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Abstract

The effects of y-hydroxybutyrate (GHB), a product of y-aminobutyric acid (GABA) metabolism which possesses neuromodulatory
properties in brain, were investigated in the elevated plus maze in rats. The number of entries and the time spent in the open arms of the
maze were increased by GHB (50, 150, 250 mg/kg i.p.). This is classically considered as indicative of an anxiolytic effect of the drug.
There was no sedative effect at these doses as measured by the spontaneous locomotor activity in the actimeter or the total number of arm
entries. The anxiolytic properties of GHB were reversed by neither the GHB receptor antagonist, NCS-382 (6,7,8,9-tetrahydro-5(H)-5-0l -
ylidene acetic acid) (300 mg/kg i.p.), nor the opioid receptor antagonist, naloxone (10 mg/kg i.p.). However the anti-anxiety effect of
GHB was antagonized by the benzodiazepine receptor antagonist, flumazenil (10 mg/kg i.p.), suggesting an interaction of GHB with the
GABA , receptor complex which mediates the anti-anxiety effect of benzodiazepines. © 1998 Elsevier Science B.V.
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1. Introduction

Gamma-hydroxybutyrate (GHB) is an endogenous com-
pound of the mammalian brain synthesized primarily from
v-aminobutyric acid (GABA). A large body of evidence
favors a role for GHB in central neuromodulation (for
review see Maitre, 1997). When systemically administered,
GHB exerts hypnotic effects in animals and man and is
used as an intravenous anaesthetic agent (Laborit, 1964).
Recently, GHB has been tested with success in the treat-
ment of alcohol dependence and opiate withdrawal (Gal-
limberti et al., 1993), states which have been proved to
include a strong anxiogenic component. There are severa
arguments suggesting an anxiolytic effect of GHB, the
most salient being its relationship to the metabolism and
the receptors of the GABAergic system. The prototypic
anxiolytic drugs, benzodiazepines, are considered to pro-
duce their anxiolytic effects by facilitating the action of
GABA at the GABA ,-benzodiazepine receptor complex
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and, in addition, GABA , receptor agonists like muscimol
and GABA , receptor antagonists like picrotoxin and bicu-
culline have been shown to possess anxiolytic and anxio-
genic properties, respectively, in the elevated plus maze
(Shekhar, 1993). Moreover, the GABA-transaminase in-
hibitor, vigabatrin, which potentiates GABA neurotrans-
mission, was also shown to induce anxiolytic-like effects
in this test (Sayin et al., 1992; Sherif et al., 1994). In order
to assess the hypothesis that GHB may have an effect on
anxiety, low doses of GHB were tested in a fear /anxiety
anima model that is widely used: the elevated plus maze
based on the natural aversion of rodents for high and open
spaces. The tendency of rats to enter or remain in the open
elevated arms of the maze is reduced by anxiogenic drugs
and increased by anxiolytic drugs (Pellow et al., 1985).
However there is an obvious incompatibility between re-
duced locomotor activity due to sedation and the use of a
maze where the anima has to move from one arm to
another. Only doses of GHB below the sedation threshold
may be used. Thus, a preliminary experiment was per-
formed to determine this sedation threshold in the rat strain
used for the present study. Spontaneous locomotor activity
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of rats was examined in an activity meter system after
injection of GHB. Further experiments were designed to
assess the effects of GHB in the elevated plus maze and to
document the pharmacological mechanism mediating the
anxiolytic properties of GHB, using antagonists of three
distinct receptors systems. NCS-382 (6,7,8,9-tetrahydro-
5(H)-5-ol-ylidene acetic acid) is a y-hydroxybutyrate re-
ceptor antagonist (Maitre et al., 1990) already shown to
antagonize the sedative and cataleptic effects of GHB
(Schmidt et al., 1991). The non-selective opioid receptor
antagonist, naloxone, is also known to reverse many hio-
chemical and pharmacological effects of GHB (Snead and
Bearden, 1980) as well as the anti-anxiety effects of
diazepam in the elevated plus maze (Agmo et al., 1995).
Finally, the benzodiazepine receptor antagonist, flumazenil
(Hunkeler et al., 1981), which blocks most of the benzodi-
azepine effects, was evaluated in association with GHB.

2. Materials and methods
2.1. Animals

Male Long—Evans rats (Janvier, France) weighing 250—
300 g were housed two per cage in a colony room main-
tained on a 14/10 light/dark cycle (light on at 7:00 h)
with free access to food and water. An adaptation period of
at least 7 d was allowed prior to the start of the behaviora
experiments. During this week, the rats were handled three
times so that they could get used to the experimenter.

2.2. Drugs

All drugs were prepared immediately prior to use and
injected intraperitoneally (i.p.) in a volume of 2 ml /kg.
Diazepam (Roche, France), naloxone (Sigma, USA), GHB,
sodium salt (Sigma, USA) and NCS-382 (6,7,8,9-tetrahy-
dro-5(H)-5-ol-ylidene acetic acid, sodium salt) synthesized
as described previously (Maitre et al., 1990) were dis-
solved in water. Flumazenil (Hoffmann—La Roche, Basel)
was dissolved in water with two drops of Tween 80.
Sodium chloride 0.9% was used as a control except in the
flumazenil antagonism procedure where control animals
were injected with sodium chloride 0.9% to which two
drops of Tween 80 had been added. The interval between
injection and behavioral testing was 30 min for GHB,
diazepam, NCS-382 and flumazenil, and 15 min for nal ox-
one.

2.3. Behavioral apparatus

Spontaneous locomotor activity was measured in an
activity meter system consisting of eight individual cages
(45 cm length X 30 cm width X 30 cm height). The floor
was covered with sawdust and a passive infrared detector
(Talco, IRP124) behind a Fresnel lens was placed on the

roof of each cage. This Fresnel lens sectorized the cage
that the cell monitored. Movements from one part of the
cage to another were detected and fed into a PC computer
that was programmed to sum and store the displacements
of the rats every 5 min for a period of 1 h.

The elevated plus maze was constructed of wood simi-
larly to that described by Pellow et al. (1985). It consisted
of a maze with two open arms (50 X 10 cm) and two
enclosed arms (50 X 10 x 40 cm) with an open roof. The
arms were placed so that the two open and the two closed
arms were opposite each other with a central platform of
10 X 10 cm. The entire maze was elevated to a height of
50 cm above the ground and a spotlight (40 W) provided
the only room illumination and was placed 150 cm above
the central area of the maze. A video camera aso fixed
above the maze recorded the test sessions.

2.4. Procedure

All behavioral experiments were conducted between
14:00 and 18:00 h, and each rat was used only once.

2.4.1. Preliminary experiment: Locomotor activity of GHB

Five groups of 8 rats were randomly allocated to treat-
ment conditions (NaCl 0.9%, or GHB: 75, 150, 300 or 600
mg/kg i.p.). Each rat was injected, then placed individu-
aly in one of the activity meter compartments and its
activity was recorded every 5 min for 1 h.

2.4.2. Experiment 1: Anxiolytic effects of GHB as com-
pared to diazepam

GHB (50, 150 or 250 mg/kg), diazepam (2 mg/kg) or
NaCl 0.9% was administered i.p. 30 min before testing
(n = 8 per group). After injection, each rat was returned to
its home cage and 25 min after injection it was isolated in
a similar cage in the experimental room for 5 min. At the
beginning of the 5 min session test, the rat was placed on
the central platform of the maze with its head facing an
open arm. Behavior was recorded on the videotape. The
number of open- and closed-arm entries and the cumula
tive time spent in open arms, closed arms and central area
was analyzed later using a PC computer with specific
home-made software. A rat was considered to be on the
central platform whenever two paws were placed there and
in an arm when al four paws were on it. The ratios of
open/total arm entries and open/total time were calcu-
lated for each anima and used as indices of anxiety. The
total number of arm entries was used as an index of
locomotor activity in the plus maze.

2.4.3. Experiments 2, 3 and 4: Effects of NCS-382, nalox-
one and flumazenil on the anxiolytic effects of GHB
NCS-382 (300 mg/kg), naloxone (10 mg/kg) or
flumazenil (10 mg/kg) were evaluated on the effect of
GHB (150 mg/kg) in three distinct experimental proce-
dures (referred to experiment 2, 3 and 4 respectively). In
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each of these experiments, 32 rats were randomly allocated
to treatment conditions (n=8 in each one) and tested
following the same procedure as in experiment 1. Each rat
received two injections.

In experiment 2, the two injections were administered
30 min before testing and 4 treatment conditions were
assessed: saline + saline, GHB + sdline, saline + NCS-382
or GHB + NCS-382.

In experiment 3, a first injection of either saline or
GHB was made 30 min before testing and a second one of
either naloxone or saline was given 15 min before the test,
so that the following 4 conditions were used: saline +
sdline, sdine + naloxone, GHB + sdine or GHB +
naloxone.

Finally in experiment 4, the same procedure as in
experiment 2 was applied except that saline was replaced
by Tween agueous solution, vehicle for flumazenil and
GHB, giving the 4 treatment conditions: vehicle + vehicle,
vehicle + flumazenil, GHB + vehicle or GHB +
flumazenil.

2.5. Satistics

The results were expressed as the means + S.E.M. One-
way analysis of variance was applied to the spontaneous
activity score, to the percentage of open-arm entries and
the time spent in the open arms as well as to the tota
number of arm entries. When a drug increased or de-
creased both total arm entries and the percentage of open-
arm entries, analysis of covariance was performed to deter-
mine to what extent the entry in an open arm was indepen-
dent of any effect on closed-arm entries. Post-hoc compar-
isons between individual treatment and control groups
were done with the Newmann—Keuls test.

3. Results

Spontaneous locomotor activity of the rats placed in a
new environment is usualy high; in the present experi-
ment, it lasted more than 30 min and then decreased to a
plateau. Fig. 1A shows this decreasing spontaneous loco-
motor activity of the rats after the dose of 150 mg/kg
GHB because it is the main dose used in the subsequent
pharmacological experiments. Fig. 1B presents the effect
of four doses of GHB at the corresponding latency (30
min). For pharmacokinetic reasons, the delay of 30 min
after GHB i.p. administration is used in most of the
pharmacological experiments carried out with GHB. Loco-
motor activity of rats treated with either 300 or 600
mg/kg of GHB was rapidly decreased and remained less
than that of the controls until the fortieth minute or the end
of the session, respectively, indicating a sedative effect
(not shown). Doses of 75 and 150 mg/kg of GHB did not
reduce spontaneous activity as compared to the controls
and dlight hyperactivity was even observed 35 min after

L 400 ¢ A
(=
=
8
S 300 +
=
=
°
8 200+ R
1Y
i) *
<)
£ 100 4
o
[£]
S
0 — —
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

200 +
t B
=
o
© 150 ¢
2
2
=
8 100 1 {
153
)
°
E 1 *
5 50 *k
Q
g { {
-

0 : : : .
0 75 150 300 600

Dose of GHB (mg/kg)

Fig. 1. Rats spontaneous locomotor activity score (mean+SEM., n=8
in each group) evaluated in the activity meter system as described in
Section 2. (A) measurements for each 5 min period for one hour after i.p.
injection of NaCl 0.9% (open circle) or GHB (150 mg/kg, black square).
(B) measurements at 30 min after i.p. injection of NaCl 0.9% (open
circle) or GHB (black square) at the doses indicated. * P < 0.05,
**P < 0.01 versus control (ANOVA followed by the Newmann—Keuls
test).

injection. These results indicate that, at least up to 150
mg/ kg, there was no GHB-induced decrease in locomotor
activity, thus no sedation was believed to occur. Both
non-sedative doses and a delay of 30 min after injection,
for which no difference in locomotor activity occurred,
were chosen to determine the anxiolytic effect of GHB.

In experiment 1, GHB 50, 150 and 250 mg/kg in-
creased the percentage of entries into and the percentage of
time spent in the open arms as shown in Fig. 2A, but this
proved to be statistically significant only for 150 and 250
mg/kg. At the dose of 250 mg/kg, GHB also signifi-
cantly increased the total number of arm entries (Fig. 3A),
indicating that no sedative effect occurred at this dose, but
the analysis of covariance of the number of arm entries
(open arm entries as the dependent variable and closed arm
entries as the covariate) till did revea a significant effect
of GHB to increase the open arm entries. As a positive
reference, diazepam (2 mg /kg i.p.) was tested in the same
experiment and was shown to significantly increase the
percentage of open-arm entries as well as the time spent in
open arms under our conditions.
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Fig. 2. Percentage of open-arm entries (grey bars) and of time spent (hatched bars) in open arms (mean + SE.M., n= 8 in each group) in rats given a5
min test in the elevated plus maze after i.p. injection with: (A) diazepam (DZP, 2 mg/kg) or GHB (50, 150 or 250 mg/kg), (B) GHB (150 mg/kg)
and/or NCS-382 (NCS, 300 mg,/kg), (C) GHB (150 mg/kg) and/or naloxone (NLX, 10 mg/kg), (D) GHB (150 mg,/kg) and/or flumazenil (FLU, 10
mg/kg). “P < 0.05, * " P < 0.01 versus vehicle-treated group; °°P < 0.01 versus GHB alone (ANOVA followed by the Newmann—Keuls test).
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Fig. 3. Number of closed-arm entries (grey bars, mean + S.E.M.), open-arm entries (white part of bars, mean + S.E.M.) and total number of entries (entire

column) in rats given a5 min test in the elevated plus maze after i.p. injection as described in Fig. 2. ANOVA followed by the Newmann—Keuls test was
applied to the total number of arm entries (n = 8 in each group), “P < 0.05 versus control.
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In experiment 2, the GHB receptor antagonist NCS-382
(300 mg/kg i.p.), had a significant effect on neither the
percentage of entries and the percentage of time spent in
open arms when injected aone (Fig. 2B), nor on the total
number of arm entries (Fig. 3B). When NCS-382 was
coadministered with GHB, it was unable to antagonize the
anxiolytic effect of GHB at the dose used. The percentage
of open-arm entries and of time spent in open arms till
increased in a significant way with post-hoc comparisons
showing no differences between GHB /vehicle and
GHB /NCS-382 groups.

In experiment 3, the opioid receptor antagonist, nalox-
one (10 mg/kg i.p.), had no significant effect when in-
jected alone as shown in Fig. 2C. When GHB (150
mg,/kg) was combined with naloxone (10 mg/kg), the
percentage of open-arm entries and of time spent in open
arms ill increased in a significant way, with post-hoc
comparisons by the Newmann—Keuls test showing no
differences between GHB /vehicle and GHB /naoxone
groups.

In experiment 4 (Fig. 2D), the benzodiazepine receptor
antagonist, flumazenil (10 mg/kg i.p.), that showed no
significant effect by itself under our conditions, signifi-
cantly reduced the percentage of open-arm entries (P <
0.01) and the percentage of time spent in open arms
(P <0.01); post-hoc comparisons showed no significant
differences between GHB /flumazenil and vehicle/vehicle
groups.

4. Discussion

Low doses of GHB exhibited anxiolytic properties in
rats as tested in the elevated plus maze. There was no
indication of a sedative effect at the doses used, either
regarding measurements of spontaneous locomotor activity
or the total number of entries in the open and closed arms
of the plus maze. Although the effective doses of 150 and
250 mg/kg of GHB increased locomotor activity, subse-
guent analysis of covariance of the number of arm entries
indicated that there still was a significant open- versus
closed-arm effect. The anxiolytic effect of GHB was not
reversed by an equimolecular dose of the GHB receptor
antagonist, NCS-382, or by a high dose of the opioid
receptor antagonist, naloxone. The anxiolytic properties of
GHB were significantly antagonized by an intermediate
dose of the benzodiazepine receptor antagonist, flumazenil.

Non-sedative doses of GHB were chosen in accordance
with the results of a preliminary experiment as there are no
reports regarding behavioral and locomotor activity after
low doses of GHB in the rat. In mice, the spontaneous
locomotor activity after GHB administration was evaluated
by Zerbib et al. (1992). The locomotor activity of mice
treated with 2 mmol /kg i.p. (250 mg/kg), as either acute
or chronic injections, was significantly lowered as early as
after 30 min, this phase being followed by increased

activity that the authors considered to be renewed ex-
ploratory behavioral activity rather than hyperactivity.
However, we found that, in the rat, slight hyperactivity as
compared to the control was observed even in the absence
of a preceding period of lower activity.

NCS-382 is a synthetic structural analogue of GHB
exhibiting antagonistic properties at GHB binding sites
(Maitre et al., 1990); it possesses high affinity for GHB
receptors and blocks GHB-induced cell responses in vivo
and in vitro (Hechler et al., 1991). Moreover, this com-
pound completely reverses both the EEG abnormalities
induced by GHB in the Wistar rat (Maitre et al., 1990) and
the sedative and cataleptic properties of GHB (Schmidt et
al., 1991), suggesting that GHB receptors are implicated
directly in these effects of GHB. Only one dose of NCS-382
(300 mg /kg) was used, corresponding to an equimolecular
dose of GHB, and this procedure (i.e. co-injection of
equimolecular or lower doses of NCS-382 thirty minutes
before testing) was the one used to demonstrate the previ-
oudly described antagonistic properties of this compound
(Maitre et al., 1990; Schmidt et al., 1991). At this dose,
NCS-382 was found unable to antagonize the anti-anxiety
effects of GHB in the elevated plus maze. Thus, it could
be assumed that the anxiolytic properties of GHB do not
involve GHB receptors and that distinct mechanisms are
possibly implicated in sedative/ cataleptic effects and anxi-
olytic effects of GHB as already described for tracazolate
(File and Pellow, 1985).

To explore the mechanism of anti-anxiety effects of
GHB in more detail, we studied the action of naloxone in
association with GHB in the elevated plus maze. This
opioid receptor antagonist has aready been shown to
reverse many biochemical and pharmacological modifica
tions induced by GHB (for review see Maitre, 1997).
Naloxone in particular was demonstrated to overcome
dopaminergic, EEG and cataleptic effects of GHB in rats
(Snead and Bearden, 1980), but not GHB-induced sleep in
mice (Devoto et al., 1994), reinforcing the hypothesis that
there are different mechanisms for sedative and anxiolytic
effects of GHB. It has previoudy been shown that large
doses of naloxone (5-10 mg/kg i.p.) are required to
inhibit the anticonflict effects of benzodiazepines and
pentobarbital and the anti-anxiety effects of diazepam in
the elevated plus maze (Agmo et al., 1995). Naloxone did
not significantly reduce the anxiolytic effects of GHB
under our conditions even at the dose of 10 mg/Kkg i.p.
Agmo et a. (1995) suggested that the release of endoge-
nous opioids associated with a variety of stresses may play
an important role in the control of anxiety by benzodi-
azepines. It has been shown that GHB induces an in-
creased release of striatal substance displacing [*H]nalo-
xone binding (Hechler et al., 1985) but a reduction in the
release of striatal methionine-enkephalin (Gobaille et al.,
1994). Therefore it could be argued that if the release of
endogenous opioid peptides is important in the anxiolytic
response of diazepam and benzodiazepines, it should not
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be the same with GHB unless dynorphin acting at «-,
rather than u- or 5-opioid receptors was involved but this
needs further investigation. In support of this idea, some
recent reports demonstrated that k-opioid agonists produce
an anxiolytic effect on rats in the elevated plus maze
(Privette and Terrian, 1995) and are involved in the anxi-
olytic effects of diazepam in mice (Tsuda et al., 1996).
The observed reversal effect of flumazenil on GHB
anxiolytic properties favors the possibility of GHB acting
directly or indirectly on the GABA ,-benzodiazepine re-
ceptor complex. A direct interaction of GHB at GABA ,
receptors and on Cl~ conductance has been suspected but
remains a matter of dispute. Some previous studies suggest
an interaction between the GHBergic and the GABAergic
systems (Hodli et a., 1983; Snead and Nichols, 1987;
Snead et al., 1992). However GHB fails to ater directly
the function of the GABA , receptor complex since in
vitro and in vivo binding studies have shown that GHB has
no effect on the binding of [*Hlmuscimol, [*HIflunitraze-
pam and [*S]t-butylbicyclophosphorothionate or on the
uptake of *Cl~ (Serra et al., 1991; Snead and Liu, 1993).
Alternatively, the hypothesis of an indirect effect of GHB
at GABA , receptors seems to be plausible. Indeed, GHB
modul ates the GABAergic system either via the metabolism
of GHB to GABA which has been demonstrated both in
vivo (De Feudis and Collier, 1970) and in vitro (Vayer et
al., 1985), or by regulating GABA release in some specific
brain regions. Barngjee and Snead (1995) demonstrated
that GHB decreases the basal extracellular release of GABA
in rat thalamic ventrobasal nucleus, a finding inconsistent
with an anxiolytic effect but associated with enhanced
GABAergic transmission. However investigations in our
laboratory clearly showed a GHB-induced increase of
GABA release in the frontal cortex (unpublished results).
Flumazenil is a selective benzodiazepine receptor antag-
onist (Hunkeler et al., 1981) that has not yet been shown to
have any affinity for GHB receptors, but has been demon-
strated to antagonize the GHB action on growth hormone
secretion (Gerra et al., 1994) while naoxone did not
(Gerra et a., 1995). Flumazenil has not yet been assessed
in association with GABA , receptor ligands or GABA-
transaminase inhibitors in the evaluation of anxiety. How-
ever, this benzodiazepine receptor antagonist is able to
reverse the anxiolytic effects of non-benzodiazepine com-
pounds such as tracazolate (File and Pellow, 1985) or
F2692, a pyridazine derivative (Assié et al., 1993) which
both display potent anxiolytic effects but exhibit negligible
affinity for benzodiazepine binding sites in vivo and in
vitro. Similarly, the effects of some 5-HT,, receptor ago-
nists, 5-HT, receptor antagonists and CCK-B receptor
agonists and antagonists on anxiety can also be antago-
nized by flumazenil (Engel et al., 1989; Nagatani et a.,
1991; Chopin and Briley, 1993), suggesting that the
GABA ,-benzodiazepine complex may be a common
downstream component of various neurochemica systems
controlling anxiety states (Assié et al., 1993). The hypothe-

sis that GHB may act indirectly via a putative endogenous
ligand for the benzodiazepine receptor (Costa and Guidotti,
1991) is also conceivable and has already been proposed
for other compounds exhibiting anxiolytic activity (Assié
et a., 1993; Chopin and Briley, 1993).

In summary, low doses of GHB display anxiolytic
effects in the elevated plus maze in the rat. This action
seems to involve an indirect interaction at the GABA ,-
benzodiazepine receptor complex as evidenced by the inhi-
bition observed with flumazenil rather than mediation by
opioid or GHB receptors. Thus, further investigation with
GHB receptor agonists that are not converted into GABA
would be of interest to support thisindirect action of GHB.
The sedative/ catal eptic effects and the anxiolytic action of
GHB may proceed by distinct mechanisms and the interest
of GHB as a potential anxiolytic in opiate or alcohol
withdrawal would thus be increasingly justified.

Acknowledgements

Flumazenil was kindly provided by Hoffmann—La
Roche, Basel, Switzerland. We thank J.J. Bourguignon for
synthesizing NCS-382. The work was supported by a grant
from DRET 93-172.

References

Agmo, A., Galvan, A., Heredia, A., Morales, M., 1995. Naloxone blocks
the antianxiety but not the motor effects of benzodiazepines and
pentobarbital: Experimental studies and literature review. Psychophar-
macology 120, 186—194.

Assig, M.B., Chopin, P., Stenger, A., Pamier, C., Briley, M., 1993.
Neuropharmacology of a new potential anxiolytic compound, F2692,
1-(3-trifluoromethyl phenyl) 1,4-dihydro-3-amino-4-oxo-6-methyl
pyridazine: 1. Acute and in vivo effects . Psychopharmacology 110,
13-18.

Barngjee, P.K., Snead, O.C., 1995. Presynaptic gamma-hydroxybutyric
acid (GHB) and gamma-aminobutyric acidg (GABAg) receptor-
mediated release of GABA and glutamate (GLU) in rat thalamic
ventrobasal nucleus (VB): A possible mechanism for the generation
of absence-like seizures induced by GHB. J. Pharmacol. Exp. Ther.
273, 1534-1543.

Chopin, P., Briley, M., 1993. The benzodiazepine antagonist flumazenil
blocks the effects of CCK receptor agonists and antagonists in the
elevated plus-maze. Psychopharmacology 110, 409-414.

Costa, E., Guidotti, A., 1991. Minireview: Diazepam binding inhibitor
(DBI), a peptide with multiple biologica activities. Life Sci. 49,
325-344.

De Feudis, F.V., Collier, B., 1970. Conversion of y-hydroxybutyrate to
y-aminobutyrate by mouse brain in vivo. Experientia 26, 1072—1073.

Devoto, P., Colombo, G., Cappai, F., Gessa, G.L., 1994. Naloxone
antagonizes ethanol- but not gamma-hydroxybutyrate-induced sleep in
mice. Eur. J. Pharmacol. 252, 321-324.

Engel, JA., Egbe, P, Liljequist, S., Soderpam, B., 1989. Effects of
amperozide in two animal models of anxiety. Pharmacol. Toxicol. 64,
452-456.

File, SE., Pellow, S., 1985. The anxiolytic but not the sedative properties
of tracazolate are reversed by the benzodiazepine receptor antagonist,
RO 15-1788. Neuropsychobiology 14, 193—-197.



C. Schmidt-Mutter et al. / European Journal of Pharmacology 342 (1998) 21-27 27

Gallimberti, L., Cibin, M., Pagnin, P., Sabbion, R., Pani, P.P., Piratsu, R.,
Ferrara, SD., Gessa, G.L., 1993. Gamma-hydroxybutyric acid for
treatment of opiate withdrawal syndrome. Neuropsychopharmacology
9, 77-81.

Gerra, G., Caccavari, R., Fontanesi, B., Marcato, A., Fertonani Affini, G.,
Maestri, D., Avanzini, P., Lecchini, R., Delsignore, R., Muitti, A.,
1994. Flumazenil effects on growth hormone response to gamma-hy-
droxybutyric acid. Int. Clin. Psychopharmacol. 9, 211-215.

Gerra, G., Caccavari, R., Fontanesi, B., Fertonani Affini, G., Maestri, D.,
Avanzini, P., Zaimovic, A., Franchini, D., Delsignore, R., 1995.
Naloxone and metergoline effects on growth hormone response to
gamma-hydroxybutyric acid. Int. Clin. Psychopharmacol. 10, 245—
250.

Gobaille, S., Schmidt, C., Cupo, A., Herbrecht, F., Maitre, M., 1994.
Characterization of methionine-enkephalin release in the rat striatum
by in vivo dialysis: Effects of gamma-hydroxybutyrate on cellular and
extra-cellular methionine-enkephalin levels. Neuroscience 60, 637—
648.

Hechler, V., Bourguignon, J.J., Wermuth, C.G., Mandel, P., Maitre, M.,
1985. y-Hydroxybutyrate uptake by rat brain striatal dlices. Neu-
rochem. Res. 10, 387—396.

Hechler, V., Gobaille, S., Bourguignon, J.J., Maitre, M., 1991. Extracel-
lular events induced by gamma-hydroxybutyrate in striatum: A micro-
diaysis study. J. Neurochem. 56, 938—944.

Hodli, L., Hodli, E., Lehmann, R., Schneider, J., Borner, M., 1983. Action
of y-hydroxybutyrate and GABA on neurones of cultured rat central
nervous system. Neurosci. Lett. 37, 257—260.

Hunkeler, W., Mohler, H., Pieri, L., Polc, P., Bonetti, E.P., Cumin, R,,
Schaffner, R., Haefely, W., 1981. Selective antagonists of benzodi-
azepines. Nature 290, 514-516.

Laborit, H., 1964. Sodium 4-hydroxybutyrate. Int. J. Neuropharmacol. 3,
433-452.

Maitre, M., 1997. The y-hydroxybutyrate signalling system in brain:
Organization and functional implications. Prog. Neurobiol. 51, 337-
361.

Maitre, M., Hechler, V., Vayer, Ph., Gobaille, S., Cash, C.D., Schmitt,
M., Bourguignon, J.J., 1990. A specific y-hydroxybutyrate receptor
ligand possesses both antagonistic and anticonvulsant properties. J.
Pharmacol. Exp. Ther. 255, 657—-663.

Nagatani, T., Yamamoto, T., Takao, K., Hashimoto, S., Kasahara, K.,
Sugihara, T., Ueki, S., 1991. Pharmacological profile of a potential
anxiolytic: AP159, a new benzothieno-pyridine derivative. Psy-
chopharmacology 104, 432—-438.

Pellow, S., Chopin, P., File, SE., Briley, M., 1985. Validation of

open:closed arm entries in an elevated plus-maze as a measure of
anxiety in the rat. J. Neurosci. Methods 14, 149-167.

Privette, T.H., Terrian, D.M., 1995. Kappa opioid agonists produce
anxiolytic-like behavior on the elevated plus-maze. Psychopharmacol-
ogy 118, 444—-450.

Sayin, U., Purai, N., Ozkan, T., Altug, T., Biylkdevrim, S., 1992.
Vigabatrin has an anxiolytic effect in the elevated plus-maze test of
anxiety. Pharmacol. Biochem. Behav. 43, 529-535.

Schmidt, C., Gobaille, S., Hechler, V., Schmitt, M., Bourguignon, J.J.,
Maitre, M., 1991. Anti-sedative and anti-cataleptic properties of NCS-
382, a y-hydroxybutyrate receptor antagonist. Eur. J. Pharmacol. 203,
393-397.

Serra, M., Sanna, E., Foddi, C., Concas, A., Biggio, G., 1991. Failure of
gamma-hydroxybutyrate to alter the function of the GABA , receptor
complex in the rat cerebra cortex. Psychopharmacology 104, 351—
355.

Shekhar, A., 1993. GABA receptors in the region of the dorsomedial
hypothalamus of rats mediate anxiety in the elevated plus-maze test. |.
Behavioral measures . Brain Res. 627, 9-16.

Sherif, F., Harro, J.,, El-Hwuegi, A., Oreland, L., 1994. Anxiolytic-like
effect of the GABA-transaminase inhibitor vigabatrin (gamma-vinyl
GABA) on rat exploratory activity. Pharmacol. Biochem. Behav. 49,
801-805.

Snead, O.C., Bearden, L.J., 1980. Naloxone overcomes the dopaminergic
EEG and behavioral effects of +y-hydroxybutyrate. Neurology 30,
832-838.

Snead, O.C,, Liu, C.C., 1993. GABA , receptor function in the gamma-
hydroxybutyrate model of generalized absence seizures. Neurophar-
macology 32, 401-409.

Snead, O.C., Nichals, A.C., 1987. Gamma-hydroxybutyric acid binding
sites: Evidence for coupling to a chloride anion channel. Neurophar-
macology 26, 1519-1523.

Snead, O.C., Nichols, A.C., Liu, C.C, 1992. y-Hydroxybutyric acid
binding sites: Interaction with the GABA-benzodiazepine-picrotoxin
receptor complex. Neurochem. Res. 17, 201-204.

Tsuda, M., Suzuki, T., Misawa, M., Nagase, H., 1996. Involvement of the
opioid system in the anxiolytic effect of diazepam in mice. Eur. J.
Pharmacol. 307, 7-14.

Vayer, P, Mandel, P., Maitre, M., 1985. Conversion of vy-hydroxy-
butyrate to y-aminobutyrate in vitro. J. Neurochem. 45, 810—814.
Zerbib, R., Pierrefiche, G., Ferran, C., Laborit, H., 1992. Potential
antidepressant activity of gamma-hydroxybutyrate in the mouse * be-
havioral despair’ test: Correlation with the central dopaminergic

system. Res. Commun. Psychol. Psychiatr. Behav. 17, 109-122.



