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Abstract:

Preclinical studies and clinical trials carried out within the past few years have provided a premise that y-aminobutyric acid (GABA)
transmission and GABARp receptors play a modulatory role in the mechanism of action of different drugs of abuse. The present re-
view summarizes the contribution of GABAR receptors to the rewarding, locomotor and discriminative stimulus properties of drugs
of abuse and their withdrawal symptoms in laboratory animals. It also reviews the current knowledge about the GABAgp receptor
ligands in clinical trials, with a focus on their effects on presentation of the drug-associated cues and withdrawal-induced drug

craving.
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Introduction

According to the World Health Organization (WHO),
drug addiction is a chronic disease of the central nerv-
ous system that is characterized by a loss of control
over impulsive behavior that leads to compulsive drug
seeking and taking and to relapses even after many
months of abstinence.

The clinical diagnosis of addiction is also defined
by the use of a psychoactive substance for a longer
period or at higher doses than initially prescribed,
drug cravings or unsuccessful attempts to cease the
drug use, use of the drug despite the negative effect on
one’s social and professional life, increasing toler-
ance, a withdrawal syndrome and desire to take the
drug to alleviate these symptoms (according to DSM
IV, American Psychiatric Society).

Recently published data (preclinical studies and
clinical trials) have provided a premise that y-amino-
butyric acid (GABA) and GABApg receptors play
a modulatory role in the mechanism of action of dif-
ferent drugs of abuse [4, 35, 70, 102, 132, 147, 158].

GABAGg receptors

GABAg receptors, belonging to the metabotropic re-
ceptor family, were discovered at the end of the 1970s
by the Bowery’s research team [22] and were cloned
in 1997 by Bettler et al. [81]. These receptors are
composed of a heterodimer of GABAg; and GABAg,
subunits [82, 116] (Fig. 1).
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Fig. 1. Structure of the GABAg receptor and its intracellular signal effectors

Structure

The primary structure of both GABAp receptor
subunits has been established. They are proteins with
a molecular weight of 130 kDa and 110 kDa, respec-
tively, and are composed of a chain of 961 (GABAg;)
and 940-941 (GABAg,) amino acids. Both of them
have a long, extracellular amino terminus, seven
transmembrane domains and a short, intracellular car-
boxyl terminus forming a loop responsible for linking
both subunits [14, 82]. The GABAg; subunit is en-
coded by a gene localized to chromosome 6p21.3
in humans [82, 113], 20p12 in rats [93] and 17B1 in
mice [118]. It is interesting to note that molecular bi-
ology techniques (cloning) have allowed researchers
to successfully distinguish at least eight biologically
important isoforms of this subunit (a—h), with the
a and b isoforms being indispensable for GABAg het-
erodimer formation [14]. The GABAg; subunit con-
tains a long, extracellular amino acid chain, where
binding sites for the endogenous neurotransmitter and
ligands (agonists and antagonists) of GABAg recep-
tors are located [87].

The GABAg, subunit is encoded by a gene local-
ized to 9922.1-22.3 in humans [116], 524 in rats [93]
and 4B1 in mice [118]. It is known that this subunit
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(so-called ,,orphan”) does not bind endogenous neuro-
transmitter or receptor ligands, but contains all the
molecular determinants required for the recognition
of G proteins and its activation [66, 123]. Moreover,
the GABApR, subunit functions as a carrier of the
GABAg; subunit and transports it from the endoplas-
mic reticulum to the cell surface [42]. The function of
the GABAg, subunit is changed by so-called allosteric
modulators, i.e., substances that can attach to the intra-
membrane domain of the GABAg, subunit [15, 154].

Interestingly, both GABAR receptor subunits inter-
act with many intra- and extracellular proteins. Re-
cently published studies on cell lines have demon-
strated that the C-terminal domain of the GABAg,
subunit binds ATF-4, 14-3-3 and tamalin, whereas
the C-terminal of the GABApg, subunit binds the
MUPP-1, CHOP (Gadd 153) and B-filamin proteins.
These associated proteins fulfill different functions
which include transcription factors (ATF-4, CHOP)
that produce long-term metabolic changes implicating
new protein synthesis after GABAg receptor activa-
tion, structural proteins and proteins that are engaged
in migration (14-3-3, tamalin, MUPP-1), proteins re-
sponsible for receptor dimerization and synaptic lo-
calization, and proteins that anchor the GABAg re-
ceptor to the cell skeleton (B-filamin). Moreover, the
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Fig. 2. Localization of GABAg receptors to synaptic sites

N-terminal of the GABAR; subunit has been shown to
bind fibulin and HNK-1, i.e., extracellular proteins.
The role of HNK-1 protein has not been elucidated,
but fibulin has been suggested to participate in the
synaptic localization of GABAg, and GABAgy, iso-
forms [cf. 14].

Localization

GABAg receptors have been identified in both the
central and peripheral nervous system. Within the
central nervous system, the GABAg receptors are pre-
dominantly localized to neurons with their largest
density in the thalamic nuclei, cerebellum, amygdala
and cortex. Considerable densities of these receptors
have also been detected in the hippocampus, habe-
nula, substantia nigra, ventral tegmental area, nucleus
accumbens septi, globus pallidus and hypothalamus
[16, 23]. Other studies revealed that GABAg recep-
tors are expressed in the spinal cord (ventral and dor-
sal horns) [99]. It is important to emphasize that the
distribution pattern of the GABAg; and GABAg,
subunit transcripts and proteins in many structures of
the central nervous system are similar, except for the
low expression of GABAg, mRNA in the basal gan-
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glia (caudate nucleus, putamen), hypothalamus, olfac-
tory bulb and spinal cord [34, 49].

Peripherally, GABAg receptors occur in the auto-
nomic ganglia, in the spleen, urinary bladder, small
intestine, lung, testis, stomach, pancreas, kidney, liver,
oviducts, myocardium and skeletal muscles [120].

GABAg receptors are localized presynaptically on
bodies and/or dendrites of GABAergic neurons (auto-
receptors) and non-GABAergic neurons (heterorecep-
tors) or postsynaptically on non-GABAergic neurons
[16, 82, 133] (Fig. 2). The presynaptic GABAg recep-
tors are composed of the GABAg;, and GABAp,
subunits, whereas the postsynaptic receptors are built
with the GABARg;, and GABAg, subunits [16, 89].

Ligands

The discovery of the exogenous GABApg receptor
ligand, baclofen, i.e., p-chlorophenyl-GABA, was
a milestone in the characterization of these receptors.
Baclofen, which was synthesized by Heinrich Keberle
in 1962, 30 years before a GABAg receptor was
cloned, is a lipophilic GABA derivative that is active
after peripheral administration, and possesses a high
affinity for the GABAg receptors and has a strong in-
trinsic activity. Baclofen is an optically active com-
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pound, and its R isomer shows a three times greater
affinity for GABAg receptors and has a more efficient
action than the racemate. The next-generation
GABAg receptor agonists, which are still structural
baclofen analogues, were introduced in the 1980s and
1990s. These compounds, synthesized by the Swiss
pharmaceutical company, NOVARTIS, and desig-
nated with the symbol CGP, exhibit a three- to seven-
fold higher affinity for GABAg receptors compared to
(R)-baclofen, high selectivity and easy penetration of
the blood-brain barrier (Tab. 1) [62].

In the 1980s the first GABAR receptor antagonists,
phaclofen, saclofen and 2-hydroxysaclofen, were syn-
thesized. These compounds showed high receptor se-
lectivity, but their low affinity for GABAg receptors
(Tab. 1) and weak brain penetration after peripheral
administration limited their use in pharmacological
studies [84]. The first antagonists able to cross the
blood-brain barrier and remain active after peripheral
administration were compounds designated as CGP
35348, CGP 55845A and CGP 36742. However, their
very low affinity for GABAg receptors limited their
usability (Tab. 1) [63, 64]. Unlike the first-synthe-
sized antagonists, another series of GABAg receptor
blockers had a very high affinity for GABAg recep-
tors, but did not cross the blood-brain barrier. Hence,
they were used only for in vitro studies. The synthesis
of SCH 50911 [17], a high-affinity (K; = 6.42 nM),
highly-selective and easily brain-penetrable (after oral
treatment in animals) GABAg receptor antagonist
was a breakthrough. Manipulations of the chemical
structure of this antagonist yielded other derivatives
(e.g., CGP 52432, CGP 54626, CGP 56999), which
had similar binding characteristics and in vivo activity
as SCH 50911 (Tab. 1).

It should be emphasized that like the endogenous
neurotransmitter, all the above-described GABAg re-
ceptor ligands (either agonists or antagonists) bind to
the GABAg; subunit and the binding site is localized
to the extracellular domain (region) of the subunit [87].
Agonist binding closes and stabilizes this area and
then activates the subunit, while antagonist binding
prevents formation of the stable (closed) extracellular
region of the GABAR; subunit [130].

GABAg receptor activity can be changed by so-
called allosteric modulators, i.e., substances that bind
to the intracellular domain of the GABAg, subunit
and alter the GABApg receptor heterodimer in the
open or high affinity confirmation [15, 154]. A number
of compounds have been synthesized that fulfill the
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Tab. 1. GABAg receptor ligands and their binding affinities

Drug GABAg receptor affinity  References
Ki (*1Cs0) (nM)
Agonists
(R)-Baclofen 457 cf. 129
(R,S)-Baclofen 14* 62
3-APPA (CGP 27492) 5 cf.6
3-APMPA (SKF 97541, 16* cf. 129
CGP 35024)
CGP 44532 45* cf. 65
CGP 47656 85" 62
Antagonists
CGP 35348 492 cf. 129
CGP 36216 43000* 19
CGP 36742 (SGS 742) 484 cf. 129
CGP 46381 4900* 64
CGP 51176 6000* 64
CGP 52432 7.63 cf. 129
CGP 54626 8.85 cf. 129
CGP 55845 8.53 cf. 129
CGP 56999A 80" cf. 67
CGP 62349 2 cf.6
CGP 64213 117* cf. 67
CGP 71978 124* 121
CGP 71979 1460* 121
CGP 71980 326™ 121
CGP 71982 8" 121
CGP 76290A 1.85* 121
CGP 76291A 69* 121
Phaclofen 13000* cf. 20
2-0H-saclofen 11000* cf. 6
NCS 382 2500* cf. 129
Saclofen 26000* cf. 20
SCH 50911 6.42 cf. 129

role of positive allosteric modulators. These com-
pounds do not present with receptor affinity and in-
trinsic activity, but instead enhance both the affinity
of the endogenous ligand for the GABApR; subunit
and the signal transduction efficacy following agonist
stimulation. GS 39783, CGP 7930 and its analogue,
CGP 13501, as well as BHF177 and (+)-BHFF are ex-
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amples of such allosteric modulators [71, 100, 155,
156]. The allosteric modulators are devoid of the side
effects typically associated with GABAp receptor
agonists, and therefore, may offer an attractive and
novel means to identify new leads for pharmacother-
apy of several disorders, including drug addiction.

Functions

As mentioned above, the metabotropic GABAg re-
ceptors transmit intracellular signals via adaptor pro-
teins of the G; or G, type (see Fig. 1). Ligand binding
alters the conformation of the GABAg; subunit and
then of the whole GABAR;-GABAg, complex, which
promotes the binding of a subunit of G; or G, protein
to its intracellular domain, finally produces functional
changes in the respective effectors, including intracel-
lular enzymes (adenylate cyclase and phospholipase C)
and ion channels (potassium and calcium channels).
GABAg receptor stimulation usually inhibits adeny-
late cyclase activity and blocks cAMP synthesis
[112]. Such an effect has been described for type I, 11
or V adenylate cyclase. GABAg receptor stimulation
and adenylyl cyclase type III, IV or VII activation
produces the opposite effect, namely, it raises the in-
tracellular cAMP level. There is also evidence that the
further activation of phospholipase C-coupled G;,/G,,
proteins by GABAp receptor agonists increases Ca®*
release from intracellular stores and enhances meta-
botropic glutamate receptor function.

Apart from the functional alterations of intracellu-
lar enzymes, GABApR receptor stimulation modifies
ion channel function. In particular, the ligand-GABAg
receptor-G;, protein interaction promotes changes in
neuronal membrane permeability to potassium ions.
K™ ions exit neuronal cells via different routes, includ-
ing Kir3 potassium channels, SK calcium-activated
potassium channels, and barium-sensitive Kir3 potas-
sium channels. The most characteristic change induced
by GABAg receptor stimulation is cell membrane hy-
perpolarization and IPSP generation [115, 131, 139].
The next group of GABAg receptor effectors com-
prises calcium ion channels [82]. As demonstrated in
many in vitro systems, GABAg receptor stimulation
and activation of the Gg, subunit of the G;,, protein
led to both the blockade of Ca®" influx into the cell
through voltage-dependent N-type and P/Q-type cal-
cium channels [167], and the modulation of voltage-
dependent L- and T-type calcium channel activity
[105, 141]. The former mechanism leads to a reduced

release of different neurotransmitters from the pre-
synaptic membrane.

Presynaptic GABAR receptors inhibit the release of
GABA (as presynaptic autoreceptors) or acetylcho-
line, noradrenaline, serotonin, glutamic acid and do-
pamine (as presynaptic heteroreceptors) [18, 22, 75,
76, 85]. Most data have focused on the regulatory ef-
fect of presynaptic GABAg heteroreceptors on dopa-
minergic neuronal activity. It has been demonstrated
that iontophoretically administration of the GABAg
receptor agonist, baclofen, or peripheraly blocked the
ventral tegmental area dopaminergic neuronal activity
and its inhibitory effects were reversed by the GABAg
receptor antagonist, CGP 35348 [50]. Similar inhibi-
tory effects of baclofen on dopaminergic neuronal ac-
tivity were observed in rat substantia nigra slices cul-
tured in vitro [160]. A microdialysis study proved the
inhibitory effect of baclofen on the release of dopa-
mine in the striatum, nucleus accumbens septi and
frontal cortex in mice [117] and rats [168], whereas
a selective GABAg receptor antagonist, SCH 50911,
increased dopamine release in the substantia nigra [51].

GABAg receptors control many other physiologi-
cal functions in mammals. Experimental studies on
animals have revealed that GABAR receptor agonists
(but not their allosteric modulators) decrease muscu-
lar tension, suppress locomotor activity, lower body
temperature and cause memory deficits [14, 21]. The
contribution of the GABAp receptors in the above ef-
fects was corroborated by the lack of myorelaxation
and hypothermic effects after baclofen administration
to GABAg receptor knockout mice. Moreover, these
animals showed spontaneous seizures leading to pre-
mature death, a decreased pain threshold, increased lo-
comotor activity when exposed to a novel environ-
ment, cognitive deficits and retardation [14, 157].
Other studies have documented that the GABAg; or
GABAg, subunit knockout had an antidepressant ef-
fect, but the anxiety level was elevated [106, 107].

The GABAg receptor is implicated in different
pathological states associated with GABAergic neu-
rotransmission deficits (e.g., status epilepticus, anxi-
ety) [24, 41, 44, 59, 68, 125] and dopaminergic neuro-
transmission disruption (e.g., schizophrenia, addic-
tion) [41]. By causing appropriate changes in animals’
organisms, GABAp receptor agonists can also play
the role of a stimulus in the discrimination test [32].

Baclofen is the most widely used GABAg receptor
ligand. It acts on the spinal cord nerves and decreases
the number and severity of muscle spasms caused by
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multiple sclerosis or spinal cord diseases. It also im-
proves muscle movement and is an efficient treatment
for neuropathic pain, epilepsy or migraine [19, 21,
61]. Moreover, clinical trials of baclofen efficacy in
bronchospasm (e.g., asthmatic dyspnea, [48]), gastro-
intestinal disturbances (e.g., gastroesophageal reflux
or gastric hypersecretion, [40]) and urinary tract dis-
orders (e.g., urination disturbances, [7]) are under
way. Phase II clinical trials are also in progress to
evaluate the use of GABApg receptor antagonists
SGS742 (CGP 36742) as a memory-improving agent
in patients diagnosed with Alzheimer’s disease [cf. 57].

GABAg receptors and drugs of abuse

Preclinical studies

Preclinical studies of addiction are carried out on ex-
perimental animal models based either on the symp-
toms of abuse and addiction (psychomotor stimula-
tion, subjective effects, rewarding/reinforcing proper-
ties, relapses), on the diagnostic criteria of addiction
(compulsive drug use, drug craving) or on the analy-
sis of different reinforcers (drug of abuse, cue-related
conditioned stimuli, stress). It is important to note that
there is no single animal model that can wholly reflect
the complex symptomatology of addiction.

The most frequently used model in addiction stud-
ies is the self-administration paradigm. It allows re-
searchers to investigate the principal components of
addiction, i.e., spontaneous initiation, persistence and
relapse to drug abuse; thus, it is the best simulation of
drug abuse in humans. In this model, based on the
positive reinforcement of instrumental reactions, the
reaction of an animal (e.g., lever pressing) is re-
warded by a dose of the drug (e.g., via intravenous
route). Addiction intensity is easily quantifiable by
measuring the number of drug injections and response
rate to the drug-associated lever [142].

Another instrumental model used to study the re-
warding properties of drugs of abuse in laboratory
animals is the self-stimulation model. In this model,
animals lever-press for trains of impulses delivered by
a stimulator to an electrode implanted in a specific
brain structure (e.g., medial forebrain bundle). The
persistent drug-appropriate lever responding indicates
that the animal has experienced pleasure. Drugs of
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abuse enhance the self-stimulation reaction, more pre-
cisely speaking, they lower the self-stimulation thresh-
old. The rewarding properties of drugs of abuse can
also be investigated by the conditioned place prefer-
ence test. In this test, an animal is trained for several
sessions to associate the injection of a drug of abuse
and its vehicle with the environmental cues, as the test
chambers differ in color, odor and/or surface struc-
ture. Thereafter, one can investigate to what degree
the animal prefers to spend more time in the chamber
paired with the reinforcing drug [142].

Some addictive substances increase locomotor ac-
tivity in rodents, and a repeated intermittent drug ad-
ministration induces sensitization to this effect, while
constant exposure to the drug produces tolerance.
Neuroadaptations underlying sensitization are thought
to resemble those that are responsible for addictive
behaviors. An increased understanding of the molecu-
lar mechanisms of sensitization could lead to im-
proved treatments for addiction [142].

Extinguishing of an instrumental reaction and in-
duction of reinstatement (by the unconditioned stimu-
lus, i.e., the drug of abuse or a conditioned stimulus
associated with the intravenous drug injections during
the acquisition stage in trained animals), along with
expression of sensitization or expression of condi-
tioned place preference to drugs of abuse, are also
used to investigate drug craving and relapses after re-
peated exposure to the drug of abuse [142].

Apart from the above-described behavioral effects,
drugs of abuse produce an interoceptive stimulus that
allows animals to distinguish the psychoactive drug
from its vehicle in the drug discriminations test. In
this model, an animal is trained to perform a certain
instrumental reaction (e.g., lever pressing) in response
to a conditioned stimulus, signaling availability of
the reinforcer (e.g., water in water-deprived animals).
After a long training, animals discriminate between
the training substance and its vehicle. The drug dis-
crimination model can be used to study the behavioral
and pharmacological effects of different drugs, and
the discriminative properties of drugs of abuse in ani-
mals seem to be closely related to the self-reported ef-
fects in humans. What is more, the use of different
drugs of abuse in this model (several times a week, in-
termittently) can resemble, to some extent, the addic-
tion cycle with the alternating phases of maintenance
and reinstatement of drug abuse. In the drug discrimi-
nation model, examination of another drug than the
training substance aims to determine whether it is able
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to elicit the same reaction as the training drug (in the
substitution tests — when drugs substituted for the
training substance “mimic” its effects) or whether it
can change the discriminating effects of the training
drug during combined treatment in the augmentation
or antagonism tests [142].

Laboratory animals that are repeatedly treated with
drugs of abuse and then withdrawn from this treat-
ment exhibit behavioral symptoms of withdrawal
(anxiety, depression, anhedonia, dysphoria, sleep dis-
turbances, hyperphagia, decreased locomotor activity),
which correlates well with the deficits observed in hu-
mans during an abstinence period. Dysphoric symptoms
have been detected in the conditioned place prefer-
ence model during cocaine withdrawal [52]. The an-
hedonic symptoms have been identified in the intra-
cranial self-stimulation model, in which cocaine-, am-
phetamine- and nicotine-withdrawn rats exhibited an
increased rewarding stimulus threshold (electrical
stimulation) [73, 103]. In the modified forced swim
test in rats [45], withdrawal from chronic continuous
infusion of amphetamine (via minipump) [43] or
withdrawal from cocaine self-administration [60] re-
sulted in a prolonged immobility time indicative of an
increase in “depressive-like” behavior. In the mouse
tail suspension test, withdrawal from chronic continuous
infusion of amphetamine (via minipump) induced in-
creases in immobility scores, indicative of “depressive-
like” behavior [43].

GABAg receptors and rewarding effects of drugs
of abuse

Recently published data have provided a premise for
a modulatory role of GABA and its B type receptors
in the mechanism of the rewarding action of different
drugs of abuse. Numerous observations indicate that
a tonic activation of the GABAg receptors is irrele-
vant to the rewarding effects of morphine and co-
caine, since selective antagonists of these receptors
(CGP 56433A, SCH 50911) changed neither the dose
of intravenously self-administered cocaine [28, 56]
nor the expression of morphine-induced conditioned
place preference [153]. On the other hand, pharmacol-
ogical stimulation of these receptors by agonists did
modify the rewarding effects of cocaine. For exam-
ples, peripherally administered baclofen prevented the
acquisition of cocaine self-administration, peripheral
or local (into the ventral tegmental area or nucleus ac-

cumbens septi) administration of GABAp receptor
agonists (baclofen, CGP 44532, SKF 97541) or posi-
tive allosteric modulators of these receptors (CGP
7930, GS 39783) suppressed the rewarding effects of
cocaine in different self-administration models in rats
and baboons (see Tab. 2; [146]) and reversed the ef-
fects of cocaine in the intracranial self-stimulation
model, and repeated administration (three days) of ba-
clofen to rats had an inhibitory effect on the reward-
ing effects of cocaine [143]. The inhibitory effects of
baclofen, SKF 97541 and CGP 7930 did not develop
in animals that had previously received the GABAg
receptor antagonist, SCH 50911, which indicates that
the GABAg receptors are implicated in the above-
mentioned effects of agonists and positive modulators.

Stimulation of the GABApR receptor with agonists
and positive modulators also prevented or weakened
the rewarding effects of many other drugs of abuse,
including methamphetamine in the self-administration
model and the conditioned place preference paradigm,
nicotine in the self-administration and conditioned
place preference model, heroin or morphine in the
self-administration model, and morphine in the condi-
tion place preference procedure, and suppressed etha-
nol self-administration (see Tab. 2; [94, 97, 122, 128]).

Summarizing the obtained data, the tonic activation
of the GABAGR receptors is not a prerequisite for the
rewarding properties of cocaine and morphine, but
their pharmacological stimulation weakens the rein-
forcing properties of cocaine and other drugs of abuse.
It is worth emphasizing that GABAg receptor ago-
nists are characterized by low selectivity (only three-
fold) for the motivational behaviors (cocaine vs. food)
[10, 27, 56, 114], which indicates that these com-
pounds provoke a general motivational decline. Unlike
the GABAg receptor agonists, administration of the
positive allosteric modulator of GABAg receptors,
CGP 7930, at doses that are able to inhibit the reward-
ing effects of cocaine did not modify food self-
administration [56].

GABAg receptors and reinstatement of drug-
seeking behavior

Studies addressing the implication of the GABAg re-
ceptor in the reinstatement of drug-seeking behavior
have revealed that tonic activation of the GABAp
receptors was essential for the expression of drug-
seeking after cocaine withdrawal, since the antagonist
of these receptors, SCH 50911, reduced cocaine-
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appropriate lever responding reinstated by the cocaine
challenge (10 mg/kg, ip) or by a conditioned stimulus
[55]. Considering the significant similarities between
the conditioned stimulus-induced reinstatement of
drug-seeking behavior in animals and the relapses of
drug abuse in humans [33, 77], it appears that the
stronger inhibitory effect of SCH 50911 on the condi-
tioned stimulus-induced reinstatement than on the co-
caine challenge-induced relapse corroborates the use
of this antagonist in relapse prevention strategies.

The alleviation of cocaine-seeking behavior by
SCH 50911 seems to rely on its influence on the rein-
statement induced by cocaine self-administration rather
than on other processes, e.g., locomotor activity or
discriminating stimulus [56], which could nonspecifi-
cally change the animals’ reactions. It appears that the
contribution of the amnestic properties of SCH 50911
can also be excluded, since other GABAR receptor
antagonists (CGP 35742, CGP 56433, CGP 61334)
quicken learning and enhance the acquisition phase in
animals [69, 109]. Additionally, SCH 50911 did not
alter the number of active lever-pressing responses

during the food-induced reinstatement of seeking be-
havior, which provides further evidence for the speci-
ficity of this compound for the reinstatement in ani-
mals with an extinguished cocaine self-administration
reaction.

Furthermore, the ability of GABAg receptor stimu-
lation to both weaken or block the cocaine challenge- or
conditioned stimulus-induced reinstatement of drug-
seeking in rats and baboons in the extinguishing phase
of cocaine self-administration, and abate the locomotor
stimulation in rats exposed to the environmental cues
associated with repeated cocaine exposure (Tab. 2)
provides additional support for the involvement of the
GABAg receptor in the reinstatement of drug-seeking
behavior. Baclofen also inhibits the heroin challenge-
and conditioned incentive-induced reinstatement of
drug-seeking behavior in animals trained to self-ad-
minister heroin, the alcohol-induced relapse in rats
self-administering alcohol and the reinstatement elicited
by nicotine self-administration-associated cues (Tab. 2).

It is interesting to note that GABApR receptor ago-
nists (baclofen, SKF 97541) have been shown to pre-

Tab. 2. Preclinical evaluation of the GABAg receptor agonists in the behavioral responses to drugs of abuse

Model Drug of abuse
Cocaine Amphetamines Nicotine Opiates Alcohol

Self-administration:

— acquisition 4 [31] 4 [25,135] 4 [54,104,1271 1 126,168,169] (8, 36, 38, 39, 78,

— maintenance 4129, 56, 137, 143] 98, 110, 151, 161]
Reinstatement of drug-seeking:

— drug-induced 3 [31,55] 4 [126] J (46, 149] 4 [36, 39]

— cue-induced 4 [46, 55, 162] 439, 96)
Self-stimulation 4 [145]
Conditioned place preference:

— acquisition $192] 41801 4 [46,153]

— expression 192] 4 [108]
Conditional locomotion 3 [74]
Behavioral sensitization:

— acquisition 4 [124] 3] 4 [166]

— expression 3 [124] 4 [12] 113, 91]
Drug discrimination @ [10, 55, 114] & [148]

 — attenuation; @ - lack of effect
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vent the cocaine challenge-induced relapse at doses
that are two to three times lower than the doses
needed to block the effect of the conditioned stimulus
[55]. The opposite effect was observed with the posi-
tive allosteric modulator of GABAg receptors, CGP
7930, which was more efficient in preventing the ef-
fects of the cue than cocaine [55].

The GABAg receptor agonists, baclofen and SKF
97541, both suppressed the reinstatement of drug-
seeking behavior induced by food presentation, but
those inhibitory effects were observed only after ad-
ministering four or ten times higher doses than those
required to alleviate drug seeking after cocaine with-
drawal [55]. The observation that baclofen induces
a lowering of basal locomotor activity provides addi-
tional evidence that indicates that the influence of this
compound on the expression of drug-seeking behavior
after cocaine withdrawal is nonspecific [55]. Taken
together, the results from all of these studies suggest
that the antagonist, agonists and positive allosteric
modulators of the GABAp receptors temper the
cocaine-seeking behavior. Pharmacological stimula-
tion of GABAGR receptors by baclofen and SKF 97541
(but not CGP 7930) also suppressed the reinstatement
of food intake [55], indicating that the intensification
of GABAergic neurotransmission via these receptors
deteriorates general motivation. The above results
substantiate the use of GABAR receptor antagonists to
alleviate drug cravings and relapses in cocaine abus-
ers, whereas the inhibitory effects of the agonists and
positive allosteric modulators of these receptors are
due either to a nonspecific action by baclofen and
SKF 97541 or to the blockade of the rewarding effect
of cocaine by CGP 7930 [55, 56].

The GABAg receptor agonist, baclofen, results in
the complete suppression of the extra-amount of alco-
hol consumed during the re-access to alcohol seven
days after deprivation [37] or attenuates the cue-in-
duced reinstatement of alcohol-seeking behavior [96]
in selectively-bred Sardinian alcohol-preferring rats.

GABAGg receptors and locomotor effects of drugs
of abuse

Baclofen inhibits the acquisition and expression of
amphetamine, cocaine and opiate sensitization in rats
(Tab. 2).

GABAg receptors and discriminative effects
of drugs of abuse

A multitude of literature data indicates that the dis-
criminative effects of cocaine in rats were not changed
by the GABApg receptor antagonist (SCH 50911),
agonists (baclofen and SKF 97541) or the positive
allosteric modulator (CGP 7930) (Tab. 2, [56]). Addi-
tionally, baclofen also did not alter the discriminative
effects of heroin in rats (Tab. 2). These data, along
with the inabilities of SCH 50911, SKF 97541 or CGP
7930 to substitute for cocaine [56] and of baclofen to
substitute for cocaine [56] or heroin [148] in the sub-
stitution test (maximum 15% of drug-appropriate
lever responding), seem to exclude the possibility of
a GABAg receptor-cocaine and a GABAR receptor-
heroin interaction.

GABAg receptors and withdrawal symptoms

Baclofen inhibited the naloxone-induced withdrawal
syndrome in mice that were chronically treated with
morphine [47, 83] and counteracted the withdrawal-
induced anxiety in rats that were chronically exposed
to ethanol [86]. Baclofen, SKF 97541, CGP 7930 and
SCH 50911 diminished the withdrawal-related pro-
longation of the immobility time in the forced swim
test in rats exhibiting depressive behavior during
withdrawal from cocaine self-administration [58].
The GABAGg receptor antagonist, SCH 50911, was the
most efficient in the latter paradigm. These results
suggest that both of the GABAg receptor ligands pos-
sess therapeutic efficacy in inhibiting the withdrawal
symptoms in drug abusers.

GABAg receptor ligands and neurochemical effects
of drugs of abuse

It is commonly accepted that the behavioral responses
(i.e., reinforcing and locomotor effects) of several
abused substances are strongly related to increases in
dopamine concentrations in the nucleus accumbens
[cf. 88, 165]. Microdialysis experiments have demon-
strated that baclofen attenuates the non-contingent co-
caine-, nicotine- and morphine-induced increases in
accumbal dopamine levels [53, 111]. Furthermore,
following systemic administration of baclofen, a sig-
nificant decrease in accumbal dopamine efflux was
observed in rats trained to self-administer ampheta-
mine [25]. A suggested mechanism by which baclofen

Pharmacological Reports, 2008, 60, 755-770 763



may inhibit activity in the dopamine system could in-
volve stimulation of the GABAp receptors located on
the cell bodies of dopamine neurons in the ventral teg-
mental area [23, 95, 164] that project into the nucleus
accumbens. Baclofen-induced hyperpolarization of
these dopamine cell bodies could potentially inhibit
dopamine release in the nucleus accumbens. To con-
firm such a hypothesis, it was reported that local infu-
sion of baclofen into the ventral tegmental area re-
duced dopamine efflux in the nucleus accumbens in
cocaine [29] or heroin [163, 168, 170] self-admini-
stered rats. To summarize, the data from neurochemi-
cal studies suggest that baclofen may inhibit the in-
creases in mesolimbic dopamine transmission caused
by drugs of abuse.

Apart from effects of baclofen on dopamine neuro-
transmission, its effects on other neurotransmitters in
other brain regions implicated in drug reinforcement
should be also taken into account. Thus, baclofen at-
tenuates the extracellular glutamate levels in the nu-
cleus accumbens in rats during conditioned locomo-
tion to cues associated with cocaine administration
[74]. Steninger and Kretschmer [150] reported that
baclofen infused into the pedunculopontine tegmental
nucleus — an area receiving glutamatergic and GABA-
ergic input — decreases local dopamine release. Both
dopaminergic and glutaminergic systems have been
suggested to have a significant role in drug-seeking
behavior (for review see [79, 90, 102, 136, 138, 140]).
GABAg receptors are widely distributed in several
brain areas related to drug seeking where they modu-
late both the excitatory and the inhibitory components
of pre- and postsynaptic mechanisms [152]. In the
ventral tegmental area, GABAR receptors act as heter-
oreceptors present on dopamine and glutamatergic
neurons [23, 95, 164] as well as presynaptic autore-
ceptors on GABA interneurons [134]. Activation of
these receptors by local injection of baclofen sup-
presses extracellular dopamine levels in the nucleus
accumbens [53] and prefrontal cortex [163, 168, 170].
In the prefrontal cortex, GABAg receptors are local-
ized on the presynaptic terminals of the glutamatergic
nerve endings and/or cell bodies [101] and on GABA
neurons where they act as autoreceptors [30].

Clinical trials

Preliminary clinical trials have revealed that baclofen,
a GABAg receptor agonist, reduces cocaine use in co-
caine addicts [144], cocaine self-administration in
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non-opioid dependent cocaine smokers [72] and lim-
bic (amygdala) system activation during presentation
of the cocaine use-associated cues [26, 159]. On the
other hand, baclofen did not change the subjective ef-
fects of cocaine (the “high” feeling) [72], while data
on its effects toward withdrawal-induced cocaine crav-
ings are inconsistent [26, 144]. Baclofen was effective
in reducing the subjective effects of nicotine in smok-
ers and promoting abstinence from nicotine [cf. 41] as
well as attenuating opiate withdrawal in dependent
subjects [9].

In the preliminary, double-blind studies, baclofen
was found to decrease the obsessive and compulsive
components of craving [3] as well as alcohol intake
[1-3] in subjects totally abstinent from alcohol. Addi-
tionally, some recent limited clinical trials show that
baclofen was able to suppress alcohol withdrawal
symptoms, including state anxiety (but not depressive
symptoms) [3] and delirium tremens [5]. Baclofen is
currently finding use in treating addiction as an effec-
tive medication in inducing abstinence from alcohol
and reducing alcohol craving and consumption in al-
coholics [3] and seems to be generally well-tolerated
[cf. 3]. Further clinical investigations are needed to
determine if long-term treatment with baclofen results
in off-target effects and tolerance.

Conclusions

The currently-available knowledge of GABApR recep-
tors supports the opinion that pharmacological ma-
nipulation of this receptor heterodimer can efficiently
counteract the effects of drugs of abuse-induced with-
drawal and prevent reinstatement of the abuse. Baclo-
fen, the GABApR agonist, is currently finding use in
treating addiction, but its off-target effects and the de-
velopment of tolerance to it may limit its utility. Fur-
ther intensive studies are needed to precisely define
both the effects of antagonists and positive allosteric
modulators of the GABAR receptor and the modes of
implication for the mechanism of drugs of abuse.
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