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Baclofen and naltrexone, but not N-acetylcysteine, affect 
voluntary alcohol drinking in rats regardless of individual 
levels of alcohol intake
A. Maryse Minnaarda, Geert M.J. Ramakersb, Louk J.M.J. Vanderschurena and  
Heidi M.B. Lesschera

In humans, there is profound individual variation in the 
risk of alcohol use disorder (AUD). Because GABA, 
opioid and glutamate neurotransmission have been 
implicated in AUD, functional differences in these neural 
systems may underlie the individual vulnerability to AUD. 
We therefore determined the effects of drugs affecting 
GABA, opioid and glutamatergic neurotransmission on 
alcohol consumption in rats that differed in baseline 
alcohol intake. Subgroups of low-, medium- and high-
alcohol-drinking rats were selected on the basis of 
alcohol consumption using an intermittent alcohol access 
procedure. The subgroups were treated with the GABA

B
 

receptor agonist baclofen, the opioid receptor antagonist 
naltrexone and the cysteine precursor N-acetylcysteine, 
and the effects on alcohol intake and preference were 
determined. Both baclofen and naltrexone reduced 
alcohol consumption, but N-acetylcysteine did not. These 
effects were comparable for low-, medium- and high-
alcohol-drinking rats. However, there was a substantial 
degree of individual variation in the responsivity to 
baclofen and naltrexone, across the subgroups. Taken 

together, these results suggest that variation in alcohol 
consumption does not predict the responsivity to baclofen 
and naltrexone. This implies that individual variability in 
alcohol consumption on the one hand and sensitivity to 
treatment with these drugs on the other hand represent 
separate processes that likely involve distinct biological 
mechanisms. Behavioural Pharmacology 32: 251–257 
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Introduction
Alcohol use disorder (AUD) is a chronic relapsing 
disorder with major medical and socioeconomic con-
sequences (Rehm et al., 2009; Connor et al., 2016). 
Treatment options for AUD include cognitive behav-
ioural therapy, pharmacological treatment and social 
support strategies. However, treatment efficacies vary 
and short-term relapse after treatment is common 
(Miller et al., 2001; Moos and Moos, 2006). The quan-
tity and pattern of alcohol intake varies widely between 
individuals, whereby only a minority develops an AUD. 
To study the neural processes that underlie individual 
differences in alcohol intake and AUD, animal models 
that capture the individual variability in alcohol con-
sumption can be employed, such as intermittent alcohol 

access (IAA) in rodents (e.g. Simms et al., 2008; Momeni 
and Roman, 2014). We have previously described pro-
found individual differences in alcohol intake and moti-
vation in outbred rats after 2 months of IAA, whereby 
subgroups of low-, medium- and high-alcohol-drink-
ing rats could be distinguished (Spoelder et al., 2015). 
Importantly, high-alcohol drinking rats display a typical 
AUD-like phenotype as they showed more motivation 
to obtain alcohol and more punishment-resistant alco-
hol-directed behaviour than low-alcohol-drinking rats 
(Spoelder et al., 2015, 2017).

Alcohol affects multiple neurotransmitter systems 
involved in emotion, cognition and motivation. Alcohol 
increases GABAergic activity in the brain (Roberto et 
al., 2003) and induces the release of endogenous opi-
oids (Olive et al., 2001). Furthermore, alcohol can inhibit 
glutamatergic neurotransmission through N-methyl-
d-aspartate (NMDA) and mGlu5 metabotropic gluta-
mate receptors (Tsai et al., 1995; Gonzales and Jaworski, 
1997). In line with alcohol’s mechanisms of action, com-
pounds acting on GABAergic, opioid or glutamate sys-
tems, such as the GABA

B
 receptor agonist baclofen, the 

opioid receptor antagonist naltrexone and the cysteine 
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precursor N-acetylcysteine that modulates glutamater-
gic neurotransmission, have received attention as pos-
sible treatment options for AUD (van den Brink, 2012). 
Preclinical studies have shown that baclofen, naltrexone 
and N-acetylcysteine reduce alcohol consumption and 
motivation for alcohol, supporting their potential for the 
treatment of AUD (e.g. Colombo et al., 2000; Coonfield 
et al., 2004; Simms et al., 2008; Lebourgeois et al., 2018, 
2019). However, clinical studies show large individual 
variation in the treatment response to these compounds 
in AUD patients (e.g. Addolorato et al., 2007; Kiefer et al., 
2008; Garbutt et al., 2010; Müller et al., 2015; Beraha et al., 
2016).

The aim of this study was to determine the effects of 
baclofen, naltrexone and N-acetylcysteine on alcohol 
drinking in relation to individual differences in alcohol 
consumption under IAA conditions in rats. To that aim, 
the effects of these drugs on voluntary alcohol consump-
tion were assessed in subpopulations of low-, medium- 
and high-alcohol-drinking rats. We hypothesised that, 
if variations in GABAergic, opioid or glutamatergic 
signalling contribute to individual variation in alcohol 
consumption, baclofen, naltrexone or N-acetylcysteine, 
respectively, would differentially affect alcohol consump-
tion in low-, medium- and high-alcohol-drinking rats.

Methods
Subjects
Fifty adult male Lister Hooded rats (Charles River, 
Germany) were used, weighing 200–250 g at the study 
onset. For details on housing conditions, see Spoelder 
et al. (2015, 2016, 2017). Experimental procedures 
were approved by the Central Authority for Scientific 
Procedures on Animals and were conducted in accord-
ance with Dutch (Wet op de Dierproeven, 2014) and 
European legislation (Guideline 86/609/EEC; Directive 
2010/63/EU).

Alcohol consumption
IAA procedures were used as previously described (e.g. 
Spoelder et al., 2015). In the first 4 weeks of IAA, alcohol 
exposure sessions commenced 2–3 h into the dark cycle 
and lasted for 7 h. Sessions were subsequently extended 
to 24 h in the following months. Alcohol intake (g/kg) 
and alcohol preference (%) were calculated per rat per 
session. After 2 months, rats were ranked on the basis of 
the animals’ average alcohol intake (g/kg) per week and 
were assigned ranking scores. A total ranking score was 
computed, as the sum of the weekly ranking scores. Rats 
within the lower and upper 24% of the total ranking score 
ranges were selected as low- and high-alcohol-drinking 
rats (low drinking, n = 12; high drinking, n = 12), respec-
tively. From the remaining group, rats that listed within 
the median 24% of the total population at least three times 
out of the eight weekly ranking scores were selected as 
medium-alcohol-drinking rats (medium drinking, n = 16) 

(Supplementary Figure 1, Supplemental digital content 
1, http://links.lww.com/BPHARM/A62).

Drugs
Alcohol (99.5%; Klinipath, The Netherlands) was diluted 
to 20% (v/v) in tap water once per week. Baclofen 
[(RS)-4-amino-3-(4-chlorophenyl)butanoic acid; Tocris 
Bioscience, UK] was administered intraperitoneally 
(i.p. 0, 0.3, 1 and 3  mg/kg) (based on, e.g., Colombo 
et al., 2003), 30 min before the alcohol-drinking ses-
sions. Naltrexone hydrochloride [(5α)-17-(cyclopro-
pylmethyl)-4,5-epoxy-3,14-dihydromorphinan-6-one 
hydrochloride, Abcam, UK] was administered subcutane-
ously (s.c. 0, 0.3 and 1 mg/kg) (based on, e.g., Simms et 
al., 2008; Daoura and Nylander, 2011), 30 min before the 
alcohol-drinking sessions. N-Acetylcysteine [N-acetyl-l-
cysteine ((2R)-2-(acetylamino)-3-sulfanylpropanoic acid); 
Sigma-Aldrich, The Netherlands] was administered i.p. 
after adjustment to pH 7.4 at 0, 25, 50 and 100  mg/kg 
(based on, e.g., Lebourgeois et al., 2018), 60 min before 
the alcohol-drinking sessions. All drugs were dissolved in 
sterile saline (0.9% NaCl) and injected at 1 ml/kg.

Experimental procedure
All rats received a saline injection 1 week before drug 
testing started to habituate them to the injection pro-
cedure. All rats received all doses according to a with-
in-subject Latin square design per drug. The rats were 
first treated with baclofen, followed by naltrexone and 
N-acetylcysteine. Alcohol and water bottles were weighed 
before each session and 2, 7 and 24 h after session onset. 
Each treatment session was always followed by at least 
1 day without alcohol access and at least one drug-free 
24 h alcohol consumption session between treatment ses-
sions for the same drug. There were at least three drug-
free 24 h alcohol consumption sessions between different 
drugs. Naltrexone was administered with a 1-week wash-
out period between each injection to circumvent car-
ry-over effects (Daoura and Nylander, 2011).

Data analysis and statistics
The treatment effects on alcohol consumption were 
analysed using three-way repeated measures analysis 
of variance tests with dose and time (2, 7 and 24 h) as 
within-subject variables and group (low-, medium- and 
high-alcohol-drinking rats) as the between-subject varia-
ble. When appropriate, post hoc analyses were performed 
using pairwise comparisons with a Bonferroni correction. 
Mauchly’s test of sphericity was used to test whether 
variances of the differences between levels were equal. 
If the assumption of sphericity was violated, degrees of 
freedom were corrected using Greenhouse–Geisser esti-
mates of sphericity or Huynh–Feldt estimates of sphe-
ricity when the Greenhouse–Geisser estimate was >0.75.

Data were analysed and visualised using Microsoft Excel, 
GraphPad Prism (version 8.3.0, GraphPad Software Inc., 
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San Diego, California, USA) and SPSS for Windows 
(version 25.0.0.1, IBM Corp., Armonk, New York, USA). 
Results are presented as mean ± SEM unless otherwise 
stated and a significance criterion of P < 0.05, two-tailed, 
was used.

Results
Alcohol consumption after treatment with baclofen, 
naltrexone and N-acetylcysteine
Baclofen decreased alcohol intake (F

(3,105)dose
 = 16.812; 

P < 0.001), dependent on the time in the ses-
sion (F

(4,134)dosextime
 = 3.747; P = 0.007) (Fig.  1a) and 

with a near-significant group × baclofen interaction  
(F

(6,105)dosexgroup
 = 2.127; P = 0.056). Post hoc analy-

ses revealed that alcohol intake was reduced after 
treatment with the highest dose of baclofen (3.0  mg/
kg) at all three timepoints (P < 0.001). There was a 
trend towards a reduction in alcohol preference upon 
baclofen treatment (F

(3,105)dose
 = 2.618; P = 0.055) 

(Supplementary Figure 2a, Supplemental digital con-
tent 1, http://links.lww.com/BPHARM/A62), independ-
ent of the time in the session (F

(4,127)dosextime
 = 2.034; 

P = 0.100) and group (F
(6,105)dosexgroup

 = 0.825; P = 0.553;  
F

(7,127)dosextimexgroup
 = 0.641; P = 0.727).

Naltrexone caused an overall decrease in alcohol intake 
(F

(2,74)dose
 = 3.773; P = 0.028) (Fig.  1b). Post hoc analyses 

showed that alcohol intake was reduced after treatment 
with 1.0  mg/kg naltrexone (P = 0.038). The effects of 
naltrexone on alcohol intake were independent of the 
time in the session (F

(3,99)dosextime
 = 1.448; P = 0.236) and 

independent of group (F
(4,74)dosexgroup

 = 0.853; P = 0.496; 
F

(5,99)dosextimexgroup
 = 0.900; P = 0.490). Naltrexone did 

not alter alcohol preference in any of the groups at any 
of the timepoints tested (F

(2,74)dose
 = 0.488; P = 0.616;  

F
(3,96)dosextime

 = 0.438; P = 0.697; F
(4,74)dosexgroup

 = 0.297; 
P = 0.879; F

(5,96)dosextimexgroup
 = 1.181; P = 0.324) 

(Supplementary Figure 2b, Supplemental digital content 
1, http://links.lww.com/BPHARM/A62).

N-Acetylcysteine did not affect alcohol intake in any of the 
groups at any of the timepoints tested (F

(3,111)dose
 = 0.399; 

P = 0.754; F
(4,143)dosextime

 = 0.335; P = 0.848; F
(6,111)dosexgroup

 = 
 1.488; P = 0.189; F

(8,143)dosextimexgroup
 = 0.961; P = 0.468) 

(Fig. 1c). There were also no effects of N-acetylcysteine 
on alcohol preference (F

(3,111)dose
 = 0.079; P = 0.971;  

F
(4,156)dosextime

 = 0.228; P = 0.930; F
(6,111)dosexgroup

 = 1.803; 
P = 0.105; F

(8,156)dosextimexgroup
 = 0.966; P = 0.467) 

(Supplementary Figure 2c, Supplemental digital content 
1, http://links.lww.com/BPHARM/A62).

Similar responsivities to baclofen, naltrex-
one and N-acetylcysteine for low-, medium- and 

high-alcohol-drinking rats do not preclude individual 
variation in the effects of these compounds on alcohol 
consumption. Therefore, we performed an additional 
analysis on the difference in alcohol intake between 
vehicle and the highest dose for each drug per individ-
ual rat (Fig. 2, 2 h data). These individual data revealed 

Fig. 1

The effects of baclofen, naltrexone and N-acetylcysteine on alcohol 
intake. The figure shows the cumulative levels of alcohol intake after 
treatment with (a) baclofen, (b) naltrexone and (c) N-acetylcysteine for 
the different doses. The stacked bars represent the different inter-
vals, for example 0–2, 2–7 and 7–24 h for each session. Baclofen 
decreased alcohol intake to a similar extent in low- (n = 10), medium- 
(n = 16) and high-alcohol-drinking rats (n = 12). Post hoc analyses 
revealed an overall reduction in alcohol intake after treatment with 
3.0 mg/kg baclofen compared to vehicle. Naltrexone decreased 
alcohol intake and this effect was independent of group: low- (n = 12); 
medium- (n = 16); and high-alcohol-drinking rats (n = 12). Post hoc 
analyses revealed an overall reduction in alcohol intake after treatment 
with 1.0 mg/kg naltrexone compared to vehicle. N-Acetylcysteine 
did not affect alcohol intake in any of the groups: low- (n = 12); 
medium- (n = 16); and high-alcohol-drinking rats (n = 12) at any of the 
timepoints. Data are presented as the mean + SEM. *** significantly 
different from vehicle at all three timepoints, P < 0.001; * significant 
overall difference from vehicle across session and groups, P < 0.05.
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substantial variation in the degree to which baclofen 
and naltrexone reduced alcohol intake. Analysis of 
the variance between the groups confirmed equal var-
iances across the groups for the effects of baclofen 
(P = 0.202), naltrexone (P = 0.417) and N-acetylcysteine  
(P = 0.079).

Discussion
We compared the effects of the GABA

B
 receptor ago-

nist baclofen, the opioid receptor antagonist naltrexone 
and the cysteine precursor N-acetylcysteine on alco-
hol consumption, in subgroups of rats that consumed 

low, medium, or high levels of alcohol. Treatment with 
baclofen and naltrexone, but not N-acetylcysteine, 
reduced alcohol intake. The effects of baclofen and nal-
trexone on alcohol consumption were comparable in low-, 
medium- and high-alcohol-drinking rats, indicating that 
individual differences in alcohol intake are not associated 
with differences in sensitivity to these drugs. However, 
there was substantial variation in the level of response 
to baclofen and naltrexone between individual animals. 
Together, these data imply that the individual variation 
in responsivity to these compounds and the level of alco-
hol consumption represent independent processes.

Fig. 2

The change in alcohol intake upon treatment with baclofen, naltrexone and N-acetylcysteine for individual animals. The figure shows the changes in 
alcohol intake (in %) after treatment with (a) baclofen (3 mg/kg), (b) naltrexone (1 mg/kg) and (c) N-acetylcysteine (100 mg/kg) for individual rats, 
plotted against their baseline level of alcohol intake during the last 4 weeks prior to pharmacological experiments commenced. The datapoints are 
marked by group (low- = ○, medium- = ■, high-alcohol-drinking rats = ▲). These data show the degree in individual variation in the response to the 
different compounds.
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Baclofen
The GABA

B
 receptor agonist baclofen reduced alcohol 

intake by ~25% and caused a trend towards a reduction 
in alcohol preference. These findings are in line with 
other preclinical studies that reported baclofen-induced 
reductions in alcohol consumption (Daoust et al., 1987; 
Colombo et al., 2000; Walker & Koob, 2007) and rein-
forcement in rats (Anstrom et al., 2003; Janak and Gill, 
2003). Open-label clinical studies support the poten-
tial of baclofen to reduce alcohol craving and intake in 
alcohol-dependent individuals (Addolorato et al., 2000; 
Flannery et al., 2004). However, results from randomised 
clinical trials are inconsistent (Addolorato et al., 2002; 
Garbutt et al., 2010; Müller et al., 2015; Beraha et al., 
2016) and variability in the effects of baclofen on alco-
hol consumption has also been reported across rat strains 
(Maccioni et al., 2012). Here, the suppressing effect of 
baclofen on alcohol intake was similar across subpop-
ulations of low-, medium- and high-alcohol-drinking 
rats, suggesting that GABA

B
-mediated neurotransmis-

sion is not likely to contribute to individual differences 
in alcohol intake. Alcohol-preferring and nonpreferring 
were previously shown to display differences in GABA

B
 

receptor function (Castelli et al., 2005), suggesting that 
GABA

B
 receptors may contribute to variation in alcohol 

intake. However, in this latter study, the differences in 
GABA

B
 receptor function disappeared after 1 month of 

alcohol consumption. Therefore, it is conceivable that 
initial differences in the GABA

B
 receptor function might 

contribute to the emergence but not the maintenance of 
individual differences in alcohol intake.

Naltrexone
The opioid receptor antagonist naltrexone reduced alco-
hol intake (on average by 33%), without affecting alco-
hol preference. These findings are in line with previous 
reports for a variety of rat strains (Coonfield et al., 2004; 
Simms et al., 2008; Momeni et al., 2015). Moreover, clinical 
trials showed naltrexone-induced reductions in alcohol 
drinking, craving and relapse rates (O’Malley et al., 1992; 
Volpicelli et al., 1992; Heinälä et al., 2001). However, there 
is substantial individual variation in the effects of naltrex-
one in AUD patients (e.g. Kiefer et al., 2008), which has 
been related to variations in the µ-opioid receptor gene 
(Barr et al., 2010; Vallender et al., 2010; Bilbao et al., 2015; 
Henderson-Redmond et al., 2018). Indeed, alcohol-pre-
ferring rats express μ-opioid receptors at higher levels 
in the VTA, nucleus accumbens and prefrontal cortex 
when compared to alcohol nonpreferring rats (de Waele 
et al., 1995; McBride et al., 1998; Marinelli et al., 2000). 
However, the similarity in the response to naltrexone 
across subpopulations of low-, medium- and high-alco-
hol-drinking rats suggests that µ-opioid receptors do not 
contribute to individual differences in alcohol intake.

N-Acetylcysteine
The cysteine precursor N-acetylcysteine did not affect 
alcohol intake and preference in the current study. This 

is in contrast to reports that show reduced alcohol self-ad-
ministration upon treatment with N-acetylcysteine in rats 
(Quintanilla et al., 2016; Lebourgeois et al., 2018, 2019) 
and reduced alcohol-related behaviours in clinical sam-
ples (Back et al., 2016; Squeglia et al., 2018), although 
negative findings of N-acetylcysteine on alcohol use in 
humans have also been reported (Stoops et al., 2020). The 
discrepancy between our findings and other (pre)clinical 
reports may be related to methodological differences, 
in particular voluntary home-cage consumption versus 
operant-self-administration.

Limitations
During the course of this study, all subgroups gradually 
increased alcohol intake and alcohol preference. A block 
design in which the three compounds were tested con-
secutively (first baclofen, then naltrexone and finally 
N-Acetylcysteine) was applied to limit the impact of 
increasing levels of alcohol intake on the variability in 
the data within each treatment block. N-Acetylcysteine 
was shown to suppress alcohol intake, also after prolonged 
alcohol exposure (Lebourgeois et al., 2019). It is, there-
fore, unlikely that the history of alcohol exposure affected 
the N-acetylcysteine data. Importantly, the differences 
in alcohol intake and preference between the subgroups 
remained significant throughout the study (data not 
shown), despite the shift in baseline alcohol intake levels.

High-alcohol-drinking rats develop AUD-like traits 
after 2 months of alcohol intake (Spoelder et al., 2015; 
2017), but the focus of this study was merely on alcohol 
consumption. Therefore, the modest effects on alcohol 
intake do not preclude the potential value of baclofen, 
naltrexone and N-Acetylcysteine for the treatment of 
other aspects of AUD-like behaviour.

Conclusion
Together with an earlier study (Spoelder et al., 2016), our 
findings suggest that individual differences in alcohol intake 
are not associated with differences in sensitivity to GABA

B
, 

opioid, glutamate and dopamine modulators. Although the 
subgroups of low-, medium- and high-alcohol-drinking 
rats did not differ in their response to these compounds, 
we did observe substantial variation in the responsivity to 
baclofen and naltrexone across the subpopulations. The 
variation between individuals in their response to baclofen 
and to naltrexone parallels human reports of variation in 
efficacy of these compounds in the treatment of AUD 
(Kiefer et al., 2008; Pierce et al., 2018). Taken together, 
these findings suggest that individual differences in alco-
hol consumption and in responsivity to baclofen and nal-
trexone treatment are orthogonal processes, which likely 
involve differential biological mechanisms.
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