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Abstract: Repeated cocaine alters glutamate neurotransmission, in part, by 

reducing cystine-glutamate exchange via system xc-, which maintains 

glutamate levels and receptor stimulation in the extrasynaptic compartment. 

In the present study, we undertook two approaches to determine the 

significance of plasticity involving system xc-. First, we examined whether the 

cysteine prodrug N-acetylcysteine attenuates cocaine-primed reinstatement 

by targeting system xc-. Rats were trained to self-administer cocaine (1 

mg/kg/200 µl, IV) under extended access conditions (6 hr/day). After 

extinction training, cocaine (10 mg/kg, IP) primed reinstatement was 

assessed in rats pretreated with N-acetylcysteine (0–60 mg/kg, IP) in the 

presence or absence of the system xc- inhibitor (S)-4-carboxyphenylglycine 

(CPG; 0.5 µM; infused into the nucleus accumbens). N-acetylcysteine 

attenuated cocaine-primed reinstatement, and this effect was reversed by co-

administration of CPG. Secondly, we examined whether reduced system xc- 

activity is necessary for cocaine-primed reinstatement. To do this, we 

administered N-acetylcysteine (0 or 90 mg/kg, IP) prior to twelve daily self-

administration sessions (1 mg/kg/200 µl, IV; 6 hr/day) since this procedure 

has previously been shown to prevent reduced activity of system xc-. On the 

reinstatement test day, we then acutely impaired system xc- in some of the 

rats by infusing CPG (0.5 µM) into the nucleus accumbens. Rats that had 

received N-acetylcysteine prior to daily self-administration sessions exhibited 

diminished cocaine-primed reinstatement; this effect was reversed by infusing 

the cystine-glutamate exchange inhibitor CPG into the nucleus accumbens. 

Collectively these data establish system xc- in the nucleus accumbens as a 

key mechanism contributing to cocaine-primed reinstatement. 

Keywords: extrasynaptic, nonvesicular, glutamate, microdialysis, cystine-

glutamate antiporter, reinstatement 

Long-term plasticity resulting in altered excitatory 

neurotransmission within corticostriatal pathways has been implicated 

in addiction. Human cocaine abusers exposed to craving-inducing 

stimuli exhibit increased activation of excitatory circuits originating in 

cortical regions, including orbital or prefrontal cortex, and projecting to 

the ventral striatum (Breiter et al., 1997; Dackis and O'Brien, 2005; 

Volkow et al., 2005). Preclinical data indicate that an injection of 

cocaine increases Fos protein expression throughout the corticostriatal 

pathway in rats engaged in cocaine seeking (Neisewander et al., 2000) 

and that transient inactivation of the prefrontal cortex or nucleus 

accumbens core blocks cocaine-primed reinstatement in rats 

(McFarland and Kalivas, 2001). Inhibition of excitatory 

neurotransmission in the nucleus accumbens by preventing activation 
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of corticostriatal pathways, stimulating group II metabotropic 

glutamate autoreceptors, or blocking AMPA receptors also blocks 

cocaine-primed reinstatement in rats (Cornish and Kalivas, 2000; Park 

et al., 2002; Baker et al., 2003; McFarland et al., 2003; Schmidt et 

al., 2005; Peters and Kalivas, 2006). These data indicate that 

regulation of synaptic glutamate represents a novel approach in the 

treatment of cocaine addiction (Volkow and Fowler, 2000; Dackis, 

2004). 

System xc- may be a key mechanism underlying cocaine-

induced changes in glutamate signaling within corticostriatal pathways 

that contribute to pathological cocaine seeking. First, cystine-

glutamate exchange via system xc- supplies nonvesicular glutamate in 

the extrasynaptic compartment that stimulates extrasynaptic group II 

metabotropic glutamate receptors (mGluR) in the nucleus accumbens 

and prefrontal cortex (Baker et al., 2002; Xi et al., 2002a; Moran et 

al., 2005). This is important because stimulation of group II mGluRs 

inhibits synaptic release of glutamate (Baskys and Malenka, 1991; 

Cochilla and Alford, 1998; Schoepp, 2001; Moran et al., 2005). 

Repeated cocaine blunts cystine-glutamate exchange (Baker et al., 

2003; Madayag et al., 2007) which results in reduced basal glutamate 

levels in the nucleus accumbens (Pierce et al., 1996; Reid and Berger, 

1996; Baker et al., 2003), and reduced autoregulation of synaptic 

glutamate by group II mGluRs (Xi et al., 2002b). Likely as a result, a 

cocaine challenge increases synaptic release of glutamate in cocaine-

withdrawn rats (Pierce et al., 1996; Reid and Berger, 1996; Baker et 

al., 2003) that occurs as a result of activation of corticostriatal 

pathways (McFarland et al., 2003). 

Preclinical studies have shown N-acetylcysteine to be effective in 

blocking compulsive drug-seeking in rodents (Baker et al., 2003; 

Madayag et al., 2007; Zhou and Kalivas, 2007) and data from open-

label trials have shown reduced cocaine use and craving in human 

cocaine abusers (Larowe et al., 2006; Mardikian et al., 2007). 

Although the effects of N-acetylcysteine were attributed to increased 

cystine-glutamate exchange by system xc-, data indicate that N-

acetylcysteine may alter glutamate signaling through cellular 

mechanisms distinct from system xc-. Specifically, N-acetylcysteine or 

cysteine resulting from deacetylation of N-acetylcysteine has been 

shown to influence the activity of sodium-dependent glutamate 
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transporters and glutamate receptors including NMDA and AMPA 

receptors (Janaky et al., 2000; Aoyama et al., 2006; Chase et al., 

2007). As a result, the mechanism underlying the effects of N-

acetylcysteine needs to be identified. 

The present study examines the therapeutic potential of 

targeting system xc- to reduce drug-seeking behavior. First, we 

examined whether the cysteine prodrug N-acetylcysteine attenuates 

cocaine-primed reinstatement by targeting system xc-. To do this, we 

examined the capacity of N-acetylcysteine to block cocaine-primed 

reinstatement in the presence or absence of the system xc- inhibitor 

(S)-4-carboxyphenylglycine (Ye et al., 1999; Patel et al., 2004) (CPG; 

0.5 µM; infused into the nucleus accumbens). N-acetylcysteine 

attenuated cocaine-primed reinstatement and this effect was reversed 

by co-administration of CPG. Secondly, we examined whether reduced 

system xc- activity is necessary for cocaine-primed reinstatement. To 

do this, we administered N-acetylcysteine (0 or 90 mg/kg, IP) prior to 

twelve daily self-administration sessions (1 mg/kg, IV; 6 hr/day). This 

procedure has previously been shown to prevent reduced activity of 

system xc- and cocaine-primed reinstatement (Madayag et al., 2007). 

Experimental Procedures 

Subjects 

These experiments utilized male Sprague Dawley rats (Harlan, 

Indianapolis, IN) weighing 275–325 grams upon arrival. Rats were 

individually housed in a temperature-controlled colony room with a 12-

h reversed light/dark cycle. Housing conditions and experimental 

protocols were approved by the Marquette University Institutional 

Animal Care and Use Committee and carried out according to the NIH 

Guide for the Care and Use of Laboratory Animals (revised 1996). 

Surgeries 

Rats included in self-administration studies were implanted with 

indwelling catheters under ketamine HCl (100 mg/kg, IP, Fort Dodge 

Animal Health, Fort Dodge, IA) and xylazine (2 mg/kg, IP, Lloyd 

Laboratories, Shenandoah, IA, USA) anesthesia. A silicon tubing 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R19
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R46
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2614296/#R22


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

5 

 

catheter (Dow Corning Co., Midland, MI; 0.64 mm ID; 1.19 mm OD) 

was implanted such that it entered the jugular vein through the right 

posterior facial vein and terminated at the right atrium. The catheter 

was sutured to the vein at the entry point. The distal aspect of the 

catheter, which consisted of a 22-gauge guide cannula (Plastics One 

Inc., Roanoke, VA) attached with dental acrylic to a piece of 

polypropylene monofilament surgical mesh (Atrium Medical, Co., 

Hudson, NH), exited 2 cm posterior to the scapulae. Throughout the 

experiment, catheters were filled daily with a heparin solution (83 

i.u./ml; Elkins-Sinn, Inc., Cherry Hill, NJ) and capped when 

disconnected from the leash/delivery line assembly. 

Rats included in microdialysis studies were also implanted with 

indwelling bilateral guide cannulae (20 gauge, 14 mm; Plastics One, 

Roanoke VA) using the following coordinates derived from Paxinos and 

Watson (1986): + 0.9 mm anterior, ± 2.5 mm mediolateral to 

Bregma, and −4.4 mm from the surface of the skull at a 6° angle from 

vertical. The placement of the active region of the microdialysis probe, 

which began 2 mm beyond the ventral tip of the guide cannulae, was 

primarily in the nucleus accumbens core. Following surgery, rats were 

given at least five days to recover prior to testing. During this time, 

rats were provided acetaminophen (480 mg/L) in their drinking water 

and injected daily with a sterile cefazolin antibiotic solution (15 mg, 

IV; West-Ward Pharmaceutical Co., Eatontown, NJ). 

Cocaine Self-Administration Training 

Self-administration occurred in operant chambers (ENV-008CT, 

MED-Associates Inc., St Albans, VT, USA) housed in sound attenuating 

cubicles (ENV-016M, MED-Associates Inc.) and equipped with two 

retractable levers, two stimulus lights, and a water bottle. At least five 

days after surgery, rats were food restricted for 18 hr with water 

available ad libitum. Rats were then placed into the operant chambers 

overnight and responses on the lever designated as active resulted in 

the delivery of food pellets under a fixed ratio 1 schedule of 

reinforcement. Daily food training continued until subjects received at 

least 150 food rewards in a session, which typically occurred following 

the first session. Rats then underwent drug self-administration training 

during daily 2-hr sessions in which operant responses on the active 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
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lever were reinforced with an infusion of cocaine (0.5 mg/kg/200 µl IV, 

National Institute on Drug Abuse, Bethesda, MD, USA) under a fixed 

ratio 1 schedule of reinforcement. Each reinforced lever response 

resulted in the illumination of the stimulus light located above the 

active lever and was followed by a 25-s time-out period. Responding 

on a second, inactive lever located on the back wall was recorded but 

had no programmed consequences. Acquisition of cocaine self-

administration was operationally defined as < 10% variation in daily 

responding over at least three consecutive sessions. Once rats met the 

acquisition criteria, they were advanced to maintenance sessions in 

which saline or cocaine was self-administered under extended-access 

conditions (1.0 mg/kg/200 µl IV; 6-hr/day for 12 days). 

Extinction training 

After completing twelve maintenance self-administration 

sessions, rats remained in their home cages for seven days prior to 

extinction training. A seven day delay was used to ensure an adequate 

abstinent period prior to reinstatement, even in rats that quickly 

extinguished responding. Extinction training involved placing rats into 

the operant chambers for 2-hr/day as described above in the self-

administration section except each active lever press now resulted in 

an infusion of saline. This continued until the mean number of lever 

presses was ≤ 10 responses across at least three sessions, at which 

point rats were tested for drug-primed reinstatement. Because the 

average number of extinction sessions needed to meet criteria (± 

SEM) was 15.4 ± 4.3, reinstatement testing occurred on average 22 

days after the last self-administration session. 

Histology 

Rats included in the microdialysis studies were given an 

overdose of pentobarbital (60 mg/kg, IP), and the brains fixed by 

intracardiac infusion of 0.9% saline followed by 2.5% formalin 

solution. Brains were then removed and stored in 2.5 % formalin for at 

least seven days prior to sectioning. The tissue was then blocked and 

coronal sections (100 µM) were cut and stained with cresyl violet to 

verify probe placements. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
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Statistical analyses 

The SPSS statistics package (version 16) was used to perform 

the statistical analyses. Data was analyzed using analysis of variance 

(ANOVA) with drug treatment (e.g., dose of N-acetylcysteine, cocaine 

history) as between subject factors and self-administration session or 

phase of experiment (extinction, reinstatement) as repeated factors. 

Tukeys HSD test were used to analyze significant (p ≤ .05) 

interactions or main effects. Student t-tests were used in instances 

where main effects or simple main effects involving only two groups 

were further analyzed as a result of a significant interaction. 

Experiment 1 

N-acetylcysteine has been shown to block cocaine-primed 

reinstatement in rats that had self-administered under short access 

conditions (Baker et al., 2003). In the present study, we examined 

whether N-acetylcysteine targets cystine-glutamate exchange by 

system xc-to produce this effect. Rats were trained to self-administer 

cocaine as described above under extended access conditions. 

Following extinction training, rats were tested for cocaine-primed 

reinstatement. On the night before the reinstatement test, 

microdialysis probes, constructed as previously described (Baker et al., 

2003), were inserted into indwelling guide cannula. Rats were then 

housed overnight in the self-administration chambers. The next day, 

dialysis buffer (5 mM glucose, 140 mM NaCl, 1.4 mM CaCl2, 1.2 mM 

MgCl2, and 0.15% phosphate buffer saline, pH 7.4) was pumped 

through the probes at a rate of 1 µl/min for at least 3 hr. After this, 

vehicle or N-acetylcysteine (30–60 mg/kg, IP) was administered at the 

same time that vehicle or (S)-4 carboxyphenylglycine (CPG; 0.5 µM) 

was added to the dialysis buffer. Sixty minutes later, rats received a 

systemic injection of cocaine (10 mg/kg, IP). The levers were then 

extended into the chambers and responding was monitored for 120 

min. 

Experiment 2 

Repeated cocaine produces a reduction in cystine-glutamate 

exchange from system xc-. In the present study, we explored the 
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contribution of diminished system xc- activity to cocaine-induced 

reinstatement of drug seeking. Rats were trained to self-administer 

cocaine as described above with the exception that rats received saline 

or N-acetylcysteine (90 mg/kg, IP) injections thirty minutes prior to 

each session of cocaine self-administration during both the acquisition 

and maintenance phases. Note, administration of N-acetylcysteine 

prior to daily cocaine self-administration has been shown to prevent 

reduced cystine-glutamate exchange by system xc- (Madayag et al., 

2007). Once self-administration was complete, rats underwent a seven 

day forced abstinence period, which was followed by extinction training 

as described above. On the night before the reinstatement test, 

microdialysis probes, constructed as previously described (Baker et al., 

2003), were inserted into indwelling guide cannula. Rats were then 

housed overnight in the self-administration chambers. The next day, 

dialysis buffer (5 mM glucose, 140 mM NaCl, 1.4 mM CaCl2, 1.2 mM 

MgCl2, and 0.15% phosphate buffer saline, pH 7.4) was pumped 

through the probes at a rate of 1 µl/min for at least 3 hr. After this, 

vehicle or CPG (0.5 µM) was added to the dialysis buffer for the 

duration of the experiment. Sixty minutes later, rats received a 

systemic injection of cocaine (10 mg/kg, IP). The levers were then 

extended into the chambers and responding was monitored for 120 

min. 

Results 

N-acetylcysteine Blocks Cocaine-Primed Reinstatement 

by Targeting System xc- 

In the present study, we tested the hypothesis that N-

acetylcysteine blocks cocaine-induced reinstatement of drug seeking 

by targeting system xc-. Figure 1 illustrates the impact of acute 

administration of N-acetylcysteine in the presence or absence of the 

cystine-glutamate exchange inhibitor CPG on cocaine-primed 

reinstatement of drug seeking. A comparison of lever pressing on the 

last day of extinction or the reinstatement test day produced an 

interaction between day and drug treatment (ANOVA: F4,35=18.949, 

p<.001). Post hoc analyses indicated that administration of the high 

dose of N-acetylcysteine in the absence of cocaine failed to reinstate 

cocaine seeking since there was no increase in lever pressing on the 
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reinstatement test relative to behavior expressed on the last day of 

extinction (Students paired T-test, p<.05). In contrast, a cocaine 

prime reinstated cocaine seeking in all groups, although the magnitude 

of reinstatement was significantly lower in rats treated with either dose 

of N-acetylcysteine when administered in the absence of CPG infusions 

into the nucleus accumbens (Tukey HSD, p<.05). Interestingly, 

infusion of CPG into the nucleus accumbens reversed the effects of 

acute N-acetylcysteine administration such that these rats exhibited 

significantly more lever presses relative to rats pretreated with N-

acetylcysteine in the absence of CPG (Tukey HSD, p<.05). 

 

Figure 1 N-acetylcysteine blocks cocaine-primed reinstatement by targeting 

system xc-. The data depict the mean (+ SEM) number of lever presses on the last 

extinction session or on the reinstatement test day. Drug assignments indicate 

treatment on only the reinstatement test day (N=6–12/group as indicated in the bar 

graphs). N-acetylcysteine (0–60 mg/kg, IP) was injected at the time that (S)-4 

carboxyphenylglycine (CPG; 0–0.5 µM) was added to the dialysis buffer; rats then 

received a cocaine injection (10 mg/kg, IP) sixty min later. The operant levers were 

then extended into the chamber and responding was monitored for 120 min. * 

indicates a significant difference from extinction responding (t-test, p<.05); # 

indicates a significant difference from rats treated with cocaine only (Tukey, p<.05); + 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
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indicates a significant increase relative to rats treated with cocaine + N-acetylcysteine 

(60 mg/kg; Tukey, p<.05). 

Decreased cystine-glutamate exchange contributes to 

cocaine-primed reinstatement 

The present study tested the hypothesis that reduced cystine-

glutamate exchange by system xc- is necessary for cocaine-primed 

reinstatement. To do this, N-acetylcysteine was administered prior to 

each daily session of cocaine self-administration, which has previously 

been shown to prevent cocaine-induced plasticity involving system xc- 

(Madayag et al., 2007). In figure 2, we present the impact of daily N-

acetylcysteine on cocaine intake during twelve maintenance sessions 

of cocaine self-administration under extended-access conditions. A 

comparison of the number of cocaine infusions with drug treatment as 

a between subjects variable and time or daily session as a repeated 

measure failed to produce an interaction between the terms (ANOVA: 

F11,264=0.683, p=.754), but produced a significant main effect of time 

(ANOVA: F11,264=8.54, p<.001) and a strong trend toward a main 

effect of drug treatment (ANOVA: F1,24=4.16, p=.053). 

 

Figure 2 N-acetylcysteine reduces cocaine intake across daily sessions of cocaine 

self-administration. Data depict the mean (± SEM) number of cocaine infusions (1.0 

mg/kg/200 µl, IV) obtained during twelve daily maintenance self-administration 

sessions (6-hr/day). Thirty min prior to each daily session, rats received either vehicle 

(1 ml/kg; N=14) or N-acetylcysteine (90 mg/kg, IP; N=12). 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/
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Figure 3 illustrates the impact of N-acetylcysteine administered 

prior to daily sessions of cocaine self-administration on extinction 

responding following a seven day forced abstinence period. A 

comparison of the number of the number of lever presses with 

pretreatment history as a between subjects variable and day of the 

experiment as a repeated measure failed to produce an interaction 

between the terms (ANOVA: F4,96=0.364, p=.833), but produced a 

significant main effect of time (ANOVA: F4,96=11.95, p<.001) and 

pretreatment history (ANOVA: F1,24=6.165, p=.02). Note, the above 

analyses were conducted on just the first five extinction sessions since 

some rats met the acquisition criteria within five sessions. 

 

Figure 3 N-acetylcysteine pretreatment during self-administration training results 

in lower levels of extinction responding. Following self-administration training, rats 

remained in the home cage for 7 days, and then underwent extinction training in 

which lever presses resulted in a saline infusion. Data depict the mean (± SEM) 

number of lever presses during the first five extinction sessions (2 hr/day). The first 

five sessions are depicted because some rats met the extinction criteria prior to the 

sixth session. Drug assignments indicate treatment during self-administration training 

(N=12–14/group). * indicates a main effect of drug treatment (ANOVA, p<.05). 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/
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Figure 4 illustrates the impact of the cystine-glutamate 

exchange inhibitor CPG infused into the nucleus accumbens on 

cocaine-primed reinstatement by rats that had received N-

acetylcysteine prior to daily sessions of cocaine self-administration. A 

comparison of lever pressing on the last day of extinction or the 

reinstatement test day produced an interaction between day and drug 

treatment history (ANOVA: F2,22=5.45, p=.012). Analysis of the simple 

main effect comparing response rates on the reinstatement test 

session only yielded a significant effect of drug treatment history 

(ANOVA: F2,22=5.40, p=.012). Post hoc analyses indicated that rats 

that had received N-acetylcysteine prior to daily sessions of cocaine 

self-administration, a procedure previously shown to prevent reduced 

cystine-glutamate exchange (Madayag et al., 2007), exhibited blunted 

cocaine-primed reinstatement (Tukey HSD, p<.05), even though 

testing occurred at least 12 days after the last administration of N-

acetylcysteine (figure 4). Further, acute disruption of cystine-

glutamate exchange following intra-accumbens infusion of CPG in rats 

that had received N-acetylcysteine pretreatments during cocaine self-

administration training restored cocaine-primed reinstatement to levels 

observed in controls that had no history of N-acetylcysteine 

pretreatments (Tukey HSD, p<.05). Although the nucleus accumbens 

was the region primarily infused with CPG, the microdialysis probe for 

some subjects also extended into the striatum dorsal to the nucleus 

accumbens or the olfactory tubercles (figure 5). 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
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Figure 4 Acute disruption of cystine-glutamate exchange reverses the impact of 

daily N-acetylcysteine pretreatments on cocaine-primed reinstatement. Data depict 

the mean number of lever presses (± SEM) on the last extinction session or the 

reinstatement test day. Rats had a history of vehicle or N-acetylcysteine 

pretreatments prior to each daily session of cocaine self-administration. On the 

reinstatement test day, rats received intra-accumbens infusions of vehicle or CPG sixty 

min prior to an injection of cocaine (10 mg/kg, IP). The operant levers were then 

extended into the chamber and responding was monitored for 120 min. 

 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
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Figure 5 A schematic illustrating the placement of the 2 mm active membrane 

portion of the microdialysis probe for the rats included in the microdialysis study. The 

active regions of the microdialysis probes were primarily located in the nucleus 

accumbens core, although aspects of nucleus accumbens shell, the striatum dorsal to 

the nucleus accumbens, and the olfactory tubercles were likely sampled as well. 

Discussion 

Plasticity resulting in abnormal activation of corticostrial 

pathways appears to contribute to craving in human drug abusers 

(Breiter et al., 1997; Dackis and O'Brien, 2005; Volkow et al., 2005). 

Previous reports have provided indirect evidence that reduced 

nonvesicular glutamate release by system xc- may contribute to 

cocaine-primed reinstatement (Madayag et al., 2007), and that it 

represents a novel target in the treatment of cocaine addiction (Baker 

et al., 2003; Larowe et al., 2006; Mardikian et al., 2007). In the 

present report, we undertook two approaches to directly examine the 

contribution of system xc- to cocaine-induced reinstatement. First, we 

demonstrate that the cysteine prodrug N-acetylcysteine attenuates 

cocaine-primed reinstatement by targeting system xc-. Second, we 

found that reduced system xc- activity is necessary for robust cocaine-
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primed reinstatement. Collectively, these data establish system xc- in 

the nucleus accumbens as a key mechanism contributing to cocaine-

primed reinstatement and further establish it as a novel target for the 

treatment of cocaine addiction. 

N-acetylcysteine Blunts Cocaine-Induced Reinstatement 

by Targeting System xc- 

Acute administration of N-acetylcysteine blocks cocaine-induced 

reinstatement (Baker et al., 2003), and this was thought to be due to 

increased cystine-glutamate exchange. However, recent data indicate 

that N-acetylcysteine may block reinstatement by targeting sites other 

than cystine-glutamate exchange. Specifically, N-acetylcysteine or 

cysteine resulting from deacetylation of N-acetylcysteine has been 

shown to regulate the activity of sodium-dependent glutamate 

transporters, NMDA receptors, and AMPA receptors (Janaky et al., 

2000; Aoyama et al., 2006; Chase et al., 2007). In the present study, 

we replicate finding that acute administration of N-acetylcysteine 

attenuates cocaine-primed reinstatement when administered prior to a 

cocaine injection. Moreover, we found that this effect is blocked by 

infusion of the cystine-glutamate exchange inhibitor CPG into the 

nucleus accumbens. Because CPG also acts at metabotropic glutamate 

receptors, we selected a concentration (500 nM) that is significantly 

lower than the EC50s of CPG to block group I mGluRs (40–65 µM) or 

stimulate group II mGluRs (570–970 µM) (Cavanni et al., 1994; 

Thomsen et al., 1994; Sekiyama et al., 1996). As a result, the present 

findings indicate that N-acetylcysteine blocks cocaine-induced 

reinstatement of drug seeking by targeting cystine-glutamate 

exchange by system xc- in the nucleus accumbens. 

It is noteworthy that blockade of reinstatement by N-

acetylcysteine in the present study occurred in rats trained to self-

administer cocaine under extended-access conditions, which has been 

suggested to represent a more stringent test of the therapeutic 

potential (Ahmed and Koob, 1998; Mantsch et al., 2004; Kippin et al., 

2006). Further, these data are consistent with the findings of recent 

open-label trials demonstrating reduced cocaine craving and use in 

human cocaine abusers receiving N-acetylcysteine (Larowe et al., 

2006; Mardikian et al., 2007). Although clinical trials are needed to 
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more stringently determine the anticraving efficacy of N-

acetylcysteine, these data establish, to at least some degree, 

predictive validity for the reinstatement paradigm as a screen for novel 

pharmacotherapies for addiction. 

Administration of N-acetylcysteine prior to daily sessions of 

cocaine self-administration under extended access conditions has 

previously been shown to prevent escalation of drug intake (Madayag 

et al., 2007). In the present report, we obtained a significant increase 

in drug intake regardless of N-acetylcysteine pretreatment. Differences 

between the two studies include dose of N-acetylcysteine, number of 

self-administration sessions, and subjects per group. The latter may be 

particularly important because the present study obtained a strong, 

but nonsignificant trend towards N-acetylcysteine-induced blockade of 

escalation (p=.053). Further, the magnitude of escalation observed in 

the control subjects of the present study was larger than we previously 

obtained. Collectively, additional data may be needed to determine the 

role of cystine-glutamate exchange in the emergence of escalation of 

drug intake. 

It may seem counterintuitive that increased glutamate release 

from system xc- reduces cocaine-induced behaviors in rodents and 

drug-craving and use in humans that are thought to be dependent, at 

least in part, on glutamate signaling (Cornish and Kalivas, 2000; Baker 

et al., 2003; Di Ciano and Everitt, 2003; McFarland et al., 2003; 

Larowe et al., 2006). However, this may reflect the existence of 

multiple, functionally-distinct pools of glutamate. Cocaine increases 

glutamate in the synaptic cleft following corticostriatal activation 

thereby generating behaviors dependent upon postsynaptic receptor 

stimulation (Cornish and Kalivas, 2000; McFarland et al., 2003; Di 

Ciano and Everitt, 2004; Suto et al., 2004). System xc- releases 

glutamate into the extrasynaptic compartment resulting in the 

stimulation of group II mGluRs (Baker et al., 2002; Baker et al., 2003; 

Moran et al., 2005). By stimulating extrasynaptic group II mGluRs 

without exerting postsynaptic effects, extrasynaptic glutamate appears 

to inhibit synaptic release (Baker et al., 2002; Moran et al., 2005). 

Sodium-dependent glutamate transporters may partition the two pools 

by limiting glutamate overflow from the synapse into the extrasynaptic 

compartment (Danbolt, 2001), and restricting entry of nonvesicular 

glutamate into the synapse (Jabaudon et al., 1999). To the extent that 
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NR2B receptors are located outside the synapse, this hypothesis is 

supported by the recent observation that glutamate release from 

astrocytes appears to stimulate extrasynaptic, but not synaptic NMDA 

receptors (D'Ascenzo et al., 2007). 

Targeting system xc- to prevent plasticity involving 

extracellular glutamate 

Cocaine-induced seeking in rodents and use in humans arises, 

at least in part, as a result of corticostriatal circuits that are rendered 

overactive as a result of drug-induced plasticity (Breiter et al., 1997; 

Volkow et al., 1999; Park et al., 2002; McFarland et al., 2003; Schmidt 

et al., 2005; Volkow et al., 2005). Reduced cystine-glutamate 

exchange may contribute to this process since it provides endogenous 

tone to group II mGluRs that function to inhibit synaptic release 

(Baskys and Malenka, 1991; Cochilla and Alford, 1998; Schoepp, 

2001; Moran et al., 2005). Further, repeated cocaine produces a 

persistent decrease in cystine-glutamate exchange by system xc- in 

the nucleus accumbens (Baker et al., 2003; Madayag et al., 2007), 

and these changes may be necessary for cocaine-induced behavioral 

plasticity used to model aspects of addiction. In support, we have 

previously shown that the cysteine prodrug N-acetylcysteine 

administered prior to daily sessions of cocaine self-administration or 

experimenter-delivered cocaine prevents plasticity involving system 

xc-, escalation of drug intake, behavioral sensitization, and cocaine-

primed reinstatement (Madayag et al., 2007). Further, in the present 

study, rats pretreated with N-acetylcysteine prior to daily cocaine self-

administration show a strong trend toward blunted cocaine intake, 

reduced extinction responding, and lower levels of cocaine seeking 

following a cocaine prime. These findings are similar to an earlier 

report that administration of daily N-acetylcysteine after heroin self-

administration but before extinction training resulted in blunted heroin 

seeking during extinction and reinstatement testing (Zhou and Kalivas, 

2007). Interestingly, acute disruption of system xc- following infusion 

of the cystine-glutamate exchange inhibitor CPG into the nucleus 

accumbens during the test for cocaine-primed reinstatement restored 

cocaine seeking to the level observed in cocaine control rats that had 

not received N-acetylcysteine prior to daily sessions of cocaine self-

administration. Collectively these data support the hypothesis that 
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reduced system xc- activity promotes the capacity of a cocaine prime 

to elicit cocaine seeking. 

Additional work is needed to understand how N-acetylcysteine is 

preventing plasticity involving system xc-. First, N-acetylcysteine may 

maintain normal levels of cystine-glutamate exchange, which then 

prevents cocaine-induced synaptic glutamate release by providing 

normal tone on group II mGluRs. Thus, CPG may have restored 

reinstatement by transiently lowering basal glutamate levels and 

reducing tone on group II mGluRs resulting in an enhanced glutamate 

response following a cocaine challenge. Alternatively, repeated N-

acetylcysteine may have decreased the magnitude of cocaine 

reinstatement by reducing cocaine intake. In support, earlier studies 

have revealed a correlation between cocaine intake and magnitude of 

cocaine-primed reinstatement (Sutton et al., 2000; Baker et al., 

2001). However, N-acetylcysteine pretreatment prior to daily sessions 

of cocaine self administration under short-access conditions in our 

earlier report did not result in lower cocaine intake, but still resulted in 

blunted cocaine-induced reinstatement (Madayag et al., 2007). 

Likewise, this approach also reduced behavioral sensitization in the 

absence of altered cocaine intake (Madayag et al., 2007). 

Interestingly, repeated N-acetylcysteine administered after heroin self-

administration resulted in reduced extinction responding (Zhou and 

Kalivas, 2007). Lastly, the effects of daily N-acetylcysteine 

pretreatment were reversed by producing an acute disruption of 

cystine-glutamate exchange in the present study. 

Conclusion 

These data reveal that acute administration of N-acetylcysteine 

targets system xc- to block cocaine primed reinstatement in rats 

withdrawn from extended-access cocaine self-administration. Further, 

reduced cystine-glutamate exchange appears to be necessary for 

cocaine primed reinstatement. Collectively, these data provide further 

support for cysteine prodrugs, including N-acetylcysteine, as potential 

treatments for cocaine addiction by demonstrating efficacy after acute 

and repeated administration. Further, it establishes system xc- as a 

novel mechanism that likely contributes to plasticity rendering 

corticostriatal pathways overactive. This is of particular interest 
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because it is consistent with the concept that a mechanism releasing 

nonvesicular glutamate from glial cells into an extrasynaptic 

compartment contributes to pathological glutamate signaling. 

Acknowledgements 

This work was supported by National Institute on Drug Abuse (NIDA) grants 

DA17328 (DAB) and DA15758 (JM). 

Abbreviations Used 

CPG (S)-4-carpboxyphenylglycine 

system xc- cystine-glutamate antiporter 

mGluR metabotropic glutamate receptor 

IP intraperitoneal 

IV intravenous 

Footnotes 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has 

been accepted for publication. As a service to our customers we are providing 

this early version of the manuscript. The manuscript will undergo copyediting, 

typesetting, and review of the resulting proof before it is published in its final 

citable form. Please note that during the production process errors may be 

discovered which could affect the content, and all legal disclaimers that apply 

to the journal pertain. 

Literature Cited 

Ahmed SH, Koob GF. Transition from moderate to excessive drug intake: 

change in hedonic set point. Science. 1998;282:298–300. 

Aoyama K, Suh SW, Hamby AM, Liu J, Chan WY, Chen Y, Swanson RA. 

Neuronal glutathione deficiency and age-dependent neurodegeneration 

in the EAAC1 deficient mouse. Nat Neurosci. 2006;9:119–126. 

Baker DA, Tran-Nguyen TL, Fuchs RA, Neisewander JL. Influence of individual 

differences and chronic fluoxetine treatment on cocaine-seeking 

behavior in rats. Psychopharmacology (Berl) 2001;155:18–26. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

20 

 

Baker DA, Xi ZX, Shen H, Swanson CJ, Kalivas PW. The origin and neuronal 

function of in vivo nonsynaptic glutamate. J Neurosci. 2002;22:9134–

9141. 

Baker DA, McFarland K, Lake RW, Shen H, Tang XC, Toda S, Kalivas PW. 

Neuroadaptations in cystine-glutamate exchange underlie cocaine 

relapse. Nat Neurosci. 2003;6:743–749. 

Baskys A, Malenka RC. Agonists at metabotropic glutamate receptors 

presynaptically inhibit EPSCs in neonatal rat hippocampus. J Physiol. 

1991;444:687–701.  

Breiter HC, Gollub RL, Weisskoff RM, Kennedy DN, Makris N, Berke JD, 

Goodman JM, Kantor HL, Gastfriend DR, Riorden JP, Mathew RT, Rosen 

BR, Hyman SE. Acute effects of cocaine on human brain activity and 

emotion. Neuron. 1997;19:591–611. 

Cavanni P, Pinnola V, Mugnaini M, Trist D, Van Amsterdam FT, Ferraguti F. 

Pharmacological analysis of carboxyphenylglycines at metabotropic 

glutamate receptors. Eur J Pharmacol. 1994;269:9–15. 

Chase LA, Peterson NL, Koerner JF. The lathyrus toxin, beta-N-oxalyl-L-

alpha,beta-diaminopropionic acid (ODAP), and homocysteic acid 

sensitize CA1 pyramidal neurons to cystine and L-2-amino-6-

phosphonohexanoic acid. Toxicol Appl Pharmacol. 2007;219:1–9. 

Cochilla AJ, Alford S. Metabotropic glutamate receptor-mediated control of 

neurotransmitter release. Neuron. 1998;20:1007–1016. 

Cornish JL, Kalivas PW. Glutamate transmission in the nucleus accumbens 

mediates relapse in cocaine addiction. J Neurosci. 2000;20:RC89. 

D'Ascenzo M, Fellin T, Terunuma M, Revilla-Sanchez R, Meaney DF, Auberson 

YP, Moss SJ, Haydon PG. mGluR5 stimulates gliotransmission in the 

nucleus accumbens. Proc Natl Acad Sci U S A. 2007;104:1995–2000. 

Dackis C, O'Brien C. Neurobiology of addiction: treatment and public policy 

ramifications. Nat Neurosci. 2005;8:1431–1436. 

Dackis CA. Recent advances in the pharmacotherapy of cocaine dependence. 

Curr Psychiatry Rep. 2004;6:323–331. 

Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001;65:1–105. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

21 

 

Di Ciano P, Everitt BJ. Differential control over drug-seeking behavior by 

drug-associated conditioned reinforcers and discriminative stimuli 

predictive of drug availability. Behav Neurosci. 2003;117:952–960. 

Di Ciano P, Everitt BJ. Direct interactions between the basolateral amygdala 

and nucleus accumbens core underlie cocaine-seeking behavior by 

rats. J Neurosci. 2004;24:7167–7173. 

Jabaudon D, Shimamoto K, Yasuda-Kamatani Y, Scanziani M, Gahwiler BH, 

Gerber U. Inhibition of uptake unmasks rapid extracellular turnover of 

glutamate of nonvesicular origin. Proc Natl Acad Sci U S A. 

1999;96:8733–8738.  

Janaky R, Varga V, Hermann A, Saransaari P, Oja SS. Mechanisms of L-

cysteine neurotoxicity. Neurochem Res. 2000;25:1397–1405. 

Kippin TE, Fuchs RA, See RE. Contributions of prolonged contingent and 

noncontingent cocaine exposure to enhanced reinstatement of cocaine 

seeking in rats. Psychopharmacology (Berl) 2006;187:60–67. 

Larowe SD, Mardikian P, Malcolm R, Myrick H, Kalivas P, McFarland K, Saladin 

M, McRae A, Brady K. Safety and tolerability of N-acetylcysteine in 

cocaine-dependent individuals. Am J Addict. 2006;15:105–110. 

Madayag A, Lobner D, Kau KS, Mantsch JR, Abdulhameed O, Hearing M, Grier 

MD, Baker DA. Repeated N-acetylcysteine administration alters 

plasticity-dependent effects of cocaine. J Neurosci. 2007;27:13968–

13976. 

Mantsch JR, Yuferov V, Mathieu-Kia AM, Ho A, Kreek MJ. Effects of extended 

access to high versus low cocaine doses on self-administration, 

cocaine-induced reinstatement and brain mRNA levels in rats. 

Psychopharmacology (Berl) 2004;175:26–36. 

Mardikian PN, Larowe SD, Hedden S, Kalivas PW, Malcolm RJ. An open-label 

trial of N-acetylcysteine for the treatment of cocaine dependence: A 

pilot study. Prog Neuropsychopharmacol Biol Psychiatry. 

2007;31:389–394. 

McFarland K, Kalivas PW. The circuitry mediating cocaine-induced 

reinstatement of drug-seeking behavior. J Neurosci. 2001;21:8655–

8663. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

22 

 

McFarland K, Lapish CC, Kalivas PW. Prefrontal glutamate release into the 

core of the nucleus accumbens mediates cocaine-induced 

reinstatement of drug-seeking behavior. J Neurosci. 2003;23:3531–

3537. 

Moran MM, McFarland K, Melendez RI, Kalivas PW, Seamans JK. 

Cystine/glutamate exchange regulates metabotropic glutamate 

receptor presynaptic inhibition of excitatory transmission and 

vulnerability to cocaine seeking. J Neurosci. 2005;25:6389–6393. 

Neisewander JL, Baker DA, Fuchs RA, Tran-Nguyen LT, Palmer A, Marshall JF. 

Fos protein expression and cocaine-seeking behavior in rats after 

exposure to a cocaine self-administration environment. J Neurosci. 

2000;20:798–805. 

Park WK, Bari AA, Jey AR, Anderson SM, Spealman RD, Rowlett JK, Pierce RC. 

Cocaine administered into the medial prefrontal cortex reinstates 

cocaine-seeking behavior by increasing AMPA receptor-mediated 

glutamate transmission in the nucleus accumbens. J Neurosci. 

2002;22:2916–2925. 

Patel SA, Warren BA, Rhoderick JF, Bridges RJ. Differentiation of substrate 

and non-substrate inhibitors of transport system xc(−): an obligate 

exchanger of L-glutamate and L-cystine. Neuropharmacology. 

2004;46:273–284. 

Paxinos G, Watson C. The rat brain in stereotaxic coordinates. New York: 

Academic Press; 1986.  

Peters J, Kalivas PW. The group II metabotropic glutamate receptor agonist, 

LY379268, inhibits both cocaine- and food-seeking behavior in rats. 

Psychopharmacology (Berl) 2006;186:143–149. 

Pierce RC, Bell K, Duffy P, Kalivas PW. Repeated cocaine augments excitatory 

amino acid transmission in the nucleus accumbens only in rats having 

developed behavioral sensitization. J Neurosci. 1996;16:1550–1560. 

Reid MS, Berger SP. Evidence for sensitization of cocaine-induced nucleus 

accumbens glutamate release. Neuroreport. 1996;7:1325–1329. 

Schmidt HD, Anderson SM, Famous KR, Kumaresan V, Pierce RC. Anatomy 

and pharmacology of cocaine priming-induced reinstatement of drug 

seeking. Eur J Pharmacol. 2005;526:65–76. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

23 

 

Schoepp DD. Unveiling the functions of presynaptic metabotropic glutamate 

receptors in the central nervous system. J Pharmacol Exp Ther. 

2001;299:12–20. 

Sekiyama N, Hayashi Y, Nakanishi S, Jane DE, Tse HW, Birse EF, Watkins JC. 

Structure-activity relationships of new agonists and antagonists of 

different metabotropic glutamate receptor subtypes. Br J Pharmacol. 

1996;117:1493–1503.  

Suto N, Tanabe LM, Austin JD, Creekmore E, Pham CT, Vezina P. Previous 

exposure to psychostimulants enhances the reinstatement of cocaine 

seeking by nucleus accumbens AMPA. Neuropsychopharmacology. 

2004;29:2149–2159. 

Sutton MA, Karanian DA, Self DW. Factors that determine a propensity for 

cocaine-seeking behavior during abstinence in rats. 

Neuropsychopharmacology. 2000;22:626–641. 

Thomsen C, Boel E, Suzdak PD. Actions of phenylglycine analogs at subtypes 

of the metabotropic glutamate receptor family. Eur J Pharmacol. 

1994;267:77–84. 

Volkow ND, Fowler JS. Addiction, a disease of compulsion and drive: 

involvement of the orbitofrontal cortex. Cereb Cortex. 2000;10:318–

325. 

Volkow ND, Wang GJ, Fowler JS, Hitzemann R, Angrist B, Gatley SJ, Logan J, 

Ding YS, Pappas N. Association of methylphenidate-induced craving 

with changes in right striato-orbitofrontal metabolism in cocaine 

abusers: implications in addiction. Am J Psychiatry. 1999;156:19–26. 

Volkow ND, Wang GJ, Ma Y, Fowler JS, Wong C, Ding YS, Hitzemann R, 

Swanson JM, Kalivas P. Activation of orbital and medial prefrontal 

cortex by methylphenidate in cocaine-addicted subjects but not in 

controls: relevance to addiction. J Neurosci. 2005;25:3932–3939. 

Xi ZX, Baker DA, Shen H, Carson DS, Kalivas PW. Group II metabotropic 

glutamate receptors modulate extracellular glutamate in the nucleus 

accumbens. J Pharmacol Exp Ther. 2002a;300:162–171. 

Xi ZX, Ramamoorthy S, Baker DA, Shen H, Samuvel DJ, Kalivas PW. 

Modulation of group II metabotropic glutamate receptor signaling by 

chronic cocaine. J Pharmacol Exp Ther. 2002b;303:608–615. 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Neuroscience, Vol. 155, No. 2 (August 2008): pg. 530-537. DOI. This article is © Elsevier and permission has been granted 
for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further 
copied/distributed or hosted elsewhere without the express permission from Elsevier. 

24 

 

Ye ZC, Rothstein JD, Sontheimer H. Compromised glutamate transport in 

human glioma cells: reduction-mislocalization of sodium-dependent 

glutamate transporters and enhanced activity of cystine-glutamate 

exchange. J Neurosci. 1999;19:10767–10777. 

Zhou W, Kalivas PW. N-Acetylcysteine Reduces Extinction Responding and 

Induces Enduring Reductions in Cue- and Heroin-Induced Drug-

Seeking. Biol Psychiatry. 2007  

About the Authors 

Department of Biomedical Sciences, Marquette University, Suite 426, 561 N. 

15th St, Milwaukee, WI 53233, Telephone: 414.288.6634, Fax: 414.288.6564 

Requested Section Editor: Dr. Miles Herkenham 

Corresponding author: Email: david.baker@marquette.edu 

 

 

http://dx.doi.org/10.1016/j.neuroscience.2008.06.010
http://epublications.marquette.edu/

	Marquette University
	e-Publications@Marquette
	8-1-2008

	Blunted Cystine–Glutamate Antiporter Function in the Nucleus Accumbens Promotes Cocaine-induced Drug Seeking
	Kristen S. Kau
	Aric Madayag
	John R. Mantsch
	Mark D. Grier
	Omer Abdulhameed
	See next page for additional authors
	Authors


	tmp.1458135712.pdf.WIR6Y

