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ABSTRACT

BACKGROUND: N-acetylcysteine (NAC) has been suggested to prevent relapse to cocaine seeking. However, the
psychological processes underlying its potential therapeutic benefit remain largely unknown.

METHODS: We investigated the hallmark features of addiction that were influenced by chronic NAC treatment in rats
given extended access to cocaine: escalation, motivation, self-imposed abstinence in the face of punishment, or
propensity to relapse. For this, Sprague Dawley rats were given access either to 1 hour (short access) or 6 hours
(long access [LgA]) self-administration (SA) sessions until LgA rats displayed a robust escalation. Rats then received
daily saline or NAC (60 mg/kg, intraperitoneal) treatment and were tested under a progressive ratio and several
consecutive sessions in which lever presses were punished by mild electric foot shocks.

RESULTS: NAC increased the sensitivity to punishment in LgA rats only, thereby promoting abstinence. Following
the cessation of punishment, NAC-treated LgA rats failed to recover fully their prepunishment cocaine intake levels
and resumed cocaine SA at a lower rate than short access and vehicle-treated LgA rats. However, NAC altered
neither the escalation of SA nor the motivation for cocaine. At the neurobiological level, NAC reversed cocaine-
induced decreases in the glutamate type 1 transporter observed in both the nucleus accumbens and the dorsolateral
striatum. NAC also increased the expression of Zif268 in the nucleus accumbens and dorsolateral striatum of
LoA rats.

CONCLUSIONS: Our results indicate that NAC contributes to the restoration of control over cocaine SA following
adverse consequences, an effect associated with plasticity mechanisms in both the ventral and dorsolateral striatum.

Keywords: Addiction, Cocaine, Compulsivity, Motivation, N-acetylcysteine, Zif268

http://dx.doi.org/10.1016/j.biopsych.2015.09.019

There is increasing evidence that cocaine addiction is asso-
ciated with alterations of glutamate homeostasis within the
corticostriatal circuitry (1), the normalization of which by
the cysteine prodrug N-acetylcysteine (NAC), a substrate for
the cysteine/glutamate antiporter, has been suggested to
decrease cocaine seeking and promote abstinence in preclinical
and clinical studies (2-6). However, the psychological and
neurobiological mechanisms whereby NAC facilitates abstinence
are not fully understood. Indeed, in a double-blind placebo-
controlled trial (4), NAC treatment resulted neither in abstinence
nor in decreases in cocaine intake in addicted individuals actively
using the drug. Instead, NAC prevented the return to cocaine use
in patients that had already achieved abstinence.

This observation suggests that the normalization to drug
naive control levels by NAC (7) of the decreased glutamate
levels observed in cocaine addicts (8,9) may not be sufficient
to promote abstinence and decrease craving (10) but may
consolidate the long-lasting effect of the factors that resulted
in self-initiated abstinence. Thus, even though preclinical
studies have revealed that NAC treatment decreases cue-
and drug-induced reinstatement of an extinguished behavioral
response for cocaine or prevents the development of escalation

of cocaine self-administration (SA) by restoring altered gluta-
mate homeostasis in the nucleus accumbens core (AcbC)
(11-14), the precise potential mechanisms whereby NAC may
exert its therapeutic benefits, namely the maintenance of self-
initiated abstinence or restored control, have not been established.

Abstinence in humans is often self-initiated following expo-
sure to the negative consequences of drug use in individuals
who have lost control over their habitual cocaine intake (15).
Therefore, we hypothesized that NAC treatment may help
restore control over intake following repeated exposure to
punishment in rats displaying escalation of cocaine SA (16)
and associated increased motivation for the drug (17).

Thus, we investigated the influence of chronic NAC treat-
ment on the escalation of cocaine intake, increased motivation
for the drug, and the propensity to develop and maintain
abstinence in the face of punishment, three criteria suggested
to define a state of addiction in rats (18). Rats were given either
long access sessions (LgA) that drive escalation of cocaine SA
or short access (ShA) daily sessions (19). We then assessed
motivation for drug in both groups using a progressive ratio
(PR) reinforcement schedule (20), followed by punishing
cocaine seeking using contingent mild foot shocks (20,21).
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Figure 1. Timeline of the experimental procedure. Following intravenous surgery, rats were allowed one week of recovery before being exposed daily to
cocaine self-administration (SA) under a fixed ratio 1 (FR1) reinforcement schedule. After a week, differential access to cocaine was introduced, with half the
rats maintained under a 1-hour daily access schedule (short access group [ShA]) and the other half given a daily access to cocaine of 6 hours (long access
group [LgA]). Following 19 sessions of differential access, rats were subjected to chronic daily intraperitoneal injections of either N-acetylcysteine (NAC)
(60 mg/kg) or vehicle until the end of the experiment. After 8 days of treatment onward, the response requirement was increased to a fixed ratio 5 (FR5)
reinforcement schedule. Motivation for cocaine was assessed on day 38 with a progressive ratio schedule of reinforcement. After three baseline sessions, rats
were exposed to three consecutive punishment sessions during which every fourth and fifth lever press of each instrumental sequence (FR5) delivered a mild
foot shock (.3 mA, 1 second). The influence of punishment-induced abstinence on individual propensity to relapse to escalated cocaine self-administration

was measured over five sessions following the termination of punishment.

Neurobiologically, in extinction-reinstatement procedures,
treatment with NAC has been shown in rats to reverse cocaine-
induced glutamatergic adaptations selectively in the AcbC (1),
where pharmacogenetically induced astrocytic release of gluta-
mate also decreases cue-induced reinstatement of instrumental
responding for cocaine (22). Thus, NAC increases glial expression
of the cysteine/glutamate antiporter and glutamate type 1 trans-
porter (GLT1), thereby restoring extracellular levels of glutamate
(11,23) and decreasing excitatory synaptic transmission in the
AcbC. However, studies based on acute exposure to cocaine SA
followed by extinction may not fully capture the nature of
addiction that does not result from an adaptation merely to
short-term exposure to the drug under continuous reinforcement
(18). Instead, it involves the progressive development of compul-
sive drug seeking and loss of control over drug intake (24), the
neurobiological substrates of which encompass both the ventral
striatum and the dorsolateral striatum (DLS) in humans (25,26)
and in preclinical models (27-30).

Therefore, we hypothesized that the potential influence of
NAC treatment over punishment-induced self-abstinence in
rats may be related to a normalization of levels of GLT1, the
key molecular regulator of astrocytic-dependent glutamate
homeostasis in both the AcbC and the DLS, and that the
two structures may undergo similar plasticity mechanisms
(31,32) following self-initiated abstinence. Thus, we measured
in the striatum of vehicle- and NAC-treated ShA and LgA rats
the level of GLT1 and Zif268 proteins, the latter being involved
both in instrumental learning-dependent plasticity mecha-
nisms in both the ventral striatum and DLS and also in long-
term cocaine-induced neuronal plasticity (31-36).

METHODS AND MATERIALS

Animals

Sixty male Sprague Dawley rats (Janvier, Saint Berthevin,
France) weighing 280-290 g on arrival were housed in pairs
under reversed light/dark cycle (lights on at 7:00 am) as
described in the Supplement. All experimental procedures
complied with the European and French ethical guidelines.

Solutions

N-acetylcysteine was prepared and administered daily as pre-
viously described (6). See the Supplement for further details.
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Surgery

Surgical procedures have been described previously (37) and
are detailed in the Supplement.

Apparatus

The 12 operant chambers used in this study have been
described previously (37). See the Supplement for more details.

Procedures

The details of the procedures and the timeline of the experi-
ment are described in Figure 1 and the Supplement.

Western Blot

The details of the Western blot procedures are described in
the Supplement. Each Western blot was run in triplicate on
proteins extracted from pooled bilateral punches of the AcbC
or anterior DLS. The optical density of each band was
normalized by the amount of cyclophilin A present in each
well to correct for variations in the quantity of proteins loaded,
and the resulting ratio was used to assess protein concen-
trations. Optical density X area calculation was performed to
derive an amount of protein.

Data and Statistical Analysis

Data are expressed as means = SEM. The behavioral data
were subjected to repeated-measures analyses of variance,
while Western blot data were subjected to factorial analyses of
variance (see the Supplement for more details). Upon con-
firmation of main effects, pairwise comparisons were per-
formed using the Newman-Keuls post hoc test.

Statistical significance was claimed at o = .05. For Western
blot analyses, because of the heterogeneity of the samples,
partial eta-squared values (partial 1) are reported as the
measure of effect size to support the p values (38).

RESULTS

LgA rats did not differ from ShA rats in their acquisition of
cocaine SA but displayed a robust escalation of intake soon
after the introduction of extended access, as expected
(Supplemental Results and Supplemental Figure S1). Following
19 days of differential access, we measured the influence of
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chronic NAC treatment on the persistence of loss of control
over cocaine intake when more effort was required to obtain
the drug, the motivation for the drug, and the propensity to
refrain from, and relapse to, drug self-administration. For this,
half the animals of each group received daily intraperitoneal
injections of either NAC (ShA group: n = 10, LgA group: n = 9)
or vehicle (Veh) (ShA group: n = 9, LgA group: n = 8) until the
end of the experiment (Figure 1).

NAC Neither Impedes the Progression of Escalation
of Cocaine Self-Administration nor Decreases the
Motivation for Cocaine

NAC treatment had no effect on the progression of the
escalation of cocaine intake in LgA rats (Figure 2A). The lack
of effect of NAC treatment over the maintenance of escalated
cocaine SA (Supplemental Figure S2) was further supported
by a similar escalation slope (Figure 2B) in NAC- and Veh-
treated LgA rats and thus despite a major difference in intake
during the first hour between LgA and ShA rats.

NAC had no effect on the propensity to engage in more
effort to obtain cocaine in both ShA and LgA rats when more
effort (i.e., training under fixed ratio [FR] 5) was required to self-
administer the drug (see the Supplement for further details).
When rats were subsequently challenged under a PR schedule
of reinforcement (21), NAC treatment had no effect on the
motivation for cocaine of ShA and LgA rats, despite a clear
enhancement of individual propensity to lever press in the
latter (Figure 2C, D). The trend toward a decreased breakpoint
in NAC-treated LgA rats did not reach statistical significance
(F115 = 2.88, p > .11), nor did the trend in the total lever
presses emitted during the test (Figure 2D) (Fq 15 = 2.28, p >
.15); these trends cannot be attributable to differential cocaine
exposure before the session or to a differential level of
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instrumental responding (LgA: r = -.25, R?> = .06,
p>.3andr= —.23, R? = .05 p > .4;ShA: r = .22, R? = .05,
p >03andr = .19, R? = .04, p > .4 for total cocaine
intake and total lever presses up to the PR session,
respectively).

NAC Increases the Sensitivity to Punishment and
Promotes Self-Maintained Control Over Cocaine
Intake at Relapse

Rats progressively developed abstinence in the presence of
adverse consequences operationalized by three sessions of
contingent foot shock (20,39) that eventually resulted in a
complete cessation of cocaine intake in all experimental
groups (Figure 3A). However, the marked differences observed
in the development of abstinence were dependent upon both
access and treatment conditions. Thus, while ShA rats,
regardless of their treatment, stopped self-administering
cocaine from the first punishment session, Veh-treated LgA
rats displayed resistance to punishment, a behavioral feature
of compulsivity (18), in that they maintained a higher level of
cocaine intake than all the other experimental groups during
the first session (ps < .01).

NAC-treated LgA rats, however, displayed a reduction in
cocaine intake that was similar to that observed in both Veh-
ShA and NAC-ShA rats, thereby differing from Veh-LgA rats
(Figure 3A). These differences were dissociable from the effect
of punishment on the propensity to initiate the first drug-
seeking response from one session to another that dramati-
cally increased over the course of punished sessions regard-
less of both access and treatment conditions (Supplemental
Figure S4A).

Once abstinence was established for 2 days, rats were
returned to baseline conditions and resumed cocaine SA.
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Figure 2. Chronic N-acetylcysteine (NAC) treatment alters neither the progression of escalation of cocaine intake nor the motivation for the drug. NAC had
no influence on the escalation of cocaine self-administration displayed by long access group (LgA) rats (main effect of access: Fy 3, = 53.662, p < .001), as
shown by the lack of effect on cocaine intake (main effect of treatment: F4 3, < 1, and access X treatment X sessions X bIOCK pefore/during treatment interaction:
F7,224 < 1) (A) and the escalation slope (treatment X bloCK pefore/during treatment iNteraction: Fy 15 < 1) (B). The increased motivation in LgA rats, as revealed by a
higher breakpoint under a progressive ratio schedule of reinforcement, compared with short access (ShA) rats (main effect of access: Fy 3, = 14.85, p < .01)
was not influenced by NAC (main effect of treatment: F; 30 = 2.94, p > .09, and treatment X access interaction: F 3, = 1.68, p > .2) (C). Similarly, the level of
instrumental responding under the progressive ratio schedule, higher in LgA rats than ShA rats (main effect of access: Fy 3, = 14.43, p < .0001), was not
influenced by NAC (main effect of treatment: F4 3, = 2.23, p > .14, and treatment X access interaction: Fy 3> = 1.72, p > .19) (D). Numbers between brackets
correspond to the number of animals in each group. Breaks represent the beginning of the treatment. **p < .01. FR1, fixed ratio 1; Veh, vehicle.
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Figure 3. N-acetylcysteine (NAC) promotes self-maintained abstinence by increasing the sensitivity to the adverse consequences associated with cocaine
intake. Punishment of cocaine self-administration induced a rapid decrease in intake in all groups (main effect of block rrs/punishment: F1,32 = 350.88, p < .01).
NAC-long access group (LgA) rats decreased their intake to the level of short access group (ShA) rats faster than vehicle (Veh)-LgA rats (treatment X access
X sessions interaction: F» ¢4 = 3.93, p < .05) (A). Following the three punishment sessions (vertical blue bars), NAC-LgA rats recovered prepunishment levels
of cocaine intake at a slower rate than all the other groups (effect of block e / post punishment: F1,32 = 200.85, p < .01, treatment X punishment interaction:
Fi32 = 4.22, p < .05). A cumulative probability curve (B) on the suppression score revealed a rightward shift of the curve for NAC-LgA animals (vertical black
dotted line represents a suppression score of 0). At the individual level, a cluster analysis (C) identified that the group of rats with the highest suppression
score was essentially composed of NAC-LgA rats. Insert (C) represents the mean suppression score for each cluster. While NAC treatment did not specifically
influence the increased latency to initiate cocaine-seeking behavior following punishment (main effect of punishment re/post block): F1,32 = 13.19, p < .001,
treatment: F; 5, = 2.76, p > .1, and punishment X access X treatment interaction: Fy 3, < 1) (D) (data are expressed in log of latency of the first active lever
[AL] press), it selectively increased in NAC-LgA rats the time needed to complete the fixed ratio 5 (FR5) instrumental sequence leading to the first cocaine
infusion (access X punishment X treatment interaction: Fy 3, = 7.70, p < .01) (E). Breaks (D, E) represent the punished sessions. **Sessions differing from
Veh-LgA group, p < .01; £, different from prepunishment block, p < .05; $, block different from Veh-LgA, p = .05. Gray bands represent the average intake
during the prepunishment block = SEM.

NAC-treated LgA rats did not fully recover their prepunishment identified a group of 10 rats with a postpunishment suppres-
level of cocaine intake. Thus, in the first postpunishment sion of cocaine intake of 77 = 10% (Figure 3C), containing
session, all ShA and only Veh-treated LgA rats resumed a predominantly NAC-LgA rats (n = 6). The other clusters
level of cocaine SA similar to that displayed before the represented rats with a suppression of less than 50% that
introduction of punishment (p > .9). In marked contrast, were mostly in the ShA and Veh-LgA groups (p < .05), thereby
NAC-LgA rats had significantly reduced their cocaine intake demonstrating that the restored control in NAC-LgA rats
during the 2 days immediately following the shock sessions as cannot be attributable to prepunishment differences.

compared with cocaine intake during any of the prepunish- This NAC-induced reduction of cocaine intake was not
ment sessions (p < .01). attributable to a difference in the latency to initiate the

To better investigate the potential contribution of baseline instrumental response, which was increased after the punish-
differences between LgA and ShA rats to their propensity to ment sessions (Figure 3D) independent of treatment and
resume cocaine self-administration after shock-induced vol- access to cocaine. However, NAC-induced decrease of

untary abstinence, we computed a suppression score cocaine self-administration following the cessation of punish-
(Supplement), which revealed a pronounced rightward shift ment was associated with a marked increase in the time taken
in the cumulative probability curve for the NAC-LgA group by the rats to perform the subsequent four lever presses
(Figure 3B) as compared with the ShA and Veh-LgA groups. necessary to complete the FR5 sequence required to obtain
A cluster analysis performed on the suppression ratio the first cocaine infusion (Figure 3E). Thus, the time between
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the first lever press and the first infusion was significantly
increased for NAC-LgA rats during the two sessions following
punishment (p < .01), whereas no significant alteration of the
time of FR5 completion was observed for ShA rats and Veh-
LgA animals (p > .3). This suggests that if NAC treatment did
not influence the initiation of cocaine-seeking behavior in
addicted rats—i.e., LgA rats—once this rather automatic
behavioral sequence was initiated, NAC did restore control
over subsequent instrumental behavior.

N-acetylcysteine Rescues Cocaine-Induced
Decreases in GLT1 Protein Levels and Opposes the
Influence of Cocaine Exposure Over Zif268 Protein
Levels in Both the Ventral Striatum and DLS of LgA
Rats

The apparent restoration of control in LgA rats promoted by
NAC after punishment was accompanied by a rescue of the
access-dependent decrease in GLT1 protein levels observed
progressively to develop after short- and long-term cocaine
exposure not only in the AcbC but also in the DLS (Figure 4A).

Thus, in LgA rats, in which GLT1 protein levels were
significantly reduced in both the AcbC and DLS, NAC treat-
ment increased GLT1 protein levels back to the level of drug-
naive vehicle control subjects.

This effect of chronic NAC treatment on GLT1 protein levels
across the striatum was paralleled by a NAC-induced increase
in Zif268 protein levels in both the AcbC and DLS of LgA rats,
as compared with Veh-LgA rats, a finding opposite to the
observed decrease in Zif268 following NAC treatment in ShA
rats compared with Veh-ShA rats (Figure 4B). The level of both
GLT1 and Zif268 proteins in the AcbC and DLS were not
correlated with each other or with cocaine intake and instru-
mental performance overall (total intake or total amount of
active lever presses from day 1) or during the three punished
and the five subsequent baseline sessions.

DISCUSSION

This study investigated the effects of chronic NAC treatment
on rats given extended access to cocaine, which resulted in
their showing hallmark features of cocaine addiction, namely
loss of control over drug intake, increased motivation for the
drug, and maintained drug use despite adverse consequences
(18). Chronic treatment with NAC had no measurable effect on
the progression of loss of control in rats that had already
developed escalated cocaine SA or on the motivation for the
drug measured under a progressive ratio schedule of rein-
forcement. This observation is in contrast with the previous
demonstration that chronic NAC treatment prevents the
escalation of cocaine self-administration (13). This discrep-
ancy may stem from several differences between the two
studies including the training history of the animals, the unit
dose of cocaine, and the time point at which NAC treatment
was initiated. Thus, in the present study, rats acquired
instrumental responding for cocaine infusions (.8 mg/kg
in 100 pL) under short access, FR1 schedule of reinforcement
for 7 days before being exposed to 6-hour extended access or
maintained under short access conditions. In the previous
study, rats received unit infusions of .5 mg/kg in 200 pL, a unit
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Figure 4. N-acetylcysteine (NAC) rescues cocaine-induced decreases in
glutamate type 1 transporter (GLT1) protein levels and increases those of
Zif268 in both the ventral striatum and dorsolateral striatum (DLS) of long
access group (LgA) rats. NAC rescued the access-dependent decrease in
GLT1 protein levels following cocaine self-administration both in the
nucleus accumbens core (AcbC) and DLS (main effect of access: Fs04 =
4.73, p < .02, partial n2 = .28, and treatment: Fy 4 = 6.27, p < .02, partial
n? = .2, but no structure X access or access X treatment X structure
interactions: Fs < 1) (A). NAC also counteracted the effect of either short or
extended access to cocaine self-administration on the protein levels of the
plasticity marker Zif268 in the AcbC and DLS (treatment X access
interaction: Foo4 = 4.26, p < .03, partial n2 = .26) (B). Inserts show
illustrative Western blots from the naive, short access group (ShA), and LgA
groups for the protein of interest GLT1 and Zif268, as well as the house-
keeping gene protein cyclophylin (Cyclo) obtained from micro-punches of
the AcbC or DLS of individual rats. *Different from vehicle-treated drug
naive control rats, p < .05. Veh, vehicle.

dose and delivery rate both shown to greatly influence various
behavioral features of cocaine self-administration, including
motivation (40). More importantly, whereas the rats of the
previous study received daily NAC treatment from the first of
the 12 days of differential access to cocaine, i.e., from the first
session of extended access for the LgA group, in this study
rats were allowed 19 extended access sessions to develop a
robust escalation of cocaine SA before receiving NAC treat-
ment. In this study, we were more interested in the influence of
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NAC on the maintenance of escalated cocaine SA in rats
suggested to resemble addicted individuals and not in the
development of escalation, which represents a prodromal
stage of addiction and hence may not be a suitable target
for therapeutic intervention. Thus, while NAC treatment inter-
acts with the neurobiological mechanisms involved in the
development of escalation of cocaine SA (13), it does not
influence its maintenance. This observation is in line with
human studies that have revealed that NAC treatment does
not decrease ongoing cocaine use (4).

However, chronic NAC treatment in rats showing escalated
cocaine intake dramatically reduced compulsivity by enabling
LgA rats to withhold responding in the face of punishment,
thereby achieving abstinence more readily. Not only did NAC-
treated LgA rats display a faster decrease in cocaine SA than
Veh-treated LgA rats in the presence of contingent punish-
ment, they also never fully recovered their prepunishment level
of cocaine intake over the course of the five subsequent
baseline sessions. This decrease in intake following punish-
ment when the drug was again made available at no cost
suggests that NAC not only facilitated the establishment of
abstinence in the face of adverse consequences but also
promoted long-term reduction in intake. This was paralleled by
a marked increase in the latency to complete the first FR5
sequence leading to cocaine infusions over the five postpun-
ishment sessions, suggesting that NAC-treated LgA rats
displayed an increased propensity to inhibit the drug-seeking
instrumental sequence for a longer period of time postpunish-
ment than Veh-treated LgA rats.

This effect of NAC on the sensitivity to the aversive
consequences of cocaine SA observed only in LgA rats is
attributable neither to the differential access to the drug nor to a
direct pharmacologic effect of NAC on pain thresholds. Indeed,
the emergence of compulsive cocaine SA has recently been
shown not to be associated with an increase in pain threshold
(41), an effect consistent with evidence that enhanced resist-
ance to conditioned suppression after an extended cocaine SA
history is not related to individual sensitivity to the aversive
properties of the shock (42). Additionally, NAC diminishes the
sensitivity to painful stimuli (43,44), i.e., increases pain thresh-
olds so that if the effect of NAC was dependent on its effect on
pain mechanisms, a decrease in, rather than a potentiation of,
the suppression of instrumental responding during punishment
under NAC treatment would be expected, and this would be
generalized both to ShA and LgA rats.

The promotion of restored control induced by NAC in LgA
rats was independent of any alteration in the motivation for
cocaine as measured by the breakpoint under a progressive ratio
schedule of reinforcement. Moreover, the breakpoint and the
suppression of cocaine intake following punishment were not
correlated. These data are in agreement with the previous
demonstration that NAC reduces cue-controlled cocaine seeking
without altering cocaine intake under a second-order schedule of
reinforcement (6), suggesting that NAC has no effect on the
reinforcing properties of cocaine despite the increased propen-
sity to lever press under a progressive ratio schedule of
reinforcement shown by LgA rats as compared with ShA rats.

Thus, NAC may enhance the long-lasting effects of being
exposed to the punishment of responding for cocaine on the
subsequent propensity to resume drug use but only in

Biological Psychiatry August 1, 2016; 80:226-234 www.sobp.org/journal

individuals that have lost control over intake. Indeed, LgA rats
displayed the key behavioral characteristics of cocaine addic-
tion: they developed a daily increase in their intake, so-called
escalation of cocaine SA (16,19); they displayed an apparent
increased motivation for cocaine as compared with ShA rats
consistent with previous studies (45-47); and they were less
sensitive to punishment than ShA rats during the first punish-
ment session, thereby revealing the compulsive nature of their
cocaine SA (18).

Protracted exposure to extended access to cocaine, in
conditions similar to those in the present experiment, triggered
an almost complete resistance to probabilistic punishment in a
subset of a population of rats tested in a seeking-taking
chained schedule of reinforcement (48). The greater sensitivity
to punishment in the present experiment may be attributed to
the nature of the punishment applied [see (18,21) for more
details]. In the procedure used here, the animal does not risk
punishment to gain access to the drug, as is the case in
probabilistic punishment paradigms, but instead it must
endure at least two shocks before every single infusion,
making the latter punishment schedule more aversive than
the former. Nevertheless, as previously described (48,49),
extended access to the drug facilitated the emergence of
compulsive cocaine self-administration. In drug-addicted
humans, voluntary abstinence usually arises only after
repeated exposure to adverse consequences of drug use
(50). Even though initially resisting punishment more than
ShA rats, LgA rats developed complete abstinence after three
repeated punishment sessions. This withholding of responses,
or abstinence, in the presence of adverse consequences has
been suggested to have face and ecological validity (18,51).

At the neurobiological level, cocaine exposure resulted in
an access-dependent decrease in GLT1 both in the AcbC, as
previously described (14,52), and in the DLS. The access-
dependent decrease in GLT1 was quantitatively similar
between the AcbC and the DLS and was reversed in both
striatal territories by chronic NAC treatment. This influence of
NAC on GLT1 protein levels had already been shown to occur
in the AcbC (2,11,14,53) but not in the DLS. In this study,
protein levels were quantified in rats having been given access
to cocaine under baseline conditions after having voluntarily
withheld self-administering responses in the face of punish-
ment. Additionally, neither Zif268 nor GLT1 protein levels
correlated with cocaine intake or instrumental performance
overall or during the punished or subsequent baseline ses-
sions. Thus, while this study identifies the DLS as an additional
site at which NAC regulates glutamate homeostasis and
cellular plasticity mechanisms while contributing to restoration
of control over cocaine intake in addicted individuals, it does
not allow any inference about a causal relationship between
the molecular and behavioral readouts. Future research is
warranted to identify the cascade of cellular and molecular
events, such as alteration of the cysteine-glutamate exchanger
(54) and metabotropic glutamate receptors levels (55) that
lead chronic NAC treatment eventually to facilitate self-
initiated abstinence and subsequent restoration of control
over intake.

Nevertheless, the influence of cocaine exposure on the
progressive decrease in GLT1 protein levels in the DLS and its
reversal by NAC is in line with the evidence that NAC

231

Biological
Psychiatry



www.sobp.org/journal

Biological
Psychiatry

diminishes habitual control over behavior (56), which is
dependent upon the DLS (57), and our previous demonstration
that NAC dose-dependently decreases habitual cocaine seek-
ing in rats trained extensively to seek cocaine under the
control of drug-associated conditioned stimuli (6). These
conditions are known to trigger a shift in the neural locus of
control over seeking responses from the ventral striatum to the
DLS involving both glutamatergic and dopaminergic
mechanisms (6,27,58). The devolution of control over
cocaine seeking to the DLS is also associated with the
development of compulsive cocaine seeking (59), which is
facilitated in rats with a history of escalated cocaine self-
administration (48).

This ventral to dorsal striatal shift in the locus of control over
compulsive drug seeking has also been shown in drug-
addicted individuals (25) who also display an increased func-
tional connectivity between the AcbC and DLS (26), suggested
to be triggered by drug exposure (60). This view is compatible
with the influence of NAC treatment on cocaine-induced
alterations in the protein levels of the cellular plasticity marker
Zif268 (35) observed between short and extended cocaine
exposures that were independent of GLT1 protein levels, as
revealed by a lack of correlation between the two markers in
both the AcbC and DLS. Thus, while NAC reversed the
increase in Zif268 observed in the AcbC and the DLS following
short access to cocaine, it abolished the decrease in Zif268
observed in both striatal territories following extended access.
These data suggest that the neurobiological locus underlying
the behavioral effects of NAC in addicted rats lies both in the
AcbC and DLS in which cellular Zif268-dependent plasticity
mechanisms, involved in instrumental learning and the long-
term cellular effects of cocaine (31-36), are differentially
regulated by short or extended access to cocaine. Thus, short
access to cocaine results in similar increases in Zif268-
associated cellular plasticity mechanisms in the AcbC and
DLS that may reflect drug-induced striatal plasticity mecha-
nisms subserving the early effects of cocaine exposure.
However, under extended access conditions, when rats lose
control over cocaine self-administration, becoming compulsive,
the striatal system may become resilient to cocaine-induced
cellular plasticity as previously described (61), so-called ana-
plasticity, which could be related with the persistence of an
aberrant functional coupling between the ventral striatum and
the DLS, also seen in drug-addicted humans (25), that is
disrupted by NAC treatment. As a consequence, animals may
re-establish control over their drug-seeking habits, illustrated in
this study by the increased time NAC-LgA rats take to perform
their first cocaine-seeking sequence in the sessions that follow
their self-imposed abstinence.

If the reorganization of glutamatergic function brought
about by NAC treatment in both the ventral striatum and
DSL provides a mechanism by which control over drug intake
can be regained, then other defining features of addiction may
also be attenuated.
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