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Abstract
Human and animal studies indicate that drugs of abuse affect males and females differently, but
the mechanism(s) underlying sex differences are unknown. The nucleus accumbens (NAc) is
central in the neural circuitry of addiction and medium spiny neurons (MSNs) in the NAc show
drug-induced changes in morphology and physiology including increased dendritic spine density.
We previously showed in drug-naïve rats that MSN dendritic spine density is higher in females
than males. In this study, we investigated sex differences in the effects of cocaine on locomotor
activity as well as MSN dendritic spine density and excitatory synaptic physiology in rats treated
for 5 weeks followed by 17-21 days of abstinence. Females showed a greater locomotor response
to cocaine and more robust behavioral sensitization than males. Spine density was also higher in
females and, particularly in the core of the NAc, the magnitude of the cocaine-induced increase in
spine density was greater in females. Interestingly, in cocaine-treated females but not males,
cocaine-induced behavioral activation during treatment was correlated with spine density
measured after treatment. Miniature EPSC (mEPSC) frequency in core MSNs also was higher in
females, and increased with cocaine in both the core and shell of females more than males. We
found no differences in mEPSC amplitude or paired-pulse ratio of evoked EPSCs, suggesting that
sex differences and cocaine effects on mEPSC frequency reflect differences in excitatory synapse
number per neuron rather than presynaptic release probability. These studies are the first to
demonstrate structural and electrophysiological differences between males and females that may
drive sex differences in addictive behavior.

1. INTRODUCTION
Human and animal studies show that drugs of abuse affect males and females differently
(reviewed by Becker and Hu, 2008). For example, studies with rats show that females
acquire self-administration (Lynch and Carroll, 1999) and develop conditioned place
preference (Russo et al., 2003) to cocaine in fewer sessions than males. Females also show a
greater locomotor response and stronger sensitization to repeated cocaine exposure (Sircar
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and Kim, 1999; Festa and Quinones-Jenab, 2004). Circulating estradiol promotes locomotor
activation in response to cocaine in females, though underlying sex differences persist after
gonadectomy (Hu and Becker, 2003).

The nucleus accumbens (NAc) is integral to the development and expression of addiction-
related behaviors (Wheeler and Carelli, 2009). The principal neurons of the NAc are
GABAergic medium spiny neurons (MSNs), which receive excitatory input from the
prefrontal cortex (PFC), hippocampus, amygdala, and thalamic nuclei (Groenewegen et al.,
1999). Repeated exposure to drugs such as cocaine produces changes in MSN dendritic
morphology (reviewed by Robinson and Kolb, 2004), synaptic and intrinsic physiology
(reviewed by Kalivas and Volkow, 2005), and gene expression (reviewed by Dietz et al.,
2009) that may be related to the process of addiction. For example, repeated cocaine
treatment followed by abstinence increases MSN dendritic spine density (Robinson and
Kolb, 1999; Li et al., 2004), surface expression of AMPA receptors (Boudreau and Wolf,
2005; Boudreau et al., 2007), and AMPA/NMDA ratios (Kourrich et al., 2007). Cocaine also
alters intrinsic excitability of MSNs (Zhang et al., 1998; Dong et al., 2006; Kourrich and
Thomas, 2009). Many of these changes persist after drug withdrawal suggesting long-lasting
plasticity of excitatory synaptic connectivity. Such plasticity could be related to long-term
changes in behavior, such as vulnerability to relapse, that are a hallmark of addiction
(Kalivas, 2009).

Previously, we found that MSNs in females have higher dendritic spine density and more
large spines than in males (Forlano and Woolley, 2010), suggesting sexual dimorphism in
the neural circuitry of addiction that could be related to females’ greater responses to drugs
of abuse. Here we used morphological analyses of dendritic spines and whole-cell patch-
clamp electrophysiology in male and female rats to investigate 1: whether cocaine-induced
changes in MSN dendritic spines are paralleled by changes in MSN sensitivity to excitatory
synaptic input, and 2: whether cocaine-induced changes in MSN dendritic spines and
synaptic physiology differ between males and females. Our findings show that
morphological sex differences in the core of the NAc are paralleled by functional sex
differences, and that sex differences persist in cocaine-treated animals with females showing
larger effects of cocaine than males.

2. MATERIALS AND METHODS
2.1 Animal treatment and behavior monitoring

All animal procedures were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the Northwestern
University Institutional Animal Care and Use Committee. Male and female Sprague-Dawley
rats (Harlan, Indianapolis, IN), 47-54 days old at the beginning of treatment, were used for
all experiments. Animals were separated by sex, housed in groups of two to three per cage,
and kept under a 12-hour light:dark cycle. At least one week after arrival, each rat was
assigned to one of four treatment groups: saline males (n = 30), saline females (n = 30),
cocaine males (n = 29), or cocaine females (n = 28). On each testing day, rats were placed
individually in an open field activity chamber (16.5 in. × 16.5 in. × 20 in.) and allowed to
acclimate for 30 min. while their locomotor activity was tracked and recorded with
LimeLight software (Actimetrics, Wilmette, IL). After the acclimation period, each animal
was injected (i.p.) with either saline (0.5 ml) or cocaine HCl dissolved in saline (15 mg/kg)
and post-injection locomotor activity was recorded for an additional 1 hr. This was repeated
5 days a week for 5 weeks, followed by 17-21 days of abstinence. This treatment regimen
and dose of cocaine was based on the original demonstrations that chronic administration of
psychostimulants increases MSN dendritic spine density (Robinson and Kolb, 1997, 1999).
All video files were coded and locomotor activity was assayed by total distance traveled
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during each monitoring period, as measured by the LimeLight program. In the subset of 5
animals in each group used for analysis of dendritic spines (see below), further behavioral
analyses were performed on data from the first 30 min. after injection. The proportion of
time spent in the center (inner ¼) vs. the periphery (outer ¾) of the open field was calculated
by Limelight, and recorded videos were scored for rearing bouts (defined as the front of the
body lifting up with both front paws off of the floor of the chamber). In a subset of females
(12 saline, 12 cocaine), estrous cycles were monitored by vaginal lavage throughout the
treatment and abstinence periods.

2.2 DiI-labeling and morphological analysis of dendritic spines
After 17 days of abstinence, 5 rats per group were deeply anesthetized with sodium
pentobarbital (80 mg/kg, i.p.) and perfused with 200 ml of cold, 2% paraformaldehyde in
0.1M phosphate buffer (PB), pH 7.2. Brains were harvested, coded, and coronal serial
sections (250 μm) through the NAc were cut with a vibrating tissue slicer. Slices were stored
at 4°C in 0.03% sodium azide in 0.1M PB until DiI labeling.

Coating of tungsten particles with DiI was performed as described previously (Forlano and
Woolley, 2010). A Gene Gun powered by helium gas (90-110 psi) was used for ballistic
delivery of coated particles onto tissue sections. Labeled tissue was stored in 0.1M PB at
4°C overnight in the dark to allow DiI diffusion throughout cellular membranes. Within 7
days of labeling, tissue was imaged with a spinning disc laser confocal system
(PerkinElmer) on a Leica microscope equipped with a 100X oil immersion objective. The
number of complete MSNs labeled per animal was not sufficient for a rigorous analysis of
the entire dendritic tree. However, because we showed previously that MSN dendritic length
and branching do not differ between males and females, whereas spine density and
morphology do, we quantified dendritic spine density and morphology in the current study.
Image stacks of 8-10 dendritic segments in both the core and shell of the NAc were
collected using 0.2 μm z steps. We focused on thin dendrites (0.9-1.2 μm diameter),
characteristic of those distal to the soma because this is the region of the MSN dendritic tree
in which spine density is most sensitive to psychostimulants (Robinson and Kolb, 1999; Li
et al., 2003). The location of each imaged segment was mapped onto diagrams of coronal
brain sections from the Paxinos and Watson rat brain atlas (1998; Fig. S1). Confocal image
stacks were examined using Volocity software (Improvision-PerkinElmer). Dendritic spines
were counted by scrolling through the z plane along ≥20 μm length of each segment. For
branched spines, each termination resulting in a spine head was counted as an individual
spine. Spine number was divided by segment length measured in 3 dimensions and spine
density was expressed as spines / 10 μm. The same dendritic segments along which spine
density was measured were also evaluated for spines with large (0.7 - 0.9 μm) or giant (≥
1.0 μm) heads (Forlano and Woolley, 2010) and branched spines. The diameter of a spine
head was measured in the optical section in which it was greatest. From these data, we
calculated the density and percentage of large or giant spines along each segment. We also
calculated the density and percentage of branched spines along each segment, counting by
the number of heads on branched spines (rather than the number of branch points). All
imaging and spine analysis was performed by an experimenter blind to the animal’s sex and
treatment. A post-hoc power analysis indicated that our sample size was adequate to detect a
spine density difference between groups of the magnitude shown by Robinson and Kolb
(1999).

2.3 Electrophysiology
After 17-21 days of abstinence, the remaining rats (25 saline males, 25 saline females, 24
cocaine males, and 23 cocaine females) were prepared for acute brain slice recording. Rats
were deeply anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and perfused with ice-
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cold oxygenated sucrose artificial cerebrospinal fluid (s-ACSF) containing (in mM): 75
NaCl, 75 sucrose, 25 NaHCO3, 15 dextrose, 2 KCl, 1.25 NaH2PO4, 3 MgCl2, 0.5 CaCl2,
2.4 Na pyruvate, 1.3 ascorbic acid; osmolality 300 mmol/kg; pH 7.4. Unless otherwise
indicated, all reagents were obtained from Sigma. Brains were removed and blocked either
parasagittally or in an oblique coronal plane to preserve cortical inputs to the NAc core or
shell respectively (Yang et al., 1996). Slices (300 μm) were collected with a vibratome and
then incubated at 35°C in oxygenated s-ACSF for 30 min, during which s-ACSF was
gradually replaced with regular ACSF containing (in mM): 126 NaCl, 26 NaHCO3, 10
dextrose, 3 KCl, 1.25 NaH2PO4, 1 MgCl2, 2 CaCl2; osmolality 300 mmol/kg; pH 7.6. After
this, slices were kept at room temperature for up to 4 hr after the animal was killed. For
recording, slices were transferred to a Zeiss Axioscope equipped with DIC optics, a video
camera and a 40X water-immersion lens. Slices were superfused with warm (34°C)
oxygenated ACSF containing the GABAA receptor antagonist SR 95531 (2 μM, Tocris).
Whole-cell patch-clamp recordings were made using glass electrodes (4-5 MΩ) filled with a
solution containing (in mM): 115 K gluconate, 20 KCl, 10 phosphocreatine, 10 HEPES, 2
EGTA, 2 MgATP, 0.3 NaGTP, with 0.3% biocytin; osmolality, 300 mmol/kg; pH, 7.3.
Signals were amplified and filtered (2 kHz) with either an Axopatch 200B or Multiclamp
700B amplifier. First, membrane potential was recorded in current-clamp and −600 to +600
pA 100 ms current steps were applied to identify MSNs, recognized by their high resting
membrane potential (−73 to −89 mV), inward rectification, slow ramping subthreshold
depolarization in response to current injections, and prominent spike after-hyperpolarization
(Fig 5C; O’Donnell and Grace, 1993; Belleau and Warren, 2000). Then, spontaneous and
evoked EPSCs were recorded in voltage-clamp. A concentric bipolar electrode was placed
just outside the NAc to elicit paired pulses at 50, 100, and 250 ms ISI with at least 6 sweeps
each. The inter-sweep interval was 10 seconds, which did not produce any short-term
facilitation between sweeps. Tetrodotoxin (TTX, 1 μM, Tocris) was then applied and cells
were monitored until action potentials were completely eliminated, after which mEPSCS
were recorded for at least 5 min. The holding potential in all experiments was −70 mV,
making the recorded EPSCs likely to be the result of current flow through AMPA receptors.
Dopamine levels in slices were not controlled. Electrophysiological data were analyzed
using IgorPro 5.01 software running Neuromatic (www.neuromatic.thinkrandom.com).
Miniature EPSCs were detected automatically by Neuromatic using a threshold detection
algorithm based on Kudoh and Taguchi (2002). The detection threshold was set at 3X
standard deviation of noise, with a 2 ms onset window from baseline and a 5 ms peak
window. After the event detection algorithm was run, all traces were visually examined to
confirm the detection of mEPSCs, including overlapping currents and rejection of current
fluctuations that did not show a characteristic EPSC asymmetry between rise time and decay
time. When overlapping currents were evident, the baseline of the second current was
adjusted to its onset.

After recording, sections were fixed in 4% paraformaldehyde in PB at 4°C for ≥24 hr.
Biocytin was visualized using the ABC technique (Vector Elite kit, Vector Laboratories).
Slices were rinsed in PB, permeabilized with 0.2% Triton-X, and blocked with 1% bovine
serum albumin (BSA). The slices were then incubated overnight in a solution containing the
conjugated avidin-biotin complex, 0.2% Triton-X, and 1% BSA in PB. Following several
rinses, biocytin was visualized with diaminobenzidine enhanced with 0.01% nickel chloride,
oxidized with 0.3% H2O2. Slices were then rinsed, mounted onto gelatin-coated slides, and
coverslipped with Mowiol. The locations of filled cells were mapped onto diagrams of the
NAc from the Paxinos and Watson rat brain atlas (1998; Fig S2).
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2.4 Statistical analysis
Data are expressed as mean ± SEM. Statistical tests were performed in SPSS (IBM
Corporation, Somers, NY) and SigmaPlot (Systat Software Corporation, San Jose, CA). For
behavioral and morphological data, initial analyses were performed with 3-way ANOVAs
with sex, treatment, and time (for behavior) or sex, treatment, and subregion (for
morphology) as factors. When 3-way ANOVAS showed an interaction effect, analyses were
broken down into multiple 2-way ANOVAs. Also, in cases where a significant interaction
was detected, Tukey’s tests were used to perform post-hoc comparisons. For
electrophysiological experiments, data from the core and shell were collected on separate
days from separate animals, so analyses were performed by 2-way ANOVAs for each
subregion. Pearson correlations were calculated for spine density and behavioral data within
animals. In all analyses, significance was set at α = 0.05.

3. RESULTS
3.1 Chronic cocaine-induced locomotor activation is greater in females than males

To investigate sex differences in the behavioral response to chronic cocaine exposure, we
monitored locomotor behavior in male and female rats injected with cocaine (n = 29 males,
n = 28 females) or saline vehicle (n = 30 males, n = 30 females) once daily on a 5-days-on,
2-days-off schedule, for 5 weeks (Robinson and Kolb, 1999). On each injection day, we
measured the locomotor activity (Fig. 1A, B) of each rat during a 30 min. habituation period
and for 1 hr after injection. Detailed analysis of locomotor activity on the first and sixth
injection days for the 5 male and 5 female cocaine-treated animals in which dendritic spine
density/morphology were analyzed showed that rats rapidly acclimated to the open field, and
that cocaine-induced locomotor activity peaked shortly after injection, remained high for
about 30 min., and then gradually subsided (Fig. 1C). Females showed more activity on both
days, and activity was higher on the sixth injection day compared to the first in both males
and females indicating sensitization in both sexes.

An initial 3-way repeated measures ANOVA of daily post-injection locomotor activity for
all animals across all 5 weeks (Fig. 1D) showed effects of treatment (F1,108 = 829.2, p <
0.001), sex (F1,108= 71.15, p < 0.001), and time (F24,108 = 5.17, p < 0.001), as well as
significant interactions among all three factors. Overall, females showed greater activity in
response to cocaine than males throughout the treatment period. On day 1, cocaine-treated
males showed 460% greater activity than control males (5.11 ± 0.67 m/hr compared to 1.12
± 0.90 m/hr), whereas cocaine-treated females showed 634% greater activity than control
females (8.06 ± 0.97 m/hr compared to 1.27 ± 0.96 m/hr). Both males and females sensitized
to repeated cocaine treatments, but females sensitized more rapidly and to a greater extent.
Females reached their peak activity, 1483% over controls, during week 2, whereas males did
not peak until the end of week 3, at 1036% over controls (Fig. 1D). Stronger sensitization in
females was evident in a within-groups analysis that showed a significant effect of injection
day in cocaine-treated females (F1,25 = 92.7, p = 0.011), but not in males (F1,28 = 0.86, p =
0.6). Interestingly, cocaine-treated females’ activity declined slightly from week 3 to week
5. In a subset of females (12 saline, 12 cocaine) whose estrous cycles we monitored
throughout the treatment period, this decline in cocaine-induced activity corresponded with
an increase in cycle disruptions in cocaine-treated females, whereas saline-treated females
showed no change in cyclicity or activity levels (data not shown); this is consistent with
previous studies showing that repeated cocaine administration disrupts the estrous cycle
(King et al., 1993). Despite this decline, however, cocaine-induced locomotor activity
remained higher in females than in males throughout the 5-week treatment period. In 9/12
cocaine-treated females, estrous cylicity resumed during the post-treatment abstinence
period.
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Our behavioral data are consistent with previous studies showing a sex difference in
behavioral responses to cocaine, and show that the difference in locomotor activity persists
throughout a chronic 5-week treatment. After a 17-21 day abstinence period following saline
or cocaine treatment, all animals were subsequently used for either morphological or
electrophysiological studies.

3.2 Dendritic spine density in the NAc is sexually dimorphic and increases with chronic
cocaine

The sex difference in the behavioral effects of cocaine could reflect differences in the neural
circuitry involved in drug addiction. Chronic cocaine exposure has been shown to increase
the density of dendritic spines on MSNs in the NAc (Robinson and Kolb, 1999; a study
using females), and our previous studies in drug-naïve rats showed that MSN dendritic spine
density is greater in females than in males (Forlano and Woolley, 2010). To test whether the
effect of cocaine on spine density is sexually dimorphic, we used diolistics to label NAc-
containing brain slices from a subset of our behaviorally characterized saline- and cocaine-
treated male and female rats (n=5 each group) after 17 days of abstinence from treatment.
We imaged 8-10 distal dendritic segments in the NAc core (Fig. 2A-D) and shell of each
animal using confocal microscopy, and counted spines from 3-dimensional image stacks. An
initial 3-way ANOVA was significant overall (F1,4 = 6.24, p < 0.001) and showed effects of
treatment (F1,4 = 12.61, p = 0.001), sex (F1,4 = 4.82, p = 0.036), and subregion (F1,4 = 20.31,
p < 0.001). Given the difference between subregions, we conducted subsequent analyses on
the core and shell separately.

In the core, MSN spine density was both sexually dimorphic and increased by cocaine (Fig.
2E; 2-way ANOVA: sex F1,16 = 5.44, p = 0.033; treatment F1,16= 8.32. p = 0.011; no
interaction). Core spine density was greater in females than males in both saline- (by 11%)
and cocaine-treated (by 16%) animals. Cocaine increased spine density in both males and
females, and while there was no statistical interaction between sex and cocaine treatment,
the cocaine-induced increase was more robust in females (20% increase) compared to males
(15% increase). In the shell, there were no overall effects of sex or cocaine on spine density,
though there was a trend toward a cocaine-induced increase in spine density (F1,16 = 4.29, p
= 0.055) driven by an effect apparent in males but not in females (Fig. 2F). Considering all
groups combined, spine density was slightly lower overall in the shell, 22.3 ± 0.6 on
average, than the core, 26.4 ± 0.9 on average, as we (Forlano and Woolley, 2010) and others
(Meredith et al., 1992) have reported. Plotting the locations of imaged dendritic segments in
core and shell confirmed a similar distribution of segments among treatment groups and
revealed no systematic differences in spine density within the core or shell (Fig. S1).

These results demonstrate that the sex difference in dendritic spine density evident in the
NAc core of drug-naïve animals persists after chronic cocaine treatment. Cocaine-treated
females had the highest spine densities in the core, paralleling their high level of behavioral
activation.

3.3 Dendritic spine morphology in the NAc is sexually dimorphic but not affected by
chronic cocaine

In addition to differences in the density of dendritic spines, differences in dendritic spine
morphology may be related to sex differences in addiction-related behaviors. For example,
we previously reported that females have more large dendritic spines than males (Forlano
and Woolley, 2010), possibly reflecting differences in the history of activity at NAc
synapses. Additionally, Robinson and Kolb (1999) reported that chronic cocaine treatment
increases the number of branched dendritic spines on MSN dendrites. Thus, we analyzed
both the density and proportion of dendritic spines with large (0.7 - 0.90 μm) or giant (≥ 1.0
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μm) heads (Fig. 3A) and the density and proportion of branched dendritic spines (Fig. 3D)
along the same segments used for spine density analysis. Results were the same for large
and giant spines considered separately, so the categories were combined.

We found that the density of large and giant dendritic spines is greater in females than males
in both the core and shell, with no effect of cocaine on spine head size. In the core, the
densities of large/giant spines were (in spines / 10 μm): 1.2 ± 0.2 in saline males, 1.6 ± 0.2 in
cocaine males, 2.4 ± 0.1 in saline females, 2.8 ± 0.2 in cocaine females. In the shell, the
densities of large/giant spines were: 1.9 ± 0.1 in saline males, 1.7 ± 0.2 in cocaine males, 2.5
± 0.01 in saline females, and 2.7 ± 0.1 in cocaine females. However, because interpretation
of differences in large/giant spine density is confounded by the fact that spine density
overall is greater in females and increased by cocaine (in the core), we performed statistical
analyses on the percentage of spines that were large/giant (Fig. 3B, C), which is a better
indicator of effects on large/giant spines specifically. Two-way ANOVAs showed sex
differences in spine head size in the core (F1,16 = 11.6, p = 0.004) and shell (F1,16 = 22.12, p
< 0.001), with no effect of cocaine in the core or shell and no interaction effects (all p values
> 0.1). Combining saline- and cocaine-treated groups, the proportion of large spines was
50% higher in females than males in the core and 39% higher in the shell.

When we analyzed the density and proportion of branched spines, we found no specific sex
difference or effect of cocaine. In the core, the densities of branched spines were: 2.5 ± 0.3
in saline males, 3.0 ± 0.3 in cocaine males, 2.8 ± 0.2 in saline females, and 4.0 ± 0.3 in
cocaine females. In the shell, the densities of branched spines were: 3.2 ± 0.3 in saline
males, 3.7 ± 0.2 in cocaine males, 3.5 ± 0.4 in saline females, and 4.1 ± 0.2 in cocaine
females. Thus, branched spine density was greater in females and increased by cocaine,
particularly in the core. But because core spine density overall is affected by sex and
cocaine, these differences mirrored effects on spine density in general. Considering the
percentage of spines with branched morphology, there were no sex or cocaine-related
differences or interaction effects in either the core (2-way ANOVA, all p values > 0.1; Fig.
3E) or shell (2-way ANOVA, all p values > 0.1; Fig. 3F).

3.4 Behavioral activation and NAc spine density are correlated in cocaine-treated females
We found that cocaine-induced locomotor activity, which has been attributed more to
function of the NAc core than the shell (Pulvirenti et al., 1994; Ito et al., 2004), is highly
sexually dimorphic. Furthermore, our morphological analyses indicated that the cocaine
effect on dendritic spine density is stronger in the core than shell. To further test the
relationship between the sex difference in cocaine-induced behavior and the cocaine-
induced increase in spine density, we more closely examined behavior in the 5 animals in
each group that were used for morphological analysis and compared spine density and
behaviors on an animal-by-animal basis. These analyses indicated that, specifically for
females, those animals that showed the most robust behavioral responses to cocaine were
those with the greatest cocaine-induced increase in MSN dendritic spine density. This
relationship was not observed in males.

Plotting cocaine-induced locomotor behavior across the 5 weeks of treatment specifically for
animals used in spine density analysis showed the same sexually dimorphic activity pattern
as the larger behavioral data set (Fig. 4A). With this smaller dataset, a 3-way repeated
measures ANOVA showed no significant effect of week but did yield between-subject
effects of treatment (F1,16 = 62.52, p < 0.001), sex (F1,16 = 11.74, p = 0.003), and an
interaction between sex and treatment (F1,16 = 9.99, p = 0.006) such that the sex difference
was significant only in cocaine-treated animals (p < 0.001) but not saline-treated animals (p
> 0.7, Tukey’s post-hoc test).
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Rearing behavior was also affected by cocaine in a sexually dimorphic manner (Fig. 4B).
We counted bouts of rearing during the first 30 min. after injection, when activity levels
were highest (see Fig. 1C). As expected (Roy et al., 1978), cocaine dramatically increased
rearing. Interestingly, the pattern of rearing behavior across weeks differed between males
and females. In females, cocaine-induced rearing was particularly high during weeks 1 and
2, and then decreased slightly in weeks 3 through 5; in contrast, rearing in cocaine-treated
males was lower in week 1 and then increased so that there was no sex difference by week 3.
A 3-way ANOVA of rearing data showed a significant interaction between sex, treatment,
and week overall (F4,16 = 15.29, p = 0.001). Two-way ANOVAs within each week
confirmed sex by treatment interactions specifically in weeks 1 (F1,16 = 15.94, p = 0.001)
and 2 (F1,16 =5.97 p = 0.027), in which sex differences were present in animals treated with
cocaine (p < 0.001) but not saline (p > 0.9, Tukey’s post-hoc test).

The NAc is connected to limbic areas that are known to play important roles in stress and
anxiety-related behavior (Groenewegen et al., 1996; LeDoux, 2000), and activity in the shell
can modulate anxiety (Sturm et al., 2003). As an indication of anxiety-like behavior, we
analyzed the proportion of time after cocaine or saline treatment that each animal spent in
the center of the activity chamber compared to the periphery (Prut and Belzung, 2003). This
analysis revealed that while cocaine-treated animals spent more time in the center vs.
periphery than saline-treated controls did, there were no overall sex differences and little
change in this measure across the 5 week treatment period (3-way repeated measures
ANOVA: sex F1,16 = 0.004, p = 0.95; treatment F1,16 = 31.04, p < 0.001; no effect of week;
no interaction; data not shown).

One unexpected finding that arose from analysis of behavior in the same animals used for
morphological studies was that, specifically in females, rearing behavior and locomotor
activity during treatment were correlated with dendritic spine density measured after
treatment. Females that reared the most early in the treatment period were those that showed
the highest levels of locomotor activity late in the treatment period, and these females also
had higher spine densities in the core and the shell. Thus rearing behavior in the first week
was correlated with spine density in females for both the core (R = 0.87, p = 0.05) and shell
(R = 0.99, p < 0.002), but not in males for either the core (R = 0.36, p = 0.55) or shell (R =
−0.19, p = 0.76; data not shown). A very similar pattern was found for locomotor activity
during the last 2 weeks of treatment. Plotting each animal’s average locomotor activity from
week 5 of treatment vs. that animal’s spine density in the core (Fig. 4C) or shell (Fig. 4D)
showed strong linear correlations in cocaine-treated females, but not in males; the same was
true for locomotor activity in week 4 vs. spine density. A correlation between activity and
spine density in cocaine-treated females was evident in both core spine density (week 4: R =
0.94, p = 0.016; week 5: R = 0.98, p = 0.003) and shell spine density (week 4: R = 0.89, p =
0.045; week 5: R = 0.92, p = 0.02), although the slope of the relationship was steeper in the
core, consistent with its higher spine density. In cocaine-treated males, spine density did not
correlate with locomotor activity in the core (week 4: R = −0.29, p = 0.64; week 5: R < 0.01,
p = 0.99) or the shell (week 4: R = −0.76, p = 0.14; week 5: R = 0.31, p = 0.61). Unlike for
rearing and locomotor activity, there were no correlations between time spent in the center
vs. periphery of the activity chamber and spine density in either the core or shell (data not
shown). Also, there were no correlations between the low levels of rearing or locomotor
activity in saline-treated females or males and their spine densities (data not shown).

3.5 The frequency of mEPSCs in the NAc core is sexually dimorphic and increases with
chronic cocaine

We next investigated whether sex and cocaine effects on dendritic spine density and
morphology are paralleled by differences in MSN synaptic physiology. We made whole-cell
patch-clamp recordings from MSNs in acute slices from the remainder of the rats used for
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behavioral analysis. Slices were cut in either the parasagittal (Fig. 5A) or oblique coronal
(Fig. 5B) planes in an effort to preserve inputs from the PFC into the NAc core or shell
respectively (Yang et al., 1996). MSNs were identifiable on the basis of their small round
somata, high resting membrane potential (−73 to −89 mV), inward rectification, slow
ramping subthreshold depolarization in response to current injections, and prominent spike
after-hyperpolarization in current clamp recordings (Fig. 5C; O’Donnell and Grace, 1993;
Belleau and Warren, 2000). We then switched to voltage clamp to record synaptically
evoked EPSCs by stimulating just outside the NAc in the path of incoming PFC axons.
When connections from the PFC were maintained sufficiently to evoke an EPSC, we
recorded pairs of EPSCs at intervals of 50 (Fig. 5D), 100, and 250 ms to measure paired-
pulse ratio (PPR). Finally, we applied TTX to the slice and recorded mEPSCs (Fig. 5E, F) to
measure mEPSC frequency, amplitude, and kinetics. The most striking sex and cocaine
effects we observed were in mEPSC frequency in the core, in which group differences
closely paralleled group differences in the density of dendritic spines.

Core mEPSC frequency was both sexually dimorphic and increased by cocaine in both
males and females (Fig. 5G; 2-way ANOVA: sex F1,59 = 21.01, p < 0.001; treatment F1,59 =
10.52, p = 0.002; no interaction). Overall, core mEPSC frequency was 61% greater in
females than males, and the cocaine-induced increase in females (41%) was slightly greater
than in males (36%). In the shell, there was no sex difference in mEPSC frequency (2-way
ANOVA: F1,59 = 0.004, p > 0.9) but there was an effect of cocaine (F1,59 = 4.43, p = 0.04;
Fig. 5H). Cocaine-treated animals showed 24% greater mEPSC frequency in the shell than
saline animals. The cocaine-induced increase was driven by the females (51%) rather than
the males (8%), but the interaction between sex and treatment was not statistically
significant (F1,59 = 1.68, p = 0.19). Thus, particularly in the core, the relationships in
mEPSC frequency among groups corresponded well with those in spine density. As was the
case for spine density, plotting the locations of recorded cells in core and shell confirmed a
similar distribution of cells among treatment groups and revealed no systematic differences
in mEPSC frequency within the core or shell (Fig. S2).

Corresponding sex and cocaine effects on dendritic spine density and mEPSC frequency in
the core suggested that the number of excitatory synapses per MSN is sexually dimorphic
and affected by cocaine. Differences in release probability also can affect mEPSC
frequency, however. To investigate differences in release probability, we measured PPRs in
the subset of cells in which we could evoke an EPSC (in the core, n = 8 male saline, 4 male
cocaine, 5 female saline, 5 female cocaine; in the shell, n = 11 male saline, 7 male cocaine, 8
female saline, 9 female cocaine). This analysis showed no significant differences in PPR at a
50 ms ISI in either the core (2-way ANOVA: all p values > 0.1; Fig. 5I) or the shell (2-way
ANOVA: all p values > 0.4; Fig. 5J); PPR at 100 and 250 ms ISI also were not different
among groups (all p values > 0.1; data not shown). The lack of sex difference or cocaine
effect in PPR indicates that the differences in mEPSC frequency we observed are due
primarily to differences in the number of excitatory synapses per neuron. However, we did
observe a trend toward an interaction at the 50 ms ISI in the core (2-way ANOVA: F1,18 =
3.3, p = 0.086), in which cocaine-treated females had a nonsignificantly lower PPR than
other groups. Thus, it remains possible that a higher probability of release could contribute
to greater mEPSC frequency in the core of cocaine females.

In contrast to mEPSC frequency, we found no sex differences, cocaine effects, or interaction
effects on mEPSC amplitude (Fig. S3) or kinetics (Fig. S4) in either the core or shell.
Additionally, while estrous cyclicity in cocaine-treated females typically recovered within 2
weeks after treatment, there was no relationship apparent between stage of the cycle and any
aspect of MSN electrophysiology (not shown).
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4. DISCUSSION
We investigated cellular correlates of the sexually dimorphic behavioral response to chronic
cocaine exposure. Consistent with previous studies using shorter treatments (van Haaren and
Meyer, 1991; Hu and Becker, 2003), females showed more cocaine-induced locomotor
activation and stronger behavioral sensitization to cocaine. Subsequent analyses showed
both sex differences and cocaine effects on excitatory synaptic input to MSNs. Particularly
in the core, dendritic spine density was higher in females, and while cocaine increased spine
density in both males and females, the magnitude of cocaine’s effect was greater in females.
Although we did not analyze dendritic length in this study, we showed previously that
neither dendritic length nor any aspect of dendritic branching in MSNs is sexually dimorphic
(Forlano and Woolley, 2010). Thus sex and cocaine effects on dendritic spine density are
likely to reflect differences in dendritic spine number per MSN. Whole-cell patch-clamp
recording supported this idea. We found that, particularly in the core, sex and cocaine effects
on spine density were paralleled by effects on mEPSC frequency with no differences in
PPR. Results were slightly different in the shell, where sex differences are less robust
(Forlano and Woolley, 2010). Cocaine increased mEPSC frequency in the shell of both
males and females, but the effect on spine density was only a statistical trend. Perhaps most
interestingly, we found that specifically in females, rearing behavior and locomotor activity
during treatment was correlated with dendritic spine density at the end of treatment
(measured after post-treatment abstinence). These studies indicate that the increase in MSN
dendritic spine density after chronic cocaine exposure is paralleled by increased excitatory
synaptic input to MSNs, and demonstrate cellular correlates of females’ greater behavioral
sensitivity to cocaine.

4.1 Sex differences in behavioral responses to cocaine
Sensitization of locomotor activity is a relatively simple way to assay neural adaptations to
repeated cocaine exposure. Numerous studies indicate that mechanisms involved in
behavioral sensitization overlap with mechanisms related to addiction such as acquisition of
self-administration (Piazza et al., 1989), motivation to consume drugs (Lorrain et al., 2000),
and escalation of drug-taking (Ferrario and Robinson, 2007). Our observation that females
show greater behavioral responses to cocaine, including more and more rapid sensitization,
corresponds with previous results in humans and animals (reviewed by Quinones-Jenab,
2006; Evans and Foltin, 2010) and suggests that neural adaptations to cocaine may be
amplified in females.

Cocaine-induced locomotor activity in females decreased slightly after ~2 weeks, in parallel
with disruptions of the estrous cycle. Others have shown that removal of circulating
estradiol in females decreases cocaine-induced locomotor activity and sensitization (Sell et
al., 2002; Hu and Becker, 2003), though a smaller sex difference persists in gonadectomized
animals. Thus it is likely that circulating estradiol potentiates the brain’s sensitivity to
cocaine. It is worth noting, however, that we found no relationship between stage of the
cycle and any measure of MSN electrophysiology.

4.2 Subregional variation in the effects of cocaine
We found that cocaine increased measures of excitatory synaptic input to MSNs in both the
core and shell, but effects were stronger in the core. Sex differences also were stronger in
the core. There is evidence that the core plays a greater role than the shell in modulating
motor activity (Pulvirenti et al., 1994; Ito et al., 2004), which is consistent with our
observation that sex differences in cocaine-induced locomotor activity were paralleled by
synaptic sex differences in the core but not shell.
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Going beyond a simple core-shell distinction, the NAc is known to be anatomically
(Meredith et al., 1992; Brog et al., 1993; Groenewegen et al., 1999) and neurochemically
(Voorn et al., 1989) heterogeneous, and may be organized into ensembles of functionally
related neurons (Heimer et al., 1997). However, because we found sex and cocaine effects
using DiI labeling and whole-cell recording, both of which sample cells essentially
randomly, it is unlikely that these effects are restricted to any functional category of MSNs.
One caveat is that we failed detect an effect of cocaine on spine density in the shell of
females, which has been observed before with a longer abstinence period (Robinson and
Kolb, 1999). The role of abstinence after drug treatment in rewiring neural circuitry of the
NAc is unknown, but abstinence has been shown to modulate some of cocaine’s
electrophysiological effects differently in core vs. shell MSNs (Kourrich and Thomas,
2009). Thus it is possible that differences in the abstinence period account for the
differences in our results in the shell. Differences in abstinence also might account for the
fact that we found no specific effect of cocaine on branched spines, whereas Robinson and
Kolb (1999) did. Alternatively, this could be related to measuring spines in DiI- versus
Golgi-labeled tissue and/or counting spines in stacks of confocal images versus with
brightfield microscopy.

4.3 Plasticity of AMPAR-mediated synaptic transmission
The cocaine-induced increase in MSN spine density suggests structural reorganization of
neural circuitry in the NAc (Robinson and Kolb, 2004), and the corresponding increase in
mEPSC frequency indicates that cocaine-induced spines support enhanced AMPAR-
mediated synaptic transmission. These findings nicely parallel a series of studies by Wolf
and colleagues demonstrating that repeated cocaine treatment followed by a 1-3 week
abstinence period increases surface expression of AMPARs (Boudreau and Wolf, 2005;
Boudreau et al., 2007; 2009). Our findings suggest that at least some of the additional
AMPARs at the surface are localized to spine synapses, likely on new dendritic spines. The
failure of cocaine to increase spine head size or mEPSC amplitude both argue against
addition of AMPARs to existing synapses, though we cannot rule out that possibility.
Indeed, in contrast to our findings, Kourrich et al (2007) reported an increase in mEPSC
amplitude as well as frequency in shell MSNs after 5 days of cocaine treatment followed by
abstinence. Wolf’s and Kourrich’s studies were all done in males, however. The sex
differences we observed predict that, at least in the core, surface expression of AMPARs on
MSNs might be greater in females and that cocaine might increase surface AMPARs to a
greater extent in females.

Spine head size may be related to the history of synaptic activity and/or synaptic strength
(e.g. Matsuzaki et al., 2004; reviewed by Alvarez and Sabatini, 2007). Although females had
more large spines than males (regardless of cocaine treatment), mEPSC amplitude was not
sexually dimorphic, arguing against stronger synapses in females. Instead, the sex difference
in spine head size might reflect a difference in relative proportion of inputs from different
brain areas (French and Totterdell, 2004), which in turn could influence behavioral
responses to cocaine.

4.4 Dendritic spines and locomotor activity
One unanticipated finding was that, specifically in females, spine density measured after 17
days of abstinence from treatment was tightly correlated with cocaine-induced locomotor
activation during treatment. Although we measured spine density after an abstinence period,
locomotor sensitization to repeated psychostimulant treatment is known to persist for weeks
at a level similar to that observed at the end of treatment (Downs and Eddy, 1932; Paulson et
al., 1991; reviewed by Pierce and Kalivas, 1997); therefore it is likely that locomotor
activity at the end of our treatment was comparable to what would be observed with a
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cocaine challenge after abstinence. Because the role of abstinence in producing the cocaine-
induced increase in spine density is unknown, it is not clear whether spine density was
elevated at the time locomotor activity was measured or whether it increased afterward,
during the abstinence period. If spine density were increased by cocaine during treatment,
this would mean that females with higher dendritic spine density show higher levels of
cocaine-induced activity. Alternatively, if abstinence is required for the increase in spine
density, it could be that females with particularly strong behavioral responses to cocaine also
respond more strongly to abstinence, producing a greater increase in MSN spine density
during the abstinence period. We are currently investigating the role of abstinence from
treatment in increasing MSN spine density in both males and females.

Sex differences in glutamatergic and/or dopaminergic transmission in response to cocaine
may underlie the sex-specific correlations between spine density and locomotor activity.
Glutamate signaling in the NAc has been shown to play a critical role in psychostimulant-
induced locomotor sensitization (Pierce et al., 1996; Bell et al., 2000; Ghasemzadeh et al.,
2003), although there is also evidence for an uncoupling of cocaine-induced AMPAR
plasticity and locomotor sensitization (Boudreau et al., 2007; Bachtell and Self, 2008). Our
finding that locomotor activation and dendritic spine density are correlated in females argues
for a positive relationship between glutamatergic synaptic activity in the NAc and locomotor
activation, at least under some circumstances. To date, most studies of glutamatergic
mechanisms of addiction have been performed in males without attention to possible sex
differences. In contrast, sex differences in dopaminergic signaling in the NAc have been
more extensively studied (reviewed by Becker and Hu, 2008). One possibility is that these
pathways are more tightly coupled in females, accounting for the sex specific correlation.
Alternatively, such pathways may converge in animals with particularly high levels of
locomotor activity, which is more common in females.

4.5 Possible molecular mechanisms of sexually dimorphic responses to cocaine
While we did not directly test the effects of gonadal steroids on cocaine-induced behavior in
this study, many previous studies have shown that estradiol underlies greater behavioral
responses to cocaine in females (reviewed by Festa and Quinones-Jenab, 2004).
Interestingly, there is substantial overlap among plasticity-related signaling molecules
known to be downstream of estradiol and those implicated in the NAc response to cocaine.
For example, BDNF expression is upregulated by estradiol (Scharfmann and MacLusky
2006, Fan et al 2008), BDNF levels in the NAc are increased by exposure to and abstinence
from psychostimulants (reviewed by Russo et al., 2009), and BDNF enhances locomotor
activity in response to psychostimulants (reviewed by McGinty et al., 2010). CaMKII is
linked to both BDNF and estradiol, and transient overexpression of CaMKIIα in the NAc
increases locomotor responses to psychostimulants (Loweth et al., 2010). Finally, ΔFosB is
of great interest because it accumulates in the NAc with repeated drug treatment (Nestler,
2008), modulates the expression of genes involved in spine formation (reviewed by Lai and
Ip, 2009; Maze et al., 2010) and increases locomotor responses to cocaine (Zachariou et al.,
2006). Although there are no published reports of sex differences in ΔFosB expression after
cocaine treatment, there is a putative ERE on the FosB gene (Bourdeau et al., 2004) and
FosB is upregulated by estrogen receptor activation in other cell types (Chen et al., 2009).
When examining the roles of BDNF, CaMKII, and/or ΔFosB in the behavioral and neural
responses to cocaine, it will be important to take sex differences and estradiol effects on
these pathways into account. Such studies could provide a mechanistic basis for variation in
sensitivity to cocaine between males and females, as well as increasing insight into the
development and expression of long-term drug-induced plasticity in the reward circuitry.
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Figure 1.
Cocaine-induced locomotor activation and behavioral sensitization are greater in females
than males. (A, B) 5-minute activity traces for one female rat beginning 15 min. after
cocaine injection on the first (A) and sixth (B) injection day. (C) Mean ± SEM distance
traveled in 5-min. bins for a subset (n = 5 per group) of cocaine-treated females and males
on Day 1 and Day 6 of treatment, showing the 30-min. habituation period before injection
and the 1 hr observation period after injection, illustrating the pattern of cocaine-induced
locomotor behavior. (D) Mean ± SEM daily cumulative distance traveled during 1 hr after
injection for all animals across all 5 weeks of treatment. Females showed more cocaine-
induced locomotor activity throughout treatment, with greatest the sex difference during the
first 2 weeks. M Sal = saline-treated males, M Coc = cocaine-treated males, F Sal = saline-
treated females, F Coc = cocaine-treated females; numbers in parentheses indicate sample
sizes in each group.
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Figure 2.
Sex and cocaine effects on MSN dendritic spine density. (A-D) Projected confocal images
of representative DiI-labeled dendritic segments from MSNs in the core of the NAc. (E, F)
Mean ± SEM dendritic spine density in the core (E) and shell (F). Spine density is both
sexually dimorphic and increased by cocaine in the core, but there were no significant sex or
cocaine effects in the shell. M Sal = saline-treated males, M Coc = cocaine-treated males, F
Sal = saline-treated females, F Coc = cocaine-treated females; n = 5 animals per group.
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Figure 3.
Sex and cocaine effects on MSN dendritic spine morphology. (A) Projected confocal image
of a DiI-labeled dendritic segment illustrating large (0.7-0.9 μm diameter, open arrowheads)
and giant (≥1.0 μm diameter, filled arrowheads) spine heads. (B, C) Mean ± SEM
percentage of spines with large or giant heads in the core (B) and shell (C). Females had
more large and giant spines in both the core and shell , but there was no effect of cocaine.
(D) Projected confocal image of a DiI-labeled dendritic segment illustrating branched spines
(arrows). (E, F) Mean ± SEM percentage of branched spines in the core (E) and shell (F).
Scale bar in A applies to A and B. Branched spines were neither sexually dimorphic nor
specifically affected by cocaine either subregion. M Sal = saline-treated males, M Coc =
cocaine-treated males, F Sal = saline-treated females, F Coc = cocaine-treated females; n = 5
animals per group.
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Figure 4.
MSN dendritic spine density is tightly correlated with locomotor activity in cocaine-treated
females, but not males. (A) Mean ± SEM weekly cumulative distance traveled in the 1 hr
after injection for the subset of rats used for spine density/morphology analysis. (B) Mean ±
SEM weekly rearing behavior in the first 30 min. after injection for the same rats as in (A).
(C, D) Dendritic spine density in both the core (B) and shell (C) of cocaine-treated females
but not males correlated with average distance traveled in the last week of treatment i. M Sal
= saline-treated males, M Coc = cocaine-treated males, F Sal = saline-treated females, F Coc
= cocaine-treated females; n = 5 animals per group.
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Figure 5.
Sex and cocaine effects on MSN physiology. (A, B) Schematics showing slice orientation
and electrode placement for recording in the core (A) and shell (B). (C) Representative
current-clamp recording of MSN responses to current injections. (D) Representative voltage-
clamp recording of MSN EPSCs evoked at a 50 ms interstimulus interval (ISI). (E, F)
Representative voltage-clamp recordings of mEPSCs recorded in TTX from MSNs in the
core (E) and shell (F) for each group. (G, H) Mean ± SEM mEPSC frequency in core (G)
and shell (H) MSNs. In the core, mEPSC frequency was sexually dimorphic and increased
by cocaine. In the shell, mEPSC frequency was not sexually dimorphic, but was increased
by cocaine with the effect driven by females. (I, J) Mean ± SEM paired-pulse ratio (PPR) for
core (I) and shell (J) MSNs at a 50 ms ISI. There was no effect of sex or cocaine on PPR in
either subregion. M Sal = saline-treated males (sample size for mEPSCs: n = 15 core, n = 17
shell; PPR: n = 8 core, n = 11 shell), M Coc = cocaine-treated males (mEPSCs: n = 16 core,
n = 13 shell; PPR: n = 4 core, n = 7 shell), F Sal = saline-treated females (mEPSCs: n = 14
core, n = 21 shell; PPR: n = 5 core, n = 8 shell), F Coc = cocaine-treated females (mEPSCs:
n = 18 core, n = 12 shell; PPR: n = 5 core, n = 9 shell).
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