
HAL Id: hal-03485106
https://hal.science/hal-03485106v1

Submitted on 21 Dec 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License

Evaluation of N-acetylcysteine on ethanol self-administration
in ethanol-dependent rats

Sophie Lebourgeois, María Carmen González-Marín, Johann Antol, Mickaël
Naassïla, Catherine Vilpoux

To cite this version:
Sophie Lebourgeois, María Carmen González-Marín, Johann Antol, Mickaël Naassïla, Catherine Vilpoux.
Evaluation of N-acetylcysteine on ethanol self-administration in ethanol-dependent rats. Neuropharmacol-
ogy, 2019, 150, pp.112 - 120. ⟨10.1016/j.neuropharm.2019.03.010⟩. ⟨hal-03485106⟩

https://hal.science/hal-03485106v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


 

Evaluation of N-acetylcysteine on ethanol self-administration in ethanol-

dependent rats 

Lebourgeois Sophie (co-first), González-Marín María Carmen (co-first), Antol Johann, 

Naassila Mickael, Vilpoux Catherine 

Address :  

Université de Picardie Jules Verne, INSERM UMR 1247 GRAP, Groupe de Recherche sur 

l’Alcool et les Pharmacodépendances, Centre Universitaire de Recherche en Santé (CURS) 

Chemin du Thil, 80025 Amiens cedex 1 

Phone: (0033) (0)3-22-82-53-83 

E-mail: catherine.vilpoux@u-picardie.fr 

Running title: NAC reduces ethanol seeking and relapse in dependent rats 

Lebourgeois Sophie (co-first), PhD 

González-Marín María Carmen (co-first) PhD 

Antol Yohan 

Professor Naassila Mickael, PhD 

Vilpoux Catherine, PhD 

Correspondence and requests for reprints should be addressed to: 

C. VILPOUX 

Université de Picardie Jules Verne, INSERM U1247 GRAP, Groupe de Recherche sur 

l’Alcool et les Pharmacodépendances, Centre Universitaire de Recherche en Santé (CURS) 

Chemin du Thil, 80025 Amiens cedex 1 

Phone: (0033) (0)3-22-82-53-83 

E-mail: catherine.vilpoux@u-picardie.fr 

 

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0028390819300875
Manuscript_7477644693baf56d3625a85f5546e56b

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0028390819300875
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0028390819300875


4 

 

 52 

Introduction 53 

 54 

Alcohol consumption is one of the major avoidable risk factors for chronic disease, injury and 55 

premature death, with an estimated 3.8% of all global deaths and 4.6% of global disability-56 

adjusted life-years attributable to alcohol worldwide (Rehm et al., 2009).  Among alcohol-57 

induced pathologies, Alcohol Use Disorder (AUD) is a chronic disorder characterized by the 58 

compulsive use of alcohol, loss of control over intake and development of a negative 59 

emotional state when alcohol is unavailable (Koob, 2013, 2015). Given the high relapse rate 60 

when patients attempt abstinence and that not all patients respond to a specific treatment, 61 

research of new treatments against relapse appears highly necessary especially in the context 62 

of future personalized therapies. 63 

N-acetylcysteine (NAC) is a cystine prodrug that activates the cystine-glutamate exchanger, 64 

the system antiport xc
-, that maintains extrasynaptic glutamate concentrations (Millea 2009; 65 

Lewerenz et al. 2013). Numerous studies have shown that NAC decreases the craving for 66 

cocaine in both rodents and humans, via its stimulating action of the xc
- antiport system 67 

(LaRowe et al., 2007, Kau et al., 2008, Amen et al., 2011, Kupchik et al., 2012, Brown et al., 68 

2013, LaRowe et al., 2013, Ducret et al., 2016).  69 

This effect was not only observed for cocaine but also for other substances. In rat, NAC 70 

decreases the relapse to nicotine self-administration (Ramirez-Nino et al., 2013, Moro et al., 71 

2016). In humans, NAC is also promising since it has been shown to reduce craving for 72 

cannabis (Gray et al., 2012) and nicotine (Froeliger et al., 2015, Prado et al., 2015). NAC was 73 

accordingly proposed as an interesting therapeutic option in the treatment of addiction  74 

(Kalivas and Volkow, 2011, Asevedo et al., 2014). 75 
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Regarding ethanol, chronic NAC treatment inhibited ethanol intake in rats bred for their high 76 

ethanol intake when NAC was administered to animals displaying chronic ethanol 77 

consumption (Quintanilla et al., 2016). In a recent study (Lebourgeois et al., 2017), we  78 

demonstrated that a high dose (100 mg/kg) of NAC reduced ethanol consumption, motivation, 79 

seeking and relapse in rats self-administering 1.2 g/kg of 20% ethanol for 15 minutes per day 80 

and during several weeks, a model referred to as binge-drinking in rats (Jeanblanc et al., 81 

2018). In human, NAC reduced the amount and frequency of alcohol use among participants 82 

with cannabis use disorders (Squeglia et al., 2018), and decreased subjective craving score in 83 

veterans with Posttraumatic Stress Disorders with co-occurring Substance Use Disorders 84 

(Back et al., 2016). 85 

Here we investigated the efficacy of NAC in ethanol-dependent rats exposed for several 86 

weeks to repeated ethanol intoxication-withdrawal cycles using chronic intermittent ethanol 87 

vapor inhalation (CIE) (Aufrere et al., 1997, Gilpin et al., 2008, Houchi et al., 2013, Simon-88 

O'Brien et al., 2014, Alaux-Cantin et al., 2015, Meinhardt and Sommer, 2015). This paradigm 89 

is highly relevant as a model of post-dependent state because of the induction of both 90 

behavioral (loss of control over intake, high motivation for intake, high level of extinction 91 

responding in the absence of alcohol, anxiety-like behavior, depression, compulsive use) and 92 

physical signs (tolerance, tremor, convulsive crisis, hyperactivity) (Vendruscolo and Roberts, 93 

2014, Meinhardt and Sommer, 2015). In particular, acute withdrawal from CIE produces an 94 

increase in negative affect symptoms, which could facilitate excessive drinking (Somkuwar et 95 

al., 2017, Tunstall et al., 2017). 96 

The glutamate release is enhanced in nucleus accumbens during cocaine (McFarland 97 

et al., 2003) nicotine (Gipson et al., 2013), opiates (LaLumiere and Kalivas 2008) and ethanol 98 

seeking (Gass et al., 2011). NAC is thought to reduce craving through the normalization of 99 

glutamatergic homeostasis, by the mean of an increase of negative feedback produced by 100 
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extrasynaptic glutamate on perisynaptic mGluR2/3 autoreceptors (Scofield et al., 2016). So 101 

we also tested the effect of NAC on the expression of xCT, the catalytic subunit of the xc
- 102 

system, and in the expression of GLT-1, the transporter that re-uptake glutamate from the 103 

extracellular fluids, in dependent and in nondependent (ethanol-naïve) rats.  104 

In this study, we demonstrated that a low dose of NAC significantly reduced ethanol 105 

consumption, motivation to ethanol, and extinction responding (i.e. seeking) during acute 106 

withdrawal (8 hours) from CIE, while dependent rats showed a reduced expression of xCT 107 

(the specific subunit of xc
- system) in the nucleus accumbens. NAC reduced the expression of 108 

GLT-1 with the same efficiency in dependent and nondependent rats. Since NAC was 109 

effective in dependent rats (25-50 mg/kg) at a lower dose than in binge-drinking rats (100 110 

mg/kg), our results suggest that neuroadaptations underlying ethanol dependence may make 111 

rats respondent to lower doses. We also demonstrated that NAC reduces reacquisition of 112 

ethanol self-administration following protracted abstinence (1 month) in dependent rats. 113 

Finally, NAC (100 mg/kg) reduced 1% sucrose self-administration demonstrating the NAC 114 

efficacy on non-drug reward. 115 

 116 

Methods and Materials  117 

 118 

Animals: 119 

Male Wistar rats, weighing 260-280g at the beginning of the experiment, were 120 

purchased from Janvier labs (Le Genest Saint Isle, France). Rats were individually housed in 121 

a controlled environment under a 12-h light/dark cycle (lights on at 8 a.m.) with food and 122 

water available ad libitum. All experiments were performed in conformity with the European 123 

Community guiding principles for the care and use of animals (2010/63/UE, CE Off. J. 20 124 

October 2010), the French decree n° 2013-118 (French Republic Off. J., 2013) and approved 125 
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by the local ethics committee [Comité Régional d'Ethique en Matière d'Expérimentation 126 

Animale de Picardie (CREMEAP), University of Picardie Jules Verne]. 127 

 128 

Drugs: 129 

For self-administration experiments, ethanol (VWR, Strasbourg, France) was diluted 130 

in tap water at the final concentration of 10 or 20% (v/v) and sucrose (VWR, Strasbourg, 131 

France) was diluted in tap water at the final concentration of 1% (w/v). For intraperitoneal 132 

(i.p.) injections, N-acetylcysteine (Sigma Aldrich, Saint Quentin Fallavier, France) was 133 

dissolved in sterile saline (0.9 % NaCl) and administered at the doses of 25, 50 and 100 134 

mg/kg chosen accordingly to the literature, after pH adjustment to pH 7.4 (Kau et al., 2008, 135 

Reichel et al., 2011, Lebourgeois et al., 2017), 60 min before the start of self-administration 136 

sessions.  137 

 138 

Behavioral acquisition of the self-administration task  139 

The self-administration behavior was induced by a three-step paradigm described in details 140 

in Supplementary Materials and Methods. First, rats were exposed to intermittent access to 141 

20% ethanol for 2 weeks to facilitate the acquisition of a high level of ethanol intake (Wise, 142 

1973). Thereafter, rats were trained to self-administer ethanol during 30-min access operant 143 

sessions. Once rats reached a stable level of intake, they were placed in inhalation chambers 144 

to induce dependence. The effect of NAC was recorded during acute withdrawal (8-hour 145 

period after inhalation chambers were turned off). This timing was chosen according to a 146 

previous report showing that repeated withdrawal produced an increase in extracellular 147 

glutamate in hippocampus after 6-7 hours withdrawal, i.e. 6-7 hours after inhalation chambers 148 

were turned off (Dahchour and De Witte, 2003). 149 

  150 
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Behavioral testing: Effect of NAC on ethanol self-administration:  151 

The timeline of the experimental procedures is given in figure 1 (Fig. 1). 152 

Effect of NAC on ethanol self-administration during acute withdrawal: 153 

Once rats reached a stable ethanol self-administration level, the effect of an acute 154 

injection of NAC (0, 25, 50 or 100 mg/kg; i.p., 60 min before the test) was tested on the level 155 

of ethanol 20% self-administration during a 30-min session, 8 hours after retrieval from the 156 

inhalation chambers. The doses and timing of injection doses were chosen depending on 157 

previous work (Baker et al., 2003, Moussawi et al., 2009, Amen et al., 2011, Reichel et al., 158 

2011). Injections were performed according to a Latin square counterbalanced design with 1 159 

day of wash-out between each injection. 160 

 161 

Effect of NAC on the reinforcing properties of ethanol during acute withdrawal: 162 

After a 2 week wash-out period were rats were submitted to five-day–a-week sessions 163 

of ethanol self-administration at 8-hours withdrawal, a  progressive ratio (PR) schedule test 164 

was performed to evaluate the effect of NAC (0 or 25mg/kg) on the motivation to consume 165 

ethanol (i.e. its reinforcing properties). As the 25 mg/kg dose was the effective dose in the 166 

previous test, we choose this dose in the PR schedule test. In this test, the effort necessary to 167 

obtain one reward (i.e. the number of presses on the active lever) was continuously increased 168 

after each reward delivery (3, 4, 5, 7, 9, 12, 15, 18, 20, 23, 25, 28, 30, 33, 35). During the 30-169 

min session, the maximum effort (breakpoint) produced to receive a single reward of ethanol 170 

was measured and reflected an index of motivation. 171 

 172 

Effect of NAC on ethanol seeking: test of extinction responding 173 

In order to evaluate the effect of NAC on ethanol-seeking behavior, we performed a 174 

test in a single session of extinction. During this test, NAC was injected i.p. 60 min before a 175 
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30-min session test during which the light cue remained off and no alcohol was available. The 176 

persistence of drug-seeking behavior in the absence of the drug (i.e., craving) was assessed by 177 

recording the number of active lever presses. After a 2 weeks wash-out period where the rats 178 

were submitted to five-day–a-week sessions of ethanol self-administration, we performed a 179 

first test with the 25 mg/kg dose of NAC, followed by a second 2 weeks-wash out period and 180 

a second test at the 50 mg/kg dose. 181 

 182 

Effect of NAC on reacquisition after protracted abstinence: 183 

After a 2 weeks-wash out period, rats were exposed to one month of abstinence, 184 

during which rats were housed in the home cage and had no access to ethanol vapor chambers 185 

and self-administration boxes. After this abstinence period, we used the reacquisition model 186 

of relapse (Alaux-Cantin et al., 2013, Simon-O'Brien et al., 2014), which consists of the re-187 

introduction of ethanol in the operant self-administration chambers. Briefly, a priming 188 

delivery of ethanol (0.1 ml of a 20% ethanol solution) was given, non-contingently, at the 189 

beginning of the re-acquisition session to provide an olfactory and gustatory cue. Ethanol was 190 

then available on an FR3 schedule for the duration of the 30-min session, and NAC or saline 191 

was injected i.p. 60 min before the beginning of the behavioral test. The experiment was 192 

preformed twice, first with the NAC 25 mg/kg and then with the 50 mg/kg dose.  193 

 194 

Behavioral testing: Effect of NAC on 1% sucrose self-administration in nondependent 195 

rats 196 

In a separate cohort of 14 Long Evans rats, the effect of NAC (100 mg/kg) was tested on 1% 197 

sucrose self-administration, after eight weeks of 20% ethanol self-administration during 15-198 

min session (as described in Lebourgeois et al., 2017). It is noteworthy that rats were not 199 

dependent, since they were not exposed to the CIE.  200 
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 201 

Western-blotting assays  202 

The effect of NAC on xCT and GLT1 proteins expression was evaluated in dependent rats 203 

exposed to 10 weeks of CIE following an 8-hour withdrawal period and in rats kept in the 204 

same conditions, but naïve to ethanol. NAC was administered i.p. one hour before euthanasia 205 

(n=6 rats per groups, 4 groups). After anaesthesia and decapitation, the nucleus accumbens 206 

was dissected in 4°C PBS. The details for western blot procedures are provided in 207 

Supplementary Materials and Methods. 208 

 209 

Statistical analysis: 210 

 211 

All results are expressed as mean ± standard error of the mean. For behavioral data, statistical 212 

differences were assessed using one- or two-way ANOVAs with or without repeated 213 

measures (RM). Significant main effects detected by ANOVAs were followed by a Tukey 214 

post-hoc test. For simple comparisons, data were analyzed with a Student’s t-test. For 215 

Western blotting data, the integrated optical density for xCT and GLT-1 was divided by the 216 

density of actin immunoreactivity within the same sample. This yielded a “ratio” for each rat 217 

and these values were compared between groups using two-way ANOVAs. Significant main 218 

effects detected by ANOVAs were followed by a Tukey post-hoc test. All statistical analyses 219 

were performed using the SigmaPlot software (version 11; Systat software , Inc., San Jose, 220 

CA USA) and a p < 0.05 was considered significant.  221 

 222 

Results: 223 

 224 

N-acetylcysteine reduced ethanol self-administration: 225 
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The effect of an acute injection of NAC (0, 25, 50 or 100 mg/kg; i.p.; 1h before the 226 

test) on mean numbers of active lever presses in the ethanol self-administration procedure was 227 

analyzed using a one way RM-ANOVA, which revealed a significant main effect of treatment 228 

(F[(3,48)=16.334, p<0.001). Subsequent post-hoc Tukey analyses showed that total active 229 

lever presses were significantly lower for the NAC 25 mg/kg group compared with the saline 230 

group (-58%). Similarly, total active lever presses were significantly lower for the 50 and 100 231 

mg/kg doses of NAC compared with saline (respectively -48 et -95%) (Fig. 2A). Inactive 232 

lever presses were not statistically different between groups: F(3, 48)=1.153, p=0.337] (Fig. 233 

2C). Analogous effects were observed regarding ethanol intake (Fig. 2B). Rats treated with 234 

25, 50 or 100 mg/kg dose consumed significantly less ethanol than saline-treated rats 235 

(respectively: 64; 49 and 95% of inhibition) (treatment main effect, F[(3,48)=14.116, 236 

p<0.001]). Together, these data indicate that an acute injection of NAC at the doses of 25, 50 237 

or 100 mg/kg, reduced ethanol self-administration. 238 

 239 

N-acetylcysteine was more effective in ethanol-dependent rats: 240 

Assuming that dependent animals have robust modifications of their glutamate 241 

homeostasis, and that NAC acts by restoring glutamatergic homeostasis, we next intended to 242 

test the hypothesis that NAC could be more effective in ethanol-dependent animals compared 243 

with those that are not dependent. To test this hypothesis, we compared our results presented 244 

here with data found in nondependent animals self-administering chronically large amount of 245 

ethanol during several weeks (Lebourgeois et al., 2017).  Fig. 2D represents the percentage of 246 

baseline EtOH consumption in dependent and nondependent groups for 3 doses of N-247 

acetylcysteine (25, 50 or 100 mg/kg; i.p., 1h before the self-administration test). Data were 248 

analyzed using a two-way ANOVA, which revealed a significant main effect of dependence 249 

(F[(1,90)=23.035, p<0.001]) and a significant main effect of treatment (F[(2,90)=8.049, 250 
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p<0.001]). Subsequent pairwise analyses (Tukey test) showed that NAC produced a greater 251 

relative reduction in ethanol consumption in dependent animals at all doses tested. 252 

 253 

 254 

N-acetylcysteine decreased the reinforcing efficacy of ethanol  255 

To further assess the effect of NAC (25 mg/kg) on the motivation to consume ethanol, 256 

we performed a PR test. The number of active lever presses and the breakpoint values during 257 

the 30-min session are depicted in Fig. 3A and 3B. Statistical analyses using Student t-tests 258 

revealed that NAC-treated rats pressed significantly fewer times during the PR session (-55%; 259 

p<0.05) and displayed a significantly lower breakpoint value compared with saline-treated 260 

rats (-43%; p<0.01). Inactive lever presses were statistically not different between groups 261 

(p=0.591) (Fig. 3C). 262 

 263 

N-acetylcysteine reduced extinction responding (ethanol seeking) 264 

Next, we assessed the effect of an acute injection of NAC (25 and 50 mg/kg; i.p., 1h 265 

before the test) on ethanol seeking during extinction. In this test, rats were placed in ethanol 266 

self-administration chambers and each press on the active lever was counted, but had no 267 

consequences (neither ethanol nor light cue). We performed two separate experiments at 2 268 

weeks interval with the 25 (Fig. 4A and 4C) and 50 mg/kg dose (Fig 4B and 4D). The total 269 

active lever presses were analyzed using a Student t-test. NAC 25 mg/kg did not produce any 270 

alteration of extinction responding (p=0.59) while the 50 mg/kg dose of NAC significantly 271 

reduced by 92% the persistence of drug-seeking behavior in the absence of alcohol 272 

(p=0.0004). However, the total number of inactive lever presses was not significantly 273 

different between groups. 274 

 275 
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 276 

N-acetylcysteine limited reacquisition after abstinence: 277 

Addiction is a highly relapsing disorder, so we next examined the effect of an acute 278 

injection of NAC (25 and 50 mg/kg; i.p., 1h before the test) on relapse after 1 month of 279 

protracted abstinence. We performed two separate experiments at 1.5 months interval with the 280 

25 (Fig. 5A, C, E) and 50 mg/kg dose (Fig. 5B, D and F).  NAC 25 mg/kg did not produce 281 

any alteration in the total active lever presses (p=0.35) (Fig. 5A), while the NAC 50 mg/kg 282 

decreased significantly the total active lever presses compared with saline group (p=0.037) 283 

(i.e., a reduction of 55%) (Fig. 5B). As expected, analogous effects were observed regarding 284 

ethanol intake. Rats treated with 50 mg/kg NAC consumed significantly less ethanol than 285 

saline-treated rats (p=0.027) (55% of reduction) (Fig 5F). Inactive lever presses were 286 

statistically not different between groups (Fig 5 C and D). 287 

 288 

Behavioral testing: Effect of NAC on 1% sucrose self-administration in nondependent 289 

rats: 290 

 We tested the effect of NAC on 1% sucrose self-administration in rats that were 291 

submitted before sucrose experiment to 2 months of 5 day-a-week 20% ethanol self-292 

administration during 15 minutes sessions (Lebourgeois et al., 2017). In those rats (Fig. 6), 293 

NAC 100 mg/kg significantly decreased the 1% sucrose self-administration from -83% 294 

(101+/- 12.1 active lever presses for NaCl rats versus 17+/- 13.5 for NAC treated rats, paired 295 

Student t-test p=0.0003).  296 

 297 

xCT protein levels were decreased in nucleus accumbens of dependent rats:  298 

Fig. 7A shows the expression of xCT measured using western blot in ethanol-299 

dependent and ethanol-naïve rats following treatment with NAC (100 mg/kg; i.p., 300 
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administered 1h before euthanasia). The expression of Xc- system was investigated through 301 

the expression of its xCT subunit. As indicated by the Abcam 175186 manufacturer, the 302 

expected molecular weight for xCT protein was 55 kDa. Data were analyzed using a two-way 303 

ANOVA, which revealed a significant main effect of dependence (F(1,21)=7.697, p=0.012), 304 

no significant main effect of NAC treatment (F(1,21)=0.0997, p=0.756) and no significant 305 

interaction (F(1,19)=0.149, p=0.704). Dependent rats showed a -18% decrease in xCT 306 

expression compared with ethanol-naïve rats, irrespective of NAC treatment (p<0.05).  307 

Fig. 7B shows the expression of GLT-1 measured using western blot in ethanol-308 

dependent and ethanol-naïve rats following treatment with NAC (100 mg/kg; i.p., 309 

administered 1h before euthanasia). As indicated by the Abcam ab 41621  manufacturer the 310 

expected molecular weight for GLT-1 protein was 63 kDa. Data were analyzed using a two-311 

way ANOVA, which revealed no significant main effect of dependence (F(1,21)=0,474; 312 

p=0.499), a significant main effect of NAC treatment (F(1,21)=4.456, p=0.048) and no 313 

significant interaction (F(1,19)=0,114; p=0.739). NAC treated rats showed a -28% decrease in 314 

GLT-1 expression compared with saline group, in dependent rats as well as in ethanol naive 315 

rats.  316 

 317 

 318 

Discussion: 319 

We have previously demonstrated that a high dose (100mg/kg) of NAC reduced 320 

excessive ethanol intake, motivation, seeking and relapse in rats displaying a binge drinking-321 

like behavior for several weeks (Lebourgeois et al., 2017). In the present study we 322 

investigated the effect of NAC in rats displaying ethanol dependence following CIE to 323 

ethanol vapor. One of the primary findings of the present study is that a low dose (25mg/kg) 324 

of NAC reduced ethanol self-administration and motivation to consume ethanol and that a 325 
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higher dose (50mg/kg) reduced both extinction responding and reacquisition after abstinence. 326 

We also showed that NAC (100 mg/kg) reduced 1% sucrose self-administration in non-327 

dependent rats, demonstrating the NAC efficacy on non-drug reward. When examining 328 

glutamate-related neuroadaptations in this addiction model, we found a 18% decrease in the 329 

xCT protein levels in the nucleus accumbens of ethanol-dependent rats compared with those 330 

of nondependent rats, and we found that NAC induced -28% decrease in GLT-1 expression in 331 

both groups, dependent or not. 332 

NAC efficacy on ethanol self-administration and motivation: relevance of long-term ethanol 333 

exposure 334 

NAC was tested in rats exposed to ethanol for several weeks via the CIE paradigm, i.e. in 335 

ethanol dependent animals. The dose of 25mg/kg decreased both ethanol intake and 336 

motivation (evaluated in the progressive ratio paradigm) to consume ethanol, assessed after 8-337 

h of withdrawal.  This finding complements our prior results in rats engaging in binge-like 338 

drinking consumption for several weeks. A main finding of the present study is that NAC is 339 

much more effective in ethanol-dependent animals compared with animals displaying binge-340 

like drinking behavior. While the NAC dose of 25 mg/kg significantly reduced intake and 341 

motivation in ethanol-dependent rats, a higher dose of 100 mg/kg was necessary to reduce 342 

them in rats displaying binge-drinking behavior (Lebourgeois et al., 2017). 343 

It appears that the extended exposure to ethanol is important for NAC efficacy. In rats bred 344 

for their high ethanol intake and given free access to ethanol beverage for three months, NAC 345 

decreased ethanol intake. However, in rats that drank for only 5 days, NAC did not reduce 346 

ethanol intake (Quintanilla et al., 2016). These results and ours suggest that NAC acts by 347 

counteracting some of the chronic ethanol-induced neuroadaptations that are responsible for 348 

the transition to ethanol addiction.  349 
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The NAC dose-response data highlight ethanol-dependence-induced neuroadaptations of 350 

glutamatergic transmission. We hypothesized that NAC would be more effective in dependent 351 

rats because the hyperglutamatergic state would be higher than in rats self-administrating 352 

large quantities of ethanol, but not exposed to the ethanol vapor regimen. In the ethanol 353 

withdrawal condition (i.e. the condition in which we tested NAC efficacy here), there are 354 

alcohol-induced alterations of the glutamate homeostasis: Chronic alcohol exposure leads to 355 

increased extracellular concentrations of glutamate in the nucleus accumbens during 356 

withdrawal (Dahchour and De Witte, 2003, Melendez et al., 2005, Griffin et al., 2015), 357 

revealing an hyperglutamatergic state in the mesocorticolimbic system following withdrawal 358 

(Ding et al., 2013, Rao et al., 2015a). The CIE of ethanol vapor has been described as a model 359 

inducing a post-dependent state (Heilig and Koob, 2007, Meinhardt and Sommer, 2015), 360 

resulting in long-term changes toward compulsive alcohol intake and hypersensitivity to 361 

stress. The use of this model allows the evaluation of NAC impact on the chronic negative 362 

affective state experienced by these rats during acute withdrawal (Meinhardt and Sommer, 363 

2015). Herman et al. demonstrated that the hyperglutamatergic state observed during acute 364 

withdrawal in these rats parallels the same hyperglutamatergic state observed in alcoholic 365 

patients (Hermann et al., 2012). This observation lends support for the CIE model to test 366 

glutamate-targeting substances, as we did for NAC here.  367 

Potential role of NAC to reduce craving 368 

The 50mg/kg dose of NAC completely abolished the extinction responding in ethanol-369 

dependent rats.  This result indicates that NAC is effective not only when ethanol is available, 370 

but also during periods of drug seeking (a behavioral correlate of craving) when ethanol is not 371 

available. This finding also suggests that the NAC effect on negative-reinforcement-induced 372 
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extinction responding during acute withdrawal we observed in ethanol dependent rats could 373 

also be obtained in abstinent patients treated with NAC.  374 

Potential efficacy of NAC to reduce relapse 375 

Furthermore, the 50mg/kg dose of NAC is effective in reducing reacquisition of ethanol self-376 

administration (induced by both ethanol and visual cues) after long-term abstinence. Taken 377 

together, our results demonstrate the efficacy of NAC both during acute withdrawal and after 378 

long-term abstinence and these findings are consistent with the fact that enduring changes in 379 

glutamatergic transmissions underlie long-term vulnerability to relapse to drug use and drug-380 

associated memories (Kalivas, 2009).  381 

NAC effect on the reinforcing properties of a non-drug reward  382 

In another experiment, we investigated whether the effect of NAC on operant self-383 

administration was specific to ethanol by measuring its effects on the reinforcing properties of 384 

sucrose, a non-drug appetitive reward. The 1% sucrose concentration was chosen to achieve 385 

the same level of response as that observed in rats self-administering ethanol (about 100 386 

deliveries). Our data show that NAC 100 mg/kg is very effective in reducing lever pressing 387 

for sucrose. These data suggest that NAC affects general rewarding and motivational 388 

mechanisms. Other molecules that are effective in reducing ethanol self-administration have 389 

also been shown to have an effect on self-administration of natural reinforcers such as the 390 

serotonergic and noradrenergic transporter inhibitor milnacipran (Simon O'Brien et al., 2011), 391 

the CB1R antagonist SR-141716A (Economidou et al., 2006), the A2R agonist CGS21680 392 

(Houchi et al., 2013) and even substances used to treat AUD patients such as naltrexone  393 

(Stromberg et al., 2002) and the γ-aminobutyric (GABA) B receptors agonist baclofen 394 

(Anstrom et al., 2003). 395 
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 396 

CIE-induced decrease in the xc
- antiport system 397 

The xc
- system is expressed on glial cells and its role is to export glutamate in the 398 

extrasynaptic space at the presynaptic level. As the glial xc
- system plays a crucial role in 399 

maintaining glutamate homeostasis, its expression has previously been monitored in the 400 

context of substance abuse: rats withdrawn from chronically self-administering nicotine 401 

showed decreased xCT expression in the nucleus accumbens, 12 hours after the last nicotine 402 

exposure (Knackstedt et al., 2009).  403 

There is a debate over the correct western band that has to be chosen for xCT Western 404 

analysis (Van Liefferinge et al., 2016). Using the 55 kDa band in our study, as mentioned by 405 

the manufacturer for Acam 175186, we found a 18 % decrease in xCT expression in the 406 

nucleus accumbens of ethanol-dependent animals compared with ethanol-naïve animals, at 407 

the 8h-withdrawal period. Interestingly, the increase in XCT expression has been related to a 408 

five-fold decreased ethanol consumption in alcohol-preferring rats (Rao et al., 2015b). A 409 

dynamic regulation of the xCT transporter in the nucleus accumbens along ethanol chronic 410 

exposure or withdrawal has been already described. The xCT transporter is strongly over-411 

expressed in ethanol-dependent rat along exposure, and strongly down-regulated during 412 

withdrawal (Peana et al., 2014). In the nucleus accumbens, around 60% of the basal 413 

extracellular glutamate is derived from the activity of the xc
- antiport system (Baker et al., 414 

2003). So the withdrawal-induced decrease in xc
- could have an impact on glutamate 415 

homeostasis, leading to an ethanol withdrawal-induced decrease in extracellular glutamate 416 

level. However, this hypothesis is difficult to reconcile with the observation that chronic 417 

alcohol exposure leads to increased extracellular concentrations of glutamate in the nucleus 418 

accumbens that persists for 24h hours after withdrawal (Melendez et al., 2005) or 7 days after 419 

withdrawal (Griffin et al., 2014). 420 
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The NAC treatment administered 1 hour before western blot sampling was unable to modify 421 

the xCT expression in the nucleus accumbens. This is concordant with the proposal that the 422 

acute NAC effect would not be due to a direct, rapid increase in the xc
- system expression, but 423 

rather, increased activity of the xc
- system. 424 

However, another actor plays a major role in drug-induced alteration of glutamate 425 

homeostasis: the glial glutamate transporter GLT1, that regulates glutamatergic signaling by 426 

removing excess glutamate from the extrasynaptic space (Roberts-Wolfe and Kalivas, 2015). 427 

For example chronic alcohol intake for five weeks in P (alcohol preferring) rats resulted in 428 

downregulation of GLT1 expression in the nucleus accumbens as compared to ethanol-naive 429 

animals (Sari and Sreemantula, 2012), thus demonstrating a link between ethanol intake and 430 

GLT-1 expression. Besides, it has been shown that the ceftriaxone-induced reduction in 431 

ethanol intake by P rats was associated with significantly enhanced expression of GLT1, in 432 

the nucleus accumbens (Rao et al., 2015b). Altogether these data obtained in P rats suggest an 433 

inverse correlation between GLT-1 expression and ethanol intake. 434 

However here we did not observe any difference in GLT- expression during acute 435 

withdrawal dependent rats compared with non dependent animals. In summary, our results 436 

suggest that the higher efficacy of NAC observed in dependent rats would be related to the 437 

decreased expression of the xCT transporter and not to a modification of GLT-1.This 438 

assumption is based on the fact that we found only a decrease in xCT but not GLT-1 in the 439 

dependent rats and no difference between our two groups of rats regarding the effects of 440 

NAC. 441 

 442 

NAC properties on modulation of oxidative stress and inflammatory system 443 

In addition to its action on the glutamatergic system, NAC is also able to modulate the 444 

oxidative stress and the inflammatory system. NAC administration leads to an increase in 445 

intracellular antioxydant glutathione (GSH) and reduces oxidative stress. Indeed, NAC has 446 



20 

 

been found to restore a cocaine-induced decrease of glutathion levels in glial cells (Badisa et 447 

al., 2015), while ethanol abstinence and NAC intake interact synergistically, improving serum 448 

lipids and hepatic antioxidant defenses (Ferreira Seiva et al., 2009). The expression of the 449 

glutathione-S-transferases, the enzyme that catalyzes the conjugation of the reduced form of 450 

GSH to ROS for the purpose of detoxification, is altered in ethanol-naive ethanol-preferring 451 

rats compared with non-preferring ones (Liang et al., 2004, Bjork et al., 2006). Moreover, the 452 

activity of blood glutathione-S-transferase is reduced in alcohol-dependent male patients 453 

(Peter et al., 2013), revealing the importance of the redox balance in ethanol addiction (for a 454 

review see (Uys et al., 2014). Moreover, an anti-oxidative effect could be linked to an anti-455 

addictive effect. For example, it has been demonstrated that oxidative stress plays a role in the 456 

reinforcing properties of substances of abuse as enhancement of ROS in the nucleus 457 

accumbens contributes to the reinforcing effect of cocaine (Jang et al., 2015) and 458 

methamphetamine (Jang et al., 2016).   459 

Regarding ethanol–induced neuroinflammation, elevation of TNFα and IL-6 are correlated 460 

with high levels of craving in humans (Leclercq et al., 2012) and studies have shown that 461 

chronic administration of NAC during abstinence helps to prevent increasing 462 

proinflammatory cytokines (Schneider et al., 2017). Therefore, NAC could limit relapse and 463 

somatic disorders by acting simultaneously on these 3 systems:  glutamate homeostasis, 464 

oxidative stress and inflammation. 465 

Two other recent preclinical studies underscore the relevance of NAC in the context of 466 

ethanol addiction. First, NAC treatment blocks the development of ethanol-induced 467 

behavioral sensitization (Morais-Silva et al., 2016). Second, abstinence from ethanol induces 468 

an increase in leptin and corticosterone levels in rats consuming alcohol by gavage for 30 469 

days (2g/kg; twice a day), while NAC treatment prevents these biochemical changes 470 

(Schneider et al., 2015). Thus, given that increased corticosterone concentration is a stress 471 
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indicator and that elevated levels of leptin are correlated with a high level of craving in 472 

patients (Kiefer et al., 2001), this suggests that NAC could act to reduce stress and craving 473 

observed during alcohol abstinence. 474 

Conclusion 475 

Overall, the current findings demonstrate that NAC reduces ethanol self-administration, 476 

motivation, craving and reacquisition after abstinence in relevant preclinical model of alcohol 477 

addiction. NAC was also effective in reducing sucrose self-administration thus indicating that 478 

it may also have a more general effect on the reward system. The present data confirm and 479 

extend previous studies showing that NAC is a promising pharmacological therapy for 480 

addiction in general, but especially for ethanol addiction, which is characterized by enduring 481 

changes in glutamatergic transmission. Our results strongly support clinical development of 482 

NAC for alcohol use disorders and this is further supported by recent findings indicating that 483 

NAC may be effective at reducing consumption of alcohol by �30% among treatment-seeking 484 

adults with cannabis use disorder (Squeglia et al., 2018). 485 

 486 

Acknowledgements  487 

We thank Dr Margaret Martinetti for scientific comments and careful reading of the 488 

manuscript.  489 

Author’s contribution: 490 

SL, CV, MCGM and MN were responsible for the study concept and design. SL, 491 

MCGM and CV contributed to the acquisition of animal data. SL, MCGM and CV assisted 492 

with data analysis and interpretation of findings. SL and CV drafted the manuscript. MN 493 

provided critical revision of the manuscript for important intellectual content. All authors 494 

critically reviewed content and approved final version for publication. 495 

Funding and Disclosure 496 



22 

 

SL has PhD fellowship from the French “Ministère de l'Enseignement supérieur et de la 497 

Recherche “ (MESR). MdCGM is recipient of a fellowship from INSERM-CRP. This 498 

research was funded by the French “ Institut National de la santé et de la recherche Médicale” 499 

(INSERM) and the “ Conseil Régional Picardie (CRP)".   500 

Declarations of interest: MN has received lecture or expert fees from Merck-Serono, 501 

Lundbeck and Indivior. The other authors declare no conflict of interest. 502 



23 

 

503 

References 504 
 505 
Alaux-Cantin S, Buttolo R, Houchi H, Jeanblanc J, Naassila M (2015) Memantine reduces 506 

alcohol drinking but not relapse in alcohol-dependent rats. Addict Biol 20:890-901. 507 

Alaux-Cantin S, Warnault V, Legastelois R, Botia B, Pierrefiche O, Vilpoux C, Naassila M 508 

(2013) Alcohol intoxications during adolescence increase motivation for alcohol in 509 

adult rats and induce neuroadaptations in the nucleus accumbens. Neuropharmacology 510 

67:521-531. 511 

Amen SL, Piacentine LB, Ahmad ME, Li SJ, Mantsch JR, Risinger RC, Baker DA (2011) 512 

Repeated N-acetyl cysteine reduces cocaine seeking in rodents and craving in cocaine-513 

dependent humans. Neuropsychopharmacology 36:871-878. 514 

Anstrom KK, Cromwell HC, Markowski T, Woodward DJ (2003) Effect of baclofen on 515 

alcohol and sucrose self-administration in rats. Alcohol Clin Exp Res 27:900-908. 516 

Asevedo E, Mendes AC, Berk M, Brietzke E (2014) Systematic review of N-acetylcysteine in 517 

the treatment of addictions. Rev Bras Psiquiatr 36:168-175. 518 

Aufrere G, Le Bourhis B, Beauge F (1997) Ethanol intake after chronic intoxication by 519 

inhalation of ethanol vapour in rats: behavioural dependence. Alcohol 14:247-253. 520 

Back SE, McCauley JL, Korte KJ, Gros DF, Leavitt V, Gray KM, Hamner MB, DeSantis SM, 521 

Malcolm R, Brady KT, Kalivas PW (2016) A Double-Blind, Randomized, Controlled 522 

Pilot Trial of N-Acetylcysteine in Veterans With Posttraumatic Stress Disorder and 523 

Substance Use Disorders. J Clin Psychiatry 77:e1439-e1446. 524 

Badisa RB, Kumar SS, Mazzio E, Haughbrook RD, Allen JR, Davidson MW, Fitch-Pye CA, 525 

Goodman CB (2015) N-acetyl cysteine mitigates the acute effects of cocaine-induced 526 

toxicity in astroglia-like cells. PLoS One 10:e0114285. 527 

Baker DA, McFarland K, Lake RW, Shen H, Toda S, Kalivas PW (2003) N-acetyl cysteine-528 

induced blockade of cocaine-induced reinstatement. Ann N Y Acad Sci 1003:349-351. 529 

Bjork K, Saarikoski ST, Arlinde C, Kovanen L, Osei-Hyiaman D, Ubaldi M, Reimers M, 530 

Hyytia P, Heilig M, Sommer WH (2006) Glutathione-S-transferase expression in the 531 

brain: possible role in ethanol preference and longevity. FASEB J 20:1826-1835. 532 

Brown RM, Kupchik YM, Kalivas PW (2013) The story of glutamate in drug addiction and of 533 

N-acetylcysteine as a potential pharmacotherapy. JAMA Psychiatry 70:895-897. 534 

Dahchour A, De Witte P (2003) Excitatory and inhibitory amino acid changes during repeated 535 

episodes of ethanol withdrawal: an in vivo microdialysis study. Eur J Pharmacol 536 

459:171-178. 537 

Ding ZM, Rodd ZA, Engleman EA, Bailey JA, Lahiri DK, McBride WJ (2013) Alcohol 538 

drinking and deprivation alter basal extracellular glutamate concentrations and 539 

clearance in the mesolimbic system of alcohol-preferring (P) rats. Addict Biol 18:297-540 

306. 541 

Ducret E, Puaud M, Lacoste J, Belin-Rauscent A, Fouyssac M, Dugast E, Murray JE, Everitt 542 

BJ, Houeto JL, Belin D (2016) N-acetylcysteine Facilitates Self-Imposed Abstinence 543 

After Escalation of Cocaine Intake. Biol Psychiatry 80:226-234. 544 

Economidou D, Mattioli L, Cifani C, Perfumi M, Massi M, Cuomo V, Trabace L, 545 

Ciccocioppo R (2006) Effect of the cannabinoid CB1 receptor antagonist SR-141716A 546 

on ethanol self-administration and ethanol-seeking behaviour in rats. 547 

Psychopharmacology (Berl) 183:394-403. 548 

Ferreira Seiva FR, Amauchi JF, Ribeiro Rocha KK, Souza GA, Ebaid GX, Burneiko RM, 549 

Novelli EL (2009) Effects of N-acetylcysteine on alcohol abstinence and alcohol-550 

induced adverse effects in rats. Alcohol 43:127-135. 551 



24 

 

Froeliger B, McConnell PA, Stankeviciute N, McClure EA, Kalivas PW, Gray KM (2015) 552 

The effects of N-Acetylcysteine on frontostriatal resting-state functional connectivity, 553 

withdrawal symptoms and smoking abstinence: A double-blind, placebo-controlled 554 

fMRI pilot study. Drug Alcohol Depend 156:234-242. 555 

Gass JT, Sinclair CM, Cleva RM, Widholm JJ, Olive MF (2011) Alcohol-seeking behavior is 556 

associated with increased glutamate transmission in basolateral amygdala and nucleus 557 

accumbens as measured by glutamate-oxidase-coated biosensors. Addict Biol 16:215-558 

228. 559 

Gilpin NW, Richardson HN, Cole M, Koob GF (2008) Vapor inhalation of alcohol in rats. 560 

Curr Protoc Neurosci Chapter 9:Unit 9 29. 561 

Gray KM, Carpenter MJ, Baker NL, DeSantis SM, Kryway E, Hartwell KJ, McRae-Clark 562 

AL, Brady KT (2012) A double-blind randomized controlled trial of N-acetylcysteine 563 

in cannabis-dependent adolescents. Am J Psychiatry 169:805-812. 564 

Griffin WC, 3rd, Haun HL, Hazelbaker CL, Ramachandra VS, Becker HC (2014) Increased 565 

extracellular glutamate in the nucleus accumbens promotes excessive ethanol drinking 566 

in ethanol dependent mice. Neuropsychopharmacology 39:707-717. 567 

Griffin WC, Ramachandra VS, Knackstedt LA, Becker HC (2015) Repeated cycles of chronic 568 

intermittent ethanol exposure increases basal glutamate in the nucleus accumbens of 569 

mice without affecting glutamate transport. Front Pharmacol 6:27. 570 

Hermann D, Weber-Fahr W, Sartorius A, Hoerst M, Frischknecht U, Tunc-Skarka N, Perreau-571 

Lenz S, Hansson AC, Krumm B, Kiefer F, Spanagel R, Mann K, Ende G, Sommer 572 

WH (2012) Translational magnetic resonance spectroscopy reveals excessive central 573 

glutamate levels during alcohol withdrawal in humans and rats. Biol Psychiatry 574 

71:1015-1021. 575 

Houchi H, Persyn W, Legastelois R, Naassila M (2013) The adenosine A2A receptor agonist 576 

CGS 21680 decreases ethanol self-administration in both non-dependent and 577 

dependent animals. Addict Biol 18:812-825. 578 

Jang EY, Ryu YH, Lee BH, Chang SC, Yeo MJ, Kim SH, Folsom RJ, Schilaty ND, Kim KJ, 579 

Yang CH, Steffensen SC, Kim HY (2015) Involvement of reactive oxygen species in 580 

cocaine-taking behaviors in rats. Addict Biol 20:663-675. 581 

Jang EY, Yang CH, Hedges DM, Kim SP, Lee JY, Ekins TG, Garcia BT, Kim HY, Nelson 582 

AC, Kim NJ, Steffensen SC (2016) The role of reactive oxygen species in 583 

methamphetamine self-administration and dopamine release in the nucleus 584 

accumbens. Addict Biol. 585 

Jeanblanc J, Sauton P, Jeanblanc V, Legastelois R, Echeverry-Alzate V, Lebourgeois S, 586 

Gonzalez-Marin MDC, Naassila M (2018) Face validity of a pre-clinical model of 587 

operant binge drinking: just a question of speed. Addict Biol. 588 

Kalivas PW (2009) The glutamate homeostasis hypothesis of addiction. Nat Rev Neurosci 589 

10:561-572. 590 

Kalivas PW, Volkow ND (2011) New medications for drug addiction hiding in glutamatergic 591 

neuroplasticity. Mol Psychiatry 16:974-986. 592 

Kau KS, Madayag A, Mantsch JR, Grier MD, Abdulhameed O, Baker DA (2008) Blunted 593 

cystine-glutamate antiporter function in the nucleus accumbens promotes cocaine-594 

induced drug seeking. Neuroscience 155:530-537. 595 

Knackstedt LA, LaRowe S, Mardikian P, Malcolm R, Upadhyaya H, Hedden S, Markou A, 596 

Kalivas PW (2009) The role of cystine-glutamate exchange in nicotine dependence in 597 

rats and humans. Biol Psychiatry 65:841-845. 598 

Koob GF (2013) Addiction is a Reward Deficit and Stress Surfeit Disorder. Front Psychiatry 599 

4:72. 600 



25 

 

Koob GF (2015) Alcohol use disorders: tracts, twins, and trajectories. Am J Psychiatry 601 

172:499-501. 602 

Kupchik YM, Moussawi K, Tang XC, Wang X, Kalivas BC, Kolokithas R, Ogburn KB, 603 

Kalivas PW (2012) The effect of N-acetylcysteine in the nucleus accumbens on 604 

neurotransmission and relapse to cocaine. Biol Psychiatry 71:978-986. 605 

LaRowe SD, Kalivas PW, Nicholas JS, Randall PK, Mardikian PN, Malcolm RJ (2013) A 606 

double-blind placebo-controlled trial of N-acetylcysteine in the treatment of cocaine 607 

dependence. Am J Addict 22:443-452. 608 

LaRowe SD, Myrick H, Hedden S, Mardikian P, Saladin M, McRae A, Brady K, Kalivas PW, 609 

Malcolm R (2007) Is cocaine desire reduced by N-acetylcysteine? Am J Psychiatry 610 

164:1115-1117. 611 

Lebourgeois S, Gonzalez-Marin MC, Jeanblanc J, Naassila M, Vilpoux C (2017) Effect of N-612 

acetylcysteine on motivation, seeking and relapse to ethanol self-administration. 613 

Addict Biol. 614 

Liang T, Habegger K, Spence JP, Foroud T, Ellison JA, Lumeng L, Li TK, Carr LG (2004) 615 

Glutathione S-transferase 8-8 expression is lower in alcohol-preferring than in 616 

alcohol-nonpreferring rats. Alcohol Clin Exp Res 28:1622-1628. 617 

McFarland K, Lapish CC, Kalivas PW (2003) Prefrontal glutamate release into the core of the 618 

nucleus accumbens mediates cocaine-induced reinstatement of drug-seeking behavior. 619 

J Neurosci 23:3531-3537. 620 

Meinhardt MW, Sommer WH (2015) Postdependent state in rats as a model for medication 621 

development in alcoholism. Addict Biol 20:1-21. 622 

Melendez RI, Hicks MP, Cagle SS, Kalivas PW (2005) Ethanol exposure decreases glutamate 623 

uptake in the nucleus accumbens. Alcohol Clin Exp Res 29:326-333. 624 

Morais-Silva G, Alves GC, Marin MT (2016) N-acetylcysteine treatment blocks the 625 

development of ethanol-induced behavioural sensitization and related DeltaFosB 626 

alterations. Neuropharmacology 110:135-142. 627 

Moro F, Orru A, Marzo CM, Di Clemente A, Cervo L (2016) mGluR2/3 mediates short-term 628 

control of nicotine-seeking by acute systemic N-acetylcysteine. Addict Biol. 629 

Moussawi K, Pacchioni A, Moran M, Olive MF, Gass JT, Lavin A, Kalivas PW (2009) N-630 

Acetylcysteine reverses cocaine-induced metaplasticity. Nat Neurosci 12:182-189. 631 

Peana AT, Muggironi G, Bennardini F (2014) Change of cystine/glutamate antiporter 632 

expression in ethanol-dependent rats. Front Neurosci 8:311. 633 

Peter N, Chiramel KJ, A RS (2013) Effect of Alcohol Withdrawl on Glutathione S-634 

transferase, Total Antioxidant Capacity and Amylase in Blood and Saliva of Alcohol-635 

Dependent Males. J Clin Diagn Res 7:797-800. 636 

Prado E, Maes M, Piccoli LG, Baracat M, Barbosa DS, Franco O, Dodd S, Berk M, Vargas 637 

Nunes SO (2015) N-acetylcysteine for therapy-resistant tobacco use disorder: a pilot 638 

study. Redox Rep 20:215-222. 639 

Quintanilla ME, Rivera-Meza M, Berrios-Carcamo P, Salinas-Luypaert C, Herrera-Marschitz 640 

M, Israel Y (2016) Beyond the "First Hit": Marked Inhibition by N-Acetyl Cysteine of 641 

Chronic Ethanol Intake But Not of Early Ethanol Intake. Parallel Effects on Ethanol-642 

Induced Saccharin Motivation. Alcohol Clin Exp Res 40:1044-1051. 643 

Ramirez-Nino AM, D'Souza MS, Markou A (2013) N-acetylcysteine decreased nicotine self-644 

administration and cue-induced reinstatement of nicotine seeking in rats: comparison 645 

with the effects of N-acetylcysteine on food responding and food seeking. 646 

Psychopharmacology (Berl) 225:473-482. 647 

Rao PS, Bell RL, Engleman EA, Sari Y (2015a) Targeting glutamate uptake to treat alcohol 648 

use disorders. Front Neurosci 9:144. 649 



26 

 

Rao PS, Saternos H, Goodwani S, Sari Y (2015b) Effects of ceftriaxone on GLT1 isoforms, 650 

xCT and associated signaling pathways in P rats exposed to ethanol. 651 

Psychopharmacology (Berl) 232:2333-2342. 652 

Rehm J, Mathers C, Popova S, Thavorncharoensap M, Teerawattananon Y, Patra J (2009) 653 

Global burden of disease and injury and economic cost attributable to alcohol use and 654 

alcohol-use disorders. Lancet 373:2223-2233. 655 

Reichel CM, Moussawi K, Do PH, Kalivas PW, See RE (2011) Chronic N-acetylcysteine 656 

during abstinence or extinction after cocaine self-administration produces enduring 657 

reductions in drug seeking. J Pharmacol Exp Ther 337:487-493. 658 

Roberts-Wolfe DJ, Kalivas PW (2015) Glutamate Transporter GLT-1 as a Therapeutic Target 659 

for Substance Use Disorders. CNS Neurol Disord Drug Targets 14:745-756. 660 

Sari Y, Sreemantula SN (2012) Neuroimmunophilin GPI-1046 reduces ethanol consumption 661 

in part through activation of GLT1 in alcohol-preferring rats. Neuroscience 227:327-662 

335. 663 

Scofield MD, Heinsbroek JA, Gipson CD, Kupchik YM, Spencer S, Smith AC, Roberts-664 

Wolfe D, Kalivas PW (2016) The Nucleus Accumbens: Mechanisms of Addiction 665 

across Drug Classes Reflect the Importance of Glutamate Homeostasis. Pharmacol 666 

Rev 68:816-871. 667 

Simon-O'Brien E, Alaux-Cantin S, Warnault V, Buttolo R, Naassila M, Vilpoux C (2014) The 668 

histone deacetylase inhibitor sodium butyrate decreases excessive ethanol intake in 669 

dependent animals. Addict Biol. 670 

Simon O'Brien E, Legastelois R, Houchi H, Vilpoux C, Alaux-Cantin S, Pierrefiche O, Andre 671 

E, Naassila M (2011) Fluoxetine, desipramine, and the dual antidepressant 672 

milnacipran reduce alcohol self-administration and/or relapse in dependent rats. 673 

Neuropsychopharmacology 36:1518-1530. 674 

Somkuwar SS, Vendruscolo LF, Fannon MJ, Schmeichel BE, Nguyen TB, Guevara J, Sidhu 675 

H, Contet C, Zorrilla EP, Mandyam CD (2017) Abstinence from prolonged ethanol 676 

exposure affects plasma corticosterone, glucocorticoid receptor signaling and stress-677 

related behaviors. Psychoneuroendocrinology 84:17-31. 678 

Squeglia LM, Tomko RL, Baker NL, McClure EA, Book GA, Gray KM (2018) The effect of 679 

N-acetylcysteine on alcohol use during a cannabis cessation trial. Drug Alcohol 680 

Depend 185:17-22. 681 

Stromberg MF, Rukstalis MR, Mackler SA, Volpicelli JR, O'Brien CP (2002) A comparison 682 

of the effects of 6-beta naltrexol and naltrexone on the consumption of ethanol or 683 

sucrose using a limited-access procedure in rats. Pharmacol Biochem Behav 72:483-684 

490. 685 

Tunstall BJ, Carmack SA, Koob GF, Vendruscolo LF (2017) Dysregulation of Brain Stress 686 

Systems Mediates Compulsive Alcohol Drinking. Curr Opin Behav Sci 13:85-90. 687 

Uys JD, Mulholland PJ, Townsend DM (2014) Glutathione and redox signaling in substance 688 

abuse. Biomed Pharmacother 68:799-807. 689 

Van Liefferinge J, Bentea E, Demuyser T, Albertini G, Follin-Arbelet V, Holmseth S, Merckx 690 

E, Sato H, Aerts JL, Smolders I, Arckens L, Danbolt NC, Massie A (2016) 691 

Comparative analysis of antibodies to xCT (Slc7a11): Forewarned is forearmed. J 692 

Comp Neurol 524:1015-1032. 693 

Vendruscolo LF, Roberts AJ (2014) Operant alcohol self-administration in dependent rats: 694 

focus on the vapor model. Alcohol 48:277-286. 695 

Wise RA (1973) Voluntary ethanol intake in rats following exposure to ethanol on various 696 

schedules. Psychopharmacologia 29:203-210. 697 

 698 
 699 



27 

 

Legends 700 

Figure 1: Timeline of experimental procedures on the effect of NAC on ethanol self-701 

administration: The procedure was performed in dependent rat following CIE procedure for 702 

10 weeks.  NAC or saline was always injected i.p. one hour before the 30-min session ethanol 703 

20% self-administrations, 8 hours after retrieval from the inhalation chambers. All along the 704 

experiments, during the two weeks recovery and during NAC testing, rats were maintained 705 

under the CIE procedure and were submitted to sessions of ethanol self-administration five-706 

days a week, at 8h withdrawal. The sole periods without the CIE procedure was during the 707 

two one-month abstinence period. PR: Progressive Ratio 708 

 709 

Figure 2: N-acetylcysteine reduced ethanol self-administration: Effect of an i.p. injection 710 

of NAC (0, 25, 50 or 100 mg/kg; 1h before the test; n=17/group) on 20% ethanol self-711 

administration. A. Total active lever presses were significantly lower for the NAC 25, 50 and 712 

100 mg/kg group compared with saline group, and there was no effect on inactive lever 713 

presses. B. Rats treated with NAC 25, 50 and 100 mg/kg consumed significantly less ethanol 714 

than saline-treated rats. ***: p<0.001, **: p<0.01. c; C. Total inactive lever presses were not 715 

different for the NAC 25, 50 and 100 mg/kg group compared with saline group D.  N-716 

acetylcysteine was more effective in dependent rats than in binge-drinking rats: Efficacy of an 717 

acute injection of NAC (25, 50 or 100 mg/kg; i.p., 1h before the test) on ethanol self-718 

administration in dependent (n=17) vs binge-drinking rats (n=15). For each dose tested, the 719 

percent of baseline EtOH consumption was significantly lower in dependent compared with 720 

binge-drinking rats. In binge-drinking rats, an acute injection of 100 mg/kg NAC was 721 

necessary to observe a reduction in EtOH consumption whereas in dependent rats, an 722 

injection of 25 mg/kg was sufficient. **: p<0.01, *: p<0.05 compared with binge-drinking 723 

group. 724 

 725 

Figure 3: N-acetylcysteine decreased the reinforcing efficacy of ethanol: A. NAC 25 726 

mg/kg-treated rats (n=8) pressed significantly fewer on the active lever during the PR session 727 

(-55%) compared to saline-treated rats (n=9), while there was no effect on inactive lever 728 

presses. B. NAC 25 mg/kg-treated rats displayed a significantly lower breaking point value 729 

compared to saline-treated rats (-43%) **: p<0.01, *: p<0.05. C. Total inactive lever presses 730 

were not different between groups. 731 

 732 

Figure 4: N-acetylcysteine 50 mg/kg decreased extinction responding: A. NAC 25 mg/kg 733 

(n=9) treated rats showed no alteration in extinction responding compared with saline (n=9). 734 

B. NAC 50 mg/kg-treated rats (n=8) pressed significantly fewer on the active lever compared 735 

to saline-treated rats C. There was no effect of NAC 25 mg/kg on inactive lever presses D. 736 

There was no effect of NAC 50 mg/kg on inactive lever presses. ***: p<0.001 737 

 738 

 739 

Figure 5: N-acetylcysteine 50 mg/kg reduced reacquisition after abstinence: A. During 740 

the reacquisition procedure, NAC 25 mg/kg (n=9) treated rats showed no alteration of 741 

reacquisition of operant self-administration behavior compared with saline. B. NAC 50mg/kg 742 

(n=11) treated rats showed a reduced reacquisition of operant self-administration behavior 743 
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compared with saline (- 57%). C.  There was no effect of NAC 25 mg/kg on inactive lever 744 

presses D. There was no effect of NAC 50 mg/kg on inactive lever presses. E: NAC 25 mg/kg 745 

treated rats showed no alteration in ethanol intake during the reacquisition session compared 746 

with Saline Group. F. NAC 50 mg/kg treated rats showed a decrease in ethanol intake during 747 

the reacquisition session (-59%). *: p<0.05 compared with Saline Group. 748 

 749 

 750 

Figure 6:  N-acetylcysteine 100 mg/kg reduced 1% sucrose self-administration. In 14 rats 751 

that self-administered 20% ethanol for eight weeks during 15-min daily sessions (as described 752 

in Lebourgeois et al., 2017), NAC (100 mg/kg) was tested on 1% sucrose self-administration. 753 

NAC treatment was very effective in reducing the number of active lever presses for 1% 754 

sucrose, ***p<0.001. 755 

 756 

Figure 7:  Western blot of xCT and GLT-1 expression in nucleus accumbens of 757 

dependent versus naive rats, following N-acetylcysteine 100 mg/kg treatment. A. 758 

Dependent rats showed a -18% decrease of xCT expression compared with nondependent rats 759 

that have never been exposed to ethanol. There was no effect of NAC treatment.  n = 6 rats 760 

per groups. *: p<0.05: Main “Dependence” effect,  dependent versus non dependent rats. 761 

Immunoblot for xCT protein yielded a band of approximately 56 kDa. Below are 762 

representative xCT and actin blots. B. NAC-treated rats showed a -28% decrease of GLT-1T 763 

expression compared with non-treated rats, whatever they were dependent or not.  n = 6 rats 764 

per groups. *: p<0.05: Main “NAC” effects, NAC-treated rats versus non-treated rats. 765 

Immunoblot for xCT protein yielded a band of approximately 63 kDa. Below are 766 

representative GLT-1 and actin blots. 767 
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