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ABSTRACT. Previous results have shown that stimulation of the gamma-hydroxybutyrate (GHB) receptor
modulates Ca21 channel permeability in cell cultures. In order to confirm this result, we investigated the
consequence of GHB receptor stimulation on nitric oxide synthase (NOS) activity in rat brain cortical punches
rich in GHB receptors. The stimulation of these receptors by increasing amounts of GHB induced a progressive
decrease in NOS activity. However, for GHB doses above 10 mM, this reduction was progressively lost, either
after receptor desensitization or after stimulation of an additional class of GHB receptor having lower affinity.
The effect of GHB was reproduced by the GHB receptor agonist NCS-356 and blocked by the GHB receptor
antagonist NCS-382. The GHB-induced effect on Ca21 movement was additive to those produced by veratrine,
indicating that GHB modulates a specific Ca21 conductance, which explains the modification in NOS activity
and the increase in cyclic guanosine monophosphate levels previously reported. BIOCHEM PHARMACOL 58;11:
1815–1819, 1999. © 1999 Elsevier Science Inc.
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GHB†, which is endogenously present in micromolar quan-
tities in the brain, is derived mainly from the transamina-
tion of GABA followed by the reduction of succinic
semialdehyde [1]. GHB possesses neuromodulatory func-
tions in brain via high affinity receptors which are charac-
terized by a specific ontogeny, distribution, kinetics, and
pharmacology [2]. These receptors, which do not appear to
be expressed by glial cells and peripheral tissue, belong to
the G-protein-linked receptor family [3]. They are found
exclusively in the rostral part of the brain (whole cortex—
including frontal cortex—and hippocampus, striatum and
olfactory tracts, thalamus, and some dopaminergic nuclei
such as A9, A10, and A12) but also in neuronal cell cultures
[4, 5]. Several results have documented that the brain
endogenous GHB system exerts a tonic inhibitory control
over both the release of dopamine in striatum and frontal
cortex and the release of GABA in thalamus and frontal
cortex [6, 7]. Other brain regions have not been studied.
These effects are most probably mediated by the GHB
receptors localized in these brain regions, because most of

the neurophysiological and neuropharmacological effects of
administered GHB are reduced or blocked by the GHB
receptor antagonist NCS-382 (6,7,8,9-tetrahydro-5-[H]-
benzocycloheptene-5-01-4-ylidene acetic acid) [8]. When
administered peripherally, GHB freely penetrates the brain
and interferes with the principal elements of the GHB
endogenous system. These interferences, particularly at the
level of GHB receptors, result in neuropharmacological
effects which are used in therapeutics for sleep regulation in
narcoleptic patients [9], for the reduction of withdrawal
symptoms in alcohol or heroin addiction [10, 11], and for
recreational and psychological benefits [12].

At the cellular level, some molecular events following
GHB receptor stimulation have been described. In vivo and
in brain slices, increases in cGMP and in inositol polyphos-
phate levels have been observed under the influence of
pharmacological doses of GHB [13]. GHB administration
generally induces neuronal cell membrane hyperpolariza-
tions [14]. Recently, the stimulation of GHB receptors
expressed in differentiated NCB-20 cells appeared to be
linked to a reduction in Ca21 channel activities [5]. This
effect was blocked by NCS-382 but not by the GABAB

antagonist CGP-55845. Taking into account the GHB
effect on Ca21 movements and on cGMP levels, we
explored a possible modification of NOS activity induced
by micromolar concentrations of GHB in small punches of
rat frontal cortex incubated under physiological conditions.
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MATERIALS AND METHODS

Male Wistar rats (300–350 g; Centre de Neurochimie,
Strasbourg, France) were rapidly decapitated after stunning
and their brains removed and dissected on a cold glass plate.
Coronal sections of 750 mm were cut from the frontal
cortex (3.7 mm anterior and 5.2 mm posterior to bregma)
according to Paxinos and Watson [15]. Punches were taken
from the two slices obtained with the aid of a stainless steel
hollow needle with an internal diameter of 1 mm. Punches
were immediately transferred into 50 mL of Krebs–Hense-
leit solution of the following composition: (mM) NaCl 120,
KCl 2.0, CaCl2 2.0, NaHCO3 26, MgSO4 1.19, KH2PO4

1.18, and glucose 11, which had previously been saturated
with 95-5% O2/CO2. The solution containing the punches
was bubbled with 95-5% O2/CO2 at 37° for 60 min. Next,
a determined number of punches were transferred into
basket-shaped sieves. The baskets were then placed in
plastic tubes containing 1 mL Krebs–Henseleit with 20 mM
L-arginine, 0.1 mCi U-[14C] L-arginine (11.0 GBq/mmol;
296 mCi/mmol), 1 mM L-citrulline, and 10 mM tetrahy-
drobiopterin with or without the addition of the various
test compounds (veratrine, Nv-nitro-L-arginine, gamma-
hydroxybutyrate). The tubes were briefly gassed with 95-5%
O2/CO2 sealed, and then incubated at 37° for time intervals
varying from 20–90 min and as a function of protein (1–4
punches per sieve 5 60–240 mg protein). An incubation
time of 60 min was usually chosen because of the low
amount of citrulline produced. At the end of the incubation
period, the sieves were removed and carefully drained into
the tubes. Bathing liquid from each tube (0.8 mL) was
applied to a 1-mL column of BioRad AG 50W-X8, 200–
400 mesh, Na1 form, and the eluates collected directly into
scintillation vials together with two 0.8-mL H2O rinses.
Scintillation fluid (15 mL) was added to each vial, which
was then vortexed. After 15 hr, the vials were counted for
10 min to measure the [14C] L-citrulline formed during the
course of the NOS reaction.

All measurements were performed by reference to the
background formation of [14C] L-citrulline in presence of 1
mM Nv-nitro-L-arginine in the incubation medium. Nv-
nitro-L-arginine has been reported to be a strong inhibitor
of the calcium/calmodulin-dependent constitutive NOS
from brain [16]. Results are percentages of the veratrine-
induced stimulation of NOS in the same tissue (taken as
100% reference). Statistical analyses of data (N 5 9) were
assessed by a one-way Anova followed by a Newmann–
Keuls test for dose/effect experiments. Differences between
two sets of values were evaluated by the Student’s t-test.

RESULTS
Determination of NOS Activity as a Function of Time
and Amount of Protein

Veratrine induces brain tissue depolarizations and nitric
oxide synthesis through multiple mechanisms, including
activation of N-methyl-D-asparate receptors, voltage-sensi-

tive Ca21 channels, and Na1/Ca21 exchange channels
[17]. Under our experimental conditions, the synthesis of
nitric oxide induced by 20 mg/mL veratrine was linear for at
least 60 min in the presence of two punches of frontal cortex
(121 mg protein per tube, Fig. 1). The kinetics were also linear
for up to 3 punches in the same tube (i.e. 183 mg protein)
incubated for 60 min (Fig. 2). These preliminary studies were
used to define the experimental conditions to test the effect of
GHB and synthetic analogues on NOS activity.

GHB Dose–Activity Relationship and NOS Activity

NOS activity was measured in the presence of various
concentrations of GHB (2.5 to 100 mM) co-incubated with
two punches (121 mg of protein) for 60 min. Results were
calculated as percentages of the NOS activity induced by
20 mg/mL veratrine (100% activity 5 6 6 1.2 pmol/min/mg
protein) (Fig. 3). Basal levels of [14C] citrulline formation
in the presence of 1 mM Nv-nitro-L-arginine were consid-
ered as background and always subtracted from the different

FIG. 1. NOS activity as a function of incubation time. Each
sample was incubated in the presence of two punches of the
frontal cortex (121 mg protein per tube). Results are expressed
in pmol [14C] citrulline formed in the presence of 20 mg/mL
veratrine. Backgrounds obtained with 1 mM Nv-nitro-L-argi-
nine were subtracted from all results. Data are given as means 6
SEM (N 5 9 independent experiments).

FIG. 2. NOS activity as a function of the amount of tissue.
Samples were incubated for 60 min in the presence of either one,
two, or three punches (about 60 mg protein per punch). Results
(means 6 SEM; N 5 9) are in pmol [14C] citrulline formed,
backgrounds obtained in the presence of 1 mM Nv-nitro-L-
arginine always being subtracted.
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results. Under these conditions, increasing amounts of
GHB from zero to 10 mM induced a progressive reduction
in NOS activity (43.2 6 7% to 13.9 6 2%). However,
when the concentration of GHB in the medium was above
10 mM, a progressive re-increase of NOS activity was seen
(28 6 4% at 25 mM to 45 6 6% and 43 6 6% at 50 and
100 mM GHB, respectively). These last two concentrations
of GHB induced a NOS activity which was not different
from those existing in the punches in the absence of GHB
in the incubation medium. Thus, GHB exerts a biphasic
effect on NOS activity. Below 10 mM, a reduction was seen.
Increasing amounts of GHB above 10 mM induced the
progressive disappearance of the GHB effect.

Effects of Synthetic Analogues of GHB

The effects of the GHB receptor agonist NCS-356 (g-p-
chlorophenyl-trans-hydroxycrotonate) [18] and antagonist
NCS-382 [8] were tested under the same conditions in
order to characterize the nature of the GHB-induced
response pharmacologically. NCS-382 (200 mM) had no
effect by itself on NOS activity, but it completely inhibited
the decrease in NOS activity induced by a low concentra-
tion of GHB (10 mM; 13.9 6 2.6% in the absence of
NCS-382 and 23.9 6 2.5% in the presence of the antago-

nist) and also blocked the activating effect of 50 mM GHB
(45.5 6 6.1% in the absence of NCS-382 and 9.5 6 3.4%
in the presence of the antagonist). NCS-356 (50 mM)
stimulated NOS, similarly to GHB at the same dosage, and
this stimulation was also inhibited by the antagonist NCS-
382 (35.3 6 3.8% to 19.3 6 3.8%; Fig. 4). Thus, this
substance antagonized the GHB-induced inhibition of neu-
ronal NOS observed at low doses of GHB (10 mM),
demonstrating that this effect is a specific receptor-medi-
ated effect. At a high dose of GHB (50 mM), it could be
suggested that NCS-382 stabilizes the GHB receptor and
diminishes its desensitization or, alternatively, that it an-
tagonizes the other class of receptor stimulated only by high
doses of GHB.

Additive Effect of Veratrine and GHB on the
Stimulation of NOS Activity

When GHB (50 mM) was co-incubated with veratrine (20
mg/mL), a supplementary stimulation of NOS activity was
observed compared to those seen with veratrine alone. This
additive effect (127 6 9%) indicates that GHB modulated
the permeability of a calcium channel which was not
opened by the action of veratrine. In the presence of the

FIG. 3. Effect of GHB on NOS
activity. Two punches were incu-
bated for 60 min in the presence of
increasing concentrations of GHB
(2.5 to 100 mM). Results
(means 6 SEM, N 5 9 indepen-
dent experiments) are percentages
of the control activity obtained
with 20 mg/mL veratrine (6 6 1.2
pmol/min/mg protein). ** 5 P <
0.001 compared to NOS activity
measured in the absence of GHB
added in the incubation medium.

FIG. 4. Effect of synthetic ligands of
GHB receptor(s) on NOS activity. Two
punches were incubated for 60 min in the
presence of: the antagonist NCS-382
(200 mM) alone; the antagonist NCS-
382 (200 mM) 1 GHB (50 mM or 10
mM); the agonist NCS-356 (50 mM)
alone; the antagonist NCS-382 (200
mM) 1 the agonist NCS-356 (50 mM).
Results (means 6 SEM of 9 independent
experiments) are percentages of NOS ac-
tivity induced by veratrine 20 mg/mL
(control activity). * 5 P < 0.05; ** 5
P < 0.01 compared to NOS activity
induced by GHB or NCS-356 alone.
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antagonist NCS-382, the supplementary effect due to GHB
disappeared (Fig. 5).

DISCUSSION

GHB is heterogeneously distributed in the rat brain and its
maximal concentration is approx. 5–10 mM [19]; however,
GHB concentrations increase in the ischemic brain and it
is difficult to evaluate the actual GHB levels in the punches
of frontal cortex used in this study. Nevertheless, 50–100
mM GHB concentrations are reached in the brain of the
animal only after peripheral administration of GHB [20].
Thus, under physiological concentrations of GHB, the
present paper describes an inhibition of constitutive NOS
by increasing amounts of GHB (up to 10 mM). Neuronal
NOS is a Ca21/calmodulin-dependent enzyme regulated by
the steep gradient of Ca21 that occurs in the vicinity of
open Ca21 channels [21]. Although constitutive brain
NOS is mainly linked to Ca21 influx through the N-
methyl-D-asparate receptor, it is possible that the GHB
receptor also plays a role in this domain. The present study
was carried out in order to use neuronal NOS as an
indicator of Ca21 movements in the tissue. Interestingly,
we confirm the GHB-induced decrease in neuronal Ca21

influx generated by GHB receptor stimulation that has
been demonstrated on NCB-20 cells by patch-clamp exper-
iments [5]. These cells are a hybrid between mouse neuro-
blastoma N18TG2 and Chinese hamster embryonic day-18
brain cells which express many properties characteristic of
neurons. When differentiated by dibutyryl cyclic AMP, these
cells develop synaptic contacts, and a K1-evoked, Ca21-
dependent release of GHB takes place. NCB-20 cells also

express a homogenous population of high affinity binding sites
for [3H] GHB which mediate the GHB-induced modifications
in Ca21 conductances, given that this effect was blocked by
NCS-382 but not by the GABAB antagonist CGP 55845.
Other electrophysiological results obtained on brain neurons
in vivo generally support a role for GHB in inducing neuronal
cell membrane hyperpolarization [14].

Peripheral administration of GHB in rats and human
raises the brain GHB concentration markedly above phys-
iological concentrations. Chronic administration of GHB
in rats has been shown to desensitize and down-regulate
GHB receptors [22]. Under our experimental conditions
(1-hr incubation), concentrations of GHB above 10 mM
(25, 50, and 100 mM) induced a progressive re-increase of
NOS activity in the punches of frontal cortex. This is
probably due to a progressive loss of GHB-induced inhibi-
tion of Ca21 influx due to a progressive desensitization of
GHB receptors exposed to high GHB concentrations, and
NOS activity returns progressively to control values. How-
ever, as suggested by the kinetic parameters of GHB
binding on rat brain membranes, two populations of GHB
receptors exist, one of high affinity (Kd1

estimated in the
range 30–580 nM) and the other of lower affinity (Kd2

in
the range of 2 to 16 mM) [2]. High concentrations of GHB
in the incubation medium could induce a gradient concen-
tration of GHB in the tissue high enough to stimulate both
classes of sites. Under these conditions, the global effect of
GHB could be a stimulation of Ca21 influx into the tissue
with a stimulation of NOS. Previous results have reported
an increase in calcium ion utilization in the substantia
nigra, rich in GHB receptors, after local application of
GHB at doses above 100 mM [23]. Lower doses have not
been tested. In relation to this increase in calcium ion
influx and the stimulation of NOS activity at high doses of
GHB, an increase in cGMP concentration has been re-
ported in the rat hippocampus in vivo following the admin-
istration of 400 mg/kg GHB [24]. A possible decrease in
cGMP concentrations at low doses of GHB has not been
tested and is worthy of investigation.

Thus, several lines of evidence support the notion of a
reduction of Ca21 influx in brain tissue after stimulation of
GHB receptor, leading to a reduction in NOS activity. This
effect could be blocked by the selective GHB receptor antag-
onist NCS-382. Overstimulation of GHB receptor by high
amounts of GHB for 60 min induces the apparent disappear-
ance of this effect. NCS-382 also reduces this second phase
either by preventing the desensitization of GHB receptors or
by inhibiting the stimulation of Ca21 entry mediated by
another class of GHB receptor of lower affinity. The hypoth-
esis that a high dose of GHB could stimulate other kinds of
receptors (in particular GABAB receptors) [25] is unlikely,
because the specific synthetic agonist of GHB receptors
(NCS-356) reproduces the GHB effect.

It can be concluded that GHB receptor stimulation
induces a biphasic effect on calcium ion movements. This
could be related to the biphasic effect of GHB on in vivo
release of dopamine in striatum: low doses induce a decrease

FIG. 5. Effect of GHB on veratrine-induced NOS activity. Two
punches were incubated for 60 min in the presence of veratrine
alone (20 mg/mL) or of veratrine (20 mg/mL) 1 GHB 50 mM or
of veratrine (20 mg/mL) 1 GHB (50 mM) 1 the GHB receptor
antagonist NCS-382 (200 mM). Results (means 6 SEM of 9
independent experiments) are percentages of control activity
(veratrine alone 5 100%). * 5 P < 0.05 compared to veratrine
alone; *** 5 P < 0.0001 compared to veratrine 1 GHB.
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in dopaminergic firing and a reduction of dopamine release,
while high doses provoke an extracellular increase of
dopamine [26]. As the biphasic modulation of NOS activity
via GHB receptor seems unlikely via other mechanisms
(e.g. biphasic modulation of NOS phosphorylation) [27], it
is proposed that the physiological GHB concentration
reduces Ca21 influx and NOS activity. By contrast, the
overload of the GHB system by peripheral administration
leads to the disappearance of the tonic inhibitory influence
of GHB on Ca21 entry, which is followed by an increase in
dopamine synthesis and release.
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