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Abstract
Sex differences in cocaine’s mechanisms of action and behavioral effects have been widely
reported. However, little is known about how sex influences intracellular signaling cascades
involved with drug-environment associations. We investigated whether ERK/CREB intracellular
responses in the mesocorticolimbic circuitry underlying cocaine environmental associations are
sexually dimorphic. We used a standard 4 day conditioned place preference (CPP) paradigm using
20mg/kg cocaine—a dose that induced CPP in male and female Fischer rats. In the nucleus
accumbens (NAc) following CPP expression, cocaine treated animals showed increased
phosphorylated ERK (pERK), phosphorylated CREB (pCREB) and ΔFosB protein levels. In the
hippocampus (HIP) and caudate putamen (CPu), pERK and FosB/ΔFosB levels were also
increased, respectively. Cocaine females had a larger change in HIP pERK and CPu ΔFosB levels
than cocaine males; partly due to lower protein levels in saline female rats when compared to
saline males. Prefrontal cortex (PfC) pCREB levels increased in cocaine males, but not females,
whereas PfC pERK levels were increased in cocaine females, but not males. CPP scores were
positively correlated to NAc pERK, HIP pERK and CPu FosB protein levels, suggesting that
similar to males, the ERK/CREB intracellular pathway in mesocorticolimbic regions undergoes
cocaine induced neuroplasticity in female rats. However, there seem to be intrinsic (basal) sexual
dimorphisms in this pathway that may contribute to responses expressed after cocaine-CPP. Taken
together, our results suggest that cellular responses associated with the expression of learned drug-
environment associations may play an important role in sex differences in cocaine addiction and
relapse.

Keywords
cocaine; CPP; ERK; CREB; FosB/ΔFosB; sex differences

*Corresponding author: Stephanie Nygard; Hunter College, CUNY, Department of Psychology, 695 Park Avenue, New York, NY
10065; stephanienygard@gmail.com; Tel: (212) 772 5625; Fax: (212) 772 4619.

Author contributions: S.K.N., V.Q.J., and S.J. designed experiments; S.K.N. performed experiments, statistical analysis, and wrote
the manuscript. A.K., R.H. and S.J. helped perform behavioral testing, sacrificing, and tissue preparation. M.H.E., A.C., and J.C.B. ran
and analyzed western blots, and helped edit the manuscript.

NIH Public Access
Author Manuscript
Brain Res. Author manuscript; available in PMC 2014 March 25.

Published in final edited form as:
Brain Res. 2013 July 3; 1520: 121–133. doi:10.1016/j.brainres.2013.04.060.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Addiction studies consistently show greater responses among females than males in various
cocaine-related outcomes. As more attention is paid to sex-specific and hormonal effects on
cocaine abuse, it is increasingly apparent that sex differences are present at all phases of
drug abuse, from initiation through escalation of use and progression to addiction. For
example, human females report a slower onset of the subjective effects of cocaine, undergo
shorter periods of abstinence between cocaine use and experience cravings after cocaine use
when presented with cocaine-associated cues more frequently than males (Anker and
Carroll, 2011; Elman et al. 2001; Lynch, 2006; Quinones-Jenab and Jenab, 2010). Female
rats learn to self-administer cocaine faster (Lynch and Carroll, 1999) and exhibit enhanced
locomotor activity and behavioral sensitization to both acute and chronic cocaine
administration compared to males (Chin et al. 2001; Craft and Stratmann, 1996; Festa et al.
2004; Sell et al. 2000; Van Haaren and Meyer, 1991). Still to be determined is the
contribution of sex differences in central nervous system plasticity and cellular responses for
the development of learned drug-environment associations that play an important role in
addiction.

Sex differences in the mesocorticolimbic reward circuitry, including dopamine receptor
(DAR) distribution, dopamine (DA) binding properties and intracellular signaling has been
postulated to underlie sexually dimorphic responses to cocaine (Becker and Hu, 2008; Festa
et al. 2006; Walker et al. 2006). Dopaminergic neurons of the ventral tegmental area (VTA)
project to the nucleus accumbens (NAc) and form connections with the hippocampus (HIP),
striatum (including the NAc and caudate putamen (CPu)) and prefrontal cortex (PfC)
(Hyman and Malenka, 2001). Convergent glutamatergic circuitry is embedded within the
reward system and overlap with the circuitry associated with learning and memory processes
(Kelley, 2004). Conditioned place preference (CPP) behavioral models exploit this circuitry
by using a Pavlovian conditioning procedure to determine the importance of environmental
stimuli in cueing drug reward (Bardo and Bevins, 2000; Domjan, 2005). Female rats express
cocaine-induced CPP in response to lower cocaine doses (Russo et al. 2003a; Zakharova et
al. 2009) and after fewer cocaine-place pairings than males (Russo et al. 2003a). Differences
in DAR sensitivity may underlie sex differences in cocaine CPP and the formation of
cocaine environment associations. For example,Nazarian et al. (2004) found that regardless
of sex, lower doses of a D1DAR antagonist blocked cocaine CPP acquisition, whereas
higher doses of the antagonist only blocked CPP in males. However, the extent to which
downstream molecular signaling in response to sexually dimorphic cocaine induced changes
in DA activity contribute cocaine CPP remains to be determined.

Acute and chronic cocaine administration induces the phosphorylation of ERK, a signaling
molecule of the mitogen activated protein kinase (MAPK) signal transduction family, in a
DA dependent manner (Berhow and Nestler, 1996; Jenab et al. 2005; Sun et al. 2008). In
male rats, ERK has been repeatedly implicated in the acquisition of psychostimulant-
induced CPP and retrieval of cocaine-environment memories (Gerdjikov et al. 2004; Liu et
al. 2011; Miller and Marshall, 2005; Pan et al. 2011; Valjent et al. 2006). Cocaine-induced
ERK phosphorylation produces rapid increases in membrane excitability that after repeated
exposure lead to long term changes in protein and gene expression associated with signaling
reward (Lu et al. 2006; Nestler, 2001). Downstream of ERK, cAMP response element
binding protein (CREB), FosB and ΔFosB are transcription factors associated with
experience-dependent synaptic plasticity and long-term molecular neuroadaptations in
response to cocaine (Carlezon et al. 2005; Larson et al. 2010; Marazziti et al. 2011; Zhang et
al. 2006). In male rats, acute cocaine exposure increases striatal CREB phosphorylation and
FosB protein levels after cocaine CPP expression and chronic cocaine exposure produces a
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persistent accumulation of NAc ΔFosB levels (Harris et al. 2007; McClung and Nestler,
2003; Nestler et al. 2001;Rawas et al. 2012; Tropea et al. 2008).

Sex differences in DA response to cocaine combined with the substantial evidence for the
important role of ERK, CREB, and Fos proteins in cocaine CPP in males suggest that sex
differences may underlie the formation of drug associated memories. However, to our
knowledge, studies that have used the CPP paradigm to investigate molecular alterations
involved with cocaine-context associations have only used male rats. We aimed to
investigate the potential sex differences in the intracellular signaling molecules underlying
the expression of cocaine environment associations. Specifically, we examined
phosphorylated ERK (pERK), phosphorylated CREB (pCREB), FosB, and ΔFosB protein
levels in mesocorticolimbic regions associated with reward, learning, and memory (NAc,
CPu, PfC, and HIP), after cocaine CPP expression in male and female rats. We hypothesized
that cocaine CPP expression would be associated with similar changes in protein levels in
male and female cocaine treated rats. We also expected any sex differences in protein levels
to be correlated with sex differences in the magnitude of CPP behavior.

2. Results
2.1. CPP behavior

No differences in any treatment group were observed during the initial preconditioning test
in the time spent in each chamber or in total locomotor behavior, confirming the unbiased
nature of the CPP apparatus and testing protocol (data not shown). During CPP testing,
cocaine treated rats spent significantly more time in the cocaine paired chamber than the
saline paired chamber [male: t(8) = 2.55, p < 0.05; female: t(9) = 3.4, p < 0.05; Figure 1A].
Only cocaine treated female rats showed significant increases in explorations and entrances
into the cocaine paired chamber compared to the saline paired chamber [explorations: t(9) =
3.7, p < 0.01; entrances: t(9) = 2.6, p < 0.05; Table 1]. A significant main effect of treatment
was seen on the magnitude of CPP scores [F(1,35) = 30.15, p < 0.01; Figure 1B]. However,
no sex differences in the magnitude of CPP scores were seen [F(1,35) = 1.49, p = 0.23].

A significant main effect of sex on total locomotor responses was observed [F(1,35) =
40.20, p < .01; Figure 1C]. Regardless of treatment, females were more active than males [p
< 0.05 for all comparisons]. A significant interaction between sex and treatment was also
seen [F(1,35) = 4.81, p < 0.05]. Cocaine treated females displayed more locomotor counts
than males [F(1,35) = 34.58, p < 0.001] and female saline controls [F(1,35) = 11.01, p <
0.01; Figure 1C]. Additionally, total locomotor responses were significantly correlated to
CPP scores in female rats [r = 0.70, p < 0.01] but not in males [r = 0.07, p = 0.80; Figure
1D].

2.2. ERK phosphorylation in the NAc, CPu, PfC, and HIP in male and female rats
In the NAc, CPu, PfC and HIP no differences in total ERK or CREB protein levels were
seen (Figure 2–4; Table 2). However, a main effect of treatment on NAc pERK protein
levels was observed [F(1,12) = 15.83, p < 0.01; Figure 2A]. Regardless of sex, NAc pERK
protein levels increased in cocaine treated rats [males: t(6) = 4.3, p < .01; females t(6) =
3.04, p < 0.05]. CPu pERK levels did not change based on sex or treatment (Figure 2B).

In the PfC, a significant main effect of sex on pERK levels was observed [F(1,12) = 8.2, p <
0.05; Figure 2C]. However, this was partly due to sex differences in saline controls; pERK
levels in saline males were significantly higher than saline females [t(6) = 3.1, p < 0.05]. On
PfC pERK levels, a significant main effect of treatment was also observed [F(1,12) = 20.2, p
< 0.01; Figure 2C]. PfC pERK levels were higher in cocaine females than saline females
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[t(6) = 4.2, p < 0.01]. Likewise, cocaine females displayed a greater magnitude of change in
PfC pERK levels than cocaine males [t(6) = 4.3, p < 0.01; Table 3].

In the HIP, a significant interaction between sex and treatment on pERK protein levels was
obtained [F(1,11) = 16.1, p < 0.01; Figure 2D]. HIP pERK levels were significantly higher
in cocaine treated females and cocaine treated males than saline controls of their respective
sex [males: F(1,11) = 5.16, p < 0.05; females: F(1,11) = 28.96, p < 0.01]. Furthermore, HIP
pERK levels were significantly higher in saline treated males than saline treated females
[F(1,11) = 23.03, p < 0.01; Figure 2D]. After cocaine CPP expression, sex differences were
seen in the magnitude of change in HIP pERK levels; cocaine treated females had a larger
magnitude of change from saline than cocaine males [t(6) = 5.04, p < 0.01; Table 3].

2.3. CREB phosphorylation in the NAc, CPu, PfC, and HIP of male and female rats
In the NAc, a significant main effect of treatment on pCREB levels was observed [F(1,12) =
20.44, p < 0.01; Figure 3A]; pCREB levels were higher in cocaine animals than saline
controls [males: t(6) = 4.7, p < 0.01; females: t(6) = 2.7, p < 0.05]. Similarly, a significant
main effect of treatment on PfC pCREB levels was observed [F(1,12) = 5.8, p < 0.05; Figure
3C]. However, only cocaine treated males had significantly higher PfC pCREB levels than
saline males [t(6) = 2.6, p < 0.05]. The magnitude of change in PfC pCREB levels was
greater in cocaine treated males than cocaine females, [t(6) = 2.5, p < 0.05; Table 3]. No
changes were seen in CPu or HIP pCREB levels (Figure 3B and 3D).

2.4. Fos/AFosB levels in the NAc, CPu, PfC, and HIP in male and female rats
In the NAc, a significant main effect of treatment on ΔFosB levels was observed [F(1,11) =
22.8, p < 0.01; Figure 4A]. In both male and female cocaine treated rats, NAc ΔFosB levels
were higher than their respective saline controls [males: t(6) = 4.9, p < 0.01; females: t(5) =
2.9, p < 0.05; Figure 4A]. NAc FosB levels did not significantly differ (Figure 4A).

In the CPu, a significant main effect of treatment was seen for FosB levels [F(1,12) = 46.44,
p < 0.01; Figure 4B]. FosB levels were significantly increased in both cocaine males and
females compared to saline control animals [males: t(6) = 3.4, p < 0.01; females: t(6) = 6.7,
p < 0.01; Figure 4B]. The magnitude of change in CPu FosB levels in cocaine treated rats
was significantly greater in females than males [t(6) = −2.6, p < 0.05; Table 3]. A significant
main effect of treatment on CPu ΔFosB protein levels was observed [F(1,12) = 41.01, p <
0.01]. In both sexes, ΔFosB protein levels were increased compared to saline animals
[males: t(6) = 2.5, p < 0.05; females: t(6) = 8.6, p < 0.01]. A significant main effect of sex
on CPu ΔFosB levels was also observed [F(1,12) = 13.6, p < 0.01; Figure 4B]. Saline treated
males had higher ΔFosB levels than saline females [t(6) = 3.6, p < 0.05]. The magnitude of
change in ΔFosB protein levels in cocaine females was significantly greater than in cocaine
treated males [t(6) = −5.9, p < 0.01; Table 3]. No changes were seen in PfC or HIP FosB/
ΔFosB levels [Figure 4C and 4D].

2.5. Correlations between CPP behavior and phosphorylated protein levels
As shown in Table 4 (See Figure 5 for sample plot), CPP scores were significantly
correlated to NAc pERK, PfC pERK and CPu FosB in male rats [NAc pERK: r = 0.79; PfC
pERK: r = 0.86; CPu FosB: r = 0.76; p < 0.05 for all comparisons]. Similarly, CPP scores
were significantly correlated to NAc pERK, PfC pERK and CPu FosB in female rats [NAc
pERK: r = 0.81; PfC pERK: r = 0.76; CPu FosB: r = 0.76; p < 0.05 for all comparisons]. In
female rats, significant correlations were also seen between CPP scores and levels of HIP
pERK, NAc pCREB and CPu ΔFosB [HIP pERK: r = 0.70; NAc pCREB: r = 0.78; CPu
ΔFosB: r = 0.77; p < 0.05 for all comparisons]. In males, CPP scores were significantly
correlated with NAc ΔFosB levels [r = 0.76, p < 0.05]. No significant correlations were
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found between locomotor responses and phospho-protein levels changed by cocaine (See
Table 5).

3. Discussion
Although both male and female rats displayed similar levels of CPP, some components of
these behavioral responses were sexually dimorphic. Females displayed greater total
locomotor responses during the CPP test than males, regardless of treatment. However,
cocaine females exhibited greater motor responses, including entrances and explorations of
the cocaine-paired chamber in addition to total locomotor activity, when compared to males
and saline controls. We also show that similar to males, females undergo changes in ERK/
CREB molecular signaling after cocaine CPP expression and that some response patterns on
this pathway are sexually dimorphic. Specifically, we showed that sex affects: (1) the
location of these changes and (2) the magnitude of the changes in this pathway. The degree
to which alterations in protein levels are due to CPP and/or locomotor responses is still
unclear. However, we observed positive correlations between protein levels and CPP scores,
but not between protein levels and locomotor activity. Additionally, in regions where
cocaine induced protein level increases in both males and females compared to saline
controls, we saw no sex differences in phosphoprotein levels in cocaine rats. Instead, we
observed region specific sex differences in phosphoprotein levels between saline treated
males and females, resulting in sex differences in the magnitude of change from saline in
cocaine rats. Therefore, we postulate that sex differences in basal levels in the ERK/ΔFosB
cascade contribute to these changes.

The increased NAc pERK levels and positive correlation to CPP scores in cocaine treated
males and females was expected and is consistent with previous literature showing that NAc
ERK phosphorylation is associated with the expression of cocaine CPP (Miller and Marshall
2004, 2005; Valjent et al. 2000, 2004). Increases in NAc pERK corresponded with increased
NAc pCREB and ΔFosB protein levels. Increased ΔFosB is consistent with previous
research that shows ΔFosB accumulates in the NAc after cocaine exposure and enhances
cocaine reward (Nestler, 2005; Rawas et al. 2012). It remains to be elucidated whether the
observed increases in ΔFosB protein levels were in response to the cocaine associated
context or were a lingering result of cocaine exposure. Due to the short time course of acute
cocaine-induced phosphorylation of ERK, CREB, and FosB, we postulate that increases in
pERK, pCREB, and FosB levels probably reflect conditioned responses to the cocaine
paired environment in males and females (Girault et al. 2007; Harris et al. 2007; Kuo et al.
2007; Rawas et al. 2012; Sun et al. 2008). Since we did not test a cocaine treated control
group in an unpaired context, we cannot rule out the possibility that these changes were due
to cocaine alone and not to cocaine-environment associations. However, an overall
limitation of the CPP paradigm is that even with the use of an un-paired control group,
stimuli in the testing environment may potentially become indirectly associated with cocaine
effects and therefore mask differences between paired and unpaired groups (Cunningham et
al. 2011).

Studies that report cocaine induced CPP and increased locomotor responses during CPP
testing have been shown with various cocaine doses (Bobzean et al. 2010; Russo et al.
2003a,b; Zakharova et al. 2009). In the present study, CPP scores were positively correlated
to total locomotor responses in females, but not males. Previous research in male rats has
reported conflicting evidence for a correlation between locomotor responses and cocaine
CPP (Allen et al. 2007; Kosten and Miserendino, 1998), and others suggest that individual
differences may account for differences in psychostimulant locomotor activity and CPP
behavior (Mathews et al. 2010; Seymour and Wagner, 2008). Associations between activity
and CPP may be more pronounced in females possibly due to individual differences and/or
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gonadal hormone levels, but this postulate requires further study. Although numerous
studies report the effects of gonadal hormones on CPP (Reviewed in Anker and Carroll,
2011; Festa and Quinones-Jenab, 2004), it is unknown whether estrous cycle stage affects
CPP behavior. Because we did not observe differences across groups in behavioral and
locomotor responses prior to conditioning and our female behavioral and molecular data are
no more variable than our male data, it is likely not the case that differences in estrous cycle
stage are hiding or increasing the changes in behavior or protein phosphorylation reported
here. However, some cocaine-induced phospho-protein levels have been shown to vary
based on estrous cycle stage. For example, previous research shows that NAc pCREB
increased 15 minutes after cocaine exposure in estrus females, but no basal differences in
NAc or CPu pCREB or ΔFosB were seen based on cycle stage (Weiner et al. 2009).
Therefore, our results are likely not due to estrous cycle effects, but more likely due to sex
differences in neural organization utilizing sex specific intracellular responses.

Our results are consistent with Sato et al. (2011), in which chronic cocaine treatment
resulted in more locomotor responses and a greater magnitude change in CPu FosB/ΔFosB
in females than males. Contrary toSato et al. (2011), we saw no sex difference in cocaine
induced NAc ΔFosB increase, which may be because of the difference in cocaine-treatment
regimens used.Sato et al. (2011) report these differences in NAc and CPu ΔFosB levels after
chronic cocaine administration, whereas animals in our study were only treated with cocaine
twice. These results suggest region specific sexually dimorphic responses to cocaine after
CPP expression. In males, cocaine induced ERK phosphorylation regulates ΔFosB
accumulation underlying long-term changes in synaptic plasticity associated with addiction
(Radwanska et al. 2006; Valjent et al. 2000). We report that although cocaine females’
displayed a greater increase in CPu ΔFosB levels than males, the resulting protein levels
were similar in cocaine males and females. Although we did not demonstrate a direct
correlation between locomotor behavior and CPu ΔFosB levels, locomotor responses and
CPu ΔFosB levels were significantly correlated to CPP scores in cocaine females, but not in
males. In addition to cocaine reward, increased ΔFosB has been associated with cocaine
seeking behaviors and cocaine induced locomotor responses (Kelz et al. 1999). It is
therefore reasonable to postulate that our observation of females enhanced responding
during the CPP test may be related to their larger increase in CPu ΔFosB levels. To what
extent differences in locomotor behavior during CPP testing are a component of the
conditioned response to cocaine and thus a sex difference in cocaine-induced conditioned
activity is yet to be determined.

In addition to enhanced locomotor activity,Nazarian et al. (2009) found that in female rats,
cocaine-induced CREB phosphorylation was greater, but shorter lasting than in males,
providing evidence that females’ enhanced locomotor response to cocaine may be due to a
rapid increase and drop in pCREB. Our observed sex differences in protein levels could also
reflect temporal sex differences in protein phosphorylation. Similarly, we found that PfC
pERK levels were only increased in cocaine females and not in cocaine males, whereas PfC
pCREB levels were increased in cocaine males, but not females. It is therefore possible that
ERK phosphorylation in response to a cocaine-associated context may be faster acting in
males than females, leading to a more rapid increase in pCREB levels, indicating potential
sex differences in the time course of protein phosphorylation that underlie cocaine-cue-
induced behaviors (Radwanska et al. 2006). PfC pERK and pCREB levels were positively
correlated to CPP scores in males and females, an indication that in the PfC ERK/CREB
responses induced after cocaine CPP expression are sexually dimorphic. Likewise, sexually
dimorphic changes in DA activity and downstream molecular events have previously been
seen in PfC responses to cocaine (Sun et al. 2010). Additionally, when HIP pERK and PfC
pERK levels were lower in saline females than saline males, cocaine-induced increases in
FosB/ ΔFosB were not observed. Thus, males and females show region specific variations in
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ERK/ΔFosB signaling related to cocaine/cocaine-cue induced behaviors associated with
addiction (Becker et al. 2012).

3.1 Conclusions
The findings of the present study are consistent with most of the previous literature on sex
differences in cocaine induced CPP behaviors. Our molecular results are also consistent with
most of the previous literature associating changes in protein phosphorylation with cocaine
CPP. Similar to males, we demonstrate that in female rats the ERK/CREB signaling cascade
is modified after the expression of cocaine induced CPP. However, the NAc was the only
brain region in which we observed corresponding increases in pERK, pCREB, and ΔFosB,
regardless of sex. Therefore, results of studies that associate CPP behaviors in males with
molecular or synaptic changes outside of the NAc should be cautious when extending these
results to females. The changes in ERK/CREB/ΔFosB protein levels reported here reflect
changes in signaling molecules associated with neuroplastic changes in mesolimbic
circuitry. Our observation of the lack of sex differences in the NAc are in accordance with
human fMRI studies showing similar patterns of NAc activation in cocaine dependent males
and females in response to cocaine conditioned cues, while cocaine-cue induced activation
of frontal regions differed based on sex (Kilts et al. 2004). Overall, our results suggest novel
sexual dimorphisms in molecular alterations observed after cocaine CPP expression, likely
due to sex differences present prior to cocaine exposure.

4. Methods
4.1 Animals

8 week old male and female Fischer rats (Charles River, Raleigh, NC) were maintained on a
12 hour light/dark cycle and individually housed with ad libitum access to food and water.
Rats were randomly assigned to a saline only control group or a saline/cocaine treatment
group for conditioning (n = 8–10 per group). Estrous cycle stage was not monitored because
vaginal lavages attenuate cocaine induced locomotor behavior, produce CPP (Walker at al.
2002) and increase NAc ΔFosB (Reviewed in Robison and Nestler, 2011). Animal care and
use was in accordance with the Guide for the Care and Use of Laboratory Animals (NIH
publication 85-23, Bethesda, MD, USA) and approved by the Hunter College, CUNY,
Institutional Animal care and Use Committee.

4.2 CPP Apparatus
The CPP apparatus was purchased from Med Associates (Georgia, VT) and consisted of a
rectangular cage divided into 3 chambers with different tactile and visual cues (2
conditioning chambers separated by a smaller, neutral chamber in the middle). The two
conditioning chambers consisted of squares with 28cm in length walls. One had a stainless
steel mesh floor with white walls and the other had a stainless steel grid rod floor with black
walls. The middle chamber had grey walls and a smooth PVC floor and was 12cm long and
4cm wide. The walls of the middle chamber (and one wall of each conditioning chamber)
had computer-automated guillotine doors that allowed free access to all three chambers
when opened during preference testing. Chambers were equipped with a computerized
photo-beam system that runs with MED PC software that recorded time spent in each
chamber, total locomotor behavior (the sum of all horizontal counts), the total number of
entrances to each chamber (multiple beams broken as the rat enters a chamber) and
exploratory behavior (a single broken beam in the adjacent chamber without actually
entering the chamber).
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4.3 CPP procedure
The day before conditioning, rats were placed into the neutral middle chamber and allowed
to explore all three chambers for 20 minutes. Rats were conditioned with 20 mg/kg cocaine,
i.p., using a standard unbiased and counterbalanced 4-day CPP procedure consisting of
alternating saline/cocaine injections over 4 days. On odd numbered days, rats were
administered saline and confined to one of the conditioning chambers for 30 minutes. On
even numbered days, rats were treated with cocaine and confined to the opposite chamber
for 30 minutes. Control rats were administered saline in both chambers on alternate days.
CPP testing was conducted 24 hours after the last conditioning session (drug-free),
following the same procedure as the preconditioning test. Preliminary testing in our lab has
shown that this paradigm produces equivalent CPP scores between sexes as compared to
Russo et al. (2003a). The 2 major differences between our paradigm andRusso et al. (2003a)
are: (1) animals were not handled daily for 30 minutes for a week prior to our testing; and
(2) we did not begin the CPP test with a 5 minute acclimation period in the test apparatus
before a 15 minute test. Pre-handling of rats has been shown to affect overall CPP scores in
male rats (Cunningham et al. 2006; 2011).

4.4 Protein preparation
After the 20 minute CPP test (24 hours and 20 minutes after the last cocaine treatment), rats
were briefly exposed to CO2 and rapidly decapitated. Brains were removed and flash frozen
in 2methylbutane and stored at −80 °C. Tissue punches of the PfC, NAc, CPu, and HIP were
simultaneously dissected on a cold glass plate. Tissue was homogenized with a Polytron
handheld homogenizer (Kinematica, Luzern, Switzerland) in lysis buffer (50mM Tris-HCl,
150 mMNaCl, 2 mM EDTA, 10% Glycerol, 1% Triton X-100, 1% sodium deoxycholic
acid) containing a phosphatase inhibitor cocktail. Homogenates were incubated for 30
minutes and centrifuged for 15 minutes (13,000 rpm, 4°C). Supernatants were stored at
−80°C until used for western blot analysis.

4.5 Drugs and antibodies
Cocaine hydrochloride was purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Primary antibodies for total ERK (#9102) and pERK (#9101), FosB (#2251) and total CREB
(#9197) were purchased from Cell Signaling Technologies (Beverly, MA). The pCREB
antibody (#06–519) was purchased from Millipore (Billerica, MA, USA). The Antibody for
a-tubulin (#sc-8035) was purchased from Santa Cruz Technologies (Santa Cruz, CA).
Horseradish peroxidaseconjugated anti-rabbit IgG (#NA-934) and anti-mouse (#NA-931)
were obtained from Amersham Phamacia (Piscataway, NJ).

4.6 Protein measurement and Western Blot analysis
The total protein content was found using a Bradford kit from Bio-Rad laboratories
(Hercules, CA). 30–50ug of protein extracts were boiled for 5 minutes in Lammeli buffer
that contained 1% Beta-mercapthoethanol before being electrophoresed onto 10–12% Tris-
HCl SDSPAGE gels and transferred onto PVDF membranes. Membranes were blocked at
room temperature for 1 hour with 5% nonfat dry milk and Tris-Tween-20 Buffer (TBST; pH
= 7.4). After three washes with TBST, membranes were incubated overnight individually at
4°C with the primary antibody for pCREB, FosB, or pERK (1:3000). Membranes were then
washed with TBST 3 more times and incubated for 1 hour at room temperature with the
appropriate secondary antibody (1:1000). Membranes were again washed in TBST 3 times
before a chemiluminescence kit (ECL; Amersham Pharmacia, Piscataway, NJ, USA) was
used to detect antibody binding. Membranes were then re-probed for a-tubulin and their
respective total proteins (1:3000 or 1:500).
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4.7 Data analysis
Paired-samples t-tests were used to assess differences in entrances, explorations, and the
time spent in the cocaine and saline paired chambers for each group during CPP testing.
Significant CPP behavior was defined as spending significantly more time in the cocaine
paired chamber than the saline paired chamber during preference testing. To measure
differences in the magnitude of CPP, preference scores were calculated by subtracting the
time spent in the saline paired chamber from the time spent in the cocaine paired chamber
during testing. Due to the unbiased conditioning procedures used in this study, we did not
compare the time spent in the cocaine paired chamber to the time spent in that chamber
during the pretest (Cunningham et al. 2006). Changes in the magnitude of CPP scores and
total locomotor activity were assessed with 2 × 2 (sex × treatment) ANOVAs. To assess the
relationship between CPP scores and locomotor activity during the CPP test, we conducted a
Bivariate Pearson correlation analysis between CPP scores and locomotor activity in cocaine
males and females (separately).

Films were scanned on an Epson Perfection v700 desktop scanner and Western blot band
intensities were quantified with imageJ molecular quantifying software (NIH). Levels of
pERK1/2 were quantified together. Total protein levels were normalized to their respective
atubulin levels (as a loading control), and total protein levels were used for the
normalization of phosphorylated protein levels (where appropriate) and expressed as
arbitrary densitometric units. Changes in protein levels were assessed with 2 × 2 (sex by
treatment) ANOVAs. Significant main effects were compared using unpaired t-tests with
Bonferonni corrections (where appropriate) and significant interactions were followed by
pairwise comparisons of simple main effects. To account for differences in protein
phosphorylation between saline treated males and females, in a separate analysis, we
assessed sex differences in the magnitude of change in protein phosphorylation from saline
in cocaine treated rats by normalizing raw data to saline controls of the respective sex
(arbitrarily set to 100%). In cases where a cocaine-induced increase in proteinlevels was
observed in male or female cocaine treated rats compared to their respective saline controls,
independent samples t-tests were then conducted on percentage control data between male
and female cocaine treated rats. Additionally, Bivariate Pearson Correlations were run on
normalized data for male and female cocaine treated animals (separately) to identify
relationships between CPP scores, locomotor activity and phosphorylated protein levels.
Correlation analysis between CPP scores and protein levels were performed using data
obtained from the animals used for molecular analysis.
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Abbreviations

CPP conditioned place preference

CPu caudate putamen

CREB cAMP response element binding protein

DA dopamine

DAR dopamine receptor

ERK extracellular regulated kinase

HIP hippocampus
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MAPK mitogen activated protein kinases

MEK mitogen activated extracellular-regulated protein kinase

NAc nucleus accumbens

pCREB phosphorylated CREB

pERK phosphorylated ERK

PfC prefrontal cortex

VTA ventral tegmental area
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Highlights

• No sex differences were observed in the expression or magnitude of cocaine
CPP

• Cocaine females were more active than males and saline controls during CPP
testing

• Cocaine males and females showed robust increases in NAc pERK, pCREB and
ΔFosB
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Figure 1.
CPP and locomotor responses in male and female rats during testing after conditioning with
20mg/kg cocaine. (A) Average time spent (in seconds ± SEM) in the saline paired chamber
compared to the cocaine paired chamber (B) CPP scores and (C) total locomotor activity in
saline (white bars) and cocaine (black bars) treated males and females (n = 8–10 rats per
group). *Indicates significant difference from saline controls of the same sex at p < 0.05.
^Indicates significant main effect of sex at p < 0.05. (D) Correlation between CPP scores
and total locomotor activity during the CPP test in cocaine treated male (squares) and female
(triangles) rats. The Pearson Correlation coefficients and p-values are displayed within the
plot.
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Figure 2.
Phosphorylated ERK1/2 protein levels (measured at 44/42 kDa) in the NAc (A), CPu (B),
PfC (C), and HIP (D) of male and female rats after CPP testing. Phosphorylated protein
levels are expressed as a ratio to their respective total protein levels (normalized to a tubulin,
55 kDa)(±SEM) (n = 4 animals per group). *Indicates significant difference from saline
controls of the same sex at p < 0.05. #Indicates significant difference between male and
female saline animals at p < 0.05.
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Figure 3.
Phosphorylated CREB protein levels (measured at 46 kDa) in the NAc (A), CPu (B), PfC
(C), and HIP (D) of male and female rats after CPP testing. Phosphorylated protein levels
are expressed as a ratio to their respective total protein levels (normalized to a tubulin, 55
kDa)(±SEM) (n = 4 animals per group). *Indicates significant difference from saline
controls of the same sex at p < 0.05.
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Figure 4.
FosB (left 4 bars, top band: 48 kDa) and ΔFosB (right 4 bars, bottom band: 38 kDa) protein
levels in the NAc (A), CPu (B), PfC (C), and HIP (D) of male and female saline and cocaine
rats after CPP testing. Protein levels are expressed as a ratio to their respective a tubulin
levels (55 kDa) (±SEM) (n = 4 animals per group). *Indicates significant difference from
saline controls of the same sex at p < 0.05. #Indicates significant difference between male
and female saline animals at p < 0.05.
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Figure 5.
Representative scatter plot of correlations between CPP scores and phosphoprotein levels.
NAc pERK protein levels (expressed as a percentage of saline controls) were significantly
correlated to CPP scores in both male (squares) and female (triangles) cocaine treated rats (n
= 4 animals per group). The Pearson correlation coefficients and p-values are displayed
within the plot.
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