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Abstract

Rationale Preclinical studies suggest that the GABAp receptor is a potential target for treatment of substance use
disorders. However, recent clinical trials report adverse effects in patients treated with the GABAg receptor agonist
baclofen and even question efficacy. How can the discrepancy between preclinical and clinical findings be explained?
Objective To test efficacy and adverse effects of baclofen and the novel GABAg positive allosteric modulator (PAM) CMPPE in
rat addiction models, which were developed in accordance with DSM.

Methods We used a well-characterized rat model of long-term alcohol consumption with repeated deprivation phases that result
in compulsive alcohol drinking in a relapse situation, and a rat model of long-term intravenous cocaine self-administration
resulting in key symptoms of addictive behavior. We tested repeated baclofen (0, 1, and 3 mg/kg; i.p.) and CMPPE doses (0,
10, and 30 mg/kg; i.p.) in relapse-like situations, in either alcohol or cocaine addicted-like rats.

Results Baclofen produced a weak anti-relapse effect at the highest dose in alcohol addicted-like rats, and this effect was mainly due
to the treatment-induced sedation. CMPPE had a better profile, with a dose-dependent reduction of relapse-like alcohol drinking
and without any signs of sedation. The cue-induced cocaine-seeking response was completely abolished by both compounds.
Conclusion Positive allosteric modulation of the GABAg receptor provides efficacy, and no observable side effects in relapse
behavior whereas baclofen may cause, not only sedation, but also considerable impairment of food intake or metabolism. However,
targeting GABAGR receptors may be effective in reducing certain aspects of addictive-like behavior, such as cue-reactivity.
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Introduction preclinical and clinical studies as a potential target for treat-

ment of substance use disorders. In rats, activation of this
The GABAg receptor, a member of the G protein-coupled  receptor by baclofen has been shown to block acquisition of
receptor family, has recently received significant attention in  alcohol drinking, reduce motivation to self-administer alco-
hol, and lower both voluntary alcohol consumption and
relapse-like drinking behavior (Colombo et al. 2002, 2003,
Valentina Vengeliene and Tatiane T. Takahashi contributed equally to this 2006; Maccioni et al. 2012). This compound also attenuated
work the acute rewarding effect of cocaine measured as elevated
brain reward thresholds (Slattery et al. 2005), decreased co-
caine self-administration, and reduced cue-induced reinstate-
ment of cocaine seeking behavior (Roberts et al. 1996;
- pevehonn | C e Montal Healh Brebner et al. 1999; Xi and Stein 1999; Di Ciano and Everitt
s oo, Cond e Nl Hh 2003, Baclofen was found cffctive i reducing s
68159 Mannheim, Germany administration of other drugs, such as heroin (Di Ciano and
Everitt 2003), nicotine (Paterson et al. 2004), and amphet-
amine (Brebner et al. 2005). Similarly, activation of positive
allosteric modulators (PAMs) of the GABAg receptor
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attenuated the rewarding properties of cocaine in the intracra-
nial self-stimulation paradigm (Slattery et al. 2005), reduced
self-administration, seeking, and conditioned place preference
of different drugs (for review see Filip et al. 2015). In the
described preclinical studies, effective doses of baclofen were
devoid of any sedative effects, since neither water consump-
tion, food intake, body weight nor spontaneous locomotor
activity was affected by this treatment (for review see
Agabio and Colombo 2014). However, in clinical studies,
effective doses of baclofen induce undesirable side effects in
most of the patients, and especially substantial fatigue/
sleepiness is reported (Kiel et al. 2015; Pelissier et al. 2017).
Most worrying, in July 2017 ANSM, the French National
Drug and Health Products Safety Agency, released a warning
regarding the use of high-dose baclofen in alcoholic patients
due to observed increase in numbers of hospitalization and
premature death by off-label use of baclofen (ANSM 2017).
It is therefore surprising that adverse side effects have not been
reported in preclinical studies. However, acute or sub-chronic
treatment schedules of baclofen, brief instrumental training
procedures, or the use of non-dependent animals might be
contributing to the lack of adverse side effects in preclinical
studies. Laboratory animals that only have a short-lasting drug
experience are less likely to develop side effects, partly be-
cause of their young age but mostly because of the negligible
impact of a short drug exposure on the organism. In humans,
development of addictive behavior is linked to chronic drug
use. This is accompanied by prominent alterations in the func-
tion of the central nervous system and by multiple secondary
problems, such as brain and organ damage.

Hence, the aim of this study was to examine whether bac-
lofen and the GABAg positive allosteric modulator CMPPE
(2-{1-[2-(4-chlorophenyl)-5-methylpyrazolo[1,5-
a]pyrimidin-7-yl]-2-piperidinyl}ethanol) (Perdona’ et al.
2011) will be able to reduce alcohol and cocaine relapse, with-
out inducing adverse side effects such as pronounced sedation,
in two rat models of either alcohol or cocaine addiction. Both
models are based on long-term drug intake and were devel-
oped in accordance with the Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV/5) and provide good face, con-
struct, and predictive validity (Spanagel 2017). The DSM-
based rat model of alcoholism incorporates long-term volun-
tary alcohol drinking with repeated deprivation phases.
Following repeated deprivation phases, rats lose control over
drinking behavior. This is characterized by an increased mo-
tivation to consume alcohol and a shift towards drinking more
concentrated alcohol solutions, compulsive drinking despite
aversive consequences, loss of interest in alternative rewards,
and loss of circadian drinking patterns (Spanagel 2017,
Spanagel and Holter 1999; Vengeliene et al. 2009, 2013,
2014). The rat model of cocaine addiction integrates similar
behavioral sub-dimensions of addiction: (i) the inability to
refrain from drug-seeking and taking, (ii) high motivation to
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self-administer cocaine, and (iii) maintenance of cocaine use
despite negative consequences (Deroche-Gamonet et al. 2004;
Cannella et al. 2013). Both models have been repeatedly
employed to study the neurobiological mechanisms underly-
ing the transition from controlled to compulsive drug use and
for testing novel abstinence-promoting compounds (e.g.,
Cannella et al. 2013, 2018; Kasanetz et al. 2010; Spanagel
2009, 2017; Vengeliene et al. 2016; Takahashi et al. 2017).

Materials and methods
Animals

Fifty 2-month-old male Wistar rats (from our own breeding
colony at the CIMH, Germany) were used for the ADE exper-
iments, ten 2-month-old male Wistar rats (State Breeding
Farm Rappolovo, Russia) were used for ethanol cue-induced
reinstatement experiments, and 62 2-month-old male
Sprague-Dawley rats (Charles River, Germany) were used
for cocaine cue-induced reinstatement experiments.
Statistical power analysis was done for sample size estimation.
All rat handling was performed by a person blind to the ex-
perimental design. All animals were housed individually in
standard rat cages (Ehret, Germany and Tecniplast, Italy) un-
der a 12/12-h artificial light/dark cycle and constant room
temperature (22 = 1 °C). Standard laboratory rat food (Ssniff,
Soest, Germany and Laboratorkorm, Russia) and tap water
were provided ad libitum throughout the experimental period.
All experimental procedures are approved by the Committee
on Animal Care and Use (Regierungsprésidium Karlsruhe,
Germany) or by Ethics Committee of First Pavlov State
Medical University (St. Petersburg, Russia) and were carried
out in accordance with the local Animal Welfare Act and the
European Communities Council Directive of 22 September
2010 (2010/63/EU).

Drugs

Alcohol drinking solutions were prepared from 96% ethanol
(Sigma-Aldrich, Germany) and then diluted with tap water.
Cocaine-HCI (Caesar & Loretz GmbH, Germany) was dis-
solved in sterile water for injections. Baclofen (Sigma-
Aldrich, Germany or generously provided by AbbVie,
Ludwigshafen, Germany) was dissolved in either saline or
polyethylene glycol (PEG, Sigma-Aldrich, Germany) and
then diluted with injection water to a final PEG concentration
of 10%. CMPPE (generously provided by AbbVie,
Ludwigshafen, Germany) was either suspended in 1% hy-
droxypropyl methylcellulose or dissolved in cremophor
(Sigma-Aldrich, Germany) and then diluted with injection
water to a final cremophor concentration of 20%. All drugs
were freshly prepared and injected intraperitoneally (i.p.) in a
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volume of 2 ml/kg. The doses of baclofen and CMPPE and the
timing of injections were selected according to the previous
published research (Perdona’ et al. 2011; Brown et al. 2016).

Long-term voluntary alcohol consumption
with repeated deprivation phases

Relapse-like drinking procedure

After 2 weeks of habituation to the animal room, rats were
given concurrent ad libitum access to four bottles containing
tap water, 5, 10, and 20% ethanol solutions (v/v). Drinking of
alcohol and water was monitored daily/weekly by weighing
bottles. From these data, water consumption (ml per kg of
body weight per day; ml/kg/day) and alcohol consumption
(g of pure alcohol per kg of body weight per day; g/kg/day)
was calculated. The first 2-week deprivation period was intro-
duced after 8 weeks of continuous alcohol availability. After
the deprivation period, rats were given access to alcohol again,
and five more deprivation periods were introduced in a ran-
dom manner. The long-term voluntary alcohol drinking pro-
cedure including all deprivation phases lasted for approxi-
mately 1 year.

The pharmacological testing was introduced at the end of
the sixth alcohol deprivation period (Fig. 1). In order to
study the effects of drug treatment on the expression of the
alcohol deprivation effect (ADE), rats were divided into
groups (n =8-9 per group) in such a way that the mean
baseline total alcohol intake was approximately the same
in each group (i.e., 2.5 g/kg/day). Baseline drinking was
monitored daily for 1 week. After the last day of baseline
measurement, the ethanol bottles were removed from the
cages leaving the animals with free access to food and water
for 3 weeks. Thereafter, the first three groups of animals
were subjected to injections of either baclofen (1 and
3 mg/kg) or its respective vehicle every 12 h for a total of
five injections. The other three groups received five injec-
tions of either vehicle or CMPPE (10 and 30 mg/kg). The
alcohol bottles were reintroduced after the second drug ad-
ministration and the occurrence of an ADE was determined.

Total ethanol (g/kg/day) and water intake (ml/kg/day) were
measured daily for a subsequent week.

Home cage locomotor activity measurements
by the E-Motion system

In order to test for any sedative effects resulting from the drug
treatment, home cage locomotor activity was monitored by the
use of an infrared sensor connected to a recording and data
storing system Mouse-E-Motion (Infra-e-motion, Henstedt-
Ulzburg, Germany). A Mouse-E-Motion device was placed
above each cage (30 cm from the bottom) so that the rat could
be detected at any position inside the cage. The device was
sampling every second whether the rat was moving or not, and
total number of movements was recorded in 6-min intervals.
The sensor could detect body movement of the rat of at least
1.5 cm from one sample point to the successive one. The data
measured by each Mouse-E-Motion device were downloaded
into a personal computer and processed with Microsoft Excel.
Monitoring of locomotor activity started 1 day before drug
treatment procedure and was continued for 5 more post-
treatment days. The percentage of each rat’s locomotor activ-
ity during and after treatment days was calculated by using the
“before treatment” activity data as a reference.

Cue-induced reinstatement of ethanol-seeking
behavior

Operant ethanol self-administration apparatus

Cue-induced reinstatement of ethanol-seeking was carried out
in operant chambers (MED Associates Inc., St. Albans, VT)
enclosed in ventilated sound-attenuating cubicles. The cham-
bers were equipped with two nose-poke holes separated by
liquid delivery system (a liquid dipper), a house-light and
triple cue lights situated above nose-poke holes. Responses
in one hole (active) initiated a delivery of 0.05 ml of the fluid.
Responses in the other nose-poke hole (inactive) were record-
ed but had no programmed consequences. An IBM

Weeks: 1-8 9-10 11-14 | 15416 | 17-21 | 22-24

25-30

31-32 | 33-38 | 39-42 43-47 48-50 M [ 51 AAn

Phase: Alc. D1 Alc. D2 Alc. D3 Alc.

D4 Alc. D5 Alc. D6 Alc.

Fig. 1 A timeline for the long-term voluntary alcohol consumption with
repeated deprivation phases procedure. The first 2-week deprivation
period (D1) was introduced after eight weeks of continuous alcohol and
water availability (Alc). After this deprivation period, rats were given
access to alcohol again, and five more deprivation periods were
introduced in a random manner (D2-D6), i.e., the duration of
subsequent drinking and deprivation phases was irregular, 4-6 and 2—

4 weeks, respectively. The pharmacological testing (*) was introduced
at the end of the sixth alcohol deprivation period. All animals were
divided into six groups and were given either baclofen (1 and 3 mg/kg)
or CMPPE (10 and 30 mg/kg) or their respective vehicles every 12 h for a
total of five injections. All rats were re-exposed to alcohol after the second
drug administration
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compatible computer controlled the delivery of fluids, presen-
tation of stimuli, and data recording.

Ethanol self-administration conditioning and extinction
phase

Before the initiation of ethanol self-administration condition-
ing phase, all rats were subjected to a voluntary home-cage
drinking procedure for a period of 7 weeks. During this peri-
od, rats were given a free choice between water and 10%
ethanol solution. The individual intake of fluids was measured
daily and the body weights were monitored weekly.
Thereafter, rats were trained to self-administer 10% ethanol
solution in 1 h daily operant conditioning sessions. During the
first ten sessions, ethanol solution was delivered using a fixed-
ratio 1 (FR1) schedule of reinforcement. Each active nose-
poke was followed by the house-light turned off for 15 s and
a triple cue light turned on for 3 s (compound stimulus).
During the 15-s time-out period, responses were recorded
but not reinforced. Then, animals were subjected to six FR2
sessions followed by eight FR3 sessions.

After completing the conditioning phase, rats were subject-
ed to daily 1 h extinction sessions for eight consecutive days;
this was sufficient to reach reduced response rates approximat-
ing the extinction criterion of 20% of the last three condition-
ing sessions. Extinction phase was identical to the condition-
ing phase except that active nose-pokes were not followed by
the presentation of the compound stimulus, and water (instead
of ethanol) was delivered upon each successful nose-poke.

Ethanol cue-induced reinstatement

Reinstatement testing began the next day after the final extinc-
tion session. In this test, rats were exposed to the same condi-
tions as during the conditioning phase, except that ethanol was
not made available. Nose-pokes in the active hole under an
FR3 schedule of reinforcement were followed by the presen-
tation of both the ethanol-associated compound stimuli and
the liquid dipper filled with water. To test the effect of baclo-
fen, animals were subjected to the cue-induced reinstatement
test once every fourth day. Between tests, animals were left
undisturbed in their home cages. Vehicle, 1 mg/kg of baclofen
or 3 mg/kg of baclofen was tested in all rats according to a
within-subjects Latin Square design. Drug administration was
performed 30 min before the test procedure. In order to test the
effect of CMPPE on ethanol cue-induced reinstatement, all
animals were reconditioned in 12 FR3 self-administration ses-
sions and extinguished until the extinction criterion was
reached. Similarly to baclofen, administration of vehicle,
10 mg/kg of CMPPE or 30 mg/kg of CMPPE was performed
30 min before the reinstatement test. Animals were subjected
to this test once every fourth day using a within-subjects Latin
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Square design. Between tests, animals were left undisturbed in
their home cages.

Cue-induced reinstatement of cocaine-seeking
behavior

Catheter implantation

A catheter made of polyurethane (internal diameter
0.58 mm, external diameter 0.94 mm) was implanted at the
jugular vein under isoflurane anesthesia (~2%). The proximal
end was placed into the right atrium of the animal’s heart,
while the distal end was passed underneath the skin and fixed
in the mid scapular region. Rats were given 4-6 days of re-
covery before the initiation of cocaine self-administration
(CSA) training. Catheters were flushed daily with a heparin-
ized solution (100 IU/ml) containing 1 mg/ml of enrofloxacin
(Baytril®).

Operant cocaine self-administration apparatus

CSA was carried out in operant chambers (Imetronic, France)
enclosed in ventilated sound-attenuating cubicles. Two nose-
poke holes were located on the opposite walls, 5 cm above the
grid floor. Nose-poke responses were recorded by the inter-
ruption of a photo-beam projected across the hole. Poking in
the active hole resulted in the delivery of cocaine, whereas
poking in the inactive hole had no programmed consequences.
The chambers were equipped with a white cue-light located
9.5 cm above the active hole, a green cue-light next to it, a
blue cue-light located on the opposite wall 33 cm above the
grid floor, and the house light that illuminated the entire cham-
ber. Data was collected using POLY software.

Cocaine self-administration conditioning and extinction
phase

CSA was based on the protocol published by Deroche-
Gamonet et al. (2004) and Cannella et al. (2013). Briefly, each
CSA session was comprised of drug availability periods
(drug-ON, 40 min) alternated with NO-drug periods
(15 min). During drug-ON periods, blue cue light was lit to
indicate the availability of cocaine and a white cue-light was
paired with cocaine infusion. During NO-drug periods, the
blue and white cue-lights were withdrawn, nose-pokes had
no scheduled consequences, and the NO-drug period was in-
dicated by the house light. Animals were trained under FRS
schedule of reinforcement for 0.8 mg/kg/infusion of cocaine.
Each cocaine infusion was followed by a 40-s time-out period.
Three drug-ON and two NO-drug periods were alternated,
resulting to a 2.5-h daily CSA sessions.

Following 50 CSA sessions, animals were tested for the
three addiction criteria: motivation to self-administer cocaine,
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persistence of cocaine-seeking, and resistance to punishment.
Motivation was assessed in a break point (BP) test. Blue and
white cue lights were lit during the test, and the progressive
ratio of reinforcement was 10, 20, 30, 45, 65, 85, 115, 145,
185, 225, 275, 325, 385, 445, 515, 585, 665, 745, 835, 925,
1025, 1125, 1235, 1345, 1465, and 1585. The test ceased
either after 5 h or if a ratio could not be completed in a 1-h
period. The last completed ratio was used as a break point
value. Persistence of cocaine-seeking was measured as the
number of active nose-pokes during NO-drug periods in the
last three CSA training sessions prior to the BP test. And
finally, resistance to punishment was assessed by pairing co-
caine infusion with foot shocks (0.2 mA, 1 s). Before this test,
animals received four more daily CSA sessions, and the foot
shock test lasted for only one 40-min drug-ON period. In
addition to the blue and white cue lights, a green cue light
was turned on after the first nose-poke to indicate the upcom-
ing shock. After the fourth nose-poke animals received a foot
shock, and following the FRS cocaine infusion, another foot
shock was delivered. Percentage of cocaine infusions earned
during the foot shock test with respect to the first drug-ON
period during the last CSA session was used as a criterion.

Rats that showed responses above the 60th percentile of the
population distribution received a score of 1 in each of the
assessed addiction criteria. Therefore, the total score of each
rat spanned from 0 to 3 criteria. In this model, animals that
meet all 3 criteria are classified as addicted-like. Twelve ani-
mals in our study were classified as addicted-like and were
used for pharmacological assessments.

Extinction training started after 1 week of additional CSA
sessions. During extinction sessions, nose-poking did not re-
sult in either the administration cocaine or the presentation of
response-contingent cues. Extinction training continued for
nine 2-h daily sessions, which in total was sufficient to reach
reduced response rates approximating the extinction criterion
of 20% of the last conditioning sessions.

Cocaine cue-induced reinstatement

Reinstatement testing of 1 h was performed on the next day
after the final extinction session. In this test, rats were exposed
to the same conditions as during the conditioning phase, ex-
cept that the cocaine was not made available. Operant cham-
ber was constantly illuminated by the blue cue light, which
served as a contextual stimulus for cocaine availability.
Following the required number of nose-pokes in the active
hole, the white cue light was illuminated. The number of
nose-poking in both the active and inactive holes was record-
ed throughout the test.

To test the effect of baclofen and CMPPE on the cue-
induced reinstatement of cocaine- seeking, animals were di-
vided into groups on the basis of their performance during the
last CSA and extinction sessions (n = 7-8 per group). Vehicle,

3 mg/kg of baclofen or 30 mg/kg of CMPPE was administered
30 min before the reinstatement test. Animals were subjected
to this test once per week using a within-subjects Latin Square
design.

Statistical analysis

ADE measurements (total alcohol intake, water intake) and
locomotor activity data were analyzed using recordings from
pre- and post-deprivation days by a two-way ANOVA with
repeated measures [factors were treatment group and day].
Data analysis regarding the effects of baclofen and CMPPE
treatment on the change in the rat body weight was performed
using a one-way ANOVA [factor was treatment group]. Data
obtained from the cue-induced alcohol-seeking experiments
was analyzed by use of a two-way ANOVA with repeated
measures [factors were nose-pokes (active vs. inactive) and
session (extinction vs. reinstatement)]. Cocaine-seeking ex-
periments were analyzed by use of a three-way ANOVA with
repeated measures [factors were treatment group, session (ex-
tinction vs. reinstatement), and nose-pokes (active vs. inac-
tive)]. Whenever indicated by ANOVA, Student Newman-
Keuls’ post-hoc tests were performed. The chosen level of
significance was p < 0.05.

Results

Effect of the administration of baclofen and CMPPE
on relapse-like drinking

Following the re-introduction of alcohol solutions after a peri-
od of abstinence, the vehicle-treated groups showed a typical
increase in alcohol consumption, indicating the occurrence of
an ADE. This increase was not different from that observed
during the first deprivation periods (data not shown). Hence, a
two-way ANOVA for repeated measures revealed a general
increase in alcohol intake after a sixth deprivation phase as
compared to basal drinking [factor day F(7,154)=56.2,
p<0.0001 and F(7,154)=94.9, p <0.0001 for baclofen and
CMPPE treatment groups, respectively] (Fig. 1). Analysis of
data also showed that both baclofen and CMPPE treatments
significantly reduced alcohol intake during post-abstinence
days when compared to intake by vehicle-treated animals [fac-
tor treatment group x day interaction effect: F(14,154)=2.6,
p<0.01 and [F(12,154)=4.5, p<0.0001 for baclofen and
CMPPE treatment groups, respectively]. The subsequent
post-hoc tests demonstrated that treatment of rats with 1 mg/
kg of baclofen did not affect post-abstinence drinking, whereas
twice daily administration of 3 mg/kg of baclofen significantly
reduced alcohol intake during relapse-like drinking days
(Fig. 2a). Administration of both doses of CMPPE significant-
ly reduced post-abstinence drinking; however, the alcohol
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intake was still significantly increased during the first post-
deprivation days as compared to the baseline consumption
(Fig. 2b). Water intake in baclofen and CMPPE-treated rats
was either unchanged or tended to be increased during treat-
ment days when compared to water intake by vehicle-treated
animals [factor treatment group X day interaction effect p =
0.19 and p =0.70 for baclofen and CMPPE-treatment groups,
respectively] (data not shown), demonstrating that treatment
selectively affected alcohol consumption.

Locomotor activity data was analyzed using recordings of
12-h post-injection intervals that corresponded to the animals’
active (dark) phase and 1-h post-injection intervals of animals’
active phase. Overall, there was a general reduction in home-
cage activity seen in all animal groups, which was likely
caused by alcohol intoxication during the first post-

—@-— Vehicle
—/— Baclofen (1 mg/kg)
—l- Baclofen (3 mg/kg)

Ethanol intake [g/kg/day]
=N

BL 1 2 3 4 5 6 7
B
7 1 " —@-— Vehicle
—S/— CMPPE (10 mg/kg)
6 - e —l- CMPPE (30 mg/kg)

Ethanol intake [g/kg/day]
i N

BL 1 2 3 4 5 6 7

Pre- and post-abstinence days

Fig. 2 Total ethanol intake (g/kg/day) before (baseline, BL) and after an
alcohol deprivation period of 3 weeks. Arrows indicate twice-daily
administration of (a) vehicle, 1 mg/kg baclofen, 3 mg/kg of baclofen,
and (b) vehicle, 10 mg/kg of CMPPE, 30 mg/kg of CMPPE (n=8-9
per treatment condition). The alcohol bottles were reintroduced after the
second drug administration. Data are presented as means + S.EM. *
indicates significant differences from the baseline, # indicates
significant differences from the control vehicle group, p <0.05
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abstinence drinking days [factor day for 12-h recordings:
F(7,133)=20.7, p<0.0001 and F(7,147)=45.0, p <0.0001
and for 1-h recordings: F(3,57)=15.4, p<0.0001 and
F(3,63) =9.2, p<0.0001 for baclofen and CMPPE treatment
groups, respectively] (Fig. 3). However, a two-way ANOVA
revealed that treatment with 3 mg/kg of baclofen had an addi-
tional sedative effect on animal home-cage activity [factor
treatment group: F(2,19)=5.4, p<0.05 and F(2,19) =5.8,
p<0.05 for 12-h and 1-h recordings, respectively] (Fig. 3a,
b). This activity change was temporary and recovered to basal
levels immediately after treatment stopped. Locomotor activ-
ity changes, induced by CMPPE administration were not sig-
nificant [factor treatment group: p =0.72 and p = 0.22 for 12-h
and 1-h recordings, respectively] (Fig. 3c, d).

Treatment with either baclofen or CMPPE led to significant
changes in the animals’ body weight, demonstrating that both
drugs altered food intake and/or metabolism. Body weight
changes during the treatment days were most apparent in
baclofen-treated animals, and 3 mg/kg caused significant loss
of body weight [vehicle +1.3%, 1 mg/kg of baclofen +0.8%,
and 3 mg/kg of baclofen —1.4%, factor treatment group
F(2,22)=10.0, p<0.001]. CMPPE treatment did not cause
loss of body weight; however, animals from the 30 mg/kg of
CMPPE treatment group did not gain as much of body weight
as the vehicle-treated rats [vehicle + 1.8%, 10 mg/kg of
CMPPE + 2.0% and 30 mg/kg of CMPPE + 0.6%, factor treat-
ment group F(2,22)=21.3, p<0.0001].

Effects of the administration of baclofen and CMPPE
on cue-induced reinstatement of ethanol-seeking
behavior

Daily ethanol intake by the end of the free-choice ethanol
drinking phase was approximately 3.4 g of pure ethanol/kg of
body weight per day. At the end of the conditioning phase, rats
exhibited 124 + 15 ethanol-associated nose-pokes (this resulted
to 0.4 g of pure ethanol intake per kg of body weight) and 2.3 +
0.5 inactive nose-pokes. The number of operant responses pro-
gressively faded away across eight extinction sessions. Thus,
during the last two extinction sessions, active nose-pokes
dropped down to 16 + 3, and inactive pokes were 1.5 +0.4.
Two-way ANOVA revealed that the number of responses
during the ethanol cue-induced reinstatement testing increased
significantly when compared to the last extinction sessions
[factor session: F(3,54)=10.1, p<0.0001 and F(3,54)=6.1,
p<0.01 for baclofen and CMPPE treatment groups, respec-
tively] (Fig. 4a, c). Post-hoc analysis demonstrated that this
increase was caused by the higher responses in the active hole
in the vehicle-treated condition. Treatment with both doses of
baclofen and CMPPE abolished reinstatement of ethanol-
seeking behavior (Fig. 4a, ¢). Hence, responding in the active
hole during the reinstatement test in the drug-treated condition
was significantly lower compared to the vehicle condition and
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Fig. 3 Locomotor activity during
and after twice-daily
administration of (a, b) vehicle,

1 mg/kg of baclofen, 3 mg/kg of
baclofen, and (¢, d) vehicle,

10 mg/kg of CMPPE, 30 mg/kg
of CMPPE (n = 7-9 per treatment
condition). Locomotor activity is
shown as (a, ¢) 12 h- and (b, d) 1-
h post-injection intervals of
animals’ active (dark) phase. The
percentage of each rat’s
locomotor activity during and
after treatment days was
calculated with respect to basal
(BL) activity prior to treatment
(dashed line). Injection days are
marked as “*”. The alcohol
bottles were reintroduced after the
second drug administration. Data
are presented as means + S.E.M. *
indicates significant differences
from the control vehicle group,
p<0.05
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did not differ from that during the last extinction sessions.
Responding in the inactive hole was too low to be used as a
measure of sedative effects of treatment (Fig. 4b, d).

Effects of the administration of baclofen and CMPPE
on cue-induced reinstatement of cocaine-seeking
behavior

At the end of the conditioning phase, 12 addicted-like animals
exhibited 477 + 56 of cocaine-associated nose-pokes and 53 +
19 inactive nose-pokes. The number of operant responses pro-
gressively faded away across nine extinction sessions,
reaching 39+ 9 active nose-pokes and 30+ 5 inactive nose-
pokes. Cue-induced reinstatement was carried out on the next
day after the extinction criteria was achieved. Three-way
ANOVA for baclofen vs. vehicle treatment revealed signifi-
cant difference between extinction and reinstatement sessions
[factor session: F(1,24)=7.5, p<0.01] and significant effect
of baclofen treatment [factor session X treatment interaction
F(1,24)=7.1, p<0.01, and factor session X treatment x
nose-poke interaction F(1,24)=6.5, p <0.05]. Post-hoc
analysis indicated that baclofen treatment abolished cue-
induced cocaine-seeking behavior (Fig. 5a). Similarly, analy-
sis of vehicle vs. CMPPE data showed significant difference

150 -

I vehicle
1 Baclofen (1 mg/kg)
I Baclofen (3 mg/kg)

50 -

150‘D

N vehicle
3 CMPPE (10 mg/kg)
I CMPPE (30 mg/kg)

Pre- and post-abstinence days

between extinction and reinstatement sessions [F(1,26)=5.9,
p<0.05]. As in the case of baclofen, administration of 30 mg/
kg of CMPPE abolished cue-induced cocaine-seeking [factor
session X treatment interaction F(1,26)=5.0, p <0.05, and
factor session x treatment X nose-poke interaction F(1,26) =
4.3, p<0.05] (Fig. 5¢). Post-hoc analysis indicated that
nose-pokes in the inactive-hole were not significantly differ-
ent in both baclofen- and CMPPE-treated groups (Fig. 5b, d).

Discussion

The present study demonstrates that both baclofen and
CMPPE caused a significant reduction of relapse-like exces-
sive alcohol intake during the post-abstinence drinking days in
a DSM-based rat model of alcohol addiction. Water consump-
tion in baclofen and CMPPE treated rats was slightly in-
creased during post-abstinence days compared to vehicle-
treated animals, showing the selectivity of these compounds
towards alcohol. Whereas CMPPE produced a dose-
dependent reduction in relapse-like drinking behavior, only
the highest dose of baclofen produced a weak anti-relapse
effect. The highest does of baclofen also caused sedation
and significant loss of body weight. These side effects were
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Fig. 4 The effect of (a) vehicle, 1 mg/kg of baclofen, 3 mg/kg of
baclofen, and (b) vehicle, 10 mg/kg of CMPPE, 30 mg/kg of CMPPE
(n=10 per treatment condition) on ethanol cue-induced reinstatement.
Data are shown as the average number of pokes in the active and inactive
holes during the last extinction sessions and as the number of nose-pokes
after the presentation of stimuli previously paired with ethanol. Data are
presented as means = S.E.M. # indicates significant differences to the
extinction nose-pokes; * indicates significant differences from the control
vehicle group, p < 0.05

not observed in CMPPE-treated rats. This demonstrates, not
only the efficacy of the GABAg PAM CMPPE in alcohol
relapse behavior, but that the therapeutic safety of CMPPE is
within acceptable limits, whereas baclofen has questionable
efficacy and may cause both sedation and considerable im-
pairment of food intake or changed metabolism.

In our long-term voluntary alcohol drinking rats, baclo-
fen and CMPPE reduced alcohol intake during the ADE.
However, relapse-like drinking was not entirely abolished
by these compounds. Alcohol intake during the first post-
abstinence days was still significantly elevated compared to
baseline drinking. This indicates that relapse-like drinking
is not entirely under the control of GABAg receptors, and
contribution of other receptor systems have a crucial impact
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Fig. 5 The effect of either vehicle or 3 mg/kg of baclofen (a, b) and
vehicle or 30 mg/kg of CMPPE (e, d) (n=7-8 per treatment condition)
on cocaine cue-induced reinstatement. Data are shown as the average
number of active (a, ¢) and inactive (b, d) nose-pokes during the last
extinction sessions and as the number of pokes after the presentation of
stimuli previously paired with cocaine. Data are presented as means +
S.E.M. * indicates significant differences to the extinction nose-pokes; #
indicates significant differences from the control vehicle group, p <0.05

on this behavior as well (Vengeliene et al. 2008). This find-
ing differs from the studies performed with non-addicted
rats (Colombo et al. 2003, 2006), where baclofen abolished
the ADE at a dose as low as 1 mg/kg. However, our data
agree with some clinical studies, which have reported low
efficacy of baclofen in prolonging abstinence period of in-
dividuals with alcohol use disorders at very high doses of
this agonist (Beraha et al. 2016; Braillon and Naudet 2017;
Reynaud et al. 2017). On the other hand, baclofen seems to
have a very different efficacy in alcohol-addicted patients,
which could be caused by distinct factors, such as history of
drug use, genetic background, and dependence severity.
This was also demonstrated in animal studies. For
instance, Walker and Koob (2007) have shown that
baclofen was more efficacious in reducing motivation to
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self-administer alcohol in alcohol vapor-exposed rats dur-
ing acute withdrawal phase compared to control air-
exposed animals. Hence, different drinking history in our
study may explain the discrepancy between our findings
and previous reports by Colombo et al. (2003, 2006).

Clinical studies have been consistent in reporting systemic
side effects of baclofen. Similarly, we have found that baclo-
fen treatment produced substantial side effects including in-
duced hypolocomotion, measured as reduced home-cage ac-
tivity, and significant loss of body weight. Sedative effect of
baclofen has been demonstrated in animals administered with
higher doses of baclofen (Munzar et al. 2000; Besheer et al.
2004), which may explain self-poisoning reports with baclo-
fen by alcohol-dependent patients (Kiel et al. 2015; Pelissier
et al. 2017). However, it has also been shown that repeated
baclofen administration led to rapid pharmacological toler-
ance (Lehmann et al. 2003; Gjoni and Urwyler 2008;
Beveridge et al. 2013). Tolerance to sedative effect of drug
treatment (e.g., acamprosate) has also been demonstrated in
our animal model of alcoholism (Vengeliene et al. 2010);
however, the sedative effect of baclofen was only getting
stronger after each successive drug administration.

PAMs of GABAg receptors are emerging as a novel class of
drugs, which increase the GABAg receptor activity and show
fewer side effects than full agonists (Perdona’ et al. 2011). In
addition, GABAg PAMs do not appear to provoke develop-
ment of pharmacological tolerance because PAMs act synergis-
tically with agonists by enhancing activation of the receptor
(Lehmann et al. 2003; Gjoni and Urwyler 2008). Hence, many
different GABAR PAMs have been synthetized in recent years,
and, although similar, they have slightly different mechanisms
of action. CMPPE appears to have higher effectiveness com-
pared to the other PAMs, such as CGP7930 and GS39783, as it
was shown that CMPPE was also able to stimulate
[**SIGTPYS binding to membranes overexpressing GABAg
receptors similar to the full agonist GABA (Perdona’ et al.
2011). In our model of alcohol addiction, CMPPE significantly
reduced the excessive alcohol consumption during the post-
abstinence days, compared to the baseline drinking. However,
like baclofen, it did not abolish the ADE. These findings con-
firm that GABAg receptors may not be fully responsible for
relapse-like drinking behavior. Furthermore, we found no sig-
nificant reduction of locomotor activity or loss of body weight
after repeated CMPPE administration, demonstrating that
GABAg PAM CMPPE may be a better alternative for the treat-
ment of drug addiction than the full agonist baclofen.

Both alcohol- and cocaine-secking were abolished by ad-
ministration of either baclofen or CMPPE in alcohol addicted-
like and cocaine addicted-like rats. Hence, activation of
GABAj receptors seems to be sufficient and a very effective
approach to reduce cue-induced drug-seeking behavior. In
agreement, the study of Young et al. (2014) demonstrated that
cocaine cue-induced neuronal activation of the ventral

striatum, ventral pallidum, amygdala, and orbitofrontal cortex
measured in cocaine-dependent participants was prevented by
baclofen treatment. Our data is in line with other studies per-
formed in animals subjected to short-term alcohol or cocaine
self-administration protocols (Colombo et al. 2003; Filip and
Frankowska 2007; Agabio and Colombo 2014; Filip et al.
2015; Froger-Colléaux and Castagné 2016), suggesting that
effectiveness of GABAg compounds on drug-seeking re-
sponses does not depend on whether an animal is drug depen-
dent or not.

In conclusion, we have demonstrated that both baclofen
and CMPPE blocked the drug-seeking behavior in the cue-
induced reinstatement paradigm, as well as reduced alcohol
drinking during the post-abstinence days in the alcohol
addicted-like rats. Our data also showed that the GABAg al-
losteric modulator CMPPE produced fewer side effects com-
pared to the GABAg full agonist baclofen. Activation of
GABAg receptors by either baclofen or CMPPE did not abol-
ish alcohol relapse, indicating that GABAg activation is not
sufficient to reduce relapse behavior in alcohol addicted-like
animals. Individual differences and the severity of addiction
may influence the efficacy of GABAg agonists or PAMs to
achieve a positive treatment effect. Furthermore, targeting
GABAj receptors may be more effective in reducing certain
aspects of addictive-like behavior, such as cue-reactivity, and
not as effective in interfering with relapse-like alcohol
consumption.
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