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Multi-Faceted Aspects of Gamma-Hydroxybutyric Acid: A Neurotransmitter,

Therapeutic Agent and Drug of Abuse
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Abstract: Gamma hydroxybutyric acid (GHB), an endogenous constituent of the mammalian brain, acts as i) a neuro-
transmitter or neuromodulator, ii) a medicine used for the treatment of narcolepsy and alcoholism, and iii) a drug illicitly
used for its psychotropic effects. GHB is thought to act as a specific GHB receptor agonist as well as a weak gamma-
aminobutyric acid type B (GABAGg) receptor agonist. Here, I review the in vivo and in vitro pharmacological properties of
GHB and its interaction with GHB and GABAg receptors. When exogenously administered, GHB is rapidly absorbed,
crosses the blood-brain barrier, penetrates into the brain and exerts a number of pharmacological effects including anx-
iolysis, sedation/hypnosis and anesthesia. Due to its effects on the central nervous system, GHB has been used for the
treatment of narcolepsy and as an anesthetic adjuvant. More recently, a role for GHB in the pharmacotherapy of alcohol
dependence has been described. In this review, I also focus on the abuse liability and reinforcing properties of GHB in

humans and laboratory animals.
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INTRODUCTION

Gamma-hydroxybutyric acid (GHB), a short-chain fatty
acid, was first synthesized in the late 1950s by Henri Laborit
[1] in an attempt to produce a gamma-aminobutyric acid
(GABA) analog capable of crossing the blood-brain barrier
with ease. The chemical structure of GHB is shown in Fig
(1). Subsequent studies revealed that GHB occurs naturally
in the mammalian brain, where it is currently believed to
function as a neurotransmitter or neuromodulator [2, 3].
When exogenously administered, GHB is rapidly absorbed,
crosses the blood-brain barrier with ease, penetrates into the
brain and produces a number of pharmacological effects in-
cluding (as the dose is increased) anxiolysis [4], seda-
tion/hypnosis and anesthesia [3]. GHB has been used as an
anesthetic in the laboratory [5, 6] and clinic [1] since the
1970s. Recently, GHB has been marketed for treatment of
narcolepsy (Xyrem®) in the USA and alcoholism (Alcover®)
in Italy. In addition to its therapeutic use, by the late 1990s
GHB was also used recreationally as a “club drug” and “date
rape drug” in the USA [7, 8] and Europe [9]. The Food and
Drug Administration banned the sale of nonprescription
GHB in 1990, and in 2000 the agency classified GHB as a
Schedule I substance in the USA (United States Federal Reg-
ister, 2000). Despite the obvious biological and pharmacol-
ogical importance of GHB, its exact mechanism of action
remains elusive.

GHB has affinity for two distinct receptor binding sites in
the brain, the GHB receptor and at higher concentrations the
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Fig. (1). Chemical structure of GHB.

GABAg receptor [10-12]. In this article, I review the neuro-
biology of endogenous GHB, its in vivo and in vitro pharma-
cological properties, and its interaction with GHB and
GABAG receptors [for recent reviews see 13-15]. In addition,
I focus on the therapeutic and addictive properties of this
drug.

1. GHB AS A NEUROTRANSMITTER

GHB is present at micromolar concentrations in both the
brain and peripheral tissue [2]. However, its function outside
the nervous system remains unknown. In the rat brain, GHB
is unevenly distributed with the highest concentrations (42-
46 pmol/mg protein) present in the substantia nigra and hy-
pothalamus, and the lowest concentrations (4-8 pmol/mg
protein) present in the frontal cortex and cerebellum [16].
The primary precursor of GHB in the brain is GABA. GHB
is derived from the GABA-transaminase-mediated transfor-
mation of GABA into succinic semialdehyde (SSA), fol-
lowed by the reduction of SSA in the presence of NADPH
into GHB and and succinic semialdehyde reductase (SSR) in
the neural cytosol [2]. Although this source of GHB is the
most documented, other sources have been identified includ-
ing polyamines, lipids, 1,4 butanediol (1,4BD) and y-buty-
rolactone (GBL) [for review see 17]. The transformation of
1,4BD into GHB in the brain is catalyzed by alcohol deydro-
genase and aldehyde deydrogenase [18]. Systemically ad-
ministered GBL is converted into GHB by a circulating lac-
tonase that is not present in the brain tissue [2].

© 2008 Bentham Science Publishers Ltd.
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It has been hypothesized that GHB may act as a neuro-
transmitter/neuromodulator in the central nervous system
(CNS), since GHB reportedly localizes in neurons at the
synaptic level, exists in the brain at specific binding sites
(high- and low-affinity) as well as with presynaptically lo-
cated synthesizing enzymes, has its own vesicular uptake
system [19], and its depolarization-evoked release may be
Ca*"-dependent [2, 3]. GHB has been postulated to act via
the GABAg receptor, where it acts indirectly or directly as a
weak agonist, and via independent GHB specific receptor
sites in the brain [13-15].

1.1. Sites of Actions: GHB and GABAg Receptors
1.1.1. GHB Receptor
In Vitro Receptor Binding Studies

High-affinity binding sites for ["H]|GHB were first de-
scribed in membranes isolated from the rat cerebral cortex
nearly 25 years ago [10]. Since then, several studies on rat
and human brains have revealed both high- (Kd;= 300-500
nM; Bmax= 0.5-1.8 pmol/mg protein) and low-affinity
(Kdy=1-11 pM; Bmax= 8-46 pmol/mg protein) [2, 3] GHB
binding sites. These Kd values are in the range of the en-
dogenous concentration of GHB found in the brain. The
GHB binding sites are expressed only in neuronal cells, at
the synaptic level in neurons in the brain and in neuronal cell
lines [2, 20]. GHB binding has not been observed in glia or
in cells of glial origin such as astrocytes in primary culture or
C6 lines [2]. Bourguignon ef al. examined the effects of sev-
eral structural analogs of GHB on [’H]GHB binding to rat
membranes [21]. The binding of GHB and GHB analogs are
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dependent on the protein concentration, pH of the incubation
medium and are stereoselective [22]. Although inhibitors of
[’H]GHB binding have been identified, to date the only
compound reported to be a purported antagonist of the GHB
receptor sites is 6,7,8,9-tetrahydro-5-hydroxy-5H-benzocyc-
lohept-6-ylideneacetic acid (NCS-382), a semirigid com-
pound structurally related to GHB [23]. We recently demon-
strated that NCS-382 is a stereoselective ligand for both the
high- and low-affinity GHB binding sites [24]. Although
NCS-382 did not display affinity for GABAA, GABAg or
any other known receptors, inverse and partial agonist ac-
tions of NCS-382 have been previously reported in bio-
chemical and electrophysiological studies. Thus, NCS-382 is
a good ligand, but not a selective antagonist, for GHB recep-
tors [25].

Quantitative autoradiographic studies have established
that GHB binding sites are heterogeneously distributed in the
rat brain [26, 27]. Previously, we have shown using autora-
diography that the distribution of the GHB binding sites in
squirrel monkey and human brains is similar to that observed
in the rat, including the absence of receptors in the hindbrain
and cerebellum [12]. As illustrated in Fig. (2), incubation of
monkey brain sections with 20 nM [’H]GHB revealed a het-
erogeneous density of binding sites. In both human and
squirrel monkey brains, the highest densities of GHB recep-
tors were found in the hippocampus, particularly in the CA1
and CA2 fields (Figs. 2-3). High to moderate densities of
GHB receptors were found in the cortical areas (frontal,
temporal, insular, cingulate and entorhinal), whereas low
densities were observed in the nucleus accumbens (NAc),
putamen and nucleus caudate (Table 1). Interestingly, a simi-

Acc

Fig. (2). Rostrocaudal (A-D) distribution of ["H]GHB binding sites through the squirrel monkey brain. ["HJGHB autoradiography was car-
ried out as described in Castelli ef al. [12]. Note the absence of signal in the caudal midbrain (C) and in the pons and the cerebellum (D).
Abbreviations: Hipp, hippocampus; DS, lateral septal nuclei (dorsal part); FrCX, frontal cortex; PCx, parietal cortex; TCx, temporal cortex;
Ins, insular cortex; ECx, enthorinal cortex; ACgCx, anterior cingulate cortex; Acc, nucleus accumbens; Cd, caudate; Pu, putamen; Amg,

amygdala. Scale bar, 1 cm.

Source: Reprinted from Castelli ez al. [12] with permission from Elsevier B.V./ECNP.
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lar distribution of GHB binding sites was observed using
[PH]NCS-382 as the radioligand instead of [’H]GHB [28].
The use of ["THJNCS-382 appears to offer some advantage
over ["H]GHB for radioligand binding in both homogenate
and autoradiography studies due to the fact that, unlike GHB,
[PHINCS-382 does not interact with GABA, or GABAp re-
ceptors.

Table 1. Distribution and Relative Densities (ROD) of High-
Affinity [3H] GHB Binding Sites in the Monkey and

Human Brain®

Neuroanatomical Structure Monkey Human

Frontal cortex 3043 2242
Cingulate cortex 374 nd®
Temporal cortex 50+4 18+2
Insular cortex 69+6 n.d.
Entorhinal cortex 369 2242
Caudate nucleus 11£2 9+2
Putamen 9+2 8+1
Accurnbens 11£1 n.d.

Globus pallidus 0b 0
Lat. septum nucleus (dorsal part) 4445 n.d.
Amygdala 76+8 n.d.

Hippocampal formation:

Dentate gyrus 6545 2842
CALl field 129+8 464
CA2 field 135+7 5143
CA3 field 79+4 29+2
Subiculum n.d. 28+4

Cerebellum 0 0

‘Binding densities were determined in autoradiograms from three human and one
monkey brains. Data are mean+ S.E.M. values of five density readings, expressed in
fmol mg tissue equivalent, as described in Castelli et al. [12].

"n.d. not determined; O, no detectable binding. Source: Reprinted from Castelli ez al.
[12] with permission from Elsevier B.V./ECNP.
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Fig. (3). Autoradiograms of [’H]GHB binding sites in human brain tissue. [’ZHJGHB binding sites in coronal (20 pm) sections detected by
quantitative autoradiography using 20 nM [*H]GHB (60 Ci/mmol). Autoradiograms were generated, quantified and analysed as described in
Castelli et al. [12]. (A) Left hemisphere, frontal cortex. (B) Left hemisphere, hippocampal formation: CAl, field CA1 of Ammon’s horn;
CA2, field CA2 of Ammon’s horn; CA3, field of CA3 of Ammon’s horn; DG, dentate gyrus; Ent Cx, entorhinal cortex; Sub; subiculum.
Source: Reprinted from Castelli ez al. [12] with permission from Elsevier B.V./ECNP.
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Novel Ligands for the GHB Receptor

In order to examine the role of GHB receptors in the be-
havioral profile of GHB, novel GHB ligands that lack affin-
ity for GABA, and GABAg receptors and are not metabo-
lized to GABA have been developed [29]. Wu et al. [30]
reported the synthesis of tertiary alcohol analogs of GHB and
its homolog, 5-hydroxypentanoic acid (UMBS58) such as 4-
hydroxy-4-methylpentanoic acid (UMBG68) and 5-hydroxy-5-
methylhexanoic acid (UMB75). Binding studies against
[PH]NCS382 showed that the tertiary alcohol analog of GHB
(UMBS68) has similar affinity to GHB, with the longer chain
analogs possessing lower affinity. Against ["H]|GABA,
UMB68 showed no affinity (ICsp >100 uM)at GABA, or
GABAg receptors. Later, Carter et al. [31] introduced aro-
matic substituents on the GHB molecule to prevent metabo-
lism to compounds with affinity for GABA receptors. Radio-
ligand assays identified UMB86 (4-hydroxy-4-napthylbu-
tanoic acid, sodium salt), UMB72 ([4-(3-phenylpropyloxy)
butyric acid, sodium salt), 3-HPA (3-hydroxyphenylacetic
acid), and 4-hydroxy-4-phenylbutyric acid as compounds
that displace [PHINCS-382 from GHB receptors at concen-
trations that do not affect "HJGABA binding to GABAg
receptors. These compounds are unable to mimic discrimina-
tive stimulus effects, catalepsy and, in part, the loss of right-
ing reflex elicited by GHB, effects which are blocked by
GABAB receptor antagonists.

Although these compounds have been shown to be useful
in in vivo studies, at best they are equipotent with GHB.

Wellendorph et al. have synthesized conformationally
restricted GHB analogs and assayed for ["H]NCS-382 bind-
ing studies in rat homogenate [32]. The chemical structures
of these compounds are shown in Fig. (4). The cyclohexene
and cyclopentene analogs RS-3-hydroxycyclohex-1-enecar-
boxylic acid (RS-HOCHCA) and RS-3-hydroxycyclopent-1-
enecarboxylic acid (RS-HOCPCA ) were found to be high
affinity GHB ligands, with ICsy values in the nanomolar
range, and had respectively 9 and 27 times higher affinity
than GHB for GHB receptors. As shown in Fig. (5B), the
stereoselectively synthesized R, R isomer of trans-2-(hydro-
xymethyl)cyclopropanecarboxylic acid (HOCPrCA) (Ki=1.1
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Fig. (4). Chemical structure of GHB, the reference compounds t-
HCA and NCS-382, and the novel GHB analogs HOCHCA,
HOCPCA, OxCPCA, and HOCPrCA. Chiral carbon atoms are
marked by asterisk. Reprinted from Wellendorph er al. [32] with
permission from ASPET.

puM) was found to have 10-fold higher affinity than its enan-
tiomer. Likewise the R-enantiomers of HOCHCA and
HOCPCA selectively inhibited [’H]NCS-382 binding Figs.
(5C-D): the latter being the most potent ligand identified to
date for the native GHB binding site (39-fold higher affinity
than GHB). These compounds, devoid of affinity for GABA
receptors, are a good tool for studying and understanding the
physiological role of endogenous GHB.
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Second Messenger Studies

Contradictory data have been reported on the generation
of second messengers in response to activation of native
GHB receptors as well as the intracellular events that occur
after second messenger activation. Snead demonstrated that
GHB decreased forskolin-stimulated cyclic AMP levels in
rat cortical and hippocampal membranes with concurrent
stimulatory effects on high affinity GTPase activity and
guanosine 5’°-0-(3-[35S]GTPyS) binding in these brain re-
gions [33]. The GHB-induced increase in [*°S]GTPyS bind-
ing and GTPase activity were blocked by NCS-382 but not
by a specific GABAg antagonist, suggesting that these ef-
fects are mediated by the GHB receptor. Subsequent studies
failed to demonstrate the GHB-mediated activation of both
high affinity GTPase activity and GTPyS binding in these
brain regions [34-36].

Results from our laboratory [35] confirmed Snead’s ini-
tial observation [33] that GHB shares the ability to stimulate
G protein activity with the GABAp receptor agonist ba-
clofen. However, as shown in Fig. (6B), doses of 0.5 mM
and 1 mM GHB led to a maximal stimulation of approxi-
mately 40% and 30%, respectively, of GTPyS binding. Nei-
ther y-(p-methoxybenzyl)-y-hydroxybutyric acid (NCS-435)
nor trans-4-y-hydroxycrotonic acid (t-HCA), selective ligands
for GHB binding sites, stimulated GTPyS binding when ad-
ministered at concentrations up to 1 mM (Fig. 6B). Moreo-
ver, the GABAg receptor antagonist CGP 35348 completely
abolished both the GHB- and baclofen-GTPyS-induced ef-
fect, while the GHB receptor antagonist NCS-382 failed to
modify GHB-induced-GTPYS stimulation (Fig. 6C), indicat-
ing that the GHB-induced G protein activation is mediated
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Fig. (5). Concentration-dependent inhibition of [PH]NCS-382 binding to rat synaptic membranes by the established compounds GHB, t-
HCA, and NCS-382 (A) and by the novel cyclic analogs (S,S)- and (R,R)- HOCPrCA (B), (S)- and (R)- HOCHCA (C), and (S)- and (R)-
HOCPCA (D). Data shown are mean+S.D. of a single representative experiment performed in triplicate. Reprinted from Wellendorph et al.

[32] with permission from ASPET.



1192 Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 12

200+
o C—basal
B == baclofen 100 UM
§ 2 1504 u
] = baclofen 300 M
S @
E & 100 = baclofen 600 M
35
\E —
=& 504
ﬂ‘_.
0-
B —Jbasal
== GHB 500 M
1 GHB 1000 pM

200+
. {-HCA 1000 pM

E=INCS-435 1000 pM
1504

il s

§

Fig. (6). Effect of baclofen (A) and GHB, +-HCA, NCS-435 (B) on
[35S]GTP'\{S binding in rat cerebral cortex. Data are the means *
S.E.M. of six determinations and expressed as percent over basal
values. Results: Baclofen experiments ANOVA: F(3,25)= 9.959,
P<0.0002. *P<0.01 with respect to basal values (Dunnett test).
GHB experiments: ANOVA: F(4,23)= 17, P<0.0001 ; *P<0.01 with
respect to basal values (Dunnett test).

Effect of baclofen and GHB (C) on [35S]GTP'\{S binding either alone
or with GABAg antagonist CGP 35348 or GHB antagonist NCS-
382 in rat cerebral cortex. Data are the means = S.E.M. of six de-
terminations and expressed as percent over basal values. ANOVA:
F(5,20)= 38.78, P<0.0001; *P<0.001 with respect to basal values,
#P<0.001 with respect to baclofen 100 pM; §P<0.001 with respect
to GHB 500 uM (Newman-Keuls test). Reprinted from Castelli et
al. [35] with permission from Wiley-Blackwell.
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via activation of the GABAjg receptor and not the GHB re-
ceptor. It was also shown that although GHB (= 1 mM)
stimulated GTPyS binding in wild type mice, this effect was
completely abolished in GABAg; knockout mice [36]. We
have no explanation for the discrepancy between these latter
findings and the data reported by Snead [33].

M. Paola Castelli

Cloning of Rat and Human GHB Receptors

The cloning of both rat and human putative GHB recep-
tors has been recently reported [37, 38]. The cloned rat GHB
receptor has a molecular mass of 56 kDa and shows a pre-
dicted secondary structure consisting of seven-transmem-
brane (7TM)-spanning regions (similar to G-protein-coupled
receptors [GPCRs]) [37]. However, while the peptide se-
quence has no significant homology with any G-protein
linked receptor including the GABAGg receptor, it does share
65% homology with the tetraspanin protein family. The
mRNA expression pattern of the GHB receptor in the brain
was similar to that of the native GHB binding sites, except
for its expression in the cerebellum. In addition, the pharma-
cological profile of the cloned receptor expressed in Chinese
hamster ovarian (CHO) cells was similar to that of the native
GHB receptor, although differences were observed including
the presence of only one component of the GHB binding site
as well as the lack of NCS-382 binding. Moreover, t-HCA
and its derivatives, which are good ligands for the native
GHB binding sites, were more potent than GHB itself at
binding to the cloned receptor. Taken together, these data
suggest that several subtypes of GHB receptors exist.

The cloning and functional characterization of a GHB
receptor identified in the human brain was reported four
years later [38]. Two clones, termed C12K32 and GHBAhI,
were isolated from a human frontal cortex cDNA library.
These clones are identical except in their C terminal, which
differs due to a cytosine deletion in the C12K32 nucleotide
sequence. The structures of C12K32 and GHBh1 do not cor-
respond to the typical 7TM model, since both clones were
predicted to have ten potential TM domains by SOSUI (TM
prediction algorithm). Using the SMART program, a struc-
ture consisting of six TM domains and a seventh PFAM
(protein family database) domain (called DUF1011) of un-
known function was described. A number of eukaryotic pro-
teins share this conserved domain including human putative
GPCRs.

Adriamampandry et al. [38] claimed that both human
GHB clones belong to a “clan”, a term used to describe these
GPCRs, that constitute a group of different families with a
wide range of functions and no significant sequence similar-
ity between them. Both GHB clones have no significant ho-
mology with any known GPCRs including the GABAg re-
ceptor. Moreover, their cDNA sequences showed only 50-
60% similarity with the rat brain GHB receptor. Examination
of the pharmacological properties of the GHB receptor in
C12K32-expressing CHO cells revealed a Kd of 114 nM for
GHB binding with no affinity for GABA and glutamate. In
contrast to the cloned rat GHB receptor, the cloned human
GHB receptor had affinity for NCS-382 and 4-phenyl-buty-
rate, a selective GHB analog, but not for t-HCA. [**S]GTPYS
binding studies demonstrated that GHB stimulates GTPYS
binding in a dose-dependent manner [38]. Furthermore, this
effect was not reproduced by GABA, and was inhibited by
pertussis toxin and antagonized by NCS-382 [38]. These data
support the concept that cloned human GHB belongs func-
tionally to the GPCR family and that a Gi or Go protein is
probably involved in the coupling of the receptor. Patch
clamp studies in CHO-transfected cells with human GHB
clones revealed that GHB induced a dose-dependent inward
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current that was inhibited by NCS-382 [38]. GABA did not
induce this effect when used at concentrations up to 100 uM.
The two human GHB clones differed markedly in the repro-
ducibility of this response, with strong and rapid desensitiza-
tion of GHBh1 occurring after the first GHB application.
Similar to the cloned rat GHB receptor, activation of the
human GHB receptor expressed in CHO cells resulted in
cationic channel opening [38]. However, CHO cells express-
ing cloned human GHB showed more depolarized Er values
than cloned rat GHB, indicating a higher selectivity for Na"
ions than K' ions, and suggesting that the human and rat
GHB receptors are coupled to different signal transduction
pathways. Together these data revealed a significant discrep-
ancy in the molecular structures, pharmacological and func-
tional profiles, and receptor distribution of cloned human, rat
and native GHB receptors.

1.1.2. GABAg Receptors

GABAg receptors, members of the GPCR family have a
molecular structure characterized by 7TM domains and a
large extracellular N-terminal ligand-binding domain [39].
Among GPCRs, GABAj receptors are unique in that they
require distinct subunits for their function. The GABAg re-
ceptor exists as a heterodimer, comprised of two 7TM-
spanning units, named R1 and R2, that are linked by their C-
termini [39]. In neurons, GABAg receptors are coupled via a
G protein to adenylyl cyclase, and potassium and calcium
channels at the membrane. GABAg receptor activation de-
creases adenylyl cyclase activity and calcium conductance,
and increases potassium conductance, leading to inhibition
of neuronal excitability and neurotransmitter release [39].

While studies on native GABAg receptor subtypes have
predicted pharmacologically distinct GABAg receptor sub-
types, molecular studies have failed to identify the expected
receptor subtypes. Pharmacological stimulation of the GABAjg
receptor produces a variety of effects including muscle re-
laxation, anxiolysis and anti-addiction. Due to its ability to
induce muscle relaxation, the prototypic GABAg receptor
agonist, baclofen, has been used for more than 30 years to
treat muscle rigidity associated with multiple sclerosis. The
molecular structure, function and pharmacological profile of
the GABAGg receptor is described elsewhere [40-42].

GHB has been characterized as a weak agonist of
GABAg receptors [11, 43-46]. The reported Ki values of
GHB in rats are similar to those obtained in three GABAg
agonist radioligand assays, such as ["H]JCGP 27492 and
[*H]baclofen (~80-100 puM), and are much lower than the Ki
value (~3,000 uM) measured with GABAg receptor antago-
nists such as ["H]JCGP 54626 [11]. The Ki values of GHB
observed with three agonist radioligands and the higher Ki
values obtained in a GABAg antagonist assay are similar in
the cortex, hippocampus and cerebellum [11]. The large dis-
crepancy in the Ki values between agonist and antagonist
radioligand binding assays is a characteristic of all GABAg
receptor agonists [47]. In contrast, GABAg receptor antago-
nists have similar Ki values in the antagonist radioligand
assay as those observed in the agonist radioligand assay [47].
The Ki values determined using GABAg agonist and antago-
nist radioligands indicate that GHB acts as an agonist at
GABAg receptors [11]. In addition, Gpp(NH)p produces a

Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 12 1193

significant decrease in GHB affinity for GABAg receptors in
antagonist binding assays, confirming that GHB shares the
same binding characteristics as GABA, baclofen and other
GABAg receptor agonists.

1.1.3. GHB and GABAg Receptors: Distinctive Entities

Several studies demonstrate that the GHB receptor is not
the same as the GABAg receptor, since the binding of GHB
in brain tissues does not overlap with GABAg receptor dis-
tribution, and has a differential developmental profile [12,
48, 49]. Selective GHB ligands such as t-HCA, NCS-356,
NCS-435, H-OCPCA and NCS-382 do not possess any af-
finity for either GABA or GABAg receptors [32, 35]. GHB
and its putative antagonist NCS-382 do not compete for
[’H]GABA binding in autoradiographic binding assays on rat
brain sections [48]. Furthermore, neither [’H]JGHB nor
[PH]NCS-382 were found to have any affinity (up to 100 nM)
for recombinant GABAg;,, GABAg, and GABAg s recep-
tors expressed in HEK-293 cells [50]. In addition, ["H]GHB
and ["H]NCS-382 binding was still observed in two lines of
GABAg receptor knockout mice generated from C57B16/]
and BALB/c backgrounds [36, 50]. All these data strongly
indicate that GHB and GABAjg receptors are separate mo-
lecular entities.

1.2. Pharmacological Effect of GHB on GHB Receptors
Electrophysiological and Microdialysis Studies

To date only a few in vitro studies have reported full an-
tagonism of the electrophysiological effects of GHB by the
GHB receptor antagonist NCS-382. In the presence of the
GABAg receptor antagonists CGP 35348 (500 uM) or CGP
55485 (1 uM), application of GHB (600 pM) decreased
NMDA- and AMPA/kainite-mediated EPSCs or GABA,
IPSPs, respectively, in CA1 neurons in vitro: this effect was
abolished by NCS-382 [51, 52]. Using a similar experimen-
tal model, GHB receptor-mediated action was not detected
on thalamic EPSCs and IPSCs [53]. However, the lack of
action on thalamic EPSCs and IPSCs by NCS-356 and 4-
HCN (two high-affinity GHB receptor agonists in cell lines)
does not support the existence of an electrophysiological
GHB receptor-mediated response [54]. It is not clear if the
differences between these studies reflect regional differences
(thalamus versus hippocampus) or imply that in the hippo-
campal studies GHB is still acting on presynaptic GABAg
receptors, since 1 mM GHB is required to fully block pre-
synaptic GABAg receptors in this area [55]. Other studies
show that GHB (300-600 pM), again in the presence of CGP
55485 (1 uM), depressed both the frequency and amplitude
of IPSCs and EPSCs on DAergic neurons recorded in vitro
in the substantia nigra [56, 57]. All of these actions were
GABAg-independent and were blocked by NCS-382. These
findings are in contrast to the observations of Pistis e al.
[58] described in the paragraph 1.4. Diverse experimental
conditions (i.e. in vitro versus in vivo) may explain the dis-
crepancies between these studies.

Together these studies demonstrated that i) submicromo-
lar to low micromolar GHB concentrations are needed to
evoke GHB-mediated responses at the GHB receptor, and ii)
a prior block at the GABAjg receptor is essential to disclose
the electrophysiological GHB-induced effects mediated at
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the GHB receptor. The only exception is the GHB (<100
uM)-mediated modulation of Ca*" currents in NCB-20 cell
lines, which were found to be NCS-382 sensitive [20, 54].
Thus, in vitro studies do not support the notion that there is a
neuronal GHB-receptor-mediated electrophysiological re-
sponse [59]. With respect to in vivo studies, opposite effects
on the neuronal firing rate were observed in the prefrontal
cortex with high and low doses of GHB: only the increased
firing rate of neurons in response to low doses of GHB was
blocked by NCS-382 [60].

The paucity of GHB receptor agonists and lack of selec-
tive antagonists, devoid of any inverse and/or partial agonis-
tic action, have made it difficult to clarify the exact role of
GHB receptors on the electrophysiological responses in-
duced by endogenously and/or exogenously administered
GHB.

In vivo microdialysis studies in rats indicate that GHB
modifies the basal and K'-evoked release of GABA [61, 62]
and glutamate [63, 35]. Administration of doses of GHB <
2.0 mmol/kg (which induces a maximal concentration of
GHB in the brain below 400-500 pM) led to inhibition of
GABA release in the thalamus and frontal cortex [61, 62].
Treatment with GHB plus NCS-382 completely blocked the
GHB-induced decrease in extracellular GABA levels. This
GHB-induced inhibitory control of GABA release might
represent the physiological effect of endogenous GHB that is
mediated via presynaptic GHB receptors. At higher doses
(>4.0 mmol/kg; approximately 800-1000 uM in the brain)
GHB or the GHB-selective agonist NCS-356 led to a large
increase in GABA levels in the cortex, which was blocked
by administration of a high dose (1 mM) of NCS-382 [62].

In the hippocampus, nanomolar concentrations of GHB
(100-500 nM) induce a large increase in extracellular levels
of glutamate and the in vitro K'-evoked release of glutamate
from rat hippocampal synaptosomes [35, 63]. Since these
effects were blocked by NCS-382, and not by the GABAg
receptor antagonist CGP 35348, they must be mediated via
the GHB receptor. Furthermore, while a high concentration
of GHB (1 mM) reduced extracellular levels of glutamate via
GABAG receptors, two GHB analogs (t-HCA and NCS-435),
consistent with their lack of affinity for the GABAg receptor,
only exhibited a stimulatory effect on extracellular glutamate
levels, even at millimolar concentrations [35]. These effects
were abolished by NCS-382, but not by CGP 35348, sug-
gesting that this was a GHB receptor-mediated effect. Alone,
neither NCS-382 nor CGP 35348 modified extracellular glu-
tamate levels or the basal and K'-evoked efflux from rat hip-
pocampal synaptosomes in vitro.

1.3. Behavioral Studies: GHB Acting at the GHB Recep-
tor

Drug Discrimination Studies

Administration of a combination of NCS-382 (25-50
mg/kg i.p.) and GHB resulted in the complete blockade of
the DS effects induced by both 300 and 700 mg/kg GHB
(i.g.) in rats trained to discriminate 300 and 700 mg/kg GHB
from water in a T-maze food reinforced paradigm [64].
These findings suggest that the activation of GHB receptors
constitutes a salient component of the GHB cue. However,
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subsequent work by the same author demonstrated that NCS-
382 dramatically reduces alcohol absorption from the gastro-
intestinal system [65]. Therefore, further studies are required
to verify whether the blockade of the DS of GHB is due to a
reducing effect of NCS-382 on GHB absorption from the
gastrointestinal tract.

Rats were trained to discriminate GHB from compounds
that share pharmacological mechanisms with GHB using a
two-lever response under a food-reinforced FR schedule
[66]. Rats were trained to discriminate a) GHB vs saline
(group 1), b) GHB vs either saline or baclofen (group 2) and
c¢) GHB vs saline, baclofen and the positive allosteric
GABA modulator diazepam (group 3). The study revealed
that rats could discriminate GHB from baclofen supporting
the hypothesis that the effects of GHB and baclofen are not
identical. Thus, the DS effects that GHB does not share with
baclofen may be mediated via GHB receptors or differential
interaction with GABAGg receptors. In addition, it was shown
that selective GHB ligands, which cannot be metabolized to
GABA-active compounds, did not mimic or attenuate the DS
effects of GHB. [30, 31]. 4-Hydroxy-4-napthyl-butanoic acid
(UMBS6), one selective GHB ligand, did not mimic the DS
effects of GHB in any of the three groups, but tended to at-
tenuate the DS effects of GHB more in rats trained to dis-
criminate GHB from baclofen and diazepam than in the other
groups. These findings suggest that UMB86 may possess
antagonistic properties at the GHB receptor and that the
GHB receptor may be prominently involved in the GHB
versus baclofen or diazepam discrimination. Finally, the
GABAGg receptor antagonist CGP 35348 was found to differ-
entially attenuate the DS effects of GHB and GABAg recep-
tor agonists [67]. Dose effect curves were determined for
GHB and two receptor agonists, baclofen and SKF 97541,
alone and together with CGP 35348, a GABAg receptor an-
tagonist. CGP 35348 significantly antagonized the baclofen
and SKF 97541 dose effect (i.e. shifted the curves to the
right). Although CGP 35348 attenuated the DS effects of
GHB (320 mg/kg GHB), the magnitude of antagonism (i.e.
curve shift to the right) of GHB was not as large as that ob-
served for baclofen or SKF 97541. In addition, the GHB and
SKF 97541 dose effect curves were determined alone and
together with baclofen. Although baclofen enhanced the DS
and rate-decreasing effects of SKF 97541, a similar response
was not observed for GHB. These data suggest that GHB
receptors as well as GABAg receptors may contribute to the
DS and rate-decreasing effects of GHB.

The Role of the GHB-Receptor Mediated Component on
the Reinforcing Effect of GHB

To date, only Martellotta et al. [68] have demonstrated
that the reinforcing effects induced by GHB in drug naive
mice were completely abolished by the putative GHB recep-
tor antagonist NCS-382. In this study, animals self-injected
GHB acutely by nose-poking in single 30 min sessions. Un-
der this conditions, every nose-poke resulted in a tail vein
injection of doses of GHB ranging from 0.01 to 0.5 mg/kg.
As commonly observed in studies testing the intravenous
self-administration of drug abuse [69], GHB was acutely
self-administered by mice according to a concentration-
dependent bell-shaped curve. Treatment with NCS-382, at a
dose of 12.5 mg that did not affect the spontaneous motor
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activity in these animals, completely inhibited the self-
administration of GHB (0.1 mg/kg).

1.4. Pharmacological Effect of GHB on GABAg Recep-
tors

Increasing evidence suggests that the majority, if not all,
of the behavioral and neurochemical actions elicited by GHB
are mediated through GABAg receptors.

Electrophysiological and Microdialysis Studies

Electrophysiological studies examining the effect of
GHB both in vivo and in vitro highlight GABAg receptor-
mediated responses [59]. In rat and cat thalamocortical (TC)
neurons, GABAj receptor antagonists were found to block
postsynaptic GHB hyperpolarization [70] that, depending on
the concentration, produces either an increase or decrease in
excitability [59]. GABAjg receptor antagonists also blocked
the decrease in sensory excitatory postsynaptic potentials
(EPSPs), cortical EPSCs and intrathalamic inhibitory post-
synaptic potentials (IPSPs) in rat and cat TC neurons. In vi-
tro electrophysiological studies have shown that all GHB
actions are mediated by GABAg receptors in all brain re-
gions examined to date including the substantia nigra [71],
hippocampus [72, 73], ventral tegmental area (VTA) [74],
and cortex [75]. Suppression of monosynaptic and polysyn-
aptic IPSCs by GHB has recently been confirmed in rat neo-
cortical slices [76]. GHB has also been shown to signifi-
cantly suppress NMDA and AMPA mediated EPSCs. All of
these GHB-mediated effects were reversed by the specific
GABAGg receptor antagonist CGP 62349, but not by the puta-
tive GHB receptor antagonist NCS-382 [76]. It has been
suggested that some of the actions of GHB might be medi-
ated by conversion of GHB to GABA [77], a process that is
blocked by sodium valproate. Application of sodium val-
proate, at a concentration expected to block this conversion,
had no detectable effect on the suppression of polysynaptic
IPSCs induced by GHB [76]. Furthermore, GHB has been
shown to inhibit mitogen-activated protein kinase (MAPK)
phosphorylation via GABAg receptors in the presence of
sodium valproate [78].

Despite the increasing problems associated with GHB
abuse and its potential anti-craving properties in the alcohol
withdrawal syndrome, only a few electrophysiological in
vivo studies have examined the actions of GHB on the
mesolimbic dopamine (DA) system. Although low doses of
GHB (<200 mg/kg i.v.) induce a small increase in the firing
rate of DAergic neurons in the pars compacta of the substan-
tia nigra in anaesthetized rats, higher doses (200-400 mg/kg
i.v.) lead to an overall decrease in firing rate. The GABAg
receptor agonist baclofen (8-16 mg/kg i.v.) mimics every
action of GHB, whereas the GABAjg receptor antagonist
CGP 35348 blocks all the actions of GHB and baclofen [79].

A dual action of intravenously injected GHB has recently
been described on mesolimbic DAergic neurons in the VTA
and their target cells in the NAc in urethane anaesthetized
rats [58]. GHB, in common with the majority of drugs of
abuse, inhibited the excitability of the NAc. This effect was
mimicked by the GABAg receptor agonist baclofen, but not
by the selective GHB receptor agonist NCS-435 [35], and
was blocked by the GABAg receptor antagonist SCH 50911.
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As shown in Fig. (7C), GHB heterogeneously affects DAer-
gic neurons in the VTA. Two populations of neurons were
identified, which were either inhibited or stimulated by
GHB. Both the excitatory and inhibitory actions of GHB
were blocked by SCH50911, a GABAg receptor antagonist
Fig. (7A,B). The actions of GHB were dependent on the
baseline firing rate of the cells, since cells with a low firing
rate were predominantly excited, whereas fast firing cells
were slightly inhibited Fig (7D). This may be due to the fact
that GHB biphasically affects the activity of the mesolimbic
system [80]. GHB exerts preferential inhibition of GABAer-
gic neurons over DAergic neurons in the VTA, due to a
lower ECso for GABAg-evoked G protein-activated inwardly
rectifying K+ (GIRK) currents in the GABAergic popula-
tion. Consequently, GHB may indirectly excite slow firing
DAergic neurons by preferentially inhibiting fast firing
GABAergic neurons. Conversely, the direct inhibitory ef-
fects of GHB may prevail against the indirect effect on fast
firing DAergic neurons, since in these neurons the GABAer-
gic tone is presumably lower. Accordingly, GHB concentra-
tions less than 1 mM enhanced release of DA [81], due to
inhibition of GABAergic interneurons through the low affin-
ity-GHB binding site for the GABAjg receptor (100 pM),
thereby disinhibiting the DAergic cells. At higher concentra-
tions (>1 mM), GHB inhibited DAergic neurons by direct
hyperpolarization of these neurons, leading to decreased DA
release [74, 82]. Previous studies have also indicated that
activation of the GABAg receptor by GHB is responsible for
its action on DAergic neurons [83]. Taken together these
results substantiate that in the mesolimbic system the effects
of GHB are mostly, if not all, due to its affinity for GABAg
receptors and do not necessarily involve the high affinity
GHB receptor binding site.

In vivo microdialysis studies indicate that GHB induces a
decrease in hippocampal extracellular acetylcoline levels via
the GABAg receptor, since this action was blocked by the
GABAGg receptor antagonist SCH 50911, but not by the GHB
receptor antagonist NCS-382 [84]. Exogenous administration
of GHB (>300 mg/kg i.p.) increased allopregnanolone (AP)
and allo-tetrahydrodeoxycorticosterone (THDOC) levels in
the rat cerebral cortex. In addition, elevated levels of their
precursors progesterone and pregnenolone were reported.
Furthermore, the GHB-induced increase in progesterone
levels was mimicked by baclofen. All GHB-mediated effects
were blocked using GABAg receptor antagonists while NCS-
382, the GHB receptor antagonist, had no effect [85].

1.5. Behavioral Studies: GHB Acting at the GABAg Re-
ceptor

Drug Discrimination Studies

The drug discrimination assay is a suitable and sensitive
tool for determining the receptor systems involved in the
mediation of the discriminative stimulus (DS) effects of a
drug [86]. This assay is based on the findings that i) drugs
acting in a similar manner at a specific class of receptors
possess similar DS, and ii) antagonists acting at a specific
receptor block the DS effect of the receptor agonist. Al-
though both GHB and GABAg receptors have been impli-
cated in mediating the DS effects of GHB, their relative im-
portance is still unclear.
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Fig. (7). GHB heterogeneously affects mesoaccumbens DA neurons. Illustrative firing rate histograms of antidromically identified DA neu-
rons that shows both inhibitory (A) and excitatory (B) effects on firing rate of GHB (25-500 mg/kg, i.v.). In both examples the effects of
GHB are reversed by the GABAg receptor antagonist SCH50911 (SCH, 32 mg/kg, i.v.). Arrows indicate time of administration. (C) Curves
displaying the effects of systemically administered cumulative doses of GHB (logarithimic scale, abscissa) on the firing rate of DA neurons.
In this graph, pooled cells (filled squares), stimulated cells (down triangles) and inhibited cells (up triangles) are plotted for comparison. (D)
Baseline firing rate predicts the effect of GHB on DA neurons. This graph displays the significant correlation (r*=0.52; p<0.01) between the
baseline firing rate of the cells and the maximal effects of GHB. (E) The GHB analog NCS-435 (6.25-200 mg/kg, i.v.) did not dignificantly
changed DA neuron firing rate. Reprinted from Pistis et al. [58] with permission from Elsevier B.V./ECNP.

The prototypical GABAjg receptor agonist baclofen sub-
stituted for low (200-300 mg/kg i.g.) and high (700 mg/kg
i.g.) doses of GHB in rats trained to discriminate 300 and
700 mg/kg GHB from water in a T-maze food-reinforced
drug discrimination paradigm [64]. However, the potency of
baclofen in substituting for GHB was higher in the high
training dose than in the low training dose. Consistent with
these findings, the GABAg receptor antagonist CGP 35348
was more potent and effective in blocking the DS effects of
700 mg/kg than 300 mg/kg GHB [64]. Later studies using
two-lever or two-key food-reinforced drug discrimination
procedure in rats and pigeons, respectively, confirmed the
role of GABAg receptors in mediating the DS effects of
GHB [87, 88]. Furthermore, in pigeons NCS-382 failed to
attenuate the GHB-induced DS effects and when adminis-
tered alone produced a substantial (70%) GHB-appropriate
response [88]. The GHB-like effects of NCS-382 were an-
tagonized by CGP 35348, suggesting that GABAg receptors

might be involved in this GHB-mediated increase in DS. As
the GABAg-like activity of GHB might result from both its
direct binding to GABAjg receptors and through the conver-
sion of GHB to GABA, GHB analogs that cannot be metabo-
lized to GABA and are devoid of affinity for GABAjg recep-
tors have been developed [30]. These selective analogs,
UMBS86, UMB72 and 3-HPA, did not induce GHB-like DS
effects in rat and pigeons or catalepsy in mice [31]. Together
these findings indicate that the GABAg-mediated cue is a
prominent component of the GHB-induced DS effect.

The Role of the GABAg-Mediated Component on the De-
pressant Behavioral Effects of GHB

Exogenously administered GHB can lead to decreased
locomotor activity [89], ataxia [90, 91], decreased operant
responding [90, 91], loss of righting reflex [92], and cata-
lepsy [93]. GABAg receptor antagonists inhibit these GHB-
induced effects suggesting that these actions are all due to
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the activation of GABAg receptors. Consistent with this hy-
pothesis, all of these GHB-mediated actions are reproduced
by the prototypical GABAg receptor agonist baclofen [31,
87]. Moreover, transgenic mice that do not express func-
tional GABA5 receptors do not exhibit hypolocomotion or
hypothermia after administration of baclofen, GHB or GBL
[36, 94]. Finally, the GHB-selective analogs that have affin-
ity for ["H]NCS-382-labeled GHB receptors and (unlike
GHB) not for GABAg receptors did not produce catalepsy
[31]. The absence of catalepsy following the administration
of these selective GHB analogs, and the attenuation of cata-
lepsy induced by baclofen, SKF 97541 (a GABAg receptor
agonist) or GHB by the GABAjg receptor antagonist CGP
35348 provide strong evidence that GABAjg receptor activa-
tion is necessary for GHB-induced catalepsy in mice [31].

2. GHB AS A THERAPEUTIC AGENT

Since the early sixties GHB has been tested for different
therapeutic uses and in the treatment of a number of patholo-
gies. Some of its medicinal uses include anesthesia, and
treatment of narcolepsy, schizophrenia, depression, alcohol
dependence and alcohol withdrawal syndrome [95]. The pre-
sent review focuses only on the therapeutic effects of GHB
on narcolepsy and alcoholism.

GHB and Narcolepsy

Narcolepsy is a chronic neurological disorder character-
ized by a tetrad of symptoms: excessive daytime sleepiness
(EDS), catalepsy (brief loss of muscle tone in response to
emotional arousal), hypnagogic hallucinations (visual or
auditory dream-like hallucinations at sleep onset) and sleep
paralysis [for reviews see 96, 97].

In healthy subjects, normal sleep is characterized by pro-
gression through a series of stages: slow-wave sleep (stages
III and 1V) followed by periodic rapid eye movement (REM)
sleep and dreaming. In contrast, in narcoleptic patients sleep
is often fragmented, and more time is spent awake or in stage
I sleep than in stage III or IV sleep. These patients enter
REM sleep more rapidly than usual, sometimes after follow-
ing sleep [98]

The effects of GHB on sleep have been well documented
[99, 100]. A double-blind study demonstrated that GHB sig-
nificantly increased the time spent in stages 11l and IV (deep
sleep), decreased the time spent in stage I (light sleep) and
did not affect the time spent in REM sleep [101]. Several
clinical studies examining the effects of GHB in patients
with narcolepsy have shown that this compound is capable of
reducing the signs and symptoms of catalepsy without sup-
pression of REM sleep [95].

Two small clinical trials have shown that sodium oxy-
bate, the sodium salt of GHB, may be potentially useful in
the treatment of narcolepsy [101, 102]. In addition, two
large, randomized, double-blind, parallel-group, placebo-
controlled, multicentre USA (US Xyrem® Multicenter Study
group, 2002; [103] and international trials [104] have exam-
ined the efficacy of oral administration of sodium oxybate on
the treatment of this neurological disorder. In these trials,
administration of sodium oxybate at doses of 4.5-9g/night
significantly reduced the frequency of cataleptic attacks in
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patients with narcolepsy by 57-87% in a dose-dependent
manner. In addition, sodium oxybate was found to reduce
EDS (in 4- and 8-week trials), the median frequency of day-
time sleep attacks and the median Epworth Sleepiness Scale
scores [102].

Some minor side effects are associated with sodium oxy-
bate including gastrointestinal adverse effects, dizziness,
weight loss and urinary urgency. Moreover, its withdrawal is
not associated with REM rebound. The major clinical disad-
vantage of sodium oxybate therapy appears to be its short
duration of action, due to its short half-life. Other pharma-
cotherapies such as tricyclic antidepressants (TCAs, e.g.
clomipramine, imipramine) and selective serotonine reuptake
inhibitors (SSRIs, e.g. fluoxetine, paroxetine) can induce
serious side effects, and lose efficacy on continuous treat-
ment (development of tolerance). In conclusion, sodium
oxybate is well tolerated and effective in the treatment of
narcoleptic symptoms. Although its short half-life necessi-
tates twice-nightly administration, it is highly effective in
reducing the frequency of catalepsy, improving sleep archi-
tecture and reducing EDS in patients with narcolepsy. Re-
cently published European Federation of Neurological Socie-
ties guidelines suggest that sodium oxybate is now the first-
line treatment for catalepsy in patients with narcolepsy [105].
Sodium oxybate is approved in Europe for the treatment of
narcolepsy with catalepsy and in the USA for the treatment
of catalepsy and EDS in patients with narcolepsy.

GHB was banned by the FDA in 1990 and listed as a
Schedule I drug in the USA in 2000 after developing notori-
ety as a substance of abuse reported to induce euphoria, dis-
inhibition and sexual arousal. As a result, the potential for
abuse/misuse of sodium oxybate has led to the development
of strict risk-management strategies. Thus, in the USA, so-
dium oxybate is subjected to prescription restriction and is
controlled under Schedule III, through the Xyrem® Success
program, arestricted-drug distribution system [106]. Through
this system, sodium oxybate is distributed from a single cen-
tral pharmacy by courier and requires physician registration
and verification of eligibility to prescribe, and registration
and required reading of educational materials by patients. In
Europe, a risk-management system as strict as that in the
USA has not been planned.

GHB and Alcoholism: Preclinical and Clinical Studies

Several studies have demonstrated the effectiveness of
GHB in animal models of alcoholism [for review see 107].
GHB reduces the severity of ethanol withdrawal signs in rats
rendered physically dependent on ethanol [108] as well as
reducing the voluntary ethanol intake in Sardinian alcohol-
preferring rats (sP) [109] and P rats [110]. In both sP and P
rats the acute administration of a non-sedative dose of GHB
(200-300 mg/kg) resulted in a significant reduction (60-70%)
in voluntary alcohol intake during the first 15-30 min, with
intake returning to control group levels thereafter [111]. The
short duration of the GHB-reducing effect on ethanol-intake
in both sP and P rats is a consequence of the short half-life of
the drug [112]. Interestingly, in clinical practice the best
treatment outcome is consistently achieved by administration
of GHB six times a day [113]. GHB and alcohol possess
similar DS effects and cross-tolerance to the motor impairing
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effects of GHB and ethanol has been reported [114, 115].
Recently, it was shown that administration of relatively low
doses of GHB reduces the breakpoint for alcohol under a
progressive ratio (PR) of reinforcement and extinction re-
sponding for alcohol in sP rats [116]. As breakpoint and ex-
tinction responding procedures are validated indices of the
appetitive strength of alcohol in laboratory animals [117],
these results indicate that GHB specifically reduced the mo-
tivational properties of alcohol (the possible animal correlate
of human craving for alcohol). On the basis of these find-
ings, it has been suggested that GHB may exert its effects on
alcohol dependence by mimicking the actions of alcohol in
the CNS, and that similarities to alcohol may constitute the
mechanism of action by which GHB reduces the severity of
alcohol withdrawal symptomatology, alcohol craving and
alcohol consumption [107].

In humans, the efficacy of non-hypnotic doses of GHB
administered orally to suppress alcohol withdrawal was first
reported by Gallimberti et al. [118]. This randomized dou-
ble-blind study recruited 23 patients meeting the DMS III-R
criteria for alcohol withdrawal syndrome. Treatment with
GHB led to a dramatic decrease in alcohol withdrawal sever-
ity over a seven-hour observation period, and its only side
effect was a slight and transient dizziness. A subsequent ran-
domized single-blind design study compared the effective-
ness of GHB and diazepam, administered orally for 6-10
days to 30 patients, on the alcohol withdrawal syndrome
[119]. The major disadvantage against the clinical use of
GHB is the short duration of its effects. Thus, a total dose of
0.5-0.75 mg/kg/day of diazepam and 50 mg/kg/day of GHB
were divided into six and three daily administrations, respec-
tively. The protection from alcohol withdrawal syndrome
elicited by three daily administrations of GHB was similar to
that exerted by a double fractioning of the daily dose of the
reference compound, diazepam. Subsequent studies (double-
blind and open-label) demonstrated the efficacy of GHB in
reducing the intensity of alcohol withdrawal symptoms and
signs using doses of GHB ranging from 50 to 150 mg/kg/day
in four or three administrations, respectively [120, 121].
None of the above investigations reported symptoms of
withdrawal from GHB, craving for GHB or somnolence fol-
lowing GHB administration.

The efficacy of GHB on alcohol craving as well as for
the daily consumption of alcoholic beverages has been as-
sessed. In alcoholic patients treated with GHB at a dose of
50 mg/kg (divided into three daily doses for three months),
the number of daily drinks was reduced by approximately
60% and the overall number of days of abstinence was in-
creased [122]. GHB treatment also led to a significant reduc-
tion in alcohol craving. These results were confirmed by two
subsequent studies [123, 124]. GHB was shown to be effec-
tive in reducing alcohol craving and increasing the absti-
nence rate, measured as a decrease in relapse monitored at
six months and one year after discontinuation. Transitory
side effects associated with GHB including vertigo, in-
creased sleepiness and fatigue were observed in approxi-
mately 30% of patients and were resolved within 2-3 weeks
of GHB intake. However, an increase in GHB consumption
and some GHB craving was reported in 10% of patients dur-
ing chronic treatment [123]. Furthermore, in the majority of
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studies, approximately 30-40% of alcoholics treated with
GHB were “non-responders” [125]. The rapid metabolism of
GHB in human alcoholics [126] and its short-lasting effect
on alcohol intake in animal studies may be one of the reasons
why this drug fails to maintain total abstinence from alcohol.
Recent investigations demonstrated that fractioning to six
administrations of the same daily dose of GHB (50 mg/kg)
compared to the standard dosage regimen (three administra-
tions/day) resulted in abstinence from alcohol in a larger
percentage of “non-responders”.

3. GHB AS A DRUG OF ABUSE
Preclinical and Clinical Studies

In the last 15 years, GHB has emerged as a recreational
drug of abuse in Anglo-saxon countries [14, 113, 127]. GHB
has been reported to have positive reinforcing properties and
abuse potential at both preclinical and clinical levels. Several
animal models, using different experimental procedures such
as self-administration, conditioned place preference and
drug-discrimination to elicit DS effects similar to those pro-
duced by abused drugs, have been shown to possess high
predictive validity for abuse and dependence potential of
drugs in humans. Rodent studies demonstrated that GHB
produced conditioned place preference [128], is easily self-
administered both orally and intravenously [68, 129] and
decreases intravenous cocaine self-administration in rats
[130]. Drug discrimination studies using rats trained to dis-
criminate GHB from vehicle demonstrated that 1.0 g/kg al-
cohol completely substituted for 300 mg/kg GHB [114],
whereas the benzodiazepines, chlordiazepoxide [131] and
diazepam [86] substituted only partially (eliciting 60-70% of
GHB-appropriate responding) for low to moderate doses of
GHB. In contrast, d-amphetamine, cocaine, phencyclidine
[131] or the cannabinoid receptor agonist WIN 55212-2 [86]
did not elicit GHB-like internal cues. Although GHB substi-
tuted for alcohol [114], it failed to substitute for heroin,
phencyclidine and cocaine [132]. In summary, administra-
tion of GHB produces unique DS effects with some charac-
teristics most similar to those produced by non-sedative
doses of alcohol and benzodiazepines, suggesting that the
alcohol and benzodiazepine-like effects of GHB may con-
tribute to its abuse potential.

The few studies that tested the positive reinforcing prop-
erties and abuse potential of GHB in primates generated
more ambiguous results. Two studies examined the self-
administration of GHB in monkeys trained to self-administer
phencyclidine and methohexital, respectively [132, 133]. In
the first study, the number of intravenous infusions of GHB
exceeded control levels (i.e. mean infusions of saline) in only
one monkey (four rhesus monkeys were used) and this in-
crease occurred solely at the dose of 3 mg/kg/injection GHB
[132]. In the latter study, the number of GHB injec-
tions/session was significantly higher than that of saline in-
jection in two monkeys (three monkey were used) at concen-
trations of 3.2 mg/kg injection and 10 mg/kg injection, re-
spectively [133]. Based on these findings, it was concluded
that GHB is only a weak positive reinforcer and has little
potential for recreational use and abuse. However, it has re-
cently been demonstrated that chronic administration of
GHB and its precursor GBL produce physical dependence in
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baboons [134, 135]. Chronic GHB and GBL decreased food-
maintained behavior, disrupted performance on fine-motor
tasks and produced ataxia, muscle relaxation, tremors and
jerks in a dose-dependent manner. Administration of the
GABAG receptor antagonist SGS742 (formerly CGP 36742),
during either GHB or GBL administration, precipitated a
withdrawal syndrome characterized by self-directed behav-
iors, vomiting, tremors and/or jerks and increased aggres-
sion. Signs of physical dependence were also observed after
discontinuation of chronic GHB or GBL treatment. In sum-
mary, chronic GHB and GBL administration produced physi-
cal dependence in baboons that was probably mediated via
GABAGg receptors.

GHB has been used clinically in Europe for decades
without reports of severe side effects and incidence of abuse.
However, GHB and its analogs 1,4BD and GBL have re-
cently gained notoriety for their popularity as drugs of abuse,
initially among bodybuilders and subsequently among par-
ticipants of “rave” dance parties and poly-drug abusers
[136]. Despite the ban on sales in 1990 by The Food and
Drug Administration, illegally produced GHB, GBL and 1,4
BD continued to be abused. Users of GHB and its analogs
claimed to experience an alcohol-like euphoria, disinhibition
and sexual arousal without unpleasant hangover effects.
However, the increase in GHB use was associated with an
increasing number of GHB users experiencing overdoses
serious enough to require hospital emergency care [137,
138]. The intensity of these GHB-induced effects depended
on the dose taken and were significantly affected by the dif-
ferent types and quantities of coingestants. Instances of
withdrawal syndrome (characterized by anxiety, insomnia,
muscle cramps, tremors, delirium) after GHB discontinua-
tion revealed the development of physical dependence upon
GHB [139, 140]. GHB withdrawal is unlikely in once-daily
users, but can be expected in the subpopulation that uses
GHB more frequently (e.g. every 3-4 hours) [138]. Most
cases of severe withdrawal have been reported in bodybuild-
ers and others who use exceedingly high doses, several times
daily, for a prolonged period of time [138]. Clinically, with-
drawal from GHB and its analogs is almost identical to the
alcohol or sedative-hypnotic withdrawal syndrome (e.g. ben-
zodiazepines).

The possibility that craving for GHB may develop during
its low-dose use as a therapy for alcoholism was first de-
scribed by Addolorato et al., who reported that a number of
subjects abused the drug by six to seven times the recom-
mended dose [123]. GHB abuse in treated alcoholics was
subsequently confirmed by other studies [113, 141].

Conclusions

In conclusion, GHB, a naturally occurring endogenous
substance in the mammalian brain, is a neurotransmitter or
neuromodulator with widespread effects on GABAg and
GHB receptors. Several studies strongly suggest that GHB
and GABAg receptors are separate molecular entities. How-
ever, while the pharmacological effects of GHB mediated by
GABAG receptors are well known, the exact role of the GHB
receptor remains elusive. The development of novel potent,
selective GHB analogs that are insensitive to metabolic deg-
radation, together with well-validated functional assays for
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the GHB receptor will help elucidate the functional relation-
ship between GHB and GABAg receptors. Furthermore, full
characterization of the cloned GHB receptor is required to
clarify the discrepancies between the properties of cloned
and native GHB receptors as well as to understand the
physiological role of the GHB receptor.

GHB is also a therapeutic agent used for treatment of
narcolepsy and alcoholism. This drug constitutes a replace-
ment therapy for alcoholism similar to methadone in heroin
addiction. Since the capability of GHB to induce salient feel-
ings of euphoria, disinhibition and anxiolysis, as well as the
increasing number of illicit and dangerous episodes of self-
administration, the development of a GHB dependence syn-
drome has been proposed. However, the analysis of data on
GHB abuse should distinguish between the illicit use of
GHB for recreational purposes and episodes occurring in
narcoleptic and alcoholic patients under medical conditions.
While the recreational abuse of GHB clearly constitutes a
medical and social problem, data from clinical trials and
post-marketing surveillance have thus far not demonstrated
any clear evidence of abuse in patients receiving sodium
oxybate. Moreover, based on the data currently available
self-directed intake of GHB among alcoholics undergoing
therapy with GHB is limited (10-15% of patients) and should
not undermine its medical use. Thus, given the encouraging
preclinical and clinical evidence of the efficacy of GHB in
alcoholism, further double-blind investigations, examining
larger samples of alcoholic patients, are required to further
assess the effectiveness of GHB in the treatment of alcoholic
dependence.

ABBREVIATIONS:

1,4BD = 1,4 butanediol

TT™M = Seven-transmembrane-spanning regions

CHO = Chinese hamster ovarian

CNS = Central nervous system

DA = Dopamine

DS = Discriminative stimulus

EPSPs =  Excitatory postsynaptic potentials

FR = Fixed ratio

GABA = Gamma-aminobutyric acid

GBL =  7y-butyrolactone

GHB = Gamma hydroxybutyric acid

GIRK, = G protein-activated inwardly rectifying
K+

GPCRs = G-protein-coupled receptors;

HOCPrCA = Trans-2-(hydroxymethyl)cyclopropanecar-
boxylic acid

IPSPs = Inhibitory postsynaptic potentials

NAc = Nucleus accumbens

NCS-382 = 6,7,8,9-tetrahydro-5-hydroxy-5H-

benzocyclohept-6-ylideneacetic acid
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NCS-435 = vy-(p-methoxybenzyl)-y-hydroxybutyric

acid

PFAM = Protein family database

RS- = RS-3-hydroxycyclohex-1-enecarboxylic

HOCHCA acid

RS- = RS-3-hydroxycyclopent-1-enecarboxylic

HOCPCA acid

REM = Rapid eye movement

SSA = Succinic semialdehyde

SSR = Succinic semialdehyde reductase

t-HCA =  Trans-4-y-hydroxycrotonic acid

TH = Thalamocortical

UMB&86 = 4-hydroxy-4-napthyl-butanoic acid

VTA = Ventral tegmental area
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