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Abstract
Background—The present study determined if, akin to cocaine, nicotine self-administration in rats
induces adaptations in the expression of glutamate transporters and cystine-glutamate exchangers in
brain nuclei implicated in reinforcement, and if treating cigarette smokers with a drug that restores
cystine-glutamate exchange affected the number of cigarettes smoked.

Methods—Rats self-administered nicotine intravenously for 12 hours/day or received nicotine
through osmotic mini-pumps for 21 days. Somatic signs of withdrawal were measured and
immunoblotting performed 12 hours after the last nicotine exposure to determine if the catalytic
subunit of the cystine-glutamate exchanger, xCT, or the glial glutamate transporter, GLT-1, were
altered in the ventral tegmental area (VTA), nucleus accumbens, prefrontal cortex or amygdala. For
the smoking-reduction study in humans, nicotine-dependent smokers were treated for four weeks
with N-acetylcysteine (2400 mg/daily) to promote cystine-glutamate exchange or placebo.
Participants provided weekly ratings of withdrawal symptoms, craving, CO measurements and
logged daily cigarette and alcohol use.

Results—Rats receiving nicotine via self-administration or minipumps displayed somatic signs of
withdrawal, but only nicotine self-administering rats showed decreased xCT expression in the
nucleus accumbens and VTA, and decreased GLT-1 expression in the nucleus accumbens. Human
smokers treated with N-acetylcysteine reported a reduction in cigarettes smoked, and there was no
effect of N-acetylcysteine on estimates of CO levels, craving, or withdrawal.
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Conclusions—These results indicate that the cystine-glutamate exchanger and the glial glutamate
transporter are down-regulated after nicotine self-administration, and augmenting exchanger activity
with N-acetylcysteine reduced the number of cigarettes smoked in nicotine-dependent individuals.
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Chronic treatment with cocaine is associated with decreased basal levels of glutamate in the
nucleus accumbens as measured by microdialysis (1-3). System xc-, which exchanges
extracellular cystine for intracellular glutamate, is the rate-limiting step in glutathione synthesis
and the main source of extracellular glutamate measured by dialysis in the nucleus accumbens
(4). Down-regulation of system xc- accounts for the reduction in basal glutamate levels
observed after chronic cocaine (1,2). The nutritional supplement N-acetylcysteine is a cystine
prodrug that activates system xc-, thereby restoring glutamate levels to normal (1) and
preventing cocaine-and heroin-seeking in the reinstatement animal model of relapse (1,2,5),
as well as the desire for cocaine in human addicts (6). System xc- is a heterodimer and the
downregulation of system xc-by cocaine results at least in part from reduced expression of the
catalytic subunit xCT (7). In addition to system xc-, it was recently shown that sodium-
dependent glutamate uptake (system XAG) and the membrane level of the primary glial
glutamate transporter (GLT-1; EAAT2) are also reduced in the nucleus accumbens after
withdrawal from self-administered cocaine (7).

Nicotine self-administration also produces glutamatergic adaptations in brain areas involved
in reinforcement (8). For example, nicotine self-administration upregulates N-methyl-D-
aspartate receptor subunit expression in the VTA and amygdala (9). Further, brief withdrawal
from nicotine self-administration leads to down-regulation of metabotropic glutamate 2/3
receptor (mGluR2/3) function in the nucleus accumbens shell, ventral tegmental area (VTA),
amygdala, prefrontal cortex (PFC), hypothalamus and hippocampus (10). Because withdrawal
from cocaine is also associated with down-regulated mGluR2/3 (11), we hypothesized that,
akin to cocaine self-administration, the expression of xCT and GLT-1 proteins may be reduced
in some of these brain areas after nicotine self-administration in rats. Further, given the potential
influence of nicotine on xCT expression, combined with the capacity of N-acetylcysteine to
restore system xc- activity and reduce aspects of drug-seeking behavior in cocaine-dependent
humans (6,12), we sought to determine whether N-acetylcysteine would decrease nicotine use
in cigarette smokers.

Methods
Animals & Surgery

All procedures were conducted in accordance with the guidelines from the National Institutes
of Health and the Association for the Assessment and Accreditation of Laboratory Animal
Care and were approved by the institute’s Animal Use and Care Committee. Male Wistar rats
weighing 250–350 g were assigned to one of four groups: nicotine self-administration (N-SA;
n=10), saline (SAL; n=10), nicotine osmotic mini-pump 1.3 mg/kg/day base (N-P1.3; n=9), or
nicotine osmotic mini-pump 3.16 mg/kg/day base (N-P3.6; n=9).

Nicotine administration
Rats originally trained to respond for food reinforcement were allowed to intravenously self-
administer nicotine (0.03 mg/kg base/infusion) for 21 days on an Fixed Ratio 5 Time-Out 20
s schedule of reinforcement for 12 hr/day 5 d/week (see Supplement). Saline rats (SAL) self-
administered saline. The remaining rats were surgically prepared with osmotic mini-pumps
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(2.5 microliters/hr) containing a nicotine/saline solution. The pumps released 1.3 mg/kg/day
or 3.16 mg/kg/day nicotine base; the higher dose produces reliable affective and somatic signs
of nicotine withdrawal upon cessation of nicotine administration (13), while the lower dose
approximates the dose self-administered in a 12 hr daily session (14). Pumps were removed
after 21 days.

Observation of somatic signs of withdrawal
Somatic signs of nicotine withdrawal were assessed 12 hours after the last nicotine self-
administration session or removal of osmotic mini-pumps. Each subject was placed under white
light conditions in cylindrical Plexiglas chambers (diameter 15 cm) and observed for 10 min
by an observer blind to the subjects’ treatments. The standard checklist used was adapted from
an opiate withdrawal signs checklist (see (13)). The following somatic signs of withdrawal
were recorded: body shakes, chews, cheek tremors, escape attempts, eye blinks, foot licks,
gasps, writhes, genital licks, head shakes, ptosis, teeth chattering, and yawns. Ptosis, if present,
was recorded only once per minute.

Tissue Preparation and Immunoblotting
Immediately after the measurement of somatic signs, animals underwent rapid decapitation
without anesthesia. The brains were removed and the nucleus accumbens shell, VTA, PFC and
amygdala were dissected and immediately frozen with liquid nitrogen (10). Immunoblotting
of whole cell homogenates was used to measure levels of xCT (1:500; kindly provided by
David Baker, Marquette University) and GLT-1 (1:500; Santa Cruz Biotechnologies, Santa
Cruz, CA) protein using calnexin as an internal control, and densitometry was conducted with
NIH Image J software (15).

Double-blind N-acetylcysteine pilot trial in human smokers
This double-blind study was designed as a preliminary pilot trial. A power analysis was
performed to determine adequate sample size for such a trial. With two groups (N-
acetylcysteine versus placebo), it was determined that a sample size of 16 per treatment arm
would provide sufficient power (see Supplemental Methods for additional details). Thirty-three
participants who were seeking to reduce the number of daily cigarettes smoked were recruited
via flyers and newspaper advertisements. Participants were in stable mental and physical health
and dependent on nicotine [10 or more cigarettes per day for at least one year; Fagerstrom
scores indicated equivalent nicotine dependence for the placebo- (6.2±2.2) and N-
acetylcysteine-treated (6.8±1.6) groups]. The demographic characteristics of the treatment
groups are shown in Table S1, and the only significant difference was that individuals in the
N-acetylcysteine group had significantly more years of alcohol use. At baseline and at each
study visit for the four subsequent weeks, participants provided ratings for craving using the
Questionnaire for Smoking Urges–Brief (QSU-B), ratings for withdrawal symptoms using the
Minnesota Nicotine Withdrawal Scale (M-NWS), as well as a carbon monoxide (CO)
measurement. Participants also kept a smoking diary in which they recorded daily cigarette
and alcohol use. Four participants did not return after baseline testing and were excluded from
the study. The remaining 29 participants were randomly assigned to oral self-administration
of either 1200 mg of N-acetylcysteine twice per day (n=14) or placebo (n=15). At the end of
weeks 1–4 of medication, participants returned for a brief visit during which they provided
ratings on the QSU-B, the MNWS, as well as CO measurements, and were assessed for side
effects (see Supplement for details).

Analyses of Clinical Data
The primary outcome measure was an independent t-test examining average daily cigarettes
smoked. In addition, exploratory analyses were conducted using the Mixed Linear procedure
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within SPSS 15.0, assuming compound symmetry. In addition, the data were evaluated using
the SAS MMRM statistical package that yielded identical estimates of statistical significance.
The analysis values shown in the manuscript and supplementary materials are from the analysis
employing the SPSS 15.0 software. This procedure essentially emulates a repeated-measures
ANOVA, only it allows for inclusion of subjects with missing data (assumes data are missing
randomly). For weekly measures of average cigarette use, CO-levels, and ratings on the QSU-
B and M-NWS, Time (week) served as the within-subjects variable, with Treatment Group as
a between subjects measure, and baseline levels serving as a covariate. In addition, daily
smoking was assessed, with Time (day) as the repeated-measures variable. This approach
allowed for the possibility of including daily alcohol consumption (whether consumption
occurred or not) as a covariate in the model.

Results
Nicotine self-administration and somatic signs of withdrawal

Rats self-administering nicotine for 21 days received an average dose of 0.95±0.01 mg/kg/day
nicotine base (Figure 1A). The relatively high rates of responding on the first day resulted from
initial food training prior to nicotine self-administration, and in both groups stable baseline
responding was achieved within the first 5 days of training. A two-way ANOVA revealed
significant main effects of Nicotine exposure (F(1,17)=63.49, p< 0.001) and Day (F(20,340)=
20.66, p< 0.001), but no Nicotine exposure X Day interaction. Both saline and nicotine
maintained more responding on the active than the inactive lever, and nicotine maintained
significantly more active lever pressing saline (Figure 1B). A two-way ANOVA revealed
significant effects of Group (F(1,15)=19.974, p< 0.001), Lever (F(1,15)=50.441, p<0.001) and
a Group X Lever interaction (F(1,15)=15.43, p<0.001) on number of infusions earned. Both the
nicotine self-administering (N-SA) and the group receiving 3.16 mg/kg/day nicotine via
minipumps (N-P3.16) exhibited more somatic signs of withdrawal than the saline (SAL) group
(Figure 1C). A one-way ANOVA revealed a significant effect of Group (F(3,32)= 7.03, p<
0.001) on number of somatic signs exhibited. Interestingly, the N-SA animals presented more
somatic signs of withdrawal compared with rats exposed to approximately the same nicotine
dose via minipumps (N-P1.3).

Expression of xCT and GLT-1 is reduced by nicotine self-administration
There was a significant decrease in xCT protein expression in the nucleus accumbens shell
(F(3,24)= 8.99, p<0.001) and VTA (F(3,25)=2.97, p=0.005) of rats that had self-administered
nicotine relative to SAL rats and either group receiving nicotine via minipumps (Figure 2B).
The expression xCT was not altered in the PFC or amygdala between any groups. GLT-1
expression was significantly decreased in the nucleus accumbens shell (F(1,9)= 5.181, p<0.05),
but not in the other brain regions examined, following nicotine self-administration (Figure 2C).

N-acetylcysteine decreased the number of cigarettes smoked
The mean number of daily cigarettes smoked within the N-acetylcysteine group was 17.7
(SD=7.1) and was not significantly different from the placebo group, 19.7 (SD=6.9). The
results of the exploratory analyses for the weekly data are presented in Figure 3 (for detailed
statistics on the data averaged weekly, see Table S2). There was a trend (p<0.06) for the Time
effect, suggesting a reduction in average weekly smoking overall (Figure 3A). No significant
effect of N-acetylcysteine (p>0.15) was noted for CO Levels (Figure 3B), QSU-B ratings
(Figure 3C), or M-NWS ratings (Figure 3D). Analysis of the daily smoking data revealed a
significant effect for Day, F(26,600) = 2.4, p<0.001, and a trend (p<0.11) for the Time x
Treatment Group interaction. However, alcohol consumption proved to be a highly significant
covariate, F(1,620) = 19.9, p<0.001. Further analysis of the daily smoking behavior revealed
that the frequency of the days when participants reported simultaneous alcohol and cigarette
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use revealed that two individuals had a frequency of co-administration of alcohol and cigarettes
that was greater than two standard deviations from the mean (Table S3). Excluding these two
individuals from the analysis resulted in a significant effect for Time, F(26,540) =2.5, p<0.001,
as well as a significant Time x Treatment Group Interaction, F(26,549) =1.6, p<0.05.
Examination of the data revealed that the number of cigarettes smoked tended to be less in the
N-acetylcysteine group (Figure 3E).

Discussion
Rats that self-administered nicotine intravenously showed a marked decrease in xCT in the
nucleus accumbens and the VTA, and GLT-1 expression in the nucleus accumbens relative to
saline controls. As well, xCT levels after nicotine self-administration were lower than in
animals administered nicotine passively via continuous subcutaneous osmotic minipump
delivery. These findings indicate that phasic administration of nicotine, rather than continuous
release via minipumps, is necessary to down-regulate xCT. The reduction in xCT was
independent of the development of withdrawal signs since both self-administration and
continuous infusion of nicotine led to significant increases in somatic signs of withdrawal.
Different adaptations induced by intermittent and continuous nicotine infusion have been
observed previously. For example, continuous nicotine upregulates nicotinic acetylcholine
receptors to a greater extent than intermittent administration (16). An alternative explanation
is that contingent administration of nicotine may be required to affect xCT and GLT-1. While
this possibility cannot be ruled out, at least system xc- is downregulated by either repeated
contingent or non-contingent cocaine administration (1,2).

It is interesting that both xCT and GLT-1 are down-regulated in the nucleus accumbens by two
different classes of addictive drugs, cocaine (2,7) and nicotine (present data). These data
support not only the potential relevance of these proteins in the development and/or expression
of dependence, but also pose the possibility that systems xc- and XAG may be co-regulated.
Both system xc- and glutamate transport via GLT-1 occur predominantly in glia (17,18), and
previous in vitro studies provide indications that these proteins may be co-regulated (19,20).
For example, down-regulating system XAG reduces system xc- activity (20). However, in the
VTA the regulation of the two proteins was dissociated since only xCT was reduced after
nicotine self-administration.

The preclinical data presented here suggest that nicotine self-administration decreased xCT
levels in brain regions critical to nicotine reinforcement. Because N-acetylcysteine activates
system xc- and thereby increases intracellular glutathione synthesis and releases glutamate into
the extracellular space (1,2,21), it seems likely that the administration of N-acetylcysteine is
also increasing system xc- activity in smokers. Such a restoration of xc- activity may underlie
the improved success by the N-acetylcysteine treated subjects in resisting cigarette smoking.
In future studies the link between effects of N-acetylcysteine treatment in cigarette smokers
and reduced xc- activity will benefit from further experimentation in animal models, akin to
what has already been done in animal models of cocaine, and to a lesser extent heroin, relapse.
For example, these cocaine and heroin studies have shown that N-acetylcysteine restores xc-
activity and that this restoration is associated with reduced drug-seeking (1,2,22).

Although N-acetylcysteine reduced the number of cigarettes smoked there was no reduction
in CO levels. Previous smoking reduction studies found similar decreases in number of
cigarettes smoked without corresponding decreases in CO due to smoking fewer cigarettes but
with deeper and longer inhalations (23). Based on the significant decrease in number of
cigarettes smoked, N-acetylcysteine may be assisting smokers resist the urge to seek nicotine,
but may not reduce nicotine consumption once smoking has begun. Importantly, the daily
number of cigarettes smoked co-varied with daily alcohol use, and the effect of N-
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acetylcysteine was statistically significant only when two individuals were excluded from
analysis that had daily alcohol use greater than two standard deviations above the mean of all
participants. This highlights the importance of defining populations used in future studies in
terms of simultaneous cigarette and alcohol use. Finally, N-acetylcysteine did not affect self-
reported withdrawal symptoms, a finding that is in agreement with the lack of relationship
between xCT expression and somatic signs of withdrawal in rats trained to self-administer
nicotine. Additionally, since the human subjects of this study were not attempting to cease
smoking altogether, and continued nicotine consumption throughout the study, there was not
an opportunity for them to undergo nicotine withdrawal.

In summary, nicotine self-administration reduces the expression of xCT and GLT-1 in brain
structure(s) involved in nicotine reinforcement, suggesting that, akin to cocaine self-
administration, the activities of system xc- and GLT-1 are compromised. Moreover, treatment
with a pro-cystine drug that increases the activity of system xc- reduced the number of cigarettes
smoked on days when alcohol was not consumed. This combination of preclinical and clinical
data indicates that N-acetylcysteine may aid in the cessation of cigarette smoking.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Nicotine self-administration and somatic signs of withdrawal in rats. A. Mean (±SEM) number
of infusions obtained daily during the 21 day self-administration period. B.Both nicotine self-
administration (N-SA) and saline self-administering control (SAL) groups exhibited higher
levels of responding on the active, compared with the inactive lever. Data are shown as mean
± SEM of the average lever presses over the last 3 days of training. C. Mean (±SEM) number
of somatic signs of nicotine withdrawal. N-P1.3= minipump infusion of 1.3 mg/kg/day; N-
P3.16= minipump infusion of 3.16 mg/kg/day.
*p< 0.05, compared to SAL using Newman-Keuls post hoc comparisons
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Figure 2.
xCT protein expression is reduced in the nucleus accumbens and VTA after 12 hours
withdrawal from nicotine self-administration in rats. A. Representative immunoblots
illustrating the reduction in xCT levels in the nucleus accumbens and VTA and a reduction of
GLT-1 in the nucleus accumbens. B. Mean (±SEM) values for xCT in all brain areas and
treatment groups investigated. C. Mean (±SEM) values for GLT-1 expression in all brain areas
examined in the nicotine and saline self-administering groups. There was a significant decrease
in GLT-1 expression in only the nucleus accumbens.
* p< 0.05, compared with SAL group
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Figure 3.
Results of Clinical Trial. A. Average daily cigarette use (mean+SEM). B. CO levels (ppm).
C. QSU-B Ratings. D. Withdrawal ratings. E. Daily smoking data, controlling for alcohol use.
* Baseline values were not available for subject for CO level and QSU-B rating, and this subject
was removed from the data analysis
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