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Abstract
Rationale—A promising pharmacotherapy for alcohol use disorders has been positive allosteric
modulators (PAMs) of the γ-aminobutyric acid receptor B (GABAB R) since GABAB R PAMs
reduce ethanol drinking and self-administration in rodents.

Objective—The current studies investigated a novel, selective GABAB R PAM, ADX71441, in
comparison to naltrexone in a protocol of ethanol binge-like drinking, drinking-in-the-dark (DID),
and in a model of long-term, excessive drinking, intermittent access to ethanol (IA).

Methods—Male C57BL/6 J mice were given doses of ADX71441 (3, 10, 30 mg/kg, p.o.) before
the fourth test day of repeated DID access to 20 % ethanol. Another group of mice had a history of
4 weeks of IA before ADX71441 (3, 10, 17 mg/ kg, p.o.) treatment. The opioid antagonist,
naltrexone (0.1, 1, 10 mg/kg, i.p.), was administered to different groups of mice in both protocols
as a positive control.

Results—In both DID and IA protocols, ADX71441 showed a selective and potent reduction of
ethanol drinking, but not water drinking, while naltrexone had a more modest and transient effect
on reducing ethanol drinking. The long-lasting effect of ADX71441 agrees with its plasma
pharmacokinetics in showing peak concentrations at 2 h followed by a slow decay lasting well
beyond 8 h.

Conclusions—These findings support previous studies demonstrating that GABAB R PAMs
decrease voluntary ethanol intake without altering water intake. ADX71441 may be a worthwhile
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candidate for developing a treatment of alcoholism, yet its site of action in the brain and long-term
pharmacological effects require further exploration.

Keywords
GABAB receptor; Positive allosteric modulator; Ethanol; Drinking-in-the-dark; intermittent access
to alcohol; Naltrexone

Treatment of alcoholic-like drinking continues to be an urgent need in view of the large
social and economic cost (Mohapatra et al. 2010). Current U.S. Food and Drug
Administration-approved medications for alcoholism include acetaldehyde de-hydrogenase
inhibitor disulfiram, glutamate antagonist acamprosate, and opioid antagonist naltrexone.
However, these treatments are limited in their effectiveness to a substantial proportion of
alcoholics (Carmen et al. 2004; Heilig et al. 2011).

A promising pharmacological target for alcohol-use-related disorders is the γ-aminobutyric
acid receptor B (GABAB R) system, which includes the metabotropic receptors for the
major inhibitory neurotransmitter. Activation of the GABAB receptor reduces the
reinforcing properties of cocaine, heroin, and nicotine (Cousins et al. 2002; Fadda et al.
2003; Xi and Stein 1999; Vlachou et al. 2011). This receptor system also modulates a
variety of ethanol-related behaviors. The first studies exploring the anti-ethanol effects of
GABAB receptor activation involved the prototypic, direct agonist baclofen. Baclofen
decreases two-bottle choice ethanol drinking as well as decreases the motivation for
responding in fixed and progressive ratio schedules of ethanol reinforcement (Maccioni et
al. 2005, 2007, 2008a; Daoust et al. 1987; Liang et al. 2006; Colombo et al. 2003; Anstrom
et al. 2003; Walker and Koob 2007). These effects are dose-specific, as higher doses of
baclofen increase ethanol self-administration and intake (Smith et al. 1992, 1999; Petry
1997; Czachowski et al. 2006). Baclofen has also shown promise in clinical trials, by
reducing ethanol consumption, suppressing craving, and minimizing withdrawal symptoms
in alcohol-dependent patients (for review, see Addolorato and Leggio 2010). This GABAB
R agonist has been the only medication used in alcoholics with advanced alcoholic liver
disease (Addolorato et al. 2007), including those with hepatitis C virus (Leggio et al. 2012).
Though baclofen has found promise in recent human laboratory studies (Leggio et al. 2013),
the clinical use of baclofen is limited by its short half-life and an unfavorable side effect
profile that may include tolerance, sedation, and motor impairment (Addolorato et al. 2002;
Bowery 2006; Evans and Bisaga 2009).

Similar to the anti-ethanol actions of baclofen, GABAB R-positive allosteric modulators
(PAMs) like GS39783, CGP7930, BHF177, and rac-BHFF also effectively suppress ethanol
intake in two-bottle choice drinking and self-administration protocols (Liang et al. 2006;
Maccioni et al. 2007, 2008b, 2009b, 2010b, 2012; Orrù et al. 2005, 2012). These small
molecules act at an independent binding pocket to modulate the GABAB receptor
allosterically, instead of binding in the orthosteric site (Conn et al. 2009). In contrast to
orthosteric agonists that bind to GABAB receptor everywhere, PAMs potentiate GABA only
in those synapses where it is released. It has been proposed that this feature enables PAMs to
produce less adverse effects and leads to less tolerance than direct agonists (May and
Christopoulos 2003; Langmead and Christopolous 2006; Perdona et al. 2011; Urwyler
2011). Preclinical findings support this proposal, as ethanol-suppressing effects of GABAB
R PAMs are associated with compensatory increases in water drinking (Orrù et al. 2005; Loi
et al. 2013), while having no effect on self-administration of sucrose (Maccioni et al. 2007,
2008b, 2009, 2010). Microinfusion of GS39783 into the ventral tegmental area reduces
ethanol-seeking behavior in rats without concurrent changes in spontaneous locomotor
activity (Leite-Morris et al. 2009). Furthermore, GABAB R PAMs GS39783 and CGP7930
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show anxiolytic-like profiles with improved side effect profiles compared to baclofen
(Cryan et al. 2004; Mombereau et al. 2004a, b; Jacobson and Cryan 2008; but see Li et al.
2013).

Here we present a novel GABAB R PAM ADX71441 which received regulatory approval
for phase I clinical studies (Addex Therapeutics Webpage). Previously, in a series of in vitro
and in vivo studies, ADX71441 has been characterized as a potent, selective, reversible, and
orally bioavailable GABAB R PAM active in models of pain, anxiety (Kalinichev et al.
2013a, under review), and overactive bladder (Kalinichev et al. 2013b, under review). Here
we tested ADX71441 in mouse models of binge drinking and long-term high-dose drinking.
Mice of the C57BL/6 J strain can engage in binge-like drinking in the initial hours of the
dark phase (Rhodes et al. 2007) and can drink large amounts of ethanol in a 24-h period
compared to other strains (Yoneyama et al. 2008). The current investigation uses a limited
access model of binge-like drinking of 20 % ethanol, so-called drinking-in-the-dark (DID;
Rhodes et al. 2005). In addition, we used a model of excessive long-term, voluntary,
preferential, and dependence-producing drinking as a result of intermittent access to two-
bottle choice (IA; Hwa et al. 2011). This model also provides an opportunity to evaluate
specificity of the effect of the compound on ethanol vs. water and control for any
nonspecific motor effects of the compound. In both experiments, opioid antagonist,
naltrexone, was used as a positive control for medications already available in the clinic
(Volpicelli et al. 1992; O’Malley et al. 1992; Kranzler and Kirk 2001; Anton et al. 2006).
We hypothesized that ADX71441 would result in a robust and specific reduction of ethanol
intake which is likely to be longer lasting than that of naltrexone, based on the differences in
the duration of action between the two compounds (Kamdar et al. 2007; Kalinichev et al.
2013a, b, under review).

Methods
Behavioral studies

Animals—Eight-week-old adult, male C57BL/6 J mice (Jackson Laboratories, Bar Harbor,
ME) were group-housed for 1 week to acclimate to the vivarium of Tufts University
(Medford, MA), which was maintained on a 12-h reversed light/dark cycle, 21± 2 °C
temperature and 30 % humidity. Mice were then singly housed for the experiment in
polycarbonate cages (28×17× 12 cm) with pine shaving as bedding. Rodent lab chow
(Purina LabDiet 5001, PMI Nutrition International, Brentwood, MO) was continuously
accessible through stainless steel wire mesh lids. In experiment 1, water was available
except when ethanol was presented. In experiment 2, water was continuously available. All
procedures were approved by the Tufts University Institutional Animal Care and Use
Committee and were in accordance with the National Research Council’s “Guide for the
Care and Use of Laboratory Animals” (2011).

Experiment 1: repeated drinking-in-the-dark—The first experiment used a repeated
drinking-in-the-dark (DID; Cox et al. 2013) protocol, adapted from the original method by
Rhodes et al. (2005). Three hours into the dark cycle, the standard water bottles were
replaced with plastic 50 ml centrifuge tubes (Nalgene) containing 20 % ethanol solution (w/
v) in tap water. Centrifuge tubes had a rubber stopper (No. 5, Fisher Scientific, Agawam,
MA) with a sipper tube (Ancare Corp., Bellmore, NY) constructed with two ball bearings to
prevent fluid loss. A cage with no animal present served as a daily control for ethanol
spillage due to experimenter bottle handling. Fluid loss in this control condition was
deducted from each individual’s intake value.

On test days 1–3, ethanol was accessible for 2 h. On test day 4, animals were weighed,
administered the appropriate drug dose, and given ethanol access for 4 h. On day 4, hourly
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ethanol intake was measured in grams per kilogram of body weight (g/kg), milliliters (ml),
and percent change from baseline to assess the time course of drug action. These four test
days were followed by 3 days without ethanol, completing one DID cycle. These cycles of 7
days were repeated at least four times after 1 week of habituating mice to injections and the
DID schedule. One group of mice (n =12) was given counterbalanced doses of ADX71441
(3, 10, 30 mg/kg) and 1 % carboxy methyl cellulose (CMC) vehicle, administered orally
(p.o.) across 4 weeks of repeated DID cycles on each 4 h test day. A separate group of mice
(n =12) received counterbalanced doses of naltrexone (0.1, 1, 10 mg/kg) and saline vehicle,
administered intraperitoneally (i.p.) in 4 cycles of concurrent DID testing.

Experiment 2: intermittent access to ethanol—The second experiment aimed to test
the experimental drugs in a procedure that generates excessive, voluntary ethanol drinking in
mice, intermittent access (IA) to ethanol, as described by Hwa et al. (2011). Mice were
given two bottles, one containing 20 % ethanol (w/v) and the other tap water for 24 h 3 days
per week separated by 24–48 h (i.e., Monday, Wednesday, Friday). Mice were given two
bottles of water during the remaining days of the week. The same 50-ml water bottles and
sipper tubes were used as described in experiment 1. Mice were weighed before the ethanol
and water bottles were given. The position of the ethanol bottle on the cage top was
switched every ethanol and water session to avoid side preferences. A “drip cage” was also
maintained in this experiment to control for experimenter spillage and evaporation. Mice
were habituated to injections on non-ethanol drinking days.

After 4 weeks of IA, mice were tested for ethanol drinking after drug administration.
Separate groups of mice (n =12/ group) were given repeated doses of ADX71441 (0, 3, 10,
17 mg/kg, p.o.) or naltrexone (0, 0.1, 1, 10 mg/kg, i.p.) before access to the two-bottle
choice. After observing signs of mild reduction in motor activity in a few animals treated at
30 mg/ kg ADX71441, the dose range of ADX71441was limited to 17 mg/kg to avoid
potential nonspecific effects in the IA procedure. Ethanol intake per body weight (g/kg),
volume of ethanol intake (ml), volume of water intake (ml), and ethanol preference were
evaluated 2, 4, and 24 h after drug injection. Ethanol preference was defined as the volume
of ethanol intake divided by volume of total fluid intake, multiplied by 100.

After drug testing revealed that AD71441 most potently suppressed ethanol intake during 4
h access, blood from the submandibular vein of all animals was collected after 4 h of ethanol
access to analyze for blood ethanol concentrations (BEC). Collection occurred over two
additional test days for mice to obtain blood after a vehicle injection and after a 17-mg/kg
ADX71441 injection. Blood samples were centrifuged at 1,000×g for 10 min, and plasma
was extracted to use in an ethanol assay kit using a NAD-ADH reagent (Genzyme
Diagnostics, Charlottetown, PE, Canada). Absorbance was measured with a SmartSpec 3000
spectrophotometer (Bio-Rad, Hercules, CA).

In vivo pharmacokinetic study
This pharmacokinetic study was performed in adult, male C57BL/6 J mice weighing 22–24
g (n =24) that were purchased from Charles River (L’Arbresle, France) and maintained in
the animal facility of Addex Therapeutics under standard conditions. Animals were
acclimated for at least 5 days before any experimentation. ADX71441 was given p.o. at 10
mg/kg (5 ml/kg), as suspension in 1 % CMC in water. Blood sampling was done by
intracardiac puncture. Blood samples were collected up to 24 h post-dosing (three animals
per time point) and plasma samples were stored frozen until analysis.

Plasma sample analysis—Sample analysis was performed using a tandem liquid
chromatography (Waters UPLC system) coupled with mass spectrometry (API 3200,
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Applied Biosystems). Acquisition in mass spectrometry was done in MSMS electrospray-
positive mode (MRM), monitoring the following MH transition: 437/ 143. The high
performance liquid chromatography (HPLC) conditions used were a 1.5-min gradient with
ammonium formate 10 mM pH 3.5/acetonitrile formic acid (15 mM) at 0.8 ml/min. To
prepare plasma sample, 150 μl of acetonitrile (protein precipitation) was added to 50 μl of
plasma spiked, respectively, with 10 μl DMSO for unknown samples or 10 μl of ADX71441
for calibration and QC samples. After vortexing and centrifugation (15 min, 4 °C, 13,200
rpm), a portion of the supernatant (100 μl) was transferred into the 384-well analytical plate.
The limit of quantification was 1–5 ng/ml. The results generated with the analytical method
were validated when 75 % of back-calculated calibration points remained within ±20 % of
theoretical nominal concentrations and 66 % of the QC samples were within ±20 % of
nominal theoretical concentrations.

Pharmacokinetic parameters—Calculation of pharmacokinetic parameters was
performed using WinNonLin® Pro 5.2 software, Pharsight Corporation (Mountain View,
CA). Noncompartmental analysis was performed using sparse sampling approach. The area
under the concentration time curve (AUClast and AUC0–∞) was calculated by linear
trapezoidal rule. Peak concentration (C max) and time for the peak concentration (T max)
were the observed values at nominal sampling time. The elimination rate constant value (k)
was obtained by linear regression of the log-linear terminal phase of the concentration–time
profile using at least three declining concentrations (not including Cmax) in terminal phase.
The terminal half-life value (T 1/2) was calculated using the equation ln2/k. For the
calculation of the pharmacokinetic parameters, the nominal sampling times were used.

Drugs
ADX71441 was synthesized at Addex Therapeutics (Tang et al. 2013, submitted). It was
suspended in 1 % CMC and administered p.o. via gavage 30 min before animals were given
access to ethanol. Naltrexone (NIDA) was dissolved in sterile saline administered i.p. 20
min before animals were given access to ethanol. All drugs were administered in a volume
of 10 ml/kg. All doses are expressed as base.

Statistical analyses
The mean and standard error of the mean (SEM) were reported for all data. Statistical
analyses were performed using SigmaStat version 3.1 (Systat Software, San Jose, CA). Test
day intake data were analyzed using one-way analyses of variance (ANOVA) at individual
time points, followed by Bonferroni post hoc analyses if significant main effects were
revealed (p <0.05). Volume of ethanol intake (ml) and water intake (ml) were additionally
analyzed as percent change from baseline transformations. Differences in BEC after drug
treatment were also analyzed with a one-way ANOVA.

Results
Experiment 1: repeated drinking-in-the-dark

ADX71441—ADX71441 significantly and dose-dependently reduced DID ethanol intake
(gram per kilogram) during the first, second, third, and fourth hours after ethanol access
[F(3, 11)=8.41, p <0.001; F(3, 11)=30.00, p <0.001; F(3, 11)= 46.18, p <0.001; F(3,
11)=26.69, p <0.001] (Fig. 1a). Post hoc analysis revealed that only the higher doses of
ADX71441 (10, 30 mg/kg) reduced ethanol intake [1 h—10 mg/kg, p <0.01 and 30 mg/kg, p
<0.001; 2 h—10 mg/kg, p <0.001 and 30 mg/kg, p <0.001; 3 h—10 mg/kg, p <0.001 and 30
mg/kg, p <0.001; 4 h—10 mg/kg, p <0.05 and 30 mg/kg, p <0.001].
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Similar to the effects on gram per kilogram intake, ADX71441 decreased volume of ethanol
intake (ml) at every period of the 4-h DID procedure [F(3, 11)=7.95, p <0.001; F(3,
11)=28.99, p <0.001; F(3, 11)=44.08, p <0.001; F(3, 11)= 25.78, p <0.001; data not shown].
The two highest doses suppressed ethanol drinking at every hour [1 h—10 mg/kg, p <0.01
and 30 mg/kg, p <0.001; 2 h—10 mg/kg, p <0.001 and 30 mg/kg, p <0.001; 3 h—10 mg/kg,
p <0.001 and 30 mg/ kg, p <0.001; 4 h—10 mg/kg, p <0.05 and 30 mg/kg, p <0.001]. When
data were converted to percent change from 100 % baseline, results were again reflective of
a long-lasting suppression of ethanol drinking at all four DID time points [F(3, 11)=8.41, p
<0.001; F(3, 11)=30.81, p <0.001; F(3, 11)=47.83, p <0.001; F(3, 11)=27.72, p <0.001]
(Table 1). Effects were driven by the two highest doses [1 h—10 mg/kg, p <0.01 and 30 mg/
kg, p <0.001; 2 h—0 mg/kg, p <0.001 and 30 mg/kg, p <0.001; 3 h—10 mg/kg, p <0.001
and 30 mg/kg, p <0.001; 4 h—10 mg/kg, p <0.05 and 30 mg/kg, p <0.001]. Mean percent
change from vehicle baseline by the highest dose of ADX71441 was approximately −70–80
% across the 4-h DID test.

Naltrexone—Naltrexone had a significant drug effect on DID intake (gram per kilogram)
during the first hour of ethanol access [F(3, 11)=8.90, p <0.001] (Fig. 1b). All doses of
naltrexone significantly reduced ethanol drinking compared to vehicle [0.1 mg/kg, p <0.01;
1 mg/kg, p <0.001; 10 mg/kg, p <0.001]. Naltrexone had no effect on intake during any
subsequent hour of ethanol access.

Naltrexone also decreased the volume of ethanol drinking (ml) during the initial hour of
DID [F(3, 11)=8.745, p <0.001; data not shown]. Post hoc tests confirmed that all doses of
naltrexone suppressed DID drinking during the first hour [0.1 mg/kg, p <0.01; 1 mg/kg, p
<0.01; 10 mg/kg, p <0.001]. Two, 3, and 4 h of ethanol intake was not altered by naltrexone.
Percent decrease compared to baseline was also significant at the 1- and 2-h time periods
[F(3, 11)=7.49, p <0.001; F(3, 11)= 3.20, p <0.05] (Table 1). All doses affected the initial 1-
h percent decrease [0.1 mg/kg, p <0.05; 1 mg/kg, p <0.01; 10 mg/kg, p <0.001], while only
the highest 10-mg/kg dose affected the 2-h percent decrease [p <0.05]. Mean percent
decrease at the highest 10-mg/kg dose naltrexone was approximately 57 % during the initial
hour.

Experiment 2: intermittent access to ethanol
ADX71441—ADX71441 reduced ethanol drinking per unit of body weight (gram per
kilogram) during the 4-h access period [F(3, 33)=6.66, p =0.001], but not during the initial
2-h access period (Fig. 2a). The highest two doses were most effective at decreasing ethanol
drinking compared to vehicle [10 mg/kg, p <0.05; 17 mg/kg, p <0.001]; 24 h ethanol
drinking (gram per kilogram) was also affected by ADX71441 [F(3, 33)=3.14, p <0.05].
Higher doses (10, 17 mg/kg) showed a trend of reducing ethanol drinking.

Initial 2 h of ethanol intake (ml) was significantly attenuated after drug treatment [F(3,
33)=6.24, p <0.01] (Fig. 2b) specifically at the highest dose, 17 mg/kg, compared to vehicle
[p <0.01]. This reduction in ethanol intake (ml) lasted across the 4-h time point [F(3,
33)=6.84, p =0.001] and the 24-h time point [F(3, 33)=3.60, p <0.05]. The two highest doses
most effectively decreased drinking at the 4-h access period [10 mg/kg, p <0.05; 17 mg/kg,
p <0.001], while only the highest dose was effective at the 24-h access period compared to
vehicle [p <0.05]. When data were converted to percent change from vehicle, there was a
significant reduction in 2 h of ethanol intake (ml) [F(3, 33]=6.24, p <0.01] (Table 2), seen at
the 17-mg/kg dose [p <0.01]. Mean percent decrease was approximately 67 % during the
initial 2-h binge. The calculated percent decrease lasted across the 4-h [F(3, 33)= 6.84, p
=0.001] and 24-h time periods [F(3, 33)=3.60, p <0.05]. Similar to raw intake values, the 4-
h percent change was most potently affected by the two highest ADX71441 doses [10 mg/
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kg, p <0.05; 17 mg/kg, p <0.001], and the 24-h percent change was affected by the highest
17-mg/kg dose [p <0.05].

IA water drinking (ml) was not affected by ADX71441 at any time period (Fig. 2c). Percent
change from baseline water intake (ml) was not significantly altered by ADX71441 at any
time point (Table 2). Ethanol preference was not significantly affected at any time point
(data not shown).

Naltrexone—Naltrexone had a significant effect on ethanol drinking (gram per kilogram)
after the 2-h access to two-bottle choice [F(3, 33)=3.63, p <0.05] (Fig. 3a). Post hoc tests
revealed that only the highest dose of naltrexone, 10 mg/kg, decreased ethanol drinking
(gram per kilogram) compared to saline vehicle [p <0.05]. Naltrexone also attenuated
ethanol drinking (gram per kilogram) at the 4-h time point [F(3, 33)=3.19, p <0.05], which
was driven by the highest dose, as well [p <0.05]. Although there was a main effect for drug
treatment after 24 h access [F(3, 33)=5.02, p <0.01], daily ethanol drinking (gram kilogram)
was not significantly altered by any naltrexone dose compared to saline vehicle, albeit there
was a trend of reduction at the highest dose.

Naltrexone affected volume of ethanol intake (ml) in the initial 2-h access period [F(3,
33)=3.67, p <0.05] (Fig. 3b), specifically at the highest 10-mg/kg dose [p <0.05]. A
treatment effect on volume of ethanol intake also lasted until the 4-[F(3, 33)=3.00, p <0.05]
and 24-h time points [F(3, 33)= 5.06, p <0.01], but no naltrexone doses were different from
vehicle. When fluid intake data were presented as percent change from saline vehicle, there
was a significant reduction of ethanol (ml) by naltrexone treatment at 2 h [F(3, 33)=3.67, p
<0.05] (Table 2), evident at the highest dose [p <0.05]. Mean percent decrease caused by 10
mg/kg naltrexone was approximately 36 %.

Water intake (ml) was not changed at any time point by naltrexone (Fig. 3c). Percent change
for water intake (ml) was also not altered, as raw water intake (ml) remained unchanged
(Table 2). Since the volume of ethanol intake was transiently attenuated by naltrexone,
ethanol preference as a function of total fluid was also affected [F(3, 33)=5.02, p <0.01], but
ethanol preference at the 4- or 24-h time points was not (data not shown).

After 4 h access, BEC were 47.73±9.18 mg/dl after vehicle treatment ranging from 16.19 to
122.32 mg/dl. Average BEC after 17 mg/kg ADX71441 were 35.74±5.34 with values
ranging from 11.37 to 67.58 mg/dl. BEC after 4 h IA were not statistically different between
treatments.

In vivo pharmacokinetic study
Following acute oral administration at 10 mg/kg, ADX71441 plasma concentrations
increased rapidly (average of 538±51 ng/ ml at 0.25 h) and reached the maximum 2 h
following drug administration (mean Cmax of 673±50 ng/ml) (Fig. 4; Table 3). Peak plasma
concentrations were followed by a slow decay such that mean plasma concentration at 4 and
24 h represented 72 and 5 % of the mean Cmax, respectively (Table 3). Terminal half-life
was estimated to be 5 h after oral administration.

Discussion
In this set of studies, ADX71441 represents a novel, potent, and highly selective GABAB
PAM that shows promise for the treatment of excessive ethanol drinking. Specifically, in
mice, acute, oral administration of ADX71441 suppressed ethanol drinking for the entire 4-h
“binge” in DID and reduced ethanol intake for up to 24 h in the IA protocol. The ethanol-
suppressing effects of ADX71441 appeared remarkably specific, as the compound had no
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effect on water drinking. Naltrexone, used in this study as a clinically available positive
control, acted transiently to also selectively reduce ethanol drinking in both the DID and IA
protocols.

ADX71441 decreased ethanol intake in the DID and IA protocols, which extends the
reductions in DID intake by GABAB agonist baclofen (Moore et al. 2007; 2009). Others
have also found decreases in ethanol drinking in a scheduled high ethanol consumption
procedure and operant self-administration for ethanol reinforcement by baclofen (Tanchuck
et al. 2011). The highest dose of baclofen tended to decrease water intake and decrease
operant self-administration of sucrose, indicative of nonspecific motor effects, confirming
the need for GABAB R activators that do not exert undesired side effects. Some have also
found that baclofen reduced ethanol intake only in outbred mice that drank low levels of
ethanol but did not alter drinking in mice that drank high levels (Villas Boas et al. 2012). In
the current studies, we found that mice that drink in excess (ca. 20 g/kg/24 h) on the IA
protocol have significant reductions in ethanol drinking caused by ADX71441. This report is
among the first studies of decreased drinking with a GABAB R PAM seen in C57BL/6 J
mice (Orrù et al. 2012).

The current findings are in accordance with past research with GABAB R PAMs and ethanol
drinking collected in rats that were selectively bred for increased ethanol intake and
preference (Bell et al. 2006; Colombo et al. 2006). GABAB R PAMs CGP7930, GS39783,
BHF177, and rac-BHFF have been found to reduce ethanol intake and operant self-
administration of ethanol in Indiana ethanol-preferring (P) and Sardinian ethanol-preferring
(sP) rats (Liang et al. 2006; Maccioni et al. 2007; 2008b; 2009; Orrù et al. 2005; Loi et al.
2013). In the current study, novel GABAB R PAM ADX71441 reduced ethanol intake in
C57BL/6 J mice, an inbred strain with a high ethanol preference. With the two-bottle choice
method, we observed no specific decreases in water intake or any nonspecific decreases due
to motor impairment at any time point in animals treated with ADX71441. Importantly, we
confirm other findings with GABAB R PAMs showing that ethanol-reducing effects are
selective to ethanol and do not affect self-administration of a nondrug fluid such as water
drinking or sucrose drinking.

Mice showed a long-lasting reduction in ethanol intake caused by ADX71441 treatment that
persisted as long as 24 h. These data are in accord with the long half-life of the compound
following oral administration in rodents. This is a valuable feature because short-acting
drugs can cause animals to compensate for the initial void in ethanol drinking by later
overdrinking. Orrù et al. (2005) found that repeated daily treatment of GS39783 and
CGP7930 lasted for over 24 h when 10 % ethanol and water were continuously available.
The efficacy of GS39783 and CPG7930 lasted during the first 2–3 days of treatment, but
daily injections of rac-BHFF dose-dependently reduced daily ethanol drinking for up to 7
days (Loi et al. 2013). The positive control treatment, naltrexone, was effective transiently,
for 1 h, in the DID protocol while it suppressed ethanol intake (ml) for 2 h in the IA
protocol. This short-acting nature of naltrexone is in agreement with past findings showing
the drug suppressing DID intake for only 2 h (Kamdar et al. 2007). In contrast, ADX71441
reduced DID ethanol drinking for the entire 4-h binge episode as well as IA ethanol intake
(milliliter and gram per kilogram) for up to 24 h. Future studies are needed to investigate the
effects of repeated, chronic ADX71441 treatment in order to determine the long-term
effectiveness of this compound. Previously ADX71441 showed efficacy in the MIA-induced
chronic os-teoarthritic pain model in the rat after acute as well as subchronic (once daily for
7 days) administration (Kalinichev et al. 2013a, b, under review). Also, the anxiolytic
efficacy of GS39783 was also shown after both acute and chronic dosing (Mombereau et al.
2004b). Based on this, we can hypothesize that the alcohol intake-suppressant effect of
ADX71441 will persist after repeated, chronic treatment regime. This is clinically important,
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as medication adherence can be problematic in alcoholics (Weiss 2004), which may also
contribute to considerable variation in efficacy of naltrexone (Swift et al. 2011).

The IA procedure is informative because it generates excessive levels of voluntary ethanol
drinking in C57BL/6 J mice (Melendez 2011; Hwa et al. 2011, 2013; Rosenwasser et al.
2012; but see Crabbe et al. 2012). The repeated cycles of ethanol access and deprivation are
thought to generate periods of bingeing and withdrawal over time, mimicking a transition to
ethanol dependence. Compared with ethanol naïve mice, mice that have undergone repeated
cycles of DID do not show preliminary indicators of a dependent-like state such as anxiety-
like behavior, ataxia, and handling-induced convulsions (Cox et al. 2013). We have
previously shown that months of chronic IA produce tonic–clonic convulsions 8 h after
access to ethanol (Hwa et al. 2011). More research needs to be done using GABAB R PAMs
to relieve ethanol with-drawal symptoms. ADX71441 may have effects upon other indices
of withdrawal such as anxiety-like behavior, as GABAB R PAMs have also been
investigated in tests of anxiety (Cryan et al. 2004; Mombereau et al. 2004a, b; Jacobson and
Cryan 2008, but see Li et al. 2013). Previously, ADX71441 showed anxiolytic-like effects in
the elevated plus maze and marble burying tests in mice (Kalinichev et al. 2013a, b, under
review). An anxiolytic profile of a GABAB R PAM may alleviate the anxiogenic withdrawal
state in alcoholics and thus offer an additional benefit in the treatment of alcoholism.

Studies have started to examine the role of GABAB receptors in the brain and ethanol
drinking. In addition to dopamine (DA) neurons, the ventral tegmental area (VTA) is
populated by GABAergic cells that influence the activity of DA neurons, which can also
send projections to a variety of brain regions (Kalivas et al. 1990; Omelchenko and Sesack
2009; Ciccarelli et al. 2012). GABAB(1) R transcription levels are elevated in the striatum of
outbred mice showing high ethanol preference (Ribeiro et al. 2012), and microinjection of
GS39783 into the ventral tegmental area (VTA) inhibits ethanol-seeking behavior (Leite-
Morris et al. 2009). Future studies using microin-jections of ADX71441 in the VTA or
striatum would further the knowledge put forward by the current study. GABAB R PAM-
induced inhibitory activation of GABAB R in ethanol-withdrawn animals might
counterbalance the enhanced function of glutamate excitatory neurotransmission.

In conclusion, we showed robust, long-lasting, and specific reductions in alcohol
consumption in mice following acute, oral administration of a novel GABAB R PAM
ADX71441. This may offer strong evidence that the compound can be considered for
treatment of alcoholism. Further studies involving efficacy after repeated administration and
effects on withdrawal can provide additional valuable insights.
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Fig. 1.
Ethanol intake (gram per kilogram) in mice on the fourth day of the repeated drinking-in-
the-dark (DID) procedure. Animals were pretreated with either ADX71441 (3, 10, 30 mg/
kg, p.o.) or its vehicle (1 % CMC, a) or naltrexone (NTX; 0.1, 1, 10 mg/kg, i.p.) and its
vehicle (saline, SAL, b). Drinking from one bottle of 20 % ethanol was assessed every hour
over the course of 4 h. Each point represents the observed mean (+SEM). *p <0.05, **p
<0.01 vs. vehicle (n =12/group)
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Fig. 2.
Ethanol intake in mice on the test day of the intermittent access to ethanol (IA) procedure.
Animals were pretreated with either ADX71441 (3, 10, 17 mg/kg, p.o.) or its vehicle (1 %
CMC) before being given two-bottle choice and their alcohol and water consumption was
monitored at 2, 4, and 24 h time points (n =12/group). Ethanol intake per unit of body
weight (gram per kilogram; a), volume of ethanol (b), and water intake (ml; c) are portrayed
over the time course of a test day. Each point represents the observed mean (+SEM). *p
<0.05, **p <0.01 vs. vehicle
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Fig. 3.
Ethanol intake in mice on the test day of the IA procedure. Animals were pretreated with
naltrexone (NTX; 0.1, 1, 10 mg/kg, i.p.) or saline (SAL) before being exposed to two-bottle
choice and their ethanol and water consumption was monitored at 2, 4, and 24 h time points
(n =12/group). Ethanol intake per unit of body weight (gram per kilogram; a), volume of
ethanol (b), and water intake (milliliter; c) are portrayed over the time course of a test day.
Each point represents the observed mean (+SEM). *p <0.05 vs. SAL
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Fig. 4.
Mean plasma concentration of ADX71441 (nanogram per milliliter) after p.o. administration
of 10 mg/kg to male C57BL/6 mice (n =24). ADX71441-induced reduction in 20 % ethanol
intake (ml) across 24 h in C57BL/6 J mice (n =12) in the intermittent access protocol.
Portrayed is the percent change in ethanol intake from the vehicle baseline across 2, 4, and
24 h
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Table 2

Percent change from baseline drinking behavior of vehicle-treated controls following treatment with either
ADX71441 (3, 10, 17 mg/kg, p.o.) or naltrexone (0.1, 1, 10 mg/kg, i.p.) on the test days of the intermittent
access to ethanol (IA) procedure. Volumes of ethanol and water (milliliter) were measured at 2, 4, and 24 h
time periods during an access test session, and percent change was calculated from 100 % baseline. Each point
represents the observed mean (+SEM)

Drug dose 2 h 4 h 24 h

Ethanol

 ADX71441 3 mg/kg −3.92±12.96 % −8.21±7.51 % 0.31±6.16 %

10 mg/kg −37.54±18.17 −29.60±10.55* −10.12±5.36

17 mg/kg −66.39±10.30* −44.07±9.06** −15.30±4.81*

 Naltrexone 0.1 mg/kg −18.80±9.61 1.78±10.37 8.33±4.82

1 mg/kg −7.28±7.98 −13.05±8.42 −2.34±2.31

10 mg/kg −35.59±7.14* −26.55±6.66 −7.74±2.73

Water

 ADX71441 3 mg/kg 46.78±40.53 17.35±22.27 −7.73±19.28

10 mg/kg 55.56±45.39 19.72±20.18 9.05±18.21

17 mg/kg −26.90±22.63 −9.62±13.96 10.83±11.73

 Naltrexone 0.1 mg/kg −1.30±18.88 −29.44±9.75 10.48±13.47

1 mg/kg −28.31±9.98 −17.50±12.68 2.65±10.05

10 mg/kg 5.59±21.71 30.81±22.77 18.27±12.04

*
p <0.05,

**
p <0.01 vs. vehicle injection
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