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a b s t r a c t

Ethanol addiction is a serious public health problem that still needs more effective pharmacological
treatment. A key factor in the development and maintenance of this disease is the advent of neuro-
adaptations in the mesocorticolimbic brain pathway upon chronic ethanol abuse. In general, these
neuroadaptations are maladaptive and affect numerous neurotransmitter systems and intracellular
molecules. One of these molecules is DFosB, a transcription factor that is altered after chronic drug use.
Behavioural sensitization is a useful model for the study of the neuroadaptations related to addiction.
Recent works have shown a role for the imbalance of glutamatergic neurotransmission in the symptoms
found in addicted people. In this sense, the treatment with N-acetylcysteine, a L-cysteine prodrug that
acts by restoring extrasynaptic concentrations of glutamate through the activation of cystine-glutamate
antiporter, has shown promising results in the treatment of addiction. Thus, an animal model of
behavioural sensitization was used to evaluate the effects of N-acetylcysteine treatment in the behav-
ioural and molecular alterations induced by chronic ethanol administration. Swiss mice were subject to
13 days of daily ethanol administration to induce behavioural sensitization. Two hours before each
ethanol administration and locomotor activity evaluation, the animals received intraperitoneally N-
acetylcysteine injections. Immediately after the last test session, their brains were removed for DFosB
and cystine-glutamate antiporter quantification. It was found that N-acetylcysteine treatment blocked
ethanol-induced behavioural sensitization, the increase of DFosB content in the prefrontal cortex, and its
reduction in the nucleus accumbens. The results suggest a possible use of N-acetylcysteine in ethanol-
related disorders.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Ethanol addiction is a progressive disease characterised by the
loss of control over ethanol use and its continuous intake despite
adverse consequences (Koob, 2009). Upon chronic ethanol use, key
brain areas undergo maladaptive neuroadaptations, leading to an
excessive and compulsive intake pattern and craving after the
discontinuation of the use (Most et al., 2014).

The mesocorticolimbic pathway is critical for the identification
of relevant stimuli. It is comprised by the dopaminergic neurons of
the ventral tegmental area (VTA) that projects to both the nucleus
aturais e Toxicologia (PANT),
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accumbens (Acb) and the medial prefrontal cortex (mPFC). It is
activated, for example, when an individual experiences natural
reinforcing stimuli, such as sex or food (Adinoff, 2004). Drugs of
abuse also activate the mesocorticolimbic pathway that, upon
chronic use, might cause maladaptive neuroadaptations related to
addiction. Dysregulations in the homeostasis of mPFC and Acb are
crucial in the transition from recreational to uncontrolled use of
psychoactive substances (Koob and Volkow, 2010). Another
important brain pathway related to addiction through the control
of habit formation is the nigrostriatal pathway. It is comprised by
the dopaminergic neurons of substantia nigra (SN) and their con-
nections to the caudate-putamen (CPu) nucleus (Everitt and
Robbins, 2013).

DFosB is a stable, truncated splice variant of the FosB gene, a
transcription factor that is synthesised when a neuron is activated
(Kov�acs, 1998). Acute challenge with ethanol causes an induction of
FosB protein, whereas chronic ethanol exposure leads to the
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accumulation of DFosB (Perrotti et al., 2008; Ryabinin and Wang,
1998). The formation of this molecule is one of the mechanisms
by which addictive drugs produce stable changes in the brain. Its
accumulation increases the motivational properties and psycho-
motor effects of abuse drugs (Nestler et al., 2001).

Behavioural sensitization is a phenomenon used to study drug-
induced neuroadaptations. It consists of a progressive increase of
the psychostimulant effects of psychoactive substances upon
repeated administrations and reflects the neuroadaptations related
to addiction that occur in the mesocorticolimbic brain pathway
(Robinson and Berridge, 2008; Vanderschuren and Kalivas, 2000).

Recent data have suggested that alterations of the glutamatergic
system could be responsible for the signals and symptoms found in
addicted people. In this sense, studies have focused on the gluta-
matergic hypothesis of addiction, which suggests that an imbalance
between synaptic and extrasynaptic glutamate, altering the control
of synaptic glutamate release and neuronal excitability by metab-
otropic glutamate receptors, are, at least in part, responsible for
addiction (Kalivas, 2009). In line with this, chronic ethanol expo-
sure elevates extracellular levels of glutamate in the Acb and the
excitatory amino acid neurotransmission during withdrawal, in
addition to changes in glutamate receptors and transporters (Rao
et al., 2015a). The projections of glutamatergic neurons from
mPFC to Acb are related to relapse induced by stress, drug priming,
and drug-paired cues (Kalivas and Volkow, 2005). Restoration of
glutamatergic homeostasis through the re-establishment of the
extrasynaptic glutamate tonus acts by regulating synaptic gluta-
mate release and the excitability of Acb neurons. Drugs that alter
extrasynaptic glutamate concentrations (e.g. Ceftriaxone [CEF], N-
acetylcysteine [N-AC]) are interesting candidates for addiction
treatment (Rao et al., 2015a; Reissner and Kalivas, 2010). Promising
results are being obtained from both preclinical and clinical work
regarding the use of N-AC in the treatment of psychiatric disorders,
including addiction (Berk et al., 2013).

N-AC is a prodrug of L-cysteine clinically used as a mucolytic
agent and for acetaminophen overdose (Dean et al., 2011). Once
absorbed, N-AC is rapidly deacetylated to L-cysteine, which forms a
cystine molecule by the formation of a disulfide bond between two
L-cysteine molecules (Samuni et al., 2013). Besides being an anti-
oxidant itself, it acts in the astrocytic cystine-glutamate antiporter
(xCT), which transports one glutamate molecule to the extra-
synaptic space at the same time as it transports one cystine to the
intracellular space, increasing the extracellular glutamate concen-
trations (Karila et al., 2008). Preclinical and clinical data have
shown some efficacy of N-AC against cocaine and nicotine addic-
tion. N-AC treatment blocked the reinstatement of cocaine seeking
in rats (Baker et al., 2003), as well as prevented behaviours caused
by repeated cocaine administration, including escalation of cocaine
intake and behavioural sensitization (Madayag et al., 2007). Nico-
tine withdrawal syndrome in rats is also attenuated by N-AC
(Knackstedt et al., 2009). In humans, N-AC treatment in cocaine
addicts decreased the desire for cocaine use, the interest in cues
related to cocaine use (LaRowe et al., 2007), and the number of
smoked cigarettes in nicotine addicts (Knackstedt et al., 2009).
There are a few studies in the literature regarding N-AC and alco-
holism, but none about ethanol-induced behavioural sensitization.
The treatment with this prodrug blocked ethanol withdrawal and
neuroendocrine alterations induced by chronic ethanol consump-
tion in rats (Schneider et al., 2015; Seiva et al., 2009).

Considering the importance of new strategies for the treatment of
ethanol addiction and the promisingdata regarding the useofN-AC in
the treatment of neuropsychiatric disorders through its action on
glutamatehomeostasis, the present studyevaluated the effectofN-AC
on thedevelopmentof ethanol-inducedbehavioural sensitization and
the changes in DFosB and xCT content related to ethanol addiction.
2. Experimental procedure

2.1. Subjects

Sixty male Swiss mice (36e45 g at the beginning of the exper-
iments) were obtained from the animal breeding facility of the Univ
Estadual Paulista (UNESP) (Botucatu, SP, Brazil). They were trans-
ferred to our animal facility at least 7 days before the start of the
experiments and housed within groups of 4 or 5 per cage
(33 � 15 � 13 cm). The animals were maintained in a room at a
temperature of 23 ± 2 �C on a 12:12 h light/dark cycle (lights on at
7 a.m.) with water and food access ad libitum. All experiments were
performed during the light phase of the cycle, and animals were
randomly tested across this time period (12 p.m.e5 p.m.). The
experimental protocol was approved by the university ethics
committee for animal care and use (CEUA/FCFAr 33/2014), and the
experiments were conducted according to the principles of the
National Council for Animal Experiments Control (CONCEA), based
on NIH Guidelines for the Care and Use of Laboratory Animals.

2.2. Drugs

N-Acetylcysteine (N-AC) (Sigma Aldrich, St. Louis, MO, USA) was
diluted in physiological saline (6 or 12 mg/mL) and administered
intraperitoneally (i.p.) (0.1 mL/10 g) at the doses of 60 and 120 mg/
kg. Ethanol 99.8% (Labsynth, Diadema, SP, BR) was diluted in saline
(20% vol/vol) and administered i.p. (0.125 mL/10 g) at the dose of
2.0 g/kg.

2.3. Behavioural sensitization

This protocol was recently standardised in our lab based on that
described by Bahi and Dreyer (2012) and evaluated the develop-
ment of the sensitization in mice to the ethanol-induced psychos-
timulation measured in the open field (OF) apparatus. The OF is a
black-floor, circular arena, 26 cm in diameter, surrounded by opa-
que walls that are 30 cm high.

The procedure lasted for 15 days (Fig. 1A) as follows: during the
first 2 days (H1-2), all animals received physiological saline i.p. and
were placed in the OF for locomotor evaluation for 20 min. This was
called thehabituationphase andwasnecessary to eliminate theeffect
of novelty. Then, the animals underwent the sensitization phase,
which lasted 13 days (S1-13). They received ethanol (2 g/kg, i.p.) or
vehicle (NaCl 0.9%, control groups, i.p.) daily, after which they were
immediately placed in the OF for behavioural evaluation for 20 min.
Two hours before each saline or ethanol injection, the animals
received N-AC (60 or 120 mg/kg, i.p.) or vehicle (NaCl 0.9%, control
groups, i.p.). During habituation (H1-2) and days S1, S5, S9, and S13,
distance travelled (inmetres) by the animals in the OFwas evaluated
by a camera connected to a computer running the behavioural anal-
ysis software ANYmaze (Stoelting Co., Wood Dale, IL, USA).

2.4. Brain area dissection

Immediately after the last test session (S13), the animals were
decapitated, and the brains were rapidly removed from the skull
(less than 2 min) and frozen in methyl-butane on dry ice and then
kept at �80 �C until dissection. In a cryostat at �20 �C, brains were
coronally sectioned to find target areas according to stereotaxic
coordinates from the Atlas of Paxinos and Franklin (2001) as fol-
lows: mPFC, rostral face, þ2.34 mm from Bregma; Acb, rostral
face, þ1.54 mm from Bregma; CPu, rostral face, þ1.10 mm from
Bregma. Samples of 1 mm thickness were then removedwith a flat-
tipped needle of 1.4 mm internal diameter.
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2.5. Western blotting

After dissection, samples were sonicated in 1% sodium dode-
cylsulfate (SDS), and the protein concentration was determined by
Bio-Rad DC protein assay (Bio-Rad Laboratories Inc., Hercules, CA,
USA). Thirty micrograms of protein of each sample were boiled for
5 min in a loading buffer containing 5% of b-Mercaptoethanol and
0.002% of Bromophenol Blue and subjected to electrophoresis in 9%
SDS-polyacrylamide minigels for 50e60 min at 200 V using the Bio-
Rad Mini-PROTEAN tetra cell with Bio-Rad Powerpac basic supply
(Bio-Rad Laboratories Inc.). Proteins were electrophoretically trans-
ferred to low-fluorescence polyvinylidene fluoride membranes (LF-
PVDF) using the Trans-Blot Turbo system (Bio-Rad Laboratories Inc.).

The membranes were then incubated in blocking buffer con-
taining 5% of non-fat milk in T-TBS (0.05% of tween-20 in tris-
buffered saline) at room temperature. After that, membranes
were washed three times and incubated overnight at 4 �C in T-TBS
containing the primary antibodies against FosB/DFosB (1:500, cat.
No. 102: sc-48, Santa Cruz Biotechnology Inc. Santa Cruz, CA, USA,
35/37 kDa) or xCT (1:1000, cat. No. ab37185, Abcam Inc., Cam-
bridge, MA, USA, 35 kDa). Membranes were washed again and then
incubated for 1 h at room temperature in T-TBS containing the anti-
rabbit secondary antibody Cy3 (1:2000, cat. No. 28901107, GE
Heathcare, Little Chalfont, BUX-ENG). Bands fluorescence was
assessed directly in dry membrane using a TyphoonTrio® scanner
and quantified using Image Quant TL software (GE Heathcare). The
amount of DFosB and xCT was expressed as % relative to the control
group (saline/saline). Loading control was performed by staining
PVDF membranes with Coomassie blue followed by quantification
of total protein in the entire lane.

Two points are important to be highlighted. First, xCT detection
was done at amolecular weight different from that predicted by the
manufacturer (55 kDa). The use of adult brain tissue and the
addition of b-Mercaptoethanol shift the band to a molecular weight
of 35 kDa (Shih et al., 2006), which was used here for xCT quanti-
fication. Finally, the antibody used to detect DFosB also detects FosB
protein. However, the time point chosen for brain removal (20 min
after ethanol administration) is too short to induce any significant
protein translation, including FosB. Another point is that the
splicing that occurs in FosB mRNA originates a lighter protein, with
DFosB detected at 35 and 37 kDa and FosB at 46e50 kDa (Kov�acs,
1998; Nestler et al., 2001). In our study, only the protein detected
at 35/37 kDa was quantified. It appears as a single band probably
because samples were run in minigels and 35 and 37 kDa DFosB
bands are very close to each other. Thus, our quantification was
specific for the chronic Fos-related antigen DFosB.

2.6. Statistics

Statistical analysis was performed using Statistica software 13
(Dell Inc., Round Rock, TX, USA), and graphs were made using
GraphPadPrism5software (GraphPadsoftware Inc., La Jolla, CA,USA).
All values were expressed as mean þSE. Data of the habituation and
sensitization phases of the behavioural sensitization protocol were
analysed by three-way analysis of variance (ANOVA) considering the
factors ethanol (ethanol � saline), treatment (N-AC � vehicle) and
days (H1� H2 or S1� S5� S9� S13). Data of western blotting were
analysed by two-way ANOVA considering the factors ethanol and
treatment. In cases where ANOVA showed significant differences
(p � 0.05), the Duncan post hoc test was performed.

3. Results

Habituation to the novelty of the OF was seen in the second day
of the experiment, as shown by decreased locomotor activity on
day H2 relative to H1 (Fig. 1B). The three-way ANOVA showed the
main effect for the factor days (F1,54 ¼ 68.68, p < 0.001). Thus,
animals were habituated to the OF before the beginning of the
sensitization phase.

N-AC treatment and ethanol administration altered mice loco-
motor activity (Fig. 1B). The three-way ANOVA showed effect for
ethanol factor (F1,54 ¼ 25.91, p < 0.001), treatment factor
(F2,54 ¼ 5.41, p < 0.01), days factor (F3,162 ¼ 8.10, p < 0.001) and
interaction for ethanol and treatment factors (F2,54 ¼ 3.39,
p < 0.05), ethanol and days (F3,162 ¼ 2.61, p < 0.05), and for all the
factors (F6,162 ¼ 2.39, p < 0.05). Duncan post hoc test revealed that
vehicle/ethanol mice showed an increase in distance travelled in OF
after acute ethanol administration when compared to vehicle/sa-
line mice (S1 day, p < 0.05).

The treatment with N-AC was able to block ethanol-induced
psychostimulation after an acute dose of ethanol. The N-AC
120 mg/kg/ethanol group did not show increased locomotor ac-
tivity after acute ethanol administration when compared to the
vehicle/saline group (S1 day, p ¼ 0.39), whereas the N-AC 60 mg/
kg/ethanol group showed a trend to increase its locomotor activity
when compared to the vehicle/saline group (S1 day, p ¼ 0.09). The
treatment with N-AC at both doses did not alter the locomotor
activity of the animals per se (followed by saline injection) on any of
the days (S1, S5, S9, and S13 days, p> 0.1 compared to vehicle/saline
group).

The vehicle/ethanol and N-AC 60 mg/kg/ethanol groups devel-
oped ethanol behavioural sensitization. The vehicle/ethanol group
showed increased locomotor activity on days S5, S9, and S13 rela-
tive to its locomotion on day S1 (S1 � S5, p � 0.05; S1 � S9,
p < 0.05; S1 � S13, p � 0.001). The N-AC 60 mg/kg/ethanol group
showed increased locomotor activity on days S5, S9, and S13 rela-
tive to its locomotion on day S1 (S1 � S5, p � 0.001; S1 � S9,
p < 0.001; S1 � S13, p < 0.05). The N-AC 120 mg/kg/ethanol group
did not develop ethanol behavioural sensitization, as shown by its
similar distance travelled on days S1, S5, S9, and S13 (S1 � S5,
p ¼ 0.70; S1 � S9, p ¼ 0.48; S1 � S13, p ¼ 0.61), showing that the
treatment with N-AC 120 mg/kg blocked the development of
ethanol-induced behavioural sensitization.

Considering that only N-AC treatment at the highest dose
blocked the development of ethanol-induced behavioural sensiti-
zation, the groups that received N-AC at the dose of 60 mg/kg were
not used for western blotting. Western blotting analysis showed
that in the mPFC, N-AC treatment blocked ethanol-induced in-
crease on DFosB content (Fig. 2). The two-way ANOVA showed a
significant effect of ethanol factor (F1,25 ¼ 5.92, p < 0.05) and
treatment factor (F1,25 ¼ 5.28, p < 0.05). The Duncan post hoc test
revealed that the vehicle/ethanol group showed increased DFosB
content relative to the vehicle/saline (p < 0.05), N-AC/saline
(p < 0.01), and N-AC/ethanol (p < 0.05) groups. No changes were
found in the N-AC/saline (p ¼ 0.46) and N-AC/ethanol groups
(p ¼ 0.92) relative to the vehicle/saline group. xCT content in the
mPFC was not altered in any of the experimental groups (Fig. 2).

In the Acb, N-AC treatment blocked ethanol-induced decrease
on DFosB content (Fig. 3). The two-way ANOVA showed a signifi-
cant effect of the interaction between ethanol and treatment fac-
tors (F1,29 ¼ 5.36, p < 0.05). The vehicle/ethanol group showed a
decrease in DFosB relative to the vehicle/saline group (p < 0.05),
with no changes when compared to the N-AC/saline group
(p¼ 0.77) and the N-AC/ethanol group (p ¼ 0.23). No changes were
found in the N-AC/saline group (p ¼ 0.07) and the N-AC/ethanol
group (p ¼ 0.36) relative to the vehicle/saline group. xCT in the Acb
content was not altered in any of the experimental groups (Fig. 3).

All the groups showed decreased DFosB content in the CPu
relative to the vehicle/saline group (Fig. 4). The two-way ANOVA
revealed a significant effect of ethanol factor (F1,28 ¼ 6.97, p < 0.01)



Fig. 1. Experimental procedure and ethanol-induced behavioural sensitization. A, experimental procedure timeline. Animals underwent the behavioural sensitization protocol for
15 days, and the locomotor activity was evaluated in the days marked with a camera drawing. Two hours before ethanol administration (2 g/kg) in the sensitization phase (days S1-
13), animals received an i.p. injection of N-AC (60 or 120 mg/kg) or vehicle. H1-2, habituation days; S1-13, sensitization days; OF, open field; N-AC, n-acetylcysteine. B, effect of the
N-AC treatment on ethanol-induced behavioural sensitization. Points represent means þ SE of the distance travelled in the apparatus (N ¼ 10 animals per group). *, p < 0.05 when
comparing H1 � H2; $, p < 0.05 relative to the vehicle/saline group; #, p < 0.05 relative to the same group on day S1.
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and a trend of interaction between ethanol and treatment factor
(F1,28 ¼ 3.21, p ¼ 0.08). The post hoc test showed that the vehicle/
ethanol (p < 0.01), N-AC/saline (p < 0.05), and N-AC/ethanol groups
(p < 0.01) had decreased DFosB content relative to the vehicle/sa-
line group. Regarding xCT in the CPu, two-way ANOVA showed a
trend of significant effect of ethanol factor (F1,29 ¼ 3.78, p ¼ 0.06)
inducing a decrease in xCT content in the ethanol- and N-AC-
treated groups (Fig. 4).
4. Discussion

Our results suggest a possible use of N-AC in ethanol-related
disorders. The treatment with N-AC blocked the development of
ethanol-induced behavioural sensitization and related molecular
changes in two important brain areas intrinsically related to
addiction: mPCF and Acb.

As postulated by the incentive-sensitization theory (Robinson
and Berridge, 1993), the behavioural sensitization paradigm offers
a valuable method to study the neuroadaptations associated with
craving and relapse, which are key factors in the maintenance of
addiction. These neuroadaptations appear only in susceptible in-
dividuals upon chronic drug exposure and lead to the main char-
acteristics of addiction: the loss of control over the drug use and the
continuous use despite adverse consequences (Robinson and
Berridge, 2008). In line with this theory, sensitized animals show
enhanced ethanol consumption (Abrahao et al., 2013; Lessov et al.,
2001) and an increased basal firing rate of dopaminergic neurons
(Didone et al., 2015).
The chronic ethanol administration in our study induced DFosB
accumulation in the mPFC and behavioural sensitization. Behav-
ioural sensitization to opioids (Kaplan et al., 2011), methamphet-
amine (McDaid et al., 2006), and even sodium depletion (Hurley
et al., 2014) also induces FosB/DFosB accumulation in various
brain regions. However, FosB/DFosB alterations are not universally
correlated to behavioural alterations. Different mice strains have
distinct FosB/DFosB responses with the same behavioural response
to amphetamine (Conversi et al., 2011).

The alterations in the DFosB signalling pathway found in mPFC
and Acb could be responsible for the behavioural alterations
induced by ethanol. Indeed, according to Li et al. (2010), increased
voluntary ethanol consumption is correlated to the accumulation of
FosB/DFosB in the core of the Acb. According to these same authors,
naltrexone treatment blocked this protein accumulation and
decreased voluntary ethanol consumption (Li et al., 2010). Similarly,
electroacupuncture treatment decreases voluntary ethanol con-
sumption and blocks the accumulation of FosB/DFosB in the Acb,
mPFC, and VTA (Li et al., 2012). Cytisine, a neuronal nicotinic
acetylcholine receptor partial agonist, modulates ethanol intake
and FosB/DFosB expression in striatum (Sajja and Rahman, 2013).
Increased DFosB expression in the Acb during adulthood increases
the locomotor and rewarding effects of cocaine (Colby et al., 2003;
Kelz et al., 1999). Thus, FosB/DFosB alterations may well have a role
in behavioural changes induced by drugs of abuse, and their
blockade prevents behavioural changes.

In our study, only mPFC showed an accumulation of DFosB after
repeated ethanol treatment. In the Acb and CPu, we found



Fig. 2. Effect of the N-AC treatment on the expression of DFosB and xCT in the medial
prefrontal cortex (mPFC). Twenty min after the last ethanol administration in the
behavioural sensitization protocol, the animals were decapitated, and the mPFC were
removed for western blotting analyses. A, quantification of DFosB and xCT proteins.
Bars represent means þ SE of the % protein expression relative to the vehicle/saline
group (n ¼ 7e9 animals per group). Representative blots of each group are shown
below each bar. N-AC, n-acetylcysteine; xCT, cystine/glutamate antiporter; *, p < 0.05
relative to the vehicle/saline group; #, p < 0.05 relative to the N-AC/ethanol group. B,
coronal section of the extraction region of the mPFC for western blotting according to
the atlas of stereotaxic coordinates of Paxinos and Franklin (2001). The black circle
represents the extraction site. Cg1, cingulate cortex area 1; Prl, prelimbic cortex.

Fig. 3. Effect of the N-AC treatment on the expression of DFosB and xCT in the nucleus
accumbens (Acb). Twenty min after the last ethanol administration in the behavioural
sensitization protocol, the animals were decapitated, and the Acb were removed for
western blotting analyses. A, quantification of DFosB and xCT proteins. Bars represent
means þ SE of the % protein expression relative to the vehicle/saline group (n ¼ 7e9
animals per group). Representative blots of each group are shown below each bar. N-
AC, n-acetylcysteine; xCT, cystine/glutamate antiporter; *, p < 0.05 relative to the
vehicle/saline group. B, coronal section of the region of extraction of the Acb for
western blotting according to the atlas of stereotaxic coordinates of Paxinos and
Franklin (2001). The black circles represent the extraction sites. AcbSh, nucleus
accumbens shell part; AcbC, nucleus accumbens core part; aca, anterior commissure.
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decreased DFosB content in vehicle/ethanol-treated animals. A
possible explanation arises from the neuronal ensembles theory of
addiction. This relatively new theory states that the learned asso-
ciations between drug and environment occur only in a minority of
neurons in a brain area related to drug stimuli (Cruz et al., 2014).
Thus, since behavioural sensitization is a process that is dependent
on drug/environment associations (Koya et al., 2009; Marin et al.,
2009; Mattson et al., 2007; Zancheta et al., 2012), only a small
number of neurons is repeatedly activated by chronic drug
administration. In our case, the use of the western blotting tech-
nique to evaluate DFosB accumulation did not allow us to differ-
entiate activated neurons from non-activated neurons. Most
studies that have found accumulation of this molecule used
immunohistochemistry in brain slices instead of western blotting
of tissue homogenate, which could explain our contradictory re-
sults. Indeed, the levels of an activated transcription factor, p-CREB,
in the Acb are diminished in cocaine-sensitized animals when us-
ing western blotting and increased when using immunohisto-
chemistry and counting the number of positive neurons for p-CREB
(Marin et al., 2009). So, we hypothesised that the depressor effects
of ethanol in the majority of Acb and CPu neurons masked the
accumulation of DFosB in the minority of neurons that are related
to behavioural sensitization. In the mPFC, the number of activated
neurons probably was big enough to overcome the ethanol
depressor effect in the majority of neurons (Pfarr et al., 2015;
Whitaker et al., 2015).
Accumulation of DFosB has been found after chronic ethanol
treatment (Lobo et al., 2013) and after protocols of ethanol-induced
behavioural sensitization (De Pauli et al., 2014). Although at first
sight these results appear to be contrary to ours, these findings help
in the interpretation of our data. Lobo et al. (2013) found that only a
specific group of striatal neurons (D1 medium spiny neurons)
shows DFosB accumulation after chronic ethanol consumption. De
Pauli et al. (2014) showed that 5 days of withdrawal are necessary
for DFosB induction in the Acb, and this is restricted to animals that
were resistant to ethanol-induced locomotor sensitization. Thus, in
our study, once the animals showed locomotor sensitization and
our protocol did not allow us to differentiate specific groups of
neurons, no DFosB accumulation was predicted in Acb.

DFosB signalling pathways appear to have a role in numerous
psychiatric disorders. Its accumulation after chronic stimuli is
differently associated with behavioural outcomes, and it is also
different depending on the studied brain area (Nestler et al., 1999).
For example, mice exposed to chronic social defeat stress protocol
can be classified as resilient or susceptible, and each phenotype
presents different behavioural alterations (Golden et al., 2011).
Accumulation of DFosB is seen in the Acb of resilient animals
(Vialou et al., 2010b) and in the mPFC of susceptible mice (Vialou
et al., 2014). Overexpression of DFosB in Acb promotes stress
resilience and is correlated to antidepressant action (Donahue et al.,
2014; Vialou et al., 2010a, 2010b). Also, DFosB induction in mPFC by



Fig. 4. Effect of the N-AC treatment on the expression of DFosB and xCT in the caudate-
putamen (CPu). Twenty min after the last ethanol administration in the behavioural
sensitization protocol, the animals were decapitated, and the CPu were removed for
western blotting analyses. A, quantification of DFosB and xCT proteins. Bars represent
means þ SE of the % protein expression relative to the vehicle/saline group (n ¼ 7e9
animals per group). Representative blots of each group are shown below each bar. N-
AC, n-acetylcysteine; xCT, cystine/glutamate antiporter; *, p < 0.05 relative to the
vehicle/saline group. B, coronal section of the region of extraction of the CPu for
western blotting according to the atlas of stereotaxic coordinates of Paxinos and
Franklin (2001). The black circles represent the extraction sites.
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antipsychotic drugs is correlated to cognitive deficits (Dietz et al.,
2014). Transposing these results to our findings, the accumulation
ofDFosB in themPFC and the decreased expression in the Acb could
be markers of addiction vulnerability in our sensitized animals.
These alterations could also be responsible for the behavioural al-
terations found in our study.

Some studies suggest the hypoactivity of the Acb as a contrib-
utor to cocaine addiction. Preclinical and clinical findings have
demonstrated decreased Acb activity after repeated cocaine expo-
sure. Cocaine exposure results in differential neuroplasticity in
neurons that receive strong excitatory inputs and in neurons that
do not (Peoples et al., 2007). Although the contribution of this
hypoactivity to addiction is not clearly elucidated, it could be an
important factor for addiction and for the development of behav-
ioural sensitization in our study. Independent from the direction of
molecular alteration (increase or decrease), N-AC treatment
blocked the behavioural alteration caused by chronic ethanol
exposure and the molecular neuroadaptation on the DFosB
pathway in two important regions for addiction: mPFC and Acb.
This result shows that our treatment prevents ethanol-induced
behavioural sensitization through the prevention of the maladap-
tive neuroadaptations that occur in these brain regions.

The effects of N-AC are, presumably, by the restoration of
extrasynaptic glutamatergic tonus on metabotropic glutamate re-
ceptors, especially mGluR2/3, within the N-AC. First, chronic
ethanol exposure increases extracellular glutamate levels in several
brain areas involved in addiction (Ding et al., 2013; Hermann et al.,
2012; Melendez et al., 2005). The expression of the glutamate
transporters GLT-1 and xCT, important proteins in the maintenance
of glutamatergic homeostasis, is downregulated in ethanol-
preferring rats (P rats) after chronic ethanol consumption. The
treatment with CEF, which acts by restoring glutamate uptake, at-
tenuates ethanol intake and upregulates GLT-1 and xCT (Alhaddad
et al., 2014). In this same rat strain, the chronic treatment with CEF,
ampicillin, cefazolin, cefoperazone, and the synthetic compound
(R)-(�)-5-methyl-1-nicotinoyl-2-pyrazoline upregulates GLT-1 and
xCT and prevents increases in ethanol intake (Aal-Aaboda et al.,
2015; Alasmari et al., 2015; Rao and Sari, 2014; Rao et al., 2015b).
N-AC prevents cocaine relapse in rats, an effect which is related to
restoration of xCT activity in the Acb (Baker et al., 2003). N-AC also
reverts cocaine-induced synaptic plasticity (Madayag et al., 2007)
and cocaine-induced synaptic potentiation through restoration of
mGluR2/3 tonus (Moussawi et al., 2011).

Some alterations of the glutamatergic neurotransmission
caused by chronic drug abuse could be mediated by DFosB. For
example, this molecule increases the expression of AMPA receptor
subunit GluA2 (Kelz et al., 1999). Based on this, we suggest that
DFosB accumulation in the mPFC would lead to alterations in AMPA
receptors within this region, contributing to ethanol-induced
behavioural sensitization, and the blockade of these alterations by
N-AC treatment could prevent behavioural sensitization.

The use of L-cysteine (product of the N-AC metabolism) in pre-
clinical models also supports our work. This drug blocked ethanol
and acetaldehyde conditioned place preference (Peana et al., 2009),
ethanol self-administration and relapse (Peana et al., 2010),
ethanol-induced dopamine release in Acb (Sirca et al., 2011) and
ethanol-seeking, relapse, and correlated neuroadaptations (Peana
et al., 2013). In this series of studies, authors also discuss the abil-
ity of L-cysteine as an acetaldehyde-sequestering agent, another
possible effect of N-AC.

Apparently, prolonged periods of ethanol exposure are neces-
sary to elicit changes in xCT expression. Some authors have found
decreased levels of xCT expression after at least three weeks of
chronic ethanol exposure (Alhaddad et al., 2014; Peana et al., 2014).
In our study, we did not find alterations in xCT content, probably
due to our relatively short period (less than two weeks) of ethanol
exposure.

Recent work has focused on glutamatergic homeostasis as a
target for the treatment of ethanol addiction. Exciting preclinical
results have emerged using mainly antibiotics that also act in
glutamate reuptake as possible treatments against alcoholism.
Although promising, the clinical use of antibiotics is dangerous due
to the selection of resistant bacterial strains (Wang and Chou,
2013). On the other hand, N-AC is a safe and well-tolerated drug
that has typically been used in clinics since 1978. Thus, the positive
results presented here provide support for future studies evalu-
ating the use of N-AC in the treatment of ethanol addiction.

Roles of funding resources

This work was supported by grants no. 2014/02371-9 from S~ao
Paulo Research Foundation (FAPESP), no. 0318/001/14-PROPe/CDC
from Univ Estadual Paulista (UNESP), and no. 2015/01026-9 to GMS
from FAPESP. FAPESP and UNESP had no further role in the study
design; in the collection, analysis, or interpretation of data; in the
writing of the report; or in the decision to submit the paper for
publication.

Acknowledgements

The authors wish to thank Elisabete Lepera and Rosana Silva for
their technical assistance and professor Taís M. Bauab, Matheus A.



G. Morais-Silva et al. / Neuropharmacology 110 (2016) 135e142 141
Santos Ramos and Larissa Sposito from the Laboratory of Microor-
ganism’s Physiology for their assistance in protein concentration
assays.
References

Aal-Aaboda, M., Alhaddad, H., Osowik, F., Nauli, S.M., Sari, Y., 2015. Effects of (R)-
(�)-5-methyl-1-nicotinoyl-2-pyrazoline on glutamate transporter 1 and
cysteine/glutamate exchanger as well as ethanol drinking behavior in male,
alcohol-preferring rats. J. Neurosci. Res. 93, 930e937. http://dx.doi.org/10.1002/
jnr.23554.

Abrahao, K.P., Ariwodola, O.J., Butler, T.R., Rau, A.R., Skelly, M.J., Carter, E.,
Alexander, N.P., McCool, B.A., Souza-Formigoni, M.L.O., Weiner, J.L., 2013. Lo-
comotor sensitization to ethanol impairs NMDA receptor-dependent synaptic
plasticity in the nucleus accumbens and increases ethanol self-administration.
J. Neurosci. 33, 4834e4842. http://dx.doi.org/10.1523/JNEUROSCI.5839-11.2013.

Adinoff, B., 2004. Neurobiologic processes in drug reward and addiction. Harv. Rev.
Psychiatry 12, 305e320. http://dx.doi.org/10.1080/10673220490910844.

Alasmari, F., Abuhamdah, S., Sari, Y., 2015. Effects of ampicillin on cystine/glutamate
antiporter and glutamate transporter 1 isoforms as well as ethanol drinking in
male P rats. Neurosci. Lett. 600, 148e152. http://dx.doi.org/10.1016/
j.neulet.2015.06.015.

Alhaddad, H., Das, S.C., Sari, Y., 2014. Effects of ceftriaxone on ethanol intake: a
possible role for xCT and GLT-1 isoforms modulation of glutamate levels in P
rats. Psychopharmacol. (Berl.) 231, 4049e4057. http://dx.doi.org/10.1007/
s00213-014-3545-y.

Bahi, A., Dreyer, J., 2012. Involvement of nucleus accumbens dopamine D1 receptors
in ethanol drinking, ethanol-induced conditioned place preference, and
ethanol-induced psychomotor sensitization in mice. Psychopharmacol. (Berl.)
222, 141e153. http://dx.doi.org/10.1007/s00213-011-2630-8.

Baker, D.A., McFarland, K., Lake, R.W., Shen, H., Tang, X.-C., Toda, S., Kalivas, P.W.,
2003. Neuroadaptations in cystine-glutamate exchange underlie cocaine
relapse. Nat. Neurosci. 6, 743e749. http://dx.doi.org/10.1038/nn1069.

Berk, M., Malhi, G.S., Gray, L.J., Dean, O.M., 2013. The promise of N-acetylcysteine in
neuropsychiatry. Trends Pharmacol. Sci. 34, 167e177. http://dx.doi.org/10.1016/
j.tips.2013.01.001.

Colby, C.R., Whisler, K., Steffen, C., Nestler, E.J., Self, D.W., 2003. Striatal cell type-
specific overexpression of DeltaFosB enhances incentive for cocaine.
J. Neurosci. 23, 2488e2493.

Conversi, D., Orsini, C., Colelli, V., Cruciani, F., Cabib, S., 2011. Association between
striatal accumulation of FosB/DFosB and long-term psychomotor sensitization
to amphetamine in mice depends on the genetic background. Behav. Brain Res.
217, 155e164. http://dx.doi.org/10.1016/j.bbr.2010.10.016.

Cruz, F.C., Javier Rubio, F., Hope, B.T., 2014. Using c-fos to study neuronal ensembles
in corticostriatal circuitry of addiction. Brain Res. 1628, 157e173. http://
dx.doi.org/10.1016/j.brainres.2014.11.005.

De Pauli, R.F., Coelhoso, C.C., Tesone-Coelho, C., Linardi, A., Mello, L.E., Silveira, D.X.,
Santos, J.G., 2014. Withdrawal induces distinct patterns of FosB/DFosB expres-
sion in outbred Swiss mice classified as susceptible and resistant to ethanol-
induced locomotor sensitization. Pharmacol. Biochem. Behav. 117, 70e78.
http://dx.doi.org/10.1016/j.pbb.2013.12.007.

Dean, O., Giorlando, F., Berk, M., 2011. N-acetylcysteine in psychiatry: current
therapeutic evidence and potential mechanisms of action. J. Psychiatry Neu-
rosci. 36, 78e86. http://dx.doi.org/10.1503/jpn.100057.

Didone, V., Masson, S., Quoilin, C., Seutin, V., Quertemont, E., 2015. Correlation
between ethanol behavioral sensitization and midbrain dopamine neuron
reactivity to ethanol. Addict. Biol. http://dx.doi.org/10.1111/adb.12216.

Dietz, D.M., Kennedy, P.J., Sun, H., Maze, I., Gancarz, A.M., Vialou, V., Koo, J.W.,
Mouzon, E., Ghose, S., Tamminga, C.A., Nestler, E.J., 2014. DFosB induction in
prefrontal cortex by antipsychotic drugs is associated with negative behavioral
outcomes. Neuropsychopharmacology 39, 538e544. http://dx.doi.org/10.1038/
npp.2013.255.

Ding, Z.-M., Rodd, Z.A., Engleman, E.A., Bailey, J.A., Lahiri, D.K., McBride, W.J., 2013.
Alcohol drinking and deprivation alter basal extracellular glutamate concen-
trations and clearance in the mesolimbic system of alcohol-preferring (P) rats.
Addict. Biol. 18, 297e306. http://dx.doi.org/10.1111/adb.12018.

Donahue, R.J., Muschamp, J.W., Russo, S.J., Nestler, E.J., Carlezon, W.A., 2014. Effects
of striatal DFosB overexpression and ketamine on social defeat stress-induced
anhedonia in mice. Biol. Psychiatry 76, 1e9. http://dx.doi.org/10.1016/
j.biopsych.2013.12.014.

Everitt, B.J., Robbins, T.W., 2013. From the ventral to the dorsal striatum: devolving
views of their roles in drug addiction. Neurosci. Biobehav. Rev. 37, 1946e1954.
http://dx.doi.org/10.1016/j.neubiorev.2013.02.010.

Golden, S.A., Covington, H.E., Berton, O., Russo, S.J., 2011. A standardized protocol for
repeated social defeat stress in mice. Nat. Protoc. 6, 1183e1191. http://
dx.doi.org/10.1038/nprot.2011.361.

Hermann, D., Weber-Fahr, W., Sartorius, A., Hoerst, M., Frischknecht, U., Tunc-
Skarka, N., Perreau-Lenz, S., Hansson, A.C., Krumm, B., Kiefer, F., Spanagel, R.,
Mann, K., Ende, G., Sommer, W.H., 2012. Translational magnetic resonance
spectroscopy reveals excessive central glutamate levels during alcohol with-
drawal in humans and rats. Biol. Psychiatry 71, 1015e1021. http://dx.doi.org/
10.1016/j.biopsych.2011.07.034.

Hurley, S.W., Zhang, Z., Beltz, T.G., Xue, B., Johnson, A.K., 2014. Sensitization of
sodium appetite: evidence for sustained molecular changes in the lamina ter-
minalis. AJP Regul. Integr. Comp. Physiol. 307, R1405eR1412. http://dx.doi.org/
10.1152/ajpregu.00210.2014.

Kalivas, P.W., 2009. The glutamate homeostasis hypothesis of addiction. Nat. Rev.
Neurosci. 10, 561e572. http://dx.doi.org/10.1038/nrn2515.

Kalivas, P.W., Volkow, N.D., 2005. The neural basis of addiction: a pathology of
motivation and choice. Am. J. Psychiatry 162, 1403e1413. http://dx.doi.org/
10.1176/appi.ajp.162.8.1403.

Kaplan, G.B., Leite-Morris, K.A., Fan, W., Young, A.J., Guy, M.D., 2011. Opiate sensi-
tization induces FosB/DFosB expression in prefrontal cortical, striatal and
amygdala brain regions. PLoS One 6, e23574. http://dx.doi.org/10.1371/
journal.pone.0023574.

Karila, L., Gorelick, D., Weinstein, A., Noble, F., Benyamina, A., Coscas, S., Blecha, L.,
Lowenstein, W., Martinot, J.L., Reynaud, M., L�epine, J.P., 2008. New treatments
for cocaine dependence: a focused review. Int. J. Neuropsychopharmacol. 11,
425e438. http://dx.doi.org/10.1017/S1461145707008097.

Kelz, M.B., Chen, J., Carlezon, W.A., Whisler, K., Gilden, L., Beckmann, A.M.,
Steffen, C., Zhang, Y.J., Marotti, L., Self, D.W., Tkatch, T., Baranauskas, G.,
Surmeier, D.J., Neve, R.L., Duman, R.S., Picciotto, M.R., Nestler, E.J., 1999.
Expression of the transcription factor deltaFosB in the brain controls sensitivity
to cocaine. Nature 401, 272e276. http://dx.doi.org/10.1038/45790.

Knackstedt, L.A., LaRowe, S.D., Mardikian, P., Malcolm, R., Upadhyaya, H., Hedden, S.,
Markou, A., Kalivas, P.W., 2009. The role of cystine-glutamate exchange in
nicotine dependence in rats and humans. Biol. Psychiatry 65, 841e845. http://
dx.doi.org/10.1016/j.biopsych.2008.10.040.

Koob, G.F., 2009. Neurobiological substrates for the dark side of compulsivity in
addiction. Neuropharmacology 56, 18e31. http://dx.doi.org/10.1016/
j.neuropharm.2008.07.043.

Koob, G.F., Volkow, N.D., 2010. Neurocircuitry of addiction. Neuro-
psychopharmacology 35, 217e238. http://dx.doi.org/10.1038/npp.2009.110.

Kov�acs, K.J., 1998. c-Fos as a transcription factor: a stressful (re)view from a func-
tional map. Neurochem. Int. 33, 287e297. http://dx.doi.org/10.1016/S0197-
0186(98)00023-0.

Koya, E., Golden, S.A., Harvey, B.K., Guez-Barber, D.H., Berkow, A., Simmons, D.E.,
Bossert, J.M., Nair, S.G., Uejima, J.L., Marin, M.T., Mitchell, T.B., Farquhar, D.,
Ghosh, S.C., Mattson, B.J., Hope, B.T., 2009. Targeted disruption of cocaine-
activated nucleus accumbens neurons prevents context-specific sensitization.
Nat. Neurosci. 12, 1069e1073. http://dx.doi.org/10.1038/nn.2364.

LaRowe, S.D., Myrick, H., Hedden, S., Mardikian, P., Saladin, M., McRae, A., Brady, K.,
Kalivas, P.W., Malcolm, R., 2007. Is cocaine desire reduced by N-acetylcysteine?
Am. J. Psychiatry 164, 1115e1117. http://dx.doi.org/10.1176/appi.ajp.164.7.1115.

Lessov, C.N., Palmer, A.A., Quick, E.A., Phillips, T.J., 2001. Voluntary ethanol drinking
in C57BL/6J and DBA/2J mice before and after sensitization to the locomotor
stimulant effects of ethanol. Psychopharmacol. (Berl.) 155, 91e99. http://
dx.doi.org/10.1007/s002130100699.

Li, J., Cheng, Y., Bian, W., Liu, X., Zhang, C., Ye, J.-H., 2010. Region-specific induction
of FosB/DFosB by voluntary alcohol intake: effects of naltrexone. Alcohol. Clin.
Exp. Res. 34, 1742e1750. http://dx.doi.org/10.1111/j.1530-0277.2010.01261.x.

Li, J., Sun, Y., Ye, J.-H., 2012. Electroacupuncture decreases excessive alcohol con-
sumption involving reduction of FosB/DFosB levels in reward-related brain
regions. PLoS One 7, e40347. http://dx.doi.org/10.1371/journal.pone.0040347.

Lobo, M.K., Zaman, S., Damez-Werno, D.M., Koo, J.W., Bagot, R.C., DiNieri, J.A.,
Nugent, A., Finkel, E., Chaudhury, D., Chandra, R., Riberio, E., Rabkin, J.,
Mouzon, E., Cachope, R., Cheer, J.F., Han, M.-H., Dietz, D.M., Self, D.W., Hurd, Y.L.,
Vialou, V., Nestler, E.J., 2013. FosB induction in striatal medium spiny neuron
subtypes in response to chronic pharmacological, emotional, and optogenetic
stimuli. J. Neurosci. 33, 18381e18395. http://dx.doi.org/10.1523/JNEUR-
OSCI.1875-13.2013.

Madayag, A., Lobner, D., Kau, K.S., Mantsch, J.R., Abdulhameed, O., Hearing, M.,
Grier, M.D., Baker, D.A., 2007. Repeated N-acetylcysteine administration alters
plasticity-dependent effects of cocaine. J. Neurosci. 27, 13968e13976. http://
dx.doi.org/10.1523/JNEUROSCI.2808-07.2007.

Marin, M.T., Berkow, A., Golden, S.A., Koya, E., Planeta, C.S., Hope, B.T., 2009.
Context-specific modulation of cocaine-induced locomotor sensitization and
ERK and CREB phosphorylation in the rat nucleus accumbens. Eur. J. Neurosci.
30, 1931e1940. http://dx.doi.org/10.1111/j.1460-9568.2009.06982.x.

Mattson, B.J., Koya, E., Simmons, D.E., Mitchell, T.B., Berkow, A., Crombag, H.S.,
Hope, B.T., 2007. Context-specific sensitization of cocaine-induced locomotor
activity and associated neuronal ensembles in rat nucleus accumbens. Eur. J.
Neurosci. 27, 202e212. http://dx.doi.org/10.1111/j.1460-9568.2007.05984.x.

McDaid, J., Graham, M.P., Napier, T.C., 2006. Methamphetamine-induced sensitiza-
tion differentially alters pCREB and FosB throughout the limbic circuit of the
mammalian brain. Mol. Pharmacol. 70, 2064e2074. http://dx.doi.org/10.1124/
mol.106.023051.

Melendez, R.I., Hicks, M.P., Cagle, S.S., Kalivas, P.W., 2005. Ethanol exposure de-
creases glutamate uptake in the nucleus accumbens. Alcohol. Clin. Exp. Res. 29,
326e333. http://dx.doi.org/10.1097/01.ALC.0000156086.65665.4D.

Most, D., Ferguson, L., Harris, R.A., 2014. Molecular basis of alcoholism. In:
Sullivan, E.V., Pfefferbaum, A. (Eds.), Handbook of Clinical Neurology. Elsevier,
Amsterdam, pp. 89e111. http://dx.doi.org/10.1016/B978-0-444-62619-6.00006-9.

Moussawi, K., Zhou, W., Shen, H., Reichel, C.M., See, R.E., Carr, D.B., Kalivas, P.W.,
2011. Reversing cocaine-induced synaptic potentiation provides enduring pro-
tection from relapse. Proc. Natl. Acad. Sci. 108, 385e390. http://dx.doi.org/
10.1073/pnas.1011265108.

Nestler, E.J., Barrot, M., Self, D.W., 2001. FosB: a sustained molecular switch for

http://dx.doi.org/10.1002/jnr.23554
http://dx.doi.org/10.1002/jnr.23554
http://dx.doi.org/10.1523/JNEUROSCI.5839-11.2013
http://dx.doi.org/10.1080/10673220490910844
http://dx.doi.org/10.1016/j.neulet.2015.06.015
http://dx.doi.org/10.1016/j.neulet.2015.06.015
http://dx.doi.org/10.1007/s00213-014-3545-y
http://dx.doi.org/10.1007/s00213-014-3545-y
http://dx.doi.org/10.1007/s00213-011-2630-8
http://dx.doi.org/10.1038/nn1069
http://dx.doi.org/10.1016/j.tips.2013.01.001
http://dx.doi.org/10.1016/j.tips.2013.01.001
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref9
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref9
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref9
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref9
http://dx.doi.org/10.1016/j.bbr.2010.10.016
http://dx.doi.org/10.1016/j.brainres.2014.11.005
http://dx.doi.org/10.1016/j.brainres.2014.11.005
http://dx.doi.org/10.1016/j.pbb.2013.12.007
http://dx.doi.org/10.1503/jpn.100057
http://dx.doi.org/10.1111/adb.12216
http://dx.doi.org/10.1038/npp.2013.255
http://dx.doi.org/10.1038/npp.2013.255
http://dx.doi.org/10.1111/adb.12018
http://dx.doi.org/10.1016/j.biopsych.2013.12.014
http://dx.doi.org/10.1016/j.biopsych.2013.12.014
http://dx.doi.org/10.1016/j.neubiorev.2013.02.010
http://dx.doi.org/10.1038/nprot.2011.361
http://dx.doi.org/10.1038/nprot.2011.361
http://dx.doi.org/10.1016/j.biopsych.2011.07.034
http://dx.doi.org/10.1016/j.biopsych.2011.07.034
http://dx.doi.org/10.1152/ajpregu.00210.2014
http://dx.doi.org/10.1152/ajpregu.00210.2014
http://dx.doi.org/10.1038/nrn2515
http://dx.doi.org/10.1176/appi.ajp.162.8.1403
http://dx.doi.org/10.1176/appi.ajp.162.8.1403
http://dx.doi.org/10.1371/journal.pone.0023574
http://dx.doi.org/10.1371/journal.pone.0023574
http://dx.doi.org/10.1017/S1461145707008097
http://dx.doi.org/10.1038/45790
http://dx.doi.org/10.1016/j.biopsych.2008.10.040
http://dx.doi.org/10.1016/j.biopsych.2008.10.040
http://dx.doi.org/10.1016/j.neuropharm.2008.07.043
http://dx.doi.org/10.1016/j.neuropharm.2008.07.043
http://dx.doi.org/10.1038/npp.2009.110
http://dx.doi.org/10.1016/S0197-0186(98)00023-0
http://dx.doi.org/10.1016/S0197-0186(98)00023-0
http://dx.doi.org/10.1038/nn.2364
http://dx.doi.org/10.1176/appi.ajp.164.7.1115
http://dx.doi.org/10.1007/s002130100699
http://dx.doi.org/10.1007/s002130100699
http://dx.doi.org/10.1111/j.1530-0277.2010.01261.x
http://dx.doi.org/10.1371/journal.pone.0040347
http://dx.doi.org/10.1523/JNEUROSCI.1875-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1875-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.2808-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2808-07.2007
http://dx.doi.org/10.1111/j.1460-9568.2009.06982.x
http://dx.doi.org/10.1111/j.1460-9568.2007.05984.x
http://dx.doi.org/10.1124/mol.106.023051
http://dx.doi.org/10.1124/mol.106.023051
http://dx.doi.org/10.1097/01.ALC.0000156086.65665.4D
http://dx.doi.org/10.1016/B978-0-444-62619-6.00006-9
http://dx.doi.org/10.1073/pnas.1011265108
http://dx.doi.org/10.1073/pnas.1011265108


G. Morais-Silva et al. / Neuropharmacology 110 (2016) 135e142142
addiction. Proc. Natl. Acad. Sci. 98, 11042e11046. http://dx.doi.org/10.1073/
pnas.191352698.

Nestler, E.J., Kelz, M.B., Chen, J., 1999. DeltaFosB: a molecular mediator of long-term
neural and behavioral plasticity. Brain Res. 835, 10e17. http://dx.doi.org/
10.1016/S0006-8993(98)01191-3.

Paxinos, G., Franklin, K.B.J., 2001. The Mouse Brain in Stereotaxic Coordinates,
second ed.,. Academic Press, California.

Peana, A.T., Assaretti, A.R., Muggironi, G., Enrico, P., Diana, M., 2009. Reduction of
ethanol-derived acetaldehyde induced motivational properties by l-cysteine.
Alcohol. Clin. Exp. Res. 33, 43e48. http://dx.doi.org/10.1111/j.1530-
0277.2008.00809.x.

Peana, A.T., Giugliano, V., Rosas, M., Sabariego, M., Acquas, E., 2013. Effects of l-
cysteine on reinstatement of ethanol-seeking behavior and on reinstatement-
elicited extracellular signal-regulated kinase phosphorylation in the rat nu-
cleus accumbens shell. Alcohol. Clin. Exp. Res. 37, E329eE337. http://dx.doi.org/
10.1111/j.1530-0277.2012.01877.x.

Peana, A.T., Muggironi, G., Bennardini, F., 2014. Change of cystine/glutamate anti-
porter expression in ethanol-dependent rats. Front. Neurosci. 8, 1e9. http://
dx.doi.org/10.3389/fnins.2014.00311.

Peana, A.T., Muggironi, G., Calvisi, G., Enrico, P., Mereu, M., Nieddu, M., Boatto, G.,
Diana, M., 2010. l-Cysteine reduces oral ethanol self-administration and rein-
statement of ethanol-drinking behavior in rats. Pharmacol. Biochem. Behav. 94,
431e437. http://dx.doi.org/10.1016/j.pbb.2009.10.005.

Peoples, L.L., Kravitz, A.V., Guillem, K., 2007. The role of accumbal hypoactivity in
cocaine addiction. Sci. World J. 7, 22e45. http://dx.doi.org/10.1100/
tsw.2007.266.

Perrotti, L.I., Weaver, R.R., Robison, B., Renthal, W., Maze, I., Yazdani, S., Elmore, R.G.,
Knapp, D.J., Selley, D.E., Martin, B.R., Sim-Selley, L., Bachtell, R.K., Self, D.W.,
Nestler, E.J., 2008. Distinct patterns of DeltaFosB induction in brain by drugs of
abuse. Synapse 62, 358e369. http://dx.doi.org/10.1002/syn.20500.

Pfarr, S., Meinhardt, M.W., Klee, M.L., Hansson, A.C., Vengeliene, V., Schonig, K.,
Bartsch, D., Hope, B.T., Spanagel, R., Sommer, W.H., 2015. Losing control:
excessive alcohol seeking after selective inactivation of cue-responsive neurons
in the infralimbic cortex. J. Neurosci. 35, 10750e10761. http://dx.doi.org/
10.1523/JNEUROSCI.0684-15.2015.

Rao, P.S.S., Bell, R.L., Engleman, E.A., Sari, Y., 2015a. Targeting glutamate uptake to
treat alcohol use disorders. Front. Neurosci. 9 http://dx.doi.org/10.3389/
fnins.2015.00144.

Rao, P.S.S., Goodwani, S., Bell, R.L., Wei, Y., Boddu, S.H.S., Sari, Y., 2015b. Effects of
ampicillin, cefazolin and cefoperazone treatments on GLT-1 expressions in the
mesocorticolimbic system and ethanol intake in alcohol-preferring rats. Neuro-
science 295, 164e174. http://dx.doi.org/10.1016/j.neuroscience.2015.03.038.

Rao, P.S.S., Sari, Y., 2014. Effects of ceftriaxone on chronic ethanol consumption: a
potential role for xCT and GLT1 modulation of glutamate levels in male P rats.
J. Mol. Neurosci. 54, 71e77. http://dx.doi.org/10.1007/s12031-014-0251-5.

Reissner, K.J., Kalivas, P.W., 2010. Using glutamate homeostasis as a target for
treating addictive disorders. Behav. Pharmacol. 21, 514e522. http://dx.doi.org/
10.1097/FBP.0b013e32833d41b2.

Robinson, T.E., Berridge, K.C., 2008. The incentive sensitization theory of addiction:
some current issues. Philos. Trans. R. Soc. B Biol. Sci. 363, 3137e3146. http://
dx.doi.org/10.1098/rstb.2008.0093.

Robinson, T.E., Berridge, K.C., 1993. The neural basis of drug craving: an incentive-
sensitization theory of addiction. Brain Res. Rev. 18, 247e291. http://
dx.doi.org/10.1016/0165-0173(93)90013-P.
Ryabinin, A.E., Wang, Y.-M.M., 1998. Repeated alcohol administration differentially
affects c-Fos and FosB protein immunoreactivity in DBA/2J mice. Alcohol. Clin.
Exp. Res. 22, 1646e1654. http://dx.doi.org/10.1111/j.1530-0277.1998.tb03962.x.

Sajja, R.K., Rahman, S., 2013. Cytisine modulates chronic voluntary ethanol con-
sumption and ethanol-induced striatal up-regulation of DFosB in mice. Alcohol
47, 1e9. http://dx.doi.org/10.1016/j.alcohol.2013.02.003.

Samuni, Y., Goldstein, S., Dean, O.M., Berk, M., 2013. The chemistry and biological
activities of N-acetylcysteine. Biochim. Biophys. Acta - Gen. Subj. 1830,
4117e4129. http://dx.doi.org/10.1016/j.bbagen.2013.04.016.

Schneider, R., Santos, C.F., Clarimundo, V., Dalmaz, C., Elisabetsky, E., Gomez, R.,
2015. N-acetylcysteine prevents behavioral and biochemical changes induced
by alcohol cessation in rats. Alcohol 49, 259e263. http://dx.doi.org/10.1016/
j.alcohol.2015.01.009.

Seiva, F.R.F., Amauchi, J.F., Rocha, K.K.R., Souza, G.A., Ebaid, G.X., Burneiko, R.M.,
Novelli, E.L.B., 2009. Effects of N-acetylcysteine on alcohol abstinence and
alcohol-induced adverse effects in rats. Alcohol 43, 127e135. http://dx.doi.org/
10.1016/j.alcohol.2008.12.003.

Shih, A.Y., Erb, H., Sun, X., Toda, S., Kalivas, P.W., Murphy, T.H., 2006. Cystine/
glutamate exchange modulates glutathione supply for neuroprotection from
oxidative stress and cell proliferation. J. Neurosci. 26, 10514e10523. http://
dx.doi.org/10.1523/JNEUROSCI.3178-06.2006.

Sirca, D., Enrico, P., Mereu, M., Peana, A.T., Diana, M., 2011. l-cysteine prevents
ethanol-induced stimulation of mesolimbic dopamine transmission. Alcohol.
Clin. Exp. Res. 35, 862e869. http://dx.doi.org/10.1111/j.1530-0277.2010.01416.x.

Vanderschuren, L.J.M.J., Kalivas, P.W., 2000. Alterations in dopaminergic and glu-
tamatergic transmission in the induction and expression of behavioral sensi-
tization: a critical review of preclinical studies. Psychopharmacol. (Berl.) 151,
99e120. http://dx.doi.org/10.1007/s002130000493.

Vialou, V., Bagot, R.C., Cahill, M.E., Ferguson, D., Robison, A.J., Dietz, D.M., Fallon, B.,
Mazei-Robison, M., Ku, S.M., Harrigan, E., Winstanley, C.A., Joshi, T., Feng, J.,
Berton, O., Nestler, E.J., 2014. Prefrontal cortical circuit for depression- and
anxiety-related behaviors mediated by cholecystokinin: role of FosB.
J. Neurosci. 34, 3878e3887. http://dx.doi.org/10.1523/JNEUROSCI.1787-13.2014.

Vialou, V., Maze, I., Renthal, W., LaPlant, Q.C., Watts, E.L., Mouzon, E., Ghose, S.,
Tamminga, C.A., Nestler, E.J., 2010a. Serum response factor promotes resilience
to chronic social stress through the induction of FosB. J. Neurosci. 30,
14585e14592. http://dx.doi.org/10.1523/JNEUROSCI.2496-10.2010.

Vialou, V., Robison, A.J., Laplant, Q.C., Covington, H.E., Dietz, D.M., Ohnishi, Y.N.,
Mouzon, E., Rush, A.J., Watts, E.L., Wallace, D.L., I~niguez, S.D., Ohnishi, Y.H.,
Steiner, M.A., Warren, B.L., Krishnan, V., Bola~nos, C.A., Neve, R.L., Ghose, S.,
Berton, O., Tamminga, C.A., Nestler, E.J., 2010b. DeltaFosB in brain reward cir-
cuits mediates resilience to stress and antidepressant responses. Nat. Neurosci.
13, 745e752. http://dx.doi.org/10.1038/nn.2551.

Wang, J.-F., Chou, K.-C., 2013. Metallo-beta-lactamases: structural features, antibi-
otic recognition, inhibition, and inhibitor design. Curr. Top. Med. Chem. 13,
1242e1253. http://dx.doi.org/10.2174/15680266113139990011.

Whitaker, L.R., Carneiro de Oliveira, P.E., McPherson, K.B., Fallon, R.V., Planeta, C.S.,
Bonci, A., Hope, B.T., 2015. Associative learning drives the formation of silent
synapses in neuronal ensembles of the nucleus accumbens. Biol. Psychiatry
1e11. http://dx.doi.org/10.1016/j.biopsych.2015.08.006.

Zancheta, R., Possi, A.P.M., Planeta, C.S., Marin, M.T., 2012. Repeated administration
of caffeine induces either sensitization or tolerance of locomotor stimulation
depending on the environmental context. Pharmacol. Rep. 64, 70e77. http://
dx.doi.org/10.1016/S1734-1140(12)70732-6.

http://dx.doi.org/10.1073/pnas.191352698
http://dx.doi.org/10.1073/pnas.191352698
http://dx.doi.org/10.1016/S0006-8993(98)01191-3
http://dx.doi.org/10.1016/S0006-8993(98)01191-3
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref73
http://refhub.elsevier.com/S0028-3908(16)30295-7/sref73
http://dx.doi.org/10.1111/j.1530-0277.2008.00809.x
http://dx.doi.org/10.1111/j.1530-0277.2008.00809.x
http://dx.doi.org/10.1111/j.1530-0277.2012.01877.x
http://dx.doi.org/10.1111/j.1530-0277.2012.01877.x
http://dx.doi.org/10.3389/fnins.2014.00311
http://dx.doi.org/10.3389/fnins.2014.00311
http://dx.doi.org/10.1016/j.pbb.2009.10.005
http://dx.doi.org/10.1100/tsw.2007.266
http://dx.doi.org/10.1100/tsw.2007.266
http://dx.doi.org/10.1002/syn.20500
http://dx.doi.org/10.1523/JNEUROSCI.0684-15.2015
http://dx.doi.org/10.1523/JNEUROSCI.0684-15.2015
http://dx.doi.org/10.3389/fnins.2015.00144
http://dx.doi.org/10.3389/fnins.2015.00144
http://dx.doi.org/10.1016/j.neuroscience.2015.03.038
http://dx.doi.org/10.1007/s12031-014-0251-5
http://dx.doi.org/10.1097/FBP.0b013e32833d41b2
http://dx.doi.org/10.1097/FBP.0b013e32833d41b2
http://dx.doi.org/10.1098/rstb.2008.0093
http://dx.doi.org/10.1098/rstb.2008.0093
http://dx.doi.org/10.1016/0165-0173(93)90013-P
http://dx.doi.org/10.1016/0165-0173(93)90013-P
http://dx.doi.org/10.1111/j.1530-0277.1998.tb03962.x
http://dx.doi.org/10.1016/j.alcohol.2013.02.003
http://dx.doi.org/10.1016/j.bbagen.2013.04.016
http://dx.doi.org/10.1016/j.alcohol.2015.01.009
http://dx.doi.org/10.1016/j.alcohol.2015.01.009
http://dx.doi.org/10.1016/j.alcohol.2008.12.003
http://dx.doi.org/10.1016/j.alcohol.2008.12.003
http://dx.doi.org/10.1523/JNEUROSCI.3178-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.3178-06.2006
http://dx.doi.org/10.1111/j.1530-0277.2010.01416.x
http://dx.doi.org/10.1007/s002130000493
http://dx.doi.org/10.1523/JNEUROSCI.1787-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.2496-10.2010
http://dx.doi.org/10.1038/nn.2551
http://dx.doi.org/10.2174/15680266113139990011
http://dx.doi.org/10.1016/j.biopsych.2015.08.006
http://dx.doi.org/10.1016/S1734-1140(12)70732-6
http://dx.doi.org/10.1016/S1734-1140(12)70732-6

	N-acetylcysteine treatment blocks the development of ethanol-induced behavioural sensitization and related ΔFosB alterations
	1. Introduction
	2. Experimental procedure
	2.1. Subjects
	2.2. Drugs
	2.3. Behavioural sensitization
	2.4. Brain area dissection
	2.5. Western blotting
	2.6. Statistics

	3. Results
	4. Discussion
	Roles of funding resources
	Acknowledgements
	References


