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Abstract

Rationale N-acetylcysteine can increase extrasynaptic gluta-
mate and reduce nicotine self-administration in rats and
smoking rates in humans.

Objectives The aim of this study was to determine if N-
acetylcysteine modulates the development of nicotine place
conditioning and withdrawal in mice.

Methods N-acetylcysteine was given to nicotine-treated male
ICR mice. Experiment 1: reward-like behavior. N-
acetylcysteine (0, 5, 15, 30, or 60 mg/kg, i.p.) was given
15 min before nicotine (0.5 mg/kg, s.c.) or saline (10 ml/kg,
s.c.) in an unbiased conditioned place preference (CPP) para-
digm. Conditioning for highly palatable food served as con-
trol. Experiment 2: spontaneous withdrawal. The effect of N-
acetylcysteine (0, 15, 30, 120 mg/kg, i.p.) on anxiety-like
behavior, somatic signs, and hyperalgesia was measured 18—
24 h after continuous nicotine (24 mg/kg/day, 14 days).
Experiment 3: mecamylamine-precipitated, withdrawal-
induced aversion. The effect of N-acetylcysteine (0, 15, 30,
120 mg/kg, i.p.) on mecamylamine (3.5 mg/kg, i.p.)-precipi-
tated withdrawal was determined after continuous nicotine
(24 mg/kg, i.p., 28 days) using the conditioned place aversion
(CPA) paradigm.
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Results Dose-related reductions in the development of nico-
tine CPP, somatic withdrawal signs, hyperalgesia, and CPA
were observed after N-acetylcysteine pretreatment. No effect
of N-acetylcysteine was found on palatable food CPP,
anxiety-like behavior, or motoric capacity (crosses between
plus maze arms). Finally, N-acetylcysteine did not affect any
measure in saline-treated mice at doses effective in nicotine-
treated mice.

Conclusions These are the first data suggesting that N-
acetylcysteine blocks specific mouse behaviors associated
with nicotine reward and withdrawal, which adds to the grow-
ing appreciation that N-acetylcysteine may have high clinical
utility in combating nicotine dependence.
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Introduction

Despite the efficacy of some current pharmacotherapies to
abate tobacco dependence, relapse rates remain high, and to-
bacco smoking remains the leading cause of preventable death
worldwide (Samet 2013; Shiffman et al. 2008). These statis-
tics indicate that more effective medications and/or novel ap-
proaches are needed. Because a better understanding of the
neural substrates underlying nicotine addiction should inform
these approaches, we used behavioral pharmacology to study
mechanisms underlying the development of nicotine-condi-
tioned, reward-like behavior and withdrawal signs in the
mouse.

Adaptations in the neurobiological machinery that encodes
reinforcement and withdrawal are thought to contribute to the
development of a nicotine addiction (Watkins et al. 2000).
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Among the many neurotransmitter systems engaged by nico-
tine, glutamate appears to be critically involved in reinforce-
ment and withdrawal (Liechti and Markou 2008). For exam-
ple, nicotine self-administration alters mesocorticolimbic glu-
tamate receptor expression (Kenny et al. 2009; Wang et al.
2007). Furthermore, nicotine self-administration can be de-
creased by decreasing glutamatergic neurotransmission via
blockade of the excitatory glutamate receptors mGluS
(Liechti and Markou 2007; Paterson et al. 2003) or N-meth-
yl-D-aspartate NMDA, (Kenny et al. 2009) or via activation of
inhibitory mGlu,/; receptors (Liechti et al. 2007). Nicotine
withdrawal is also mediated, at least in part, via glutamatergic
signaling. For example, somatic nicotine withdrawal signs are
worsened by pharmacological blockade of the mGluS5 receptor
(Liechti and Markou 2007), but see contradictory studies in
genetically modified mice (Stoker et al. 2012). Conversely,
increasing synaptic glutamate via blockade of inhibitory
mGlu,3 receptors alleviated withdrawal-associated reward
deficits (Liechti and Markou 2008). Thus, synaptic glutamate
regulates both nicotine reinforcement and withdrawal.

Many aspects of nicotine addiction are thought to stem
from an imbalance between synaptic and extrasynaptic gluta-
mate release and clearance (Liechti and Markou 2008; Kalivas
2009). Intriguingly, microdialysis experiments revealed that
the level of extrasynaptic glutamate was largely unaffected
by blocking synaptic transmission (Timmerman and
Westerink 1997), suggesting that astrocytes may be the pre-
dominant source of extrasynaptic glutamate. Astrocytes are
well known for their role in regulating extracellular glutamate
(Parpura et al. 2012), and increasing attention is being paid to
astrocyte-modulated neurotransmission (Santello et al. 2012).
One pharmacological approach to increasing astrocytic gluta-
mate release into the extrasynaptic space is N-acetylcystine. In
brief, N-acetylcystine is hydrolyzed into cystine that is taken
up into astrocytes by the cystine—glutamate antiporter (xCT or
xc-) in exchange for one glutamate molecule (McBean 2002).
Thus, N-acetylcystine increases extrasynaptic glutamate.

N-acetylcystine is a drug and nutritional supplement that is
used as a mucolytic agent (Hurst et al. 1967) and in the man-
agement of acetaminophen overdose (Prescott et al. 1977,
Dringen and Hirrlinger 2003). N-acetylcysteine is also show-
ing promise for a number of psychiatric conditions including
addiction (Dean et al. 2011), and XxCT has been shown to play
an important role in nicotine addiction. For example, xCT
expression is reduced in the rat nucleus accumbens and ventral
tegmental area by nicotine self-administration (Knackstedt
et al. 2009). Moreover, N-acetylcystine administration
dose-dependently reduced intravenous rat nicotine self-
administration and the reinstatement of nicotine-seeking
behavior (Ramirez-Nino et al. 2013) as well as cigarette
smoking in humans (Knackstedt et al. 2009). Thus,
extrasynaptic glutamate also appears to regulate nicotine
reinforcement.
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Taken together, these studies suggest that decreased synap-
tic glutamate neurotransmission decreases nicotine self-
administration and worsens withdrawal. Whereas, increased
extrasynaptic glutamate neurotransmission decreased both
nicotine self-administration and withdrawal. Based on these
studies, we sought to test the hypothesis that N-acetylcysteine
will decrease the development of nicotine-conditioned,
reward-like behavior and abate nicotine withdrawal-
associated behaviors in mice. To test this hypothesis, we mea-
sured the effects of N-acetylcysteine administration on the
conditioned rewarding effects of nicotine using the condi-
tioned place preference (CPP) paradigm. Moreover, we exam-
ined the effect of N-acetylcysteine on both the physical (so-
matic signs, hyperalgesia) and affective (anxiety-related
behaviors and aversion) signs of withdrawal in nicotine-
dependent mice.

Materials and methods
Animals

Drug-naive, ICR male mice (9 weeks upon arrival; Harlan
Laboratories, Indianapolis, IN) served as subjects. Mice were
housed five per cage with ad libitum access to food and water
on a 12-h light cycle in a humidity and temperature controlled
vivarium that was approved by the Association for
Assessment and Accreditation of Laboratory Animal Care.
Experiments were performed during the light cycle and were
approved by the Institutional Animal Care and Use
Committee of Virginia Commonwealth University and
followed the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals.

Drugs

(—)-Nicotine hydrogen tartrate [(—)-1-methyl-2-(3-
pyridyl)pyrrolidine (+)-bitartrate], N-acetylcysteine, and mec-
amylamine HCI were purchased from Sigma-Aldrich Inc. (St.
Louis, MO, USA). Drugs were dissolved in physiological
saline. The nicotine solution pH was neutralized with sodium
bicarbonate as needed. Freshly prepared solutions were given
to mice at 10 ml/kg, s.c. Doses are expressed as the free base
of the drug. Nicotine was given in a 0.5-mg/kg subcutaneous
bolus because we found that this dose produced significant
CPP in the ICR mouse (Kota et al. 2007). For spontaneous
withdrawal studies, 24 mg/kg/day nicotine or saline was con-
tinuously perfused for 14 days using subcutaneous osmotic
minipumps (model 2000; Alzet Corporation, Cupertino, CA)
that were implanted under isoflurane anesthesia. Precipitated
nicotine withdrawal studies used 28-day pumps (model 2004).
We found that this chronic nicotine administration regimen
produced significant spontaneous withdrawal syndrome in
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all three behavioral paradigms used here (Damaj et al. 2003;
Jackson et al. 2009). In other mice, mecamylamine (3.5 mg/
kg, s.c.) was used to precipitate withdrawal because this dose
produced the most reproducible withdrawal (Jackson et al.
2009). N-acetylcysteine doses are within the range previously
used to decrease nicotine self-administration (Ramirez-Nino
et al. 2013).

Nicotine conditioned place preference studies

An unbiased CPP paradigm was performed, as we previously
described (Kota et al. 2007). Briefly, the CPP apparatus
consisted of three chambers in a linear arrangement (Med
Associates, St Albans, VT). The CPP apparatus (Med-
Associates, St. Albans, VT, ENV3013) consisted of white
and black chambers (20x20x20 cm each), which differed in
overall color and floor texture (white mesh or black rod).
These chambers were separated by a smaller gray chamber
with a smooth PVC floor. Partitions could be removed to
allow access from the gray chamber to the black and white
chambers. On day 1, animals were confined to the middle
chamber for a 5-min habituation and then allowed to freely
move between all three chambers for 15 min. Time spent in
each chamber was recorded, and these data were used to pop-
ulate groups of approximately equal bias in baseline chamber
preference. Twenty-minute conditioning sessions occurred
twice a day (days 2—4). During conditioning sessions, mice
were confined to one of the larger chambers. The saline
groups received saline in one large chamber in the morning
and saline in the other large chamber in the afternoon. The
nicotine group received nicotine in one large chamber and
saline in the other large chamber. Treatments were
counterbalanced equally in order to ensure that some mice
received the unconditioned stimulus in the morning while
others received it in the afternoon. The nicotine-paired cham-
ber was randomized among all groups. Sessions were 7 h apart
and were conducted by the same investigator. To determine
the effect of N-acetylcysteine on nicotine place conditioning,
separate cohorts were generated by pretreating with either
saline or N-acetylcysteine 15 min before nicotine. Day 5
was the drug-free test day, and the procedure was the same
as day 1 where animals were allowed to freely explore the
apparatus after the 5-min habituation period. Time spent in
each chamber was measured and statistically compared as a
preference score.

Highly palatable food CPP studies

To determine if N-acetylcysteine broadly affects conditioning,
food place conditioning was measured for highly palatable
food (Kraft Classic Philadelphia Cheesecake, Deerfield, IL)
or standard laboratory chow (Harlan, Laboratories;
Indianapolis, IN), as we previously described (Sanjakdar et

al. 2014). Briefly, mice were conditioned as above, with the
following exceptions. Immediately after establishing baseline
side preference (day 1), mice were allowed to consume the
highly palatable food (or standard chow) for the next 4-6 h in
the home cage. This process minimizes occurrence of
neophobia within the test environment, which can impair con-
ditioned responding (Sharma et al. 2012). Next, the highly
palatable food (or standard chow) was paired with one large
chamber, and standard chow was paired with the other large
chamber during daily 40-min sessions that occurred for the
next 6 days. Time spent in each chamber was measured and
statistically compared as a preference score.

Spontaneous nicotine withdrawal

Spontaneous nicotine withdrawal occurred following removal
of the osmotic minipump after 14 days of continuous nicotine
administration. No analgesic was given after minipump re-
moval, as this would interfere with hyperalgesia testing. One
day after minipump removal (18-24 h), mice were treated
with either vehicle or N-acetylcysteine (15, 30, and 120 mg/
kg). Higher N-acetylcysteine doses were used in withdrawal
assays in an attempt to reverse the decreased in open-arm time
during nicotine withdrawal. Fifteen minutes later, mice were
observed for physical and affective nicotine withdrawal signs
as we have described (Damaj et al. 2003). Mice were first
evaluated in the plus maze test for anxiety-related behavior
over 5 min. Time spent on the closed arms of the plus maze
was interpreted as a measure of anxiety-related behavior. The
number of crosses between the open and closed arms was
counted as a measure of locomotor activity. The plus maze
assessment was immediately followed by a 20-min observa-
tion of somatic signs that included paw and body tremors,
head shakes, backing, jumps, curls, and ptosis (Damaj et al.
2003). The total number of somatic signs was tallied for each
mouse and the average number of somatic signs during the
observation period plotted for each group. Hyperalgesia was
evaluated using the hot plate assay immediately following the
somatic sign observation period. Mice were placed into a 10-
cm wide glass cylinder on top of a hot plate (Thermojust
Apparatus, Richmond, VA) that was maintained at 52 °C.
The latency to reaction time (jumping or paw licking) was
recorded. The specific testing sequence was based on our prior
studies showing that this order of testing reduced within-
group variability produced the most consistent results
(Jackson et al. 2008). All studies were performed by an ob-
server blinded to experimental treatment.

Precipitated nicotine withdrawal measured
by the conditioned place avoidance test

The conditioned place avoidance (CPA) protocol was con-
ducted using the CPP apparatus, as we previously described
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(Jackson et al. 2009). Mice that had received continuous nic-
otine treatment via osmotic minipump for 28 days served as
subjects in which conditioning was conducted over the course
of 4 days in a biased fashion. On day 1, mice were confined to
the middle chamber for a 5-min habituation. Next, mice were
allowed to freely explore the apparatus in order to determine
baseline preference in a 15-min session. The pre-preference
score was used to pair mecamylamine with the preferred
chamber of each mouse. On days 2 and 3 of CPA condition-
ing, all mice received saline injections in the morning and
mecamylamine in the afternoon. All mice were pretreated
(15 min) with N-acetylcysteine (15, 30, and 120 mg/kg, s.c.)
or vehicle (s.c.). On the afternoon of day 4, mice were allowed
to move freely between chambers, and time spent in each
chamber was used to calculate the CPA score (time spent in
the initially preferred chamber at baseline minus the amount of
time spent in the initially preferred compartment on test day).
A reduction in time spent in the initially preferred chamber
was interpreted as a CPA.

Statistical analysis

For conditioned place studies, a preference score was calcu-
lated by subtracting time spent in the nicotine-, highly palat-
able food-, or mecamylamine-paired chamber post-
conditioning minus time spent pre-conditioning. A positive
value indicated a preference for the nicotine-paired compart-
ment, whereas a negative value indicated an avoidance of the
nicotine-paired compartment. A number at or near zero indi-
cated no preference. Data are expressed as mean+SEM. for
each group. All studies were analyzed via a two-way analyses
of variance (ANOVA; Prism 6; GraphPad Software, La Jolla,
CA, USA) with nicotine (or saline) or N-acetylcysteine (or
vehicle) as the between subject factor. p values <0.05 were
considered to be significant. Significant results were further
described by the Student Neuman-Keuls post hoc test.

Results

N-acetylcysteine attenuated nicotine conditioned place
preference

In order to determine if N-acetylcysteine affected the devel-
opment of nicotine place conditioning, mice were pre-treated
with N-acetylcysteine during conditioning days. A two-way
ANOVA followed by the Neuman-Keuls multiple comparison
test indicated that nicotine produced a significant CPP, and
that there was a dose-responsive reduction in nicotine place
preference following N-acetylcysteine pretreatment [F (9,
63)=11.73; p<0.001] (Fig. 1). Specifically, nicotine CPP
was reduced at 5 mg/kg N-acetylcysteine and completely
blocked at 30 mg/kg, i.p. and above. Moreover, Fig. 1 also
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Fig. 1 N-acetylcysteine attenuates nicotine CPP in a dose-related
manner. Mice were conditioned with either saline or nicotine (0.5 mg/
kg, s.c.) for 3 days. A robust CPP was observed in nicotine-conditioned
mice pre-treated with the N-acetylcysteine vehicle (saline, 10 ml/kg, i.p.).
In contrast, N-acetylcysteine blocked expression of nicotine CPP in a
dose-related manner. Time spent in the nicotine- vs. saline-paired cham-
bers was measured, and the preference score expressed as time spent in
the nicotine-paired chamber post-conditioning minus time spent in the
nicotine-paired chamber pre-conditioning. Asterisk denotes p<0.05 from
vehicle/vehicle; Octothorpe denotes p<0.05 from nicotine/vehicle. Each
point represents the mean+SEM of n=6—-8 mice per group

illustrates that no effect of N-acetylcysteine was observed in
vehicle CPP (p>0.05). These data suggest that N-
acetylcysteine, itself, does not alter conditioning, but that drug
pretreatment significantly reduced nicotine CPP.

N-acetylcysteine did not alter highly palatable food
conditioning

To begin testing the specificity of the N-acetylcysteine effect
described above for the development of nicotine place condi-
tioning, development of place conditioning for highly palat-
able food was examined. A two-way ANOVA indicated that a
significant CPP was observed for highly palatable food com-
pared to standard chow [F (3, 21)=7.452; p<0.001] (Fig. 2).
However, in contrast to nicotine, no effect of N-acetylcysteine
pretreatment was observed on palatable food conditioning
(p>0.05) at doses that decreased nicotine CPP. These data
suggest that N-acetylcysteine does not generally alter
reward-related behaviors.

N-acetylcysteine attenuated physical, but not anxiety-like
spontaneous nicotine withdrawal signs

The capacity of N-acetylcysteine to attenuate nicotine-
associated withdrawal signs was further evaluated with mea-
sures of spontaneous withdrawal that encompassed behaviors
associated with both affective (anxiety-related behavior) and
physical (somatic and hyperalgesia) withdrawal signs. Both
affective and physical withdrawal signs were observed follow-
ing continuous nicotine treatment (Fig. 3), as measured by
decreased time spent in the open arms of the elevated plus
maze, increased somatic signs, and increased hyperalgesia
(decreased response latency in the hotplate assay). However,
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Fig. 2 N-acetylcysteine had no effect on highly palatable food CPP.
Mice were conditioned with either standard chow or highly palatable
food for 4 days. A robust CPP was observed in palatable food-
conditioned mice pre-treated with the N-acetylcysteine vehicle (saline,
10 ml/kg, i.p.). No effect of N-acetylcysteine at 5 and 60 mg/kg, i.p.
was found on the expression of CPP for highly palatable food. Time spent
in the highly palatable food- vs. standard chow-paired chambers was
measured, and the preference score expressed as time spent in the
nicotine-paired chamber post-conditioning minus time spent in the
nicotine-paired chamber pre-conditioning Asterisk denotes p<0.05 from
vehicle/standard chow group. Each point represents the mean+SEM of
n=6-8 mice per group

no effect of N-acetylcysteine (15—-120 mg/kg, i.p.) was ob-
served on anxiety-like behavior, as measured by the elevated
plus maze (p>0.05, Fig. 3a). Moreover, none of these N-
acetylcysteine doses affected total crosses between arms
(Table 1) despite evaluation of doses two times higher than
what was effective in the conditioned place preference assay.
The arm crossing data suggest that the lack of effect of N-
acetylcysteine on anxiety-like behavior was not due to motoric
affects. In contrast, a two-way ANOVA followed by the
Neuman-Keuls test indicated that there was a dose-related
decrease in both the number of somatic withdrawal signs
(Fig. 3b, [F (7, 35)=26.36; p<0.0001]) and hyperalgesia
(Fig. 3¢, [F (7, 35)=8.917; p<0.0001]) following N-
acetylcysteine treatment, with the dose of 120 mg/kg, i.p. N-
acetylcysteine completely reversing these measures.
Importantly, the 120 mg/kg dose of N-acetylcysteine did not
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alter any of these behaviors in mice that were continuously
treated with saline instead of nicotine.

N-acetylcysteine blocked conditioned place aversion
expressed during precipitated nicotine withdrawal

Next, the effect of N-acetylcysteine on mecamylamine-precip-
itated, nicotine withdrawal-induced aversion was examined.
Nicotine withdrawal can be precipitated in mice that have
been continuously treated with nicotine by administering the
non-selective acetylcholine nicotinic receptor antagonist mec-
amylamine (Jackson et al. 2009). A two-way ANOVA follow-
ed by the Neuman-Keuls post hoc test indicated that meca-
mylamine had no effect on place conditioning in mice contin-
uously treated with saline (Fig. 4, p>0.05). In contrast, Fig. 4
also illustrates that N-acetylcysteine dose-relatedly reduced
the CPA that was observed following mecamylamine condi-
tioning [F (7, 42)=10.59; p<0.0001]. Specifically, CPA was
attenuated by N-acetylcysteine at 15 and 30 mg/kg, i.p. N-
acetylcysteine and completely abolished at 120 mg/kg.

Discussion

Here, we examined the effect of N-acetylcysteine on mouse
behaviors that are associated with nicotine reward and with-
drawal. We found that N-acetylcysteine dose-relatedly re-
duced the development of nicotine conditioned rewarding ef-
fects. In contrast, development of the conditioned rewarding
effects of highly palatable food were unaffected by N-
acetylcysteine. Effects of N-acetylcysteine on nicotine with-
drawal were measured in both spontancous and
mecamylamine-precipitated withdrawal models. While no ef-
fect of N-acetylcysteine was observed on anxiety-like behav-
iors, as measured in the elevated plus maze, a dose-related
reduction in both somatic signs and hyperalgesia was seen.
Moreover, we observed a dose-related reduction in place

C Hyperalgesia

Il Saline MP
[ Nicotine MP

Latency (sec)

#

0-Veh 15 30 120 Veh 15 30 120

N-acetylcysteine (mg/kg)

Fig. 3 N-acetylcysteine dose-relatedly reduced physical nicotine
withdrawal signs, but no effect was observed on anxiety-related
behavior. Nicotine-withdrawn ICR mice treated with N-acetylcysteine
(15, 30, or 120 mg/kg, i.p.) displayed (a) anxiety-related behavior
similar to that observed in vehicle-treated counterparts, but (b) an

N-acetylcysteine (mg/kg)

N-acetylcysteine (mg/kg)

attenuation of total somatic signs and (c¢) hyperalgesia. Each point
represents the mean+SEM of n=6 mice per group. MP minipump.
Asterisk denotes p<0.05 from vehicle/vehicle; octothorpe denotes
p<0.05 from nicotine/vehicle
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Table 1  N-acetylcysteine did not impact the number of arm crosses in
the elevated plus maze

Treatment Arm crosses+=SEM
Saline MP, vehicle 6.7+0.6
Saline MP, N-acetylcysteine (120 mg/kg) 7.0£0.7
Nicotine MP, vehicle 6.2+1.3
Nicotine MP, N-acetylcysteine (15 mg/kg) 6.7+£0.8
Nicotine MP, N-acetylcysteine (30 mg/kg) 6.3+0.6
Nicotine MP, N-acetylcysteine (120 mg/kg) 6.0+0.5

Mice undergoing spontaneous nicotine withdrawal were treated with ve-
hicle or N-acetylcysteine (15, 30, or 120 mg/kg, i.p.), and the number of
crosses between arms of the plus maze was counted. Numbers are pre-
sented as the mean+SEM for n=6 mice per group

MP minipump

aversion conditioned by precipitated nicotine withdrawal.
Importantly, no effect of N-acetylcysteine was observed in
saline-treated mice at doses that were effective in nicotine-
treated mice. These data suggest that N-acetylcysteine can
decrease both nicotine conditioned reward as well as many
of the behaviors that are associated with nicotine withdrawal.

Our data with CPP extend earlier work by Markou’s group
showing that an acute dose of 30 mg/kg N-acetylcysteine and
higher reduced intravenous rat nicotine self-administration on
a fixed ratio schedule of reinforcement (Ramirez-Nino et al.
2013). While place conditioning and self-administration are
not isomorphic and not likely to impact glutamatergic signal-
ing equally (Wang et al. 2008; Lenoir and Kiyatkin 2013; Reid
et al. 2000), CPP is thought to model the reward-like aspects
of drug-conditioned cues (Bardo and Bevins 2000). Thus, our
data extend the impact of N-acetylcysteine on other aspects of
reward-like behaviors. Moreover, since we found no effect on
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Fig. 4 N-acetylcysteine dose-dependently reversed mecamylamine-
precipitated nicotine withdrawal CPA. Mecamylamine (3.5 mg/kg, i.p.)
precipitated a significant CPA in chronic nicotine-treated ICR mice. How-
ever, N-acetylcysteine pretreatment reversed mecamylamine-precipitated
aversion in a dose-related manner. Each point represents the mean+SEM
of n=6 mice per group. Time spent in the mecamylamine- vs. saline-
paired chamber was measured, and the preference score expressed as time
spent in the nicotine-paired chamber post-conditioning minus time spent
in the nicotine-paired chamber pre-conditioning. MP minipump. Asterisk
denotes p<0.05 vs. saline group/vehicle; octothorpe denotes p<0.05
from nicotine/vehicle
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conditioning for highly palatable food at doses up to 60 mg/
kg, this suggests that N-acetylcysteine exhibits some behav-
ioral specificity. Our data also build upon Markou’s finding
that Noyes food pellet self-administration was unaffected by
acute N-acetylcysteine (Ramirez-Nino et al. 2013).

An additional distinction between the two studies is we
observed that N-acetylcysteine doses as low as 5 mg/kg
disrupted mouse nicotine place conditioning. Markou’s group
did not test below 30 mg/kg. While precise cross-species and
cross-paradigm comparisons are difficult, taking these data
together is promising and potentially clinically relevant given
that humans generally tolerate N-acetylcysteine well
(Deepmala et al. 2015; McClure et al. 2014). N-
acetylcysteine has also been shown to reduce cocaine-
(Baker et al. 2003), heroin- (Zhou and Kalivas 2008),
and nicotine-seeking (Ramirez-Nino et al. 2013) behavior
in laboratory models and efficacy in some substance
abuse clinical trials (Deepmala et al. 2015; McClure et
al. 2014; Knackstedt et al. 2009) including a reduction
in the number of cigarettes smoked by daily smokers
(Knackstedt et al. 2009).

In addition to N-acetylcysteine reducing nicotine
reward-related behaviors, we also observed reductions in
several behaviors associated with nicotine withdrawal.
Specifically, we observed reductions in the number of
somatic signs, hyperalgesia, and conditioned place aver-
sion. While lower doses were partially effective, these
measures were completely blocked at 120 mg/kg.
However, no effect of N-acetylcysteine was observed on
anxiety-like behavior, as measured by time spent in open
arms of the elevated plus maze, at doses that were effec-
tive in the other withdrawal models. Moreover, no effect
on anxiety-like behavior was seen at doses up to twice as
high (120 mg/kg) as doses that abolished nicotine place
conditioning. While additional measures of anxiety-like
behavior may be needed, these data are important for
two reasons. First, withdrawal effects play a large role in
drug recidivism (Watkins et al. 2000). Second, this is the
first study of nicotine withdrawal paradigms using phar-
macological reagents that can modulate, and perhaps nor-
malize, extrasynaptic glutamate (Moussawi et al. 2009;
Madayag et al. 2007; Baker et al. 2003). Thus, our data
significantly extend earlier work showing that direct-
acting glutamate receptor ligands modulate nicotine with-
drawal, as discussed below (Liechti and Markou 2007,
Liechti and Markou 2008) and add to the growing appre-
ciation that N-acetylcysteine may at least encompass the
molecular scaffold of a highly efficacious therapeutic in-
tervention for addiction (Deepmala et al. 2015; McClure
et al. 2014). That we failed to observe an effect of N-
acetylcysteine on anxiety-like behavior likely reflects that
these signs may be mediated by different neural sub-
strates. For example, studies have shown that somatic
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nicotine withdrawal signs are mediated by both central
and peripheral nicotinic receptors, while anhedonia and
aversion are mediated solely through central nicotinic re-
ceptor populations such as the nucleus accumbens (NAc)
and habenulo-interpeduncular system (Watkins et al.
2000; De Biasi and Dani 2011). Finally, corticotropin-
releasing factor-1 (CRF1) receptors in the central nucleus
of the amygdala (CeA) and the mesohabenular pathway
through the interpeduncular nucleus seem to play an im-
portant role in the emergence of anxiety-like behaviors in
nicotine-dependent animals (Cohen et al. 2015; Zhao-
Shea et al. 2015). Alternatively, these data may reflect a
limitation of the elevated plus maze to detect differences
under the conditions examined. Indeed, an increase in
anxiety-like behaviors with nicotine withdrawal was re-
ported in multiple anxiety tests besides the elevated
plus-maze, such as light-dark boxes, novelty-induced
hypophagia, and marble burying test (Turner et al. 2014;
Stoker et al. 2008).

While the precise neural substrates engaged here have not
been identified, predictions can be made. N-acetylcysteine is
widely used as a cystine prodrug (Baker et al. 2003; Zhou and
Kalivas 2008; Ramirez-Nino et al. 2013; Knackstedt et al.
2009). Cystine is transported into astrocytes in exchange for
glutamate that is released into the extracellular space in a 1:1
ratio via xCT (McBean 2002; Lo et al. 2008). Thus, the effects
of N-acetylcysteine reported here may seem at odds with the
literature given that inhibition of glutamatergic neurotransmis-
sion is known to reduce nicotine reinforcement and exacerbate
withdrawal (Liechti and Markou 2008; Kalivas 2009). For
example, systemic administration of either a NMDA (Kenny
et al. 2009; Blokhina et al. 2005) or mGlu5 (Paterson et al.
2003) antagonist reduced nicotine self-administration in both
mice and rats. Moreover, systemic administration of MPEP, an
mGlu5 receptor antagonist, worsened somatic nicotine with-
drawal signs (Liechti and Markou 2007). Given this apparent
discrepancy, it is important to note that glutamate uptake trans-
porters can largely protect synaptic glutamate receptors from
activation by extrasynaptic glutamate in addition to
preventing synaptic spillover from activating extrasynaptic
glutamate receptors (Barbour 2001; Warr et al. 1999;
Haydon 2001). Thus, N-acetylcysteine can be conceptualized
as predominantly increasing extrasynaptic glutamate. In sup-
port of this mechanism of action, N-acetylcysteine has been
shown to activate mGlu,,; glutamate receptors that in turn
reduce synaptic glutamate (Baker et al. 2003; Xi et al.
2002). Thus, our findings are in line with both the antagonist
literature discussed above as well as studies indicating that
systemic administration of mGlu,,; glutamate receptor ago-
nists reduced nicotine self-administration (Liechti et al.
2007). Moreover, given the effects on nicotine conditioning
observed here, it is intriguing to note that nicotine self-
administration reduced xCT expression in mesolimbic regions

that mediate nicotine reinforcement (Knackstedt et al.
2009), and that N-acetylcysteine restored cocaine-induced
reductions in xCT function in the nucleus accumbens
(Moussawi et al. 2009; Madayag et al. 2007; Baker et al.
2003). Thus, our data may stem from N-acetylcysteine re-
versing some nicotine-induced deficits in XCT function.
Directly testing this hypothesis will be an exciting avenue
of future research.

Our data also indicate that several behavioral measures of
nicotine withdrawal were alleviated by N-acetylcysteine.
These data do not support the proposed mechanism of activat-
ing extrasynaptic mGlu, 3 glutamate receptors because nico-
tine withdrawal-associated reward deficits are worsened by
mGlu,/; glutamate receptor agonists, but improved by
mGlu,/; antagonists (Kenny et al. 2003). Thus, it is possible
that the results observed here may at least partially stem from
non-glutamatergic actions of N-acetylcysteine. These non-
glutamatergic effects of N-acetylcysteine have proven clinical
utility. For example, N-acetylcysteine is an effective mucolyt-
ic agent due to the ability of the reduced sulthydryl moiety to
disrupt mucous disulfide bonds (Hurst et al. 1967). The sulf-
hydryl donor is also effective in counteracting acetaminophen
poisoning (Prescott et al. 1977). N-acetylcysteine is also
thought to help combat acetaminophen poisoning by increas-
ing intracellular antioxidant capacity via facilitating the rate-
limiting step of glutathione synthesis (Prescott et al. 1977,
Dringen and Hirrlinger 2003). Because our data cannot rule
out these non-glutamatergic actions, future studies will have to
elucidate the precise mechanism(s) whereby N-acetylcysteine
reduced mouse behaviors associated with nicotine condition-
ing and withdrawal.

In conclusion, the results presented here establish that
repeated N-acetylcysteine dose-relatedly reduced both nic-
otine reinforcement and many nicotine withdrawal-
associated behaviors without altering food reward-related
behavior in mice. These data support efforts to determine
the utility of N-acetylcysteine in abating substance use dis-
orders by indicating that N-acetylcysteine can reduce im-
portant aspects of nicotine dependence such as reinforce-
ment and withdrawal.
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