OVX)
rats. Time course of horizontal activity comparing Day 1 and Day 5 of OVX (A) and OVX-
EB (B) rats receiving saline or cocaine (15mg/kg) injections. OVX-EB rats show a higher
percent change in cocaine-induced sensitization (C) (*p<0.05). Data were expressed as
means ± S.E.M. Methods: The protocol to measure LMA is the same as described in Figure
1. Data in A and B were analyzed with a Repeated Measures ANOVA; Data in C were
analyzed with a one-way ANOVA using hormone as the independent variable and per cent
change in locomotor activity as the dependent variable.
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Fig 7. Cocaine-induced conditioned place preference in ovariectomized rats with and without
estradiol
The time spent in the chamber associated with cocaine was increased in all rats treated
previously with cocaine, however, the increase was higher in ovariectomized rats treated
with estradiol. Values expressed as means ± SEM, n=8–16 per group. Methods: During 4
days, rats were injected twice daily, with saline or with saline or cocaine (15 mg/kg; 4 hrs
between injections). They were confined to the chamber they were injected for 30 min. The
day prior to injections (pre-conditioning) and the day after the last injection (post-
conditioning), rats were allowed to roam freely between the 2 chambers. The time spent in
each chamber was recorded. Data were analyzed with a Repeated Measures ANOVA: Pre vs
post-conditioning: * and + indicate significantly different (p<0.05).
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Figure 8. Cocaine-induced horizontal activity in OVX and OVX-EB rats pretreated with the
kappa opioid agonist U-69593
U-69593 decreased cocaine-induced horizontal activity on day 5 in OVX-EB rats. Data are
presented as means ± SEM; n=8–19 per group. Methods: For 5 days, OVX and OVX-EB
rats were injected with U-69593 (0.32mg/kg, sc) or with vehicle (25% propylene glycol)
followed 15 min later by a saline or cocaine (15mg/kg, ip) injection. Locomotor activity was
recorded as described in Fig 1. Approximately 8 OVX and 8 OVX-EB rats were analyzed
per group. Data were analyzed by a Two Way ANOVA *** p<0.05 with hormone and
kappa ligand used as the independent variables. Data included in this figure have been
adapted from a previous publication (Puig-Ramos et al., 2008, Behav Neurosci 122: 151).
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Fig 9. Mu opioid receptor density of ovariectomized rats with and without estradiol treatment
Mu opioid receptor density (MOPr) density was lower in the nucleus accumbens of OVX-
EB compared to OVX rats. (A) Representative autoradiograms showing [3H]DAMGO
MOPr density in OVX and OVX-EB rats. Scale bar shows color for different MOPr
densities (femtomol per gram wet tissue weight). (B) Sampling sites within the subregions
of the nucleus accumbens. DM, dorsomedial; DL, dorsolateral; VM, ventromedial. C)
[3H]DAMGO densities for the three brain subregions in OVX and OVX-EB rats. Data were
presented as the means ± SEM and analyzed with Student’s T-test, (* p<0.05). Values
represented in panel C were obtained by averaging 3–4 different anterior-posterior sections
per animal, n=8–19 per group.
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