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Abstract

The development and maintenance of cocaine addiction depend heavily on learned reward-

environment associations that can induce drug-seeking behavior and relapse. Understanding the 

mechanisms underlying these cue-induced conditioned responses is important for relapse 

prevention. To test whether intracellular responses measured after cocaine conditioned place 

preference (CPP) expression are context-dependent, we re-exposed cocaine-treated rats (drug-free) 

to an environment previously paired with cocaine or saline, 24 h after the CPP test. After 8 days of 

cocaine CPP training with one of two cocaine doses (5 mg/kg or 20 mg/kg, i.p.), CPP was 

expressed only after conditioning with the higher cocaine dose. In CPP expressing rats, locomotor 

responses after re-exposure to the cocaine-chamber were greater than in rats re-exposed to the 

saline-paired chamber. Nucleus Accumbens (NAc) phosphorylated ERK (pERK) levels were 

increased after re-exposure to the cocaine-paired, but not the saline-paired chamber, regardless of 

whether or not CPP behavior was expressed. Caudate Putamen (CPu) pERK and FosB protein 

levels increased after re-exposure to the cocaine chamber only after conditioning with the higher 

cocaine dose. Conversely, the higher cocaine dose, independent of environment, resulted in 

increased NAc FosB, ΔFosB and phosphorylated CREB (pCREB) protein levels compared to 

those conditioned with 5 mg/kg cocaine (non-CPP-expressing). Our results suggest that NAc ERK 

phosphorylation may be involved with retrieving the contextual information of a cocaine-

association, without necessarily motivating the expression of CPP behavior. Additionally, we 

show distinct patterns of intracellular responses in the NAc and CPu indicating a region-specific 

role for pERK/pCREB/FosB intracellular signaling in the retrieval of cocaine-context associations.
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INTRODUCTION

Although cocaine addiction is a major clinical problem, an understanding of the intracellular 

underpinnings that drive the high rate of relapse observed in abstinent cocaine users is 

lacking (McHugh et al., 2013). Relapse is particularly common when preceded by drug-

associated stimuli; stimuli (including but not limited to, paraphernalia, persons and/or 

environments) associated with the rewarding effects produced by drugs of abuse (Nestler, 

2002; Hyman, 2005). Drug reward increases the motivational valence of stimuli in the 

environment that through Pavlovian learning mechanisms, become conditioned stimuli that 

directly motivate behavior in the absence of the original unconditioned stimulus (Cardinal 

and Everitt, 2004; Kelley, 2004). To date, we seem to have a clear understanding of the 

neural circuitry involved with the development of these learned environment associations. 

However, elucidating the underlying molecular mechanisms is necessary for the 

development and advancement of relapse prevention and treatment methods (Milton, 2012).

The striatum, made up of the Nucleus Accumbens (NAc) and Caudate Putamen (CPu), is a 

key brain region important for the regulation of reward, reward-learning and habitual 

responses (Wickens et al., 2007). Cocaine produces neuroplastic changes in intracellular 

signaling in these regions known to underlie long-term memory processes (Madsen et al., 

2012). The NAc and CPu undergo changes in several of the same intracellular signaling 

proteins after acute and repeated cocaine exposure. For example, acute cocaine treatment 

increases Fos protein expression, ERK (extracellular regulated kinase) and CREB (cAMP 

response element binding protein) phosphorylation (Jenab et al., 2005; Sun et al., 2007) and 

chronic cocaine induces persistent increases in ΔFosB protein levels in both striatal regions 

(McClung and Nestler, 2003). ERK phosphorylation (pERK) has been extensively 

implicated in cocaine reward and plasticity (Lu et al., 2006) and is required for associative 

learning (Atkins et al., 1998). CPP rodent models indirectly measure drug-reward and allow 

for exploration of changes in signal transduction pathways that occur after exposure to an 

environment paired with cocaine (Taylor et al., 2008). Studies investigating ERK’s role in 

cocaine CPP suggest that ERK phosphorylation is necessary for both the development of a 

cocaine-context association (CPP acquisition) and for subsequent memory retrieval (CPP 

expression) (Valjent et al., 2000; Miller and Marshall, 2005; Ferguson et al., 2006). 

Specifically, recruitment of the ERK pathway during acute cocaine exposure is thought to 

promote neural plasticity while cocaine is present allowing for the encoding and 

consolidation of drug-related memories (Girault et al., 2007).

It is clear that striatal pERK plays a role in the acquisition and expression of CPP behaviors. 

However, a complete understanding of the relationship between changes in intracellular 

signaling pathways activated during the formation of cocaine-reward associations and those 

activated upon retrieval of the association is lacking. Additionally, the extent to which these 

changes are context-induced rather than a result of cocaine administration is unclear. To test 

Nygard et al. Page 2

Neuroscience. Author manuscript; available in PMC 2015 March 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whether intracellular responses measured after cocaine-CPP expression are conditioned 

responses to the cocaine-associated context, rather than to cocaine administration itself or 

withdrawal, we re-exposed cocaine-treated rats to an environment previously paired with 

cocaine or saline, drug-free after 8 days of cocaine-CPP training. Rats were conditioned with 

one of two doses of cocaine (5 or 20 mg/kg) previously shown to induce CPP (Russo et al., 

2003) and reintroduced to either the cocaine-paired or saline-paired environment 24 h after 

CPP testing. We hypothesized that after CPP acquisition, rats expressing cocaine-CPP and 

reintroduced to the cocaine-paired environment would have increased pERK, CREB, and 

FosB protein levels compared to rats re-exposed to the context previously paired with saline.

EXPERIMENTAL PROCEDURES

Animals

Individually housed eight-week-old male Fischer rats (Charles River, Kingston, NY, USA) 

with free access to food and water were kept on a 12-h light/dark cycle. Animal care was in 

adherence with the guide for the care and use of laboratory animals and approval was 

obtained by the Institutional Animal Care and Use committee at Hunter College.

CPP apparatus

A three chamber place preference apparatus (Med Associates, Georgia, VT, USA), was used 

as previously described (Russo et al., 2003; Nygard et al., 2013). Briefly, a rectangular 

neutral chamber with gray walls and a smooth PVC floor separated two square conditioning 

chambers with distinct visual and tactile cues. The apparatus was equipped with a 

computerized photobeam system and used MED-PC software to record the time spent in 

each chamber, locomotor responses, entrances into each chamber, and explorations.

CPP procedure

During the preconditioning test, guillotine doors were open and rats were placed into the 

neutral middle chamber and allowed to freely explore all three chambers for 20 min. Rats 

were then randomly assigned to one of two groups to be conditioned with 5 mg/kg or 20 

mg/kg cocaine. Conditioning consisted of alternating saline/cocaine treatments over the next 

8 days. On days 1, 3, 5 and 7 of conditioning, rats were administered an intra-peritoneal 

(i.p.) injection of saline and immediately confined to one of the conditioning chambers for 

30 min. On days 2, 4, 6, and 8, rats were treated with cocaine and immediately confined to 

the opposite chamber for 30 min. Conditioning was counterbalanced so that half of the 

animals received black side cocaine pairings and the other half received white side cocaine 

pairings. CPP testing was conducted with rats in a drug-free state the day after the last 

conditioning session and followed the same procedure as the preconditioning test (24 h after 

the last cocaine treatment rats were given free access to all three chambers for 20 min). All 

rats in this experiment were conditioned with one of the two cocaine doses. The unbiased 

design of our CPP protocol makes the comparison of time spent in the cocaine-paired 

chamber to time spent in the saline-paired chamber during the CPP test sufficient to 

establish CPP behavior, (Cunningham et al., 2003).
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The day after the CPP test, (48 h after the last cocaine treatment), each group of rats was 

split into two subgroups matched for CPP scores (four groups total) for confinement to 

either the cocaine-paired or saline-paired chamber for 30 min without cocaine treatment (n = 

4–5 per group). Subgroups were as follows: 5 mg/kg cocaine-paired: conditioned with 5 

mg/kg cocaine and re-exposed to the cocaine-chamber; 5 mg/kg saline-paired: conditioned 

with 5 mg/kg cocaine and re-exposed to the saline-paired chamber; 20 mg/kg cocaine-

paired: conditioned with 20 mg/kg cocaine and re-exposed to the cocaine-chamber; 20 

mg/kg saline-paired: conditioned with 20 mg/kg cocaine and re-exposed to the saline-paired 

chamber. After 30-min re-exposure to one of the conditioning chambers (drug-free), rats 

were briefly (30 s or less) exposed to CO2 and rapidly decapitated. We chose 30 min as the 

time point for protein measurement because in addition to being the same duration as a 

conditioning session, our lab has shown that 30 min is ideal to observe levels of pERK, 

phosphorylated CREB (pCREB), and FosB in the same animals.

Protein preparation

Following decapitation brains were quickly removed, flash frozen in 2-methylbutane (−40 

°C) and stored at −80 °C for 7 days until tissue was dissected. Tissue punches of NAc and 

CPu were dissected on a cold glass plate and homogenized with a Polytron handheld 

homogenizer (Kinematica, Luzern, Switzerland) in lysis buffer (50 mM Tris–HCl, 150 mM 

NaCl, 2 mM EDTA, 10% Glycerol, 1% Triton X-100, 1% sodium deoxycholic acid) 

containing a phosphatase inhibitor cocktail. Homogenates were incubated for 30 min and 

then centrifuged (15 min, 13,000 rpm, 4 °C). Supernatants were collected and stored at −80 

°C until used for Western blot analysis.

Drugs and antibodies

Cocaine hydrochloride was purchased from Sigma Chemical Co. (St. Louis, MO, USA). 

Primary antibodies for pERK (9101), ERK (9102), CREB (9197), and FosB (5G4) were 

purchased from Cell Signaling Technologies (Beverly, MA, USA). pCREB primary 

antibody (06-519) was purchased from Millipore (Billercia, MA, USA) and α-tubulin 

primary antibody (sc-8035) was purchased from Santa Cruz Technologies (Santa Cruz, CA, 

USA). Horseradish peroxidase-conjugated anti-rabbit (NA-934) and anti-mouse (NA-931) 

immunoglobulin G (IgG) were obtained from Amersham Pharmacia (Piscataway, NJ, USA).

Protein measurement and Western blot analysis

Total protein content was determined using a Bradford kit from Bio-Rad laboratories 

(Hercules, CA, USA). Protein extracts (30–50 µg) were boiled for 5 min in Lammeli buffer 

with 1% Beta-mercaptoethanol, followed by electrophoresis onto 10–12% Tris–HCl SDS–

PAGE gels and transferred onto PVDF membranes. Membranes were first blocked at room 

temperature with a solution of 5% nonfat dry milk in Tris-buffered saline with Tween-20 

(TBST; pH=7.4) for 1 h. After three washes with TBST, membranes were incubated 

overnight at 4 °C with the primary antibody for pERK, pCREB or FosB (1:3000). 

Membranes were then washed with TBST three more times and incubated for 1 h at room 

temperature with the appropriate secondary antibody (1:1000). After three more washes with 

TBST, a chemiluminescence kit (Clarity ECL, BioRad) was used and membranes were 
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exposed to X-ray film to detect antibody binding. All membranes were re-probed with the 

antibody for α-tubulin (1:3000) and their respective total protein (phosphorylated proteins) 

to normalize protein levels. Films were scanned and analyzed using ImageJ (NIH) to 

quantify the intensity of the protein bands.

Data analysis

CPP scores are defined as the time spent in the cocaine-paired chamber minus the time spent 

in the saline-paired chamber during testing. Time spent, entrances, and explorations of the 

saline and cocaine-paired chamber during the CPP test were analyzed with paired samples t-

tests for each cocaine dose. Comparisons of behavioral and Western blot data made between 

the four subgroups were done with 2 × 2 (Conditioning-chamber × Dose) ANOVAs. 

Significant main effects were followed by independent samples t-tests with Bonferonni 

corrections and significant interactions were followed by pairwise comparisons of simple 

main effects. Main effects of the “Conditioning-chamber” variable refer to differences 

between rats re-exposed to the saline-paired and cocaine-paired chamber the day after the 

CPP test, regardless of cocaine-conditioning dose. Main effects of the “Dose” variable refer 

to differences between rats conditioned with 5 and 20 mg/kg, regardless of chamber re-

exposure subgroup.

Locomotor responses were measured at two time points: (1) during the CPP test and (2) 

during re-exposure to the cocaine-paired or saline-paired chamber 24 h after the CPP test. 

Pearson correlation analysis was used to assess the relationship between CPP scores and 

locomotor responses recorded during both time points. Western blot data were converted to 

a ratio of phosphorylated protein levels to total protein levels, which were normalized to α-

tubulin as a loading control, using arbitrary densitometric units. Statistical significance was 

determined at the p < 0.05 level for all comparisons.

RESULTS

Cocaine effects on CPP behaviors are dose dependent

Unexpectedly, CPP was not expressed in rats conditioned with 5 mg/kg cocaine—no 

differences were seen between time spent in the cocaine-paired chamber and time spent in 

the saline-paired chamber [t(8) = 1.77, p = 0.20; Fig. 1]. Conversely, rats conditioned with 

20 mg/kg cocaine spent significantly more time in the cocaine-paired than in the saline-

paired chamber during the CPP test [t(8) = 2.72, p < 0.01; Fig. 1]. During the CPP test, no 

significant differences were found in total locomotor responses explorations or entrances 

into the cocaine-paired or saline paired-chamber after conditioning with either dose (Table 

1).

A significant main effect of Conditioning-chamber indicated that rats re-exposed to the 

chamber previously paired with cocaine were more active than those re-exposed to the 

chamber previously paired with saline [F(1,14) = 13.52, p < 0.01]; locomotor activity of 20 

mg/kg cocaine-paired rats was significantly higher than 20 mg/kg saline-paired rats [p < 

0.05; Fig. 2A]. Regardless of cocaine conditioning dose, locomotor responses in rats re-
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exposed to the cocaine-paired chamber were significantly correlated to CPP scores [5 

mg/kg: r = 0.9, p < 0.05; 20 mg/kg: r = 0.8, p = 0.05; Fig. 2B and C, respectively].

NAc pERK, pCREB and FosB/ΔFosB protein levels

No differences were seen in total ERK or CREB protein levels in the NAc or CPu (Table 2). 

A significant main effect of Conditioning-chamber on NAc pERK levels was found [F(1,14) 

= 9.72, p < 0.05; Fig. 3A]. NAc pERK levels increased after re-exposure to the cocaine-

paired chamber regardless of cocaine conditioning dose [p < 0.05 for all comparisons; Fig. 

3A]. Conversely, we found significant main effects of Dose on NAc pCREB, FosB, and 

ΔFosB protein levels [pCREB: F(1,14) = 7.33, p < 0.05: Fig. 3B; FosB: F(1,12) = 15.24, p < 

0.01: Fig. 3C; ΔFosB: F(1,12) = 5.98, p < 0.05; Fig. 3C]. NAc pCREB, FosB, and ΔFosB 

levels were higher after conditioning with 20 mg/kg cocaine compared to 5 mg/kg cocaine 

regardless of re-exposure to the cocaine-paired or saline-paired chamber [p < 0.05 for all 

comparisons; Fig. 3B and C].

CPu pERK, pCREB and FosB/ΔFosB protein levels

A main effect of Conditioning chamber showed CPu pERK was increased in rats re-exposed 

to the cocaine-paired chamber only after conditioning with 20 mg/kg cocaine 

[F(1,14)=11.30, p < 0.01; Fig. 4A]. CPu pCREB levels did not change based on cocaine 

Dose or Conditioning chamber re-exposure (Fig. 4B). A significant dose by Conditioning-

chamber interaction effect on CPu FosB levels was also observed [F(1,12) = 5.10, p < 0.05]. 

CPu FosB levels in rats re-exposed to the cocaine-paired chamber after conditioning with 20 

mg/kg were increased compared to 20 mg/kg saline-paired rats and rats conditioned with 5 

mg/kg cocaine and re-exposed to the saline-paired chamber or the cocaine-paired chamber 

[F(1,12) = 14.82, p < 0.01; Fig. 4C].

DISCUSSION

The aim of the present study was to determine the extent to which increases in 

phosphorylated protein levels previously observed after cocaine-CPP expression (Nygard et 

al., 2013), are context-induced. Consistent with our hypothesis, drug-free re-exposure to the 

environment paired with cocaine during CPP training context dependently increased NAc 

pERK levels when compared to animals re-exposed to the control environment. Because all 

rats were treated with cocaine and re-exposure to the saline conditioning chamber did not 

increase pERK levels, the increase cannot be attributed to cocaine treatment history or 

withdrawal. We also saw increased CPu pERK and FosB levels after CPP expression and re-

exposure to the cocaine-paired environment. Rats conditioned with the higher cocaine dose 

(CPP expressing) and re-exposed to the cocaine-chamber had higher CPu pERK and FosB 

protein levels compared to those re-exposed to the saline-chamber and rats that did not 

express CPP behavior (rats conditioned with 5 mg/kg cocaine). The different patterns of 

intracellular responses we observed after exposure to a cocaine-paired environment are in 

agreement with previous studies suggesting that these striatal regions may be associated 

with different aspects of a drug-environment association. Specifically, our results suggest 

that the CPu and NAc may have differential roles in the expression of cocaine-CPP behavior 

and may regulate dissociable aspects of the learned association. The similar pattern of 
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context-induced NAc pERK with or without the expression of CPP behavior suggests that 

pERK may not be sufficient to regulate the motivational properties that control the 

behavioral expression of CPP.

Unexpectedly, we observed differences in CPP behavior after training with two doses of 

cocaine previously shown to be effective in inducing CPP (Russo et al., 2003). We only saw 

CPP behavior after conditioning with the higher cocaine dose (20 mg/kg cocaine, but not 5 

mg/kg cocaine). Rats trained with 20 mg/kg cocaine and re-introduced to the cocaine-

chamber the day after the CPP test also displayed more locomotor responses than 20 mg/kg 

conditioned rats re-introduced to the saline- paired chamber. However, we saw some 

evidence of conditioned locomotion after conditioning with both doses. CPP scores were 

positively correlated to locomotor counts during forced re-exposure to the cocaine-paired 

context regardless of conditioning cocaine dose. Although rats trained with the lower 

cocaine dose (5 mg/kg) did not develop a preference for the cocaine-paired chamber, the 

positive correlation between CPP scores and locomotor counts during re-exposure to the 

cocaine-paired chamber, may be an indication of conditioned locomotion. Therefore, an 

association may have been made between the effects of cocaine and the context in which it 

was administered in response to both doses, but the lower dose may have lacked the 

rewarding properties to motivate CPP behavior during the CPP test. The extent to which the 

changes in protein levels reported here are involved with conditioned locomotor responses is 

still unclear. However, ERK phosphorylation has been implicated in the development of 

conditioned locomotor behavior in a cocaine-paired context (Valjent et al., 2006). Increased 

CPu pERK and FosB levels may also be related to the increased locomotor counts in rats re-

exposed to the cocaine-chamber and may play a role in the expression of a conditioned 

locomotor response. Therefore, the CPu may be more important to CPP expression and the 

motivational aspects of the cocaine-contextual association; probably those driving the 

motivation to engage in motor behaviors (Wickens et al., 2007; Everitt and Robbins, 2013). 

Our observation of context-induced increases in CPu pERK and FosB only after CPP 

expression, may also suggest a potential role for these proteins in contributing to extinction 

learning that occurs after repeated exposure to a previously drug-paired chamber without 

drug (Auber et al., 2013). Although this postulate requires further testing, regardless of the 

precise memory component involved, it is clear that the protein level increases we observed 

were context-induced.

Recent research has shown that the motivational and associative components of cocaine-

environment associations may be dissociable and are mediated by different brain regions 

(Theberge et al., 2010; Ding et al., 2013; Wells et al., 2013). NAc pERK may be more 

involved with the associative component due to the increase after cocaine-context re-

exposure regardless of CPP expression. Wells et al. (2013) recently found that NAc ERK 

inhibition during reconsolidation of an instrumental cocaine-context association had no 

effect on subsequent cocaine-seeking behavior. Based on our results, the lack of behavioral 

impairment makes sense because NAc ERK phosphorylation was increased even when 

cocaine-seeking behaviors were not exhibited. According to this hypothesis, inhibiting ERK 

during reconsolidation (exposure to the cocaine-context) would not alter subsequent cocaine 

seeking because the motivational components of the association could remain intact. The 

increase in NAc pERK observed in the present study is contradictory to the results of Tropea 
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et al. (2008) in which an increase in NAc pERK was not seen after cocaine-paired 

environment re-exposure. The differences in results can potentially be explained through the 

differences in cocaine dose, time points examined and method of CPP testing. However, the 

role of NAc pERK has been extensively studied and our results are consistent with most 

previous research. Marin et al. (2009) found different patterns of context-specific cocaine-

induced NAc ERK and CREB phosphorylation after a cocaine-challenge. In the present 

study, rats were drug-free indicating that changes in protein levels reported were not due to 

the presence of cocaine. Rather, the increases in protein levels after re-exposure to the 

cocaine-chamber (increased NAc pERK and CPu FosB and pERK) were most likely 

context-induced and may be necessary for the retrieval of a cocaine-associated memory.

Future research should examine connections between these brain regions and others known 

to be involved with associative learning, attention, and emotional processing. For example, a 

role of the amygdala in the attention processes necessary for motivational associative 

learning has recently been shown in humans (Li et al., 2011) and rodents (Wells et al., 

2013). NAc pCREB, FosB/ΔFosB dose dependently increased, regardless of re-exposure 

context. In addition to temporal differences in protein expression in the NAc and CPu, these 

proteins may be regulating different aspects of a cocaine-contextual memory. It is necessary 

to explore the precise mechanisms regulating these differences. Future studies need to be 

done in order to clarify the increased NAc pERK we observed after cocaine-CPP training 

and re-exposure to the cocaine-paired environment (but not the control environment) 

regardless of whether or not CPP behavior was expressed. However, given the role of ERK 

phosphorylation in associative learning (Atkins et al., 1998), our data are in agreement with 

previous research implicating NAc pERK as a necessary component to form the association, 

but may not be sufficient on its own to motivate drug-seeking behavior when in contact with 

the drug-associated context. Our observation that NAc pCREB and ΔFosB protein levels 

dose dependently increased further implicates NAc ΔFosB accumulation in cocaine-reward 

and motivation (Lobo et al., 2013). These dose-dependent effects may represent downstream 

regulators of drug-reward processing, and thus may work in combination with NAc pERK to 

establish the motivation necessary for the expression of drug-seeking behaviors such as 

CPP.

CONCLUSIONS

The present study provides evidence for the role of ERK and CREB intracellular signaling 

pathways in mediating the neuronal plasticity involved with cocaine-context associations. 

Our data indicate a region-specific role for pERK/pCREB/FosB intracellular signaling in the 

acquisition and subsequent expression/retrieval of cocaine-context associations. Overall, the 

changes we observed in CPu and NAc pERK suggest a multifunctional role for pERK in the 

retrieval of cocaine-context associations. Disrupting reconsolidation of the motivational 

component may be helpful for the development of new treatments (Tronson and Taylor, 

2013). Therefore, these results will aid in the advancement of the general knowledge about 

the molecular formation and retrieval of cocaine-associated memories that can be used in the 

future when designing treatments for cocaine addiction to assist in both the cessation of 

addiction and prevention of relapse.
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Abbreviations

CPP conditioned place preference

CPu Caudate Putamen

CREB cAMP response element binding protein

ERK extracellular regulated kinase

NAc Nucleus Accumbens

pCREB phosphorylated CREB

pERK phosphorylated ERK
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Fig. 1. 
Average time spent in seconds (± SEM) in the saline-paired chamber and cocaine-paired 

chamber during the CPP test after conditioning with 5 or 20 mg/kg cocaine. *Significant 

difference at the p < 0.05 level (n = 9 animals per group).
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Fig. 2. 
Locomotor responses during re-exposure to the cocaine-paired or saline-paired chamber 24 

h after the CPP test after conditioning with 5 or 20 mg/kg cocaine. (A) Total locomotor 

counts (mean ± SEM) in rats re-exposed to the saline-paired (white bars) or cocaine-paired 

(black bars) chamber. *Significant difference at the p < 0.05 level (n = 4–5 animals per 

group). (B, C) Correlations between CPP scores and locomotor counts during saline-

chamber (triangles) or cocaine-chamber (circles) re-exposure after conditioning with (B) 5 

mg/kg or (C) 20 mg/kg.
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Fig. 3. 
NAc (A) pERK1/2, (B) pCREB and (C) FosB/ΔFosB protein levels after re-exposure to the 

cocaine paired or saline paired chamber after conditioning with 5 mg/kg (left) or 20 mg/kg 

(right) cocaine (24 h after initial CPP test). Phosphorylated protein levels are expressed as a 

ratio to total protein levels (normalized to α tubulin). *Significant difference from rats re-

exposed to the saline-paired chamber of the same dose at the p < 0.05 levels. #Significant 

difference between rats trained with 5 and 20 mg/kg cocaine (n = 4– 5 animals per group).
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Fig. 4. 
CPu (A) pERK1/2, (B) pCREB and (C) FosB/ΔFosB protein levels after re-exposure to the 

cocaine-paired or saline-paired chamber after conditioning with 5 mg/kg (left) or 20 mg/kg 

(right) cocaine (24 h after initial CPP test). Phosphorylated protein levels are expressed as a 

ratio to total protein levels (normalized to α-tubulin). *Significant difference from rats re-

exposed to the saline-paired chamber of the same dose at the p < 0.05 level. #Significant 

difference between rats trained with 5 and 20 mg/kg cocaine (n = 4–5 animals per group).
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Table 2

Total ERK and CREB protein levels after CPP expression

Region 5 mg/kg 20 mg/kg

Saline-paired Cocaine-paired Saline-paired Cocaine-paired

ERK

  NAc 89.92 ± 6.10 80.54 ± 8.30 88.24 ± 7.90 96.12 ± 7.63

  CPu 103.90 ± 6.40 102.14 ± 4.40 102.01 ± 2.72 90.30 ± 8.60

CREB

  NAc 218.30 ± 7.10 221.71 ± 5.53 224.30 ± 4.63 225.10 ± 4.30

  CPu 204.70 ± 14.10 204.43 ± 4.00 199.02 ± 2.90 197.50 ± 9.10

Data are shown as mean arbitrary densitometric units (± SEM) normalized to α-tubulin (n = 4–5 animals per group). No significant differences 
were observed based on treatment.
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