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Abstract

Gammahydroxybutyric acid (GHB) is an endogenous constituent of the central nervous system that has
acquired great social relevance for its use as a recreational ‘club drug’. GHB, popularly known as ‘liquid
ecstasy’, is addictive when used continuously. Although the symptoms associated with acute intoxication
are well known, the effects of prolonged use remain uncertain. We examined in male rats the effect of
repeated administration of GHB (10 and 100 mg/kg) on various parameters: neurological damage,
working memory and spatial memory, using neurological tests, the Morris water maze and the hole-board
test. The results showed that repeated administration of GHB, especially at doses of 10 mg/kg, causes
neurological damage, affecting the ‘grasping’ reflex, as well as alteration in spatial and working memor-
ies. Stereological quantification showed that this drug produces a drastic neuronal loss in the CA1l
hippocampal region and in the prefrontal cortex, two areas clearly involved in cognitive and neurological
functions. No effects were noted after quantification in the periaqueductal grey matter (PAG), a region
lacking GHB receptors. Moreover, NCS-382, a putative antagonist of GHB receptor, prevented both
neurological damage and working- memory impairment induced by GHB. This suggests that the effects of
administration of this compound may be mediated, at least partly, by specific receptors in the nervous
system. The results show for the first time that the repeated administration of GHB, especially at very low
doses, produces neurotoxic effects. This is very relevant because its abuse, especially by young persons,
could produce considerable neurological alterations after prolonged abuse.
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Introduction Little is known about the neurophysiological role
of GHB in the brain. A large body of evidence suggests
that it serves as a relatively specific endogenous regu-
lator of dopaminergic neurons, controlling the release
of this neurotransmitter (Cash, 1994; Godbout et al.
1995; Howard & Feigenbaum, 1997; Maitre, 1997;
Schmidt-Mutter et al. 1999). The control of dopamine
release could be mediated mainly by activation of GHB

Gammahydroxybutyric acid (GHB) is an endogenous
constituent of the CNS, where it is believed to act
as a neurotransmitter or neuromodulator (Gould et al.
2003; Hechler et al. 1992, Maitre, 1997). When ad-
ministered exogenously, GHB is able to cross the
blood-brain barrier and produce numerous neuro-
pharmacological effects. GHB has recently received
social attention since it has emerged as a major rec-
reational drug, with an increased use, mainly in young
people (Degenhardt et al. 2005; Sumnall et al. 2008).
GHB (popularly known as ‘G’ or ‘liquid ecstasy’) be-
longs to the class of substances referred to as ‘club
drugs’ (Hopfer et al. 2006; Sicar & Basak, 2004).

receptors in the brain (Bracucci et al. 2004; Hechler
et al. 1992), producing a different action depending on
the dose. To date, two different GHB binding sites
have been characterized with different affinities: high-
affinity (Kq=30-580 nM and Bp,x=0.5-1.8), and low-
affinity (K4=2.3-16 um and Bp,.x=11-46) (Bracucci
et al. 2004; Hechler et al. 1992). Thus, the effects in-
duced by a high dose of GHB are strikingly similar to
those produced by drugs inhibiting dopamine release
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receptor in this action of GHB on dopamine neuro-
transmission (Pistis et al. 2005). However, GHB has an
extremely weak affinity for GABAg receptors since
doses of >200 mg/kg GHB are required to produce
CNS effects through the GABAg receptors (Carter et al.
2003, 2006; Crunelli et al. 2006). On the contrary, rela-
tively low doses of this compound (5-10 mg/kg) exert
an excitatory effect on dopamine release probably
involving the high-affinity GHB receptor (Diana et al.
1991; Godbout et al. 1995; Tremblay et al. 1998). It has
recently been reported that a single low-dose of GHB
induces oxidative stress in the cortex of young rats
(Sgaravatti et al. 2007). Although acute toxic effects of
GHB overdose have been widely described (Raess &
Tunnicliff, 2002), no studies have yet examined the
possible neurotoxic effects of repeated GHB adminis-
tration, and the neurobehavioural effects of prolonged
GHB exposure thus remain unknown.

Considering these data, the main aim of this study
was to examine the existence of a possible neurotoxic
effect of GHB administration. Accordingly, we first
assessed the effects of repeated administration of two
doses of GHB in neurological tests and two spatial
memory tasks (hole-board and Morris water maze).
Subsequently, the number of neurons in CA1 hippo-
campal and prefrontal cortex (PFC) regions was esti-
mated, using stereological methods. Both structures
are clearly involved in spatial memory (Brasted ef al.
2003; Yan et al. 2007) and have an elevated density of
high-affinity GHB receptors (Andriamampandry et al.
2003; Kemmel ef al. 2006; Maitre, 1997).

Materials and methods
Subjects

Adult male Wistar rats (n =16-35) weighing 275+25 g
were used for each behavioural experiment. All rats
had free access to food and water. Rats were housed in
pairs in a temperature-controlled colony (20 +2 °C) on
a constant 12-h light/dark cycle (lights on 20:00 hours).
All behavioural experiments were made during the
dark phase of the light/dark cycle. The experiments
were carried out in accordance with the guiding prin-
ciples for care and use of laboratory animals approved
by the European Communities Council Directive of 24
November 1986 (86/609/EEC).

Drug treatment and experimental procedure

GHB (Sigma Laboratories, Spain) was diluted in
physiological saline immediately before treatment to
provide appropriate doses for injection. Rats were

randomly assigned to one of three groups: saline
(n=7), 10 mg/kg GHB (n=7), or 100 mg/kg GHB
(n=6). All treatments were administered once a day
for 15d by an intraperitoneal injection in a volume
of 1 ml/kg (see Fig. 1). The GHB doses were chosen
on the basis of previous behavioural experiments
performed in our laboratory (Navarro et al. 2007;
Pedraza et al. 2007). NCS-382 (10 mg/kg; diluted in
10% DMSO +90 % saline; n=7), a putative antagonist
of GHB receptor (Castelli et al. 2004) or vehicle group
(DMSO 10% +saline, n=8) were used in an exper-
iment that attempted to reverse the neurological and
behavioural (hole-board test) effects of GHB (10 mg/
kg). The dose of NCS-382 (10 mg/kg) was chosen on
the basis of previous studies with this compound
(Carter et al. 2003 ; Martellotta et al. 1998). The interval
between injections of NCS-382 and GHB was 15 min.
The time of injection was 2 h after the beginning of the
dark phase of the light/dark cycle. Behavioural tests
were carried out 2 h following GHB injections.

Neurological test

On the first day of treatment, rats were submitted to
a neurological test to exclude a possible acute effect
of GHB administration on these behaviours. The
neurological examination was performed again on the
last day of treatment to determine the effects of re-
peated administration of GHB on these neurological
measures.

To test sensory-motor orientation, coordinated limb
and neurological functions, the rats were subjected to
the battery of tests of Marshall & Teitelbaum (1974),
modified by Bjorklund et al. (1980) and extended for
some reflexes according to Bures et al. (1983). The
deficit in each orientation, limb use and neurological
test was rated on a three-point scale (0, absent;
1, weak; 2, strong). Performance of animals in some
tests has only been categorized as 0 or 2 due to the
difficulty for providing intermediate values. Scoring
was done blind to the treatment condition by two
trained experimenters. (The test and criteria for as-
sessment of the animals that we used are described in
the Supplementary information, available online.) The
sensorial reflexes were assessed by the following tests:
somesthesis, whisker touch, snout probe, olfaction,
corneal reflex, auditory startle and head shaking.

Limb reflexes and limb coordination were assessed
in the following tests: surface righting reflexes, fore-
limb suspension, grasping test, equilibrium tests, plac-
ing reactions. By the application of this battery of
tests it was possible to examine if repeated GHB ad-
ministration in rats affected a particular brain region,
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Fig. 1. Schematic representation of the experimental design used in our study representing the days over which the three
experiments were developed. The animals were treated with saline or gammahydroxybutyric acid (GHB) (10 or 100 mg/kg) for
15 d. Rats were submitted to a neurological test on the first and last days of treatment. The animals were trained in different
tasks. Experiment 1: the animals were trained in the hole-board test on days 10-15 (1 =20). Experiment 2: the animals were
trained in the hole-board test on days 13-15 using a variable inter-trial interval (1 =20). * NCS-382 (10 mg/kg; diluted in 10%
DMSO +90 % saline; n=7), a putative antagonist of GHB receptor, was also used in an experiment to attempt to reverse the
neurological and behavioural (hole-board test) effects of GHB (10 mg/kg). An additional group was treated with vehicle (DMSO
10%, n=8). Experiment 3: in the Morris water maze test, the animals were submitted to the spatial working memory task on
days 12-15 (n=20). After the completion of the behavioural experiments (day 15), the rats were deeply anaesthetized and
perfused transcardially. The brains were removed and processed. Neural and glial cell populations were estimated unilaterally
in CA1 and PFC regions using stereological methods in animals evaluated in the first hole-board test.

interfered with a specific function or affected the CNS
as a whole (Bures et al. 1983).

Behavioural test
Hole-board test

Apparatus. A hole-board maze was used for two be-
havioural experiments. The maze was surrounded by
few auditory and visual cues. The maze is composed
of a square arena (70 x 70 x 45 cm) made of PVC, con-
taining four rows of four equidistant holes (14 cm
apart, 3.5 cm diameter, depth 3 cm) in the floor plate
(Oades, 1981). Rewards (pieces of biscuit) were placed
in these holes. After each trial the box was cleaned
with a solution containing neutral soap.

Behavioural procedure. For hole-board testing, each
rat was initially deprived of food to 80% of its free-
feeding weight and allowed access to water ad libitum.
During the restriction process, pieces of biscuit were
mixed in with the food to accustom animals to the re-
ward that would later be used in the behavioural
study.

The test was conducted on six consecutive days
with four trials per day. Prior to training, the rats were
familiarized with the hole-board maze. During this
habituation all holes were baited with an accessible
piece of biscuit. After habituation, the animals were
subsequently exposed to four daily training trials in
two sessions, two trials in the morning and two in the
afternoon. The inter-session interval was 3 h, and the
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inter-trial interval was 5min. In the training trials
a fixed set of four holes arranged in a symmetrical
pattern was baited. This pattern remained constant
throughout the experiment. The rats were introduced
manually into the maze from one of the four different
starting locations (the exit positions differed randomly
between trials). A hole visit was scored when the rat
introduced its nose in a hole. When the rat obtained all
the rewards from the baited holes or after 3 min had
elapsed, the rat was manually removed from the maze
and returned to its home cage. The latency to obtain
the reward and the number of errors were recorded.
Likewise, the reference memory and working memory
(WM) scores were calculated. The reference memory
ratio was defined as the number of visits or revisits to
the baited holes divided by the total number of visits
and revisits to baited and non-baited holes. WM was
expressed as the ratio of the number of food-rewarded
visits to the number of visits and revisits to the baited
holes (Douma et al. 1998).

Considering that animals reach a plateau of per-
formance on the third training day, other groups of
rats, treated with saline, 10 or 100 mg/kg GHB, were
submitted to 3 d training in the hole-board following
the same behavioural procedure described above.
However, in this second experiment a variable inter-
trial interval was used. The inter-trial interval was 30 s
or 5min that was balanced and randomly allocated
over training days.

To determine the effect of this variable inter-trial
interval, errors were scored as revisits to holes pre-
viously visited within a trial. These errors were div-
ided into revisits to baited holes and visits and revisits
to non-baited holes. The number of errors made on the
third day of training was recorded and used for data
analysis. Similarly, the effects of NCS-382 (10 mg/
kg)+GHB (10 mg/kg) were examined for the possi-
blity of reversing the behavioural hole-board test ef-
fects of GHB (10 mg/kg).

Morris water maze
Apparatus

The apparatus consisted of a circular pool with the
following dimensions: diameter 150 cm and walls
43 cm high. The pool was filled with water (24-26 °C)
and was made opaque with non-toxic white paint. The
goal platform (11 cm diameter) could be placed any-
where in the pool at a distance of 30 cm from the pool
edge. The platform was submerged to a depth of 2 cm
beneath the surface of the water. The pool was divided
into four imaginary quadrants (A, B, C, D) and the
platform was placed in the centre of the quadrant. The

pool was placed in an experiment room furnished
with several extra-maze cues and remained immobile
in the room throughout the entire experimental peri-
od. An automatic video system (Smart, Panlab, Spain)
was used to record the animals’ movements in the
pool.

Behavioural procedures

The day before the learning phase, the animals were
released into the circular pool without the goal plat-
form for a 60-s period of free exploration. From the
following day onwards, the animals were submitted to
the spatial WM task. Over 4 d the animals were sub-
mitted to three trials, one acquisition and two reten-
tion trials, per day. In the acquisition trial, the animal
had to find a submerged platform in order to escape
form the water. If the animal did not find the platform
in 60s, the experimenter placed the animal on the
platform, where it remained for 15 s before being re-
turned to its cage. Later, the animal was again in-
troduced into the circular pool for the retention trial.
The goal quadrant, i.e. the quadrant containing the
escape platform, remained constant on the same day
for the acquisition and retention trials but varied
pseudorandomly over the 4 d of the experiment.

Qualitative analysis of search strategies

The swim path for each trial was plotted using the
Smart system (Panlab). A single investigator blinded
to the animal treatment assigned a predominant search
strategy to each trial using a categorization scheme
similar to that described by Brody & Holtzman (2006)
and Janus (2004). The use of each search strategy was
categorized as a percent of incidences during each trial
over the whole experimental period (the two retention
trials). Strategies were categorized according to the
following criteria: “spatial strategies’, ‘systematic but
non-spatial strategies’ and ‘strategies involving re-
petitive looping paths’ (see Brody & Holtzman, 2006;
Janus, 2004; and Supplementary information).

Histology

After the behavioural experiments, the rats were
deeply anaesthetized (4 ml/kg equitexin) and per-
fused transcardially with 0.1 M PBS (pH 7.4) and later
with 10% formalin in 0.1 M PBS (pH 7.4). The brains
were removed and stored in the same fixative solution
for 2wk. The brains were then dehydrated and
embedded in paraffin. Coronal sections (20 um) were
obtained with a rotatory microtome (Nahita, Spain),
and stained with chromic gallocyanine to identify the
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neuronal and glial cells. Each section was numbered
according to the rostrocaudal level determined ac-
cording to the rat brain atlas of Paxinos & Watson
(1998).

Neural cell and glial cell populations (small cell and
dark cytoplasm) were estimated unilaterally in the
dorsal CA1l hippocampal region (CA1l) (Paxinos &
Watson, 1998), and the PFC (corresponding to Cgl and
prelimbic cortex of Paxinos & Watson, 1998), two re-
gions where there is a high density of high-affinity
GHB receptors, using stereological methods.

An Olympus BX51 microscope (Olympus, Den-
mark) was interfaced with a computer and a colour
JVC digital video camera. Neuron cells and non-
neuron cells were counted using the CAST-Grid soft-
ware package (Olympus).

One side of the entire dorsal CAl hippocampal
or PFC regions was defined using a 4x objective. With
a random start, the software created counting frames
on the images generated by a 100x oil lens within
the previously defined PFC and CA1l hippocampal
regions. The distance between the sampled fields on
each section (x, y steps) was 108.5 and 267 um, respec-
tively. The counting frame (*frame) was 1178 um?,
giving the second sampling fraction (f2=x step
length x y step length/*frame). The sampling vol-
ume (dissector) in the z-axis extended 10 um deep
(height of the dissector) after excluding 3 +5 um from
the top and bottom of the section. The location of
neurons or glial cells within the height of the dissector
and inside the frame area was used as the criteria for
counting (Janson & Moller, 1993). The total thickness
of the sections was also measured, giving the third
sampling fraction [f3=(section height)/(dissector
height)]. After counting the objects (2Q ™) fulfilling the
sampling criteria, the total number of neuron cells
and non-neuron cells (Niota1) in the PFC and CA1 hip-
pocampal region was estimated: Ny =2Q xf1x
f2 xf3. The coefficient of error for each estimation and
animal ranged from 0.01 to 0.1. The coefficient of pre-
cision ranged from 0.01 to 0.04. The mean volume
of neuron cells was estimated by means of the point-
sampled intercept method, which is based on Cava-
lieri’s principle (Gundersen et al. 1988).

The neuron cells were counted in the dorsomedial
periaqueductal grey matter (PAG) (DLMPAG and
DMPAG; Paxinos & Watson, 1998), where GHB bind-
ing sites are absent. Quantification was by systemati-
cally sampling in this region. At least two sections of
each region were counted per animal. The number
of counting frames used was 120-150 per animal in
this region, representing 25% of the whole volume
analysed. The resulting densities were averaged in
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Table 1. Percent values for each treatment of grasping reflex

Day 1 Day 15

Absent Weak Strong Absent Weak Strong

Sal 100 0 0 100 0 0
D1 100 0 0 14 38 48
D2 100 0 0 100 0 0
Vehicle 100 0 0 875 125 0
NCS+D1 100 0 0 100 0 0

Sal, Control group (1n=18; no animals showed grasping
affectation); D1, GHB (10 mg/kg) (n=21; 3 animals showed
any alteration; 8 and 10 animals showed weak or strong
deterioration in the grasping reflex, respectively);

D2, GHB (100 mg/kg; no animals showed grasping
affectation) (n1=21); Vehicle (Sal +DMSO 10%) (n=8,

1 animal showed weak alteration); N + D1, NCS-382

(10 mg/kg) +GHB (10 mg/kg) (1 =8, no animals showed
grasping affectation). The neurological deficit was rated as
absent, weak or strong.

order to obtain the mean (N,) neuron cells per volume
unit (mm?).

Data analysis
Neurological test

The data for sensory-motor tests were analysed using
Kruskal-Wallis (and post-hoc Mann-Whitney U tests).
Additionally, the deficits in the grasping test or equi-
librium test were presented as a percent of incidences
for each treatment [see Table 1 and Supplementary
Table S1 (online), respectively].

Hole-board test

Spatial reference memory was analysed using three
different analyses for the spatial memory ratio, mean
latencies to obtain the reward and errors. The results
of this task were analysed using an ANOVA for re-
peated measures (with three levels: the three training
days) and three groups (previously described). When
necessary, simple effects and post-hoc comparison
(HSD) were calculated. The same data analysis was
made to analyse the effect of NCS-382 (10 mg/
kg) +GHB (10 mg/kg).

Spatial WM

The statistical analysis of the spatial WM ratio was
performed in the same way as described above. Data
concerning the number of errors were analysed using
the Mann-Whitney U test to determine the possible
effect of different time-intervals between sessions.
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Morris water maze

The distances swum by the animals and escape
latencies were considered as the dependent variables.
Results were analysed by ANOVA for repeated meas-
ures. When necessary, simple effects and post-hoc
comparison (HSD) were calculated. The Kruskal-
Wallis test has been utilized to assess the variance of
the search strategies over different groups. Subse-
quently, appropriate paired comparisons were carried
out using the Mann-Whitney U test. Additionally, the
use of direct spatial strategy was presented as a per-
cent of incidences for each treatment (in day 4 and two
retention trials).

Histological studies

A one-way ANOVA was applied to the parametric
data using Tukey’s post-hoc test for statistical signifi-
cance between groups.

Results
Neurological tests

In the neurological examination conducted during
the first day of treatment, GHB did not affect neuro-
logical reflexes. However, Kruskal-Wallis test showed
significant differences over treatment groups (p<
0.001) in grasping reflex. Paired comparisons using
Mann-Whitney U tests revealed that GHB treatment
for 15d (10 mg/kg) resulted in a significant impair-
ment in grasping reflex (p <0.001), in comparison with
the control group. GHB (10 mg/kg) consistently af-
fected the grasping reflex in each of the three experi-
ments. Administration of NCS-382 (10 mg/kg) + GHB
(10 mg/kg) reversed this effect (p <0.005), compared
to animals treated only with GHB (10 mg/kg). No
significant differences were found between NCS-382
(10 mg/kg)+GHB (10 mg/kg) and vehicle/saline
groups (p=0.7 and p=1, respectively) (see Table 1).
In the equilibrium test, some animals presented
alterations; however no significant differences were
found in groups (Kruskal-Wallis test, p=0.389) (see
Supplementary information). No significant differ-
ences were obtained in the rest of the neurological
reflexes examined.

Hole-board test
Spatial reference memory

No significant differences were found between the
three groups in the spatial memory rate (F,;;=1.249,
p=0.32) or escape latencies (F,;;=1.5 p=0.25).

Animals in all groups increased the spatial memory
rate after training (F;g; =14.810, p <0.000001) and re-
duced the latencies to obtain the reward over training
days (F5s;=14.90, p <0.00001).

In the second task, no significant differences were
found between the three groups in the spatial mem-
ory rate (F,;;=0.18, p=0.83) or the latency to obtain
the reward (F,;;=1.04, p=0.4). Animals in all groups
increased the spatial memory rate (F,3,=23.918,
p<0.000001) and reduced the latency to obtain the
reward over training days (F; 3, =54.980, p <0.000001).
No significant differences in the spatial memory index
were found between NCS-382 (10 mg/kg)+GHB
(10 mg/kg), vehicle/saline and GHB alone (10 mg/
kg) groups (F3,,=1.8, p=0.17). All animals increased
the spatial memory index (F;4=7.52, p=0.001) and
reduced the latency to obtain the reward (F, 45 =14.16,
p <0.00001) over training days.

Spatial WM

Statistical analysis of the spatial WM index revealed
significant differences between the groups (Fyy=
13.66, p=0.00029). Post-hoc comparison showed dif-
ferences between animals treated with 10 mg/kg GHB
and the control group (p =0.005) and between animals
treated with 10 mg/kg and 100 mg/kg GHB (p =0.05).
Moreover, this index rose in all groups during training
(F5,85=19.656, p <0.000001).

Similarly, in the second task, analysis of the spatial
WM index revealed significant differences between
groups (Fy =451, p=0.026) and over training days
(F2,34=24.01, p<0.0000001). All experimental groups
increased the spatial WM index with training in the
spatial task. Post-hoc analysis showed significant dif-
ferences between animals treated with 10 mg/kg GHB
and the control group (p <0.05) (Fig. 2). In relation to
the effect of NCS-382 analysis of the spatial WM index
revealed significant differences among groups (F; »4=
5.75, p=0.005) and over training days (F;=14.18;
p<0.0001). Post-hoc comparison showed that admin-
istration of NCS-382 (10 mg/kg)+GHB (10 mg/kg)
did not affect WM compared to saline/vehicle groups.
However, in the third day of training significant dif-
ferences (p=0.029) were found between NCS-382
(10 mg/kg)+GHB (10 mg/kg) and rats treated with
GHB alone (10 mg/kg) (Fig. 2).

The results obtained on the third training day by
recording the data to study the number of errors dur-
ing sessions revealed that when 5 min elapsed be-
tween sessions there was a significant increase in the
number of errors in animals treated with 10 mg/kg
GHB compared to the control group (p<0.05).
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Fig. 2. Graphical representation of the working memory rate
in the hole-board test. * Significant differences between
animals treated with 10 mg/kg gammahydroxybutyric acid
(GHB) or 100 mg/kg GHB and the control group (p <0.05).
# Significant differences between animals treated with

10 mg/kg GHB and animals treated with NCS

(10 mg/kg) + GHB (10 mg/kg) (p<0.05). ANOVA for
repeated measures and HSD post-hoc test has been applied.

Moreover, after an interval of 30s, the rats treated
with 100 mg/kg GHB made a significant number of
errors compared to the control group (p<0.05).
Similarly, animals treated with 10 mg/kg GHB also
showed a non-significant increase in the number of
errors (p=0.08). In addition, when the inter-trial delay
was 30 s, the rats treated with 10 mg/kg GHB made
more revisits to the rewarded holes that they had
visited earlier (p =0.022).

Morris water maze

Although the distances swum were greater in the
experimental groups, no significant differences were
found between groups. In all experimental conditions,
escape latencies (Fj5=13.152, p<0.00001) and dis-
tances swum (F3 5, =11.844, p <0.0001) decreased with
training.

Analysis of the search strategy used by the animals
in the Morris water maze showed no differences be-
tween the treatment groups during first three days of
training (p>0.05). All the groups changed their search
strategies over several days of training. In this sense,
the qualitative analysis made on swim search strategy
revealed that animals first used non-spatial strategies
(less efficient strategies) and subsequently, over train-
ing days, spatial strategies (more efficient). However,
the analysis carried out on the fourth day of training
revealed that the control group used a high proportion
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(50%) of direct spatial strategies (a direct swim path to
the location containing the escape platform; Janus,
2004). However, the animals treated with GHB at
doses of 10 or 100 mg/kg used this strategy in just 7%
or 17%, respectively. Kruskal-Wallis tests revealed
the existence of significant differences among groups
(p=0.024). Post-hoc comparisons using Mann—
Whitney U test showed significant differences between
GHB (10 mg/kg) and saline groups (p=0.016), as well
as between GHB (100 mg/kg) and saline groups (p=
0.05). No significant differences were found between
both doses of GHB (p=0.549).

Histology

In the control group the total number of neurons and
non-neuronal cells on one side of the dorsal CA1 was
49373416311 and 583941905, respectively. In the
PFC the number of neurons and non-neuronal cells
was 140597+ 37543 and 58990 +17 974, respectively.
Repeated administration of GHB significantly altered
the number of neurons and non-neuronal cells in both
regions. In dorsal CA1 regions, GHB (10 or 100 mg/
kg) induced a reduction of 61% or 38 % in the number
of neurons (1937844977, 30691 £ 9637, respectively;
Fig. 3). Significant differences were observed com-
pared to the control group (p<0.05) (Fig. 4a). More-
over, GHB reduced by 32% (10mg/kg) or 9%
(100 mg/kg) the number of neurons in the PFC
(96 285+ 36033 and 128 283 + 25916, respectively). Sig-
nificant differences were only noted between the
animals treated with 10 mg/kg GHB and the control
group (p=0.03) (Fig. 4b). Moreover, GHB adminis-
tration altered the numbers of non-neuronal cells in
both regions studied. The number of non-neuronal
cells in CA1 increased significantly by 147 % (10 mg/
kg) and 20% (100 mg/kg) after GHB treatment
(14470 + 4442 and 7007 +1921, respectively) (Fig. 54).
In the PFC, although GHB administration increased
the non-neuronal cells, a significant increase was only
found after 10 mg/kg GHB compared to the control
group (p=0.002). This treatment increased by 106 %
the non-neuronal cells in these regions (121947 +
31716). The administration of 100 mg/kg induced an
increase of 35% in this cell population (79 732 + 6894)
(Fig. 5b). No significant differences were found be-
tween groups in PAG (p >0.05, Fig. 6).

Discussion

The aim of this study was to examine the possible
neurotoxic effects following administration of GHB
in male rats. Specifically, the neurotoxic effect of
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Fig. 3. (a) Micrograph of the hippocampus (unilateral). (b-d) Micrograph of pyramidal cells of the CA1 region. DG, Dentate

gyrus. Scale bar: (a) 350 um; (b—d) 50 um.
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Fig. 4. Effect of gammahydroxybutyric acid (GHB) on the total number of neurons in one side of the rat dorsal CA1 (a)
or PEC (b) after 15 d administration. One-way analysis of variance (ANOVA) and Tukey’s post-hoc test (mean+seM., * p <0.05,
** p <0.005). Control, Control group; D1, GHB (10 mg/kg); D2, GHB (100 mg/kg).

subchronic administration of GHB (10 and 100 mg/
kg) was assessed in rats. First, we conducted two
behavioural tests (hole-board and Morris water maze)
and a neurological battery, to serve as the dependent
variables of neurotoxic damage following prolonged

GHB administration. Subsequently, a histological
study was performed to quantify neuronal loss and
cell damage resulting from GHB administration.
Concerning the evaluation of neurological reflexes,
our results showed deterioration in the grasping reflex
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Fig. 5. Effect of gammahydroxybutyric acid (GHB) on the total number of non-neuronal cells in dorsal CA1 (a) or PEC (b) after
15 d administration. One-way analysis of variance (ANOVA) and Tukey’s post-hoc test (mean+sEm, * p <0.05, ** p <0.005).
Control, Control group; D1, GHB (10 mg/kg); D2, GHB (100 mg/kg).
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Fig. 6. Number of neurons per mm?® in dorsal periaqueductal
grey matter. Sal, Control group; D1, gammahydroxybutyric
acid (GHB) (10 mg/kg); D2, GHB (100 mg/kg).

of animals after subchronic administration of GHB
(10 mg/kg), an effect that was prevented with NCS-
382 (10 mg/kg) pretreatment (Table 1). The neuro-
logical study undertaken during the first day of GHB
administration failed to show any alterations in this
reflex. Consequently, the grasping reflex impairment
observed only with repeated GHB administration may
result from damage of the brain areas that control the
expression of this reflex, i.e. the PFC (Matsumura et al.
1996). However, normal reactions were observed in
the rest of neurological reflexes examined in our
study, mainly showing the absence of impairments,
after GHB administration, in the remainder of CNS
structures related to these reflexes (Crawley, 1999;
Lalonde et al. 2005). No neurological effects were
observed in animals treated with 100 mg/kg GHB
(Table 1).

The spatial memory was examined by using two
tests: hole-board and Morris water maze. Regarding
the results obtained in spatial memory index with the

hole-board test, we observed that subchronic GHB
administration did not affect spatial memory. All
animals reduced the time required to find the first
rewarded hole and increased the spatial memory rate
over training days. But the hole-board test as designed
may not require spatial strategies to solve it. However,
the Morris water maze, was designed following a
spatial memory protocol. In fact, analysis of the navi-
gation strategies used on the last training day revealed
that GHB disrupted the use of direct spatial strategy.
Thus, in the two retention trials on the last day of
training, 50% of the control rats exhibited a direct
spatial strategy (a direct swim path to the location
containing the escape platform, that it is an extremely
effective and well-acquired strategy) whereas the ani-
mals treated with 10 or 100 mg/kg GHB only ex-
hibited 7% or 17 % direct spatial strategy, respectively.
The non-direct spatial use of navigation strategies re-
sulted in a less efficient process (Janus, 2004) and
could explain why the distances swum were greater in
the experimental groups. Several evidences indicate
that the hippocampus is essential for spatial strategies
(Gallagher & Rapp, 1997; Miettinen ef al. 1993; Smith
et al. 2000). Thus, our results are consistent with an
alteration in the hippocampus induced by GHB.
Additionally, after hippocampal injury the animals
may have adopted alternative strategies. In this way,
the data obtained by analysis of navigation strategies
in the Morris water maze suggest that some relevant
information about the requirements of the task was
acquired by GHB-treated rats, implying that this im-
provement relied on repeated training.

In the hole-board task, rats needed to recognize the
place where a hole was baited (spatial processing) and
also to maintain and utilize the information about
which holes they had or had not already visited. The
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latter requirement is called WM (Olton & Papas, 1979)
since the memory is necessary until rats have con-
sumed all the pieces of biscuit in the maze. The results
of our hole-board test suggested that spatial WM was
damaged in animals after subchronic GHB adminis-
tration. The animals treated for longer with GHB had
more difficulties retaining and utilizing the infor-
mation about which holes they had or had not visited.
Pretreatment with NCS-382 (10 mg/kg) was effective
in preventing this action. Many authors have empha-
sized the importance of the medial PFC in the WM
task. Data suggest that the PFC might be necessary
when a rule is applied to a considerable number of
trial-unique items (i.e. the 4 different holes per trial in
our task) (Floresco et al. 1997). However, hippocampal
lesions, especially in CAl, a region traditionally con-
sidered as an output region of the hippocampus
(Amaral & Witter, 1994) should disrupt spatial WM
(Davis et al. 1987; Whishaw et al. 1994). Moreover, in
the hole-board test, with a short-term delay (i.e. 30 s)
between trials, the GHB-treated animals showed im-
paired performance. Previous lesion experiments have
shown that interaction between the dorsal hippocam-
pus and mPFC is necessary for rats to perform a short-
term spatial WM test (Lee & Kesner, 2003 b).

Animals treated with 10 mg/kg GHB made a
significant number of errors after a 5-min inter-trial
delay. The 5-min delay was labelled as an intermediate-
term delay (Eichenbaum, 2000), because it is longer
than a short-term delay (e.g. 30 s), but shorter than a
usual long-term (e.g. 24 h) delay. The dorsal CA1 re-
gion appears to become a necessary structure for spa-
tial WM after an intermediate-term delay (i.e. 5 min)
(Lee & Kesner, 20034). However, the PFC could also be
implicated in intermediate-term memory (Touzani
et al. 2007).

Stereological quantification of the number of neu-
rons in the PFC and CA1 showed a significant neur-
onal loss in both regions after 10 mg/kg GHB.
Although a moderate dose of GHB also resulted in a
reduction in the number of neurons in the CA1l and
PFC, this neuronal loss was lower than the low-dose
group. This effect could be mediated by the specific
action of GHB on its receptors in these areas. We
found no post-treatment differences in other areas
lacking these receptors, i.e. PAG (Andriamampandry
et al. 2003; Kemmel et al. 2006; Maitre, 1997). On the
other hand, quantification of the non-neuronal cells,
presumably glial cells, in the PFC and CA1l in the
group receiving low-dose GHB showed a significant
increase in these cell populations. The group of rats
treated with 100 mg/kg only showed a significant in-
crease in non-neuronal cells in the PFC. In this way, it

has been reported that an increase of non-neuronal
cells occurs in response to neuronal injury (Kim et al.
2000). Thus, the neuronal loss, together with the in-
crease in glial cells, suggests toxic damage to both re-
gions after subchronic GHB treatment. These results
are strongly consistent with neurological and cogni-
tive alterations previously reported after repeated
GHB administration.

The neurotoxic effect induced by a very low dose of
GHB (10 mg/kg) is in contrast with the neuroprotec-
tive actions of high doses of this drug. A protective
effect of GHB with high doses (300 mg/kg) could be
induced by activation of the GABAg receptor (Ottani
et al. 2003; Vergoni et al. 2000). However, this dose is
30-fold higher than used in our study. In fact, GHB has
an extremely weak GABAg affinity. Doses of GHB
much higher than used in our study are required for
activation of the GABAg receptor (Carter et al. 2003,
2006). Nevertheless, NCS-382 (10 mg/kg) prevented
the neurological damage (grasping reflex) and the
alteration in the WM index induced by GHB (10 mg/
kg). Moreover, our results showed absence of cellular
impairments after GHB administration in PAG, an
area lacking these receptors. These results suggest that
neurotoxicity induced by low doses of GHB might be
mediated by GHB receptors.

Our data are consistent with previous results ob-
tained by Sgaravatti et al. (2007). Thus, it has been ob-
served that acute administration of GHB (10 mg/kg)
provoked a significant enhancement of thiobarbituric
acid-reactive substance levels and a decrease of total
radical-trapping antioxidant potential and total anti-
oxidant reactivity measurements. These results indi-
cate that GHB induces oxidative stress by stimulating
lipid peroxidation and decreasing the non-enzymatic
antioxidant defences in the cerebral cortex of rats.

One point that deserves further consideration is the
finding that the magnitude of effect is different after
administration of two doses of GHB, causing different
neuronal damage. Administration of 100 mg/kg in-
duced a moderate effect on the integrity of PFC (see
Fig. 4b) that might be explained because it does not
impair the performance of rats in tasks mediated by
this region, such as grasping reflex or WM. Although
the behavioural alterations induced by this dose are
more moderate than those induced by low doses, they
appear to coincide with hippocampus damage being
observed. The reasons for the different effects of these
doses remain to be resolved, but it is interesting to
consider that two different GHB receptors have so
far been characterized with different affinities and
Bmax (Andriamampandry et al. 2003; Hechler et al.
1993; Maitre, 1997). The two types of receptor
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could have different effectors systems (Kemmel et al.
2006) and different locations on synaptic terminals
(Andriamampandry et al. 2003; Kemmel et al. 2006),
which would explain the different results obtained for
the two doses of GHB.

Although the mechanism accounting for the effects
of prolonged GHB administration is presently un-
known, a hypothesis through dopamine release modu-
lation can be proposed (Godbout et al. 1995; Hechler
et al. 1993; Pedraza et al. 2007). Previous studies have
shown that low-dose GHB may result in a marked in-
crease in dopaminergic levels (Diana et al. 1991;
Godboutet al. 1995; Tremblay et al. 1998). An important
increase in basal dopamine levels could cause dopa-
minergic neurotoxicity through diverse mechanisms,
such as oxidative stress, generation of reactive oxygen
(Chiueh et al. 2000) or activation of the D; dopamine
receptor (Chen & Sidhu, 2005). However, other possi-
bilities cannot be excluded. The administration of
GHB has been shown to induce a high increase in
levels of glutamate (Castelli et al. 2003) or GHB, at very
low doses, exerts a feedback inhibition on GABA syn-
apses via GHB receptors and reduces GABA release.
These could have a role in the neurotoxic effect.

Conclusion

In contrast with the popular belief that GHB is in-
nocuous, the results of the present study suggest that
its continued administration, especially at very low
doses, has neurotoxic effects. Our study shows for the
first time that GHB produces neurological impairment
and neuronal damage in the CA1 and PFC. The drastic
neuronal death in these regions could explain, at least
partly, the spatial and WM problems seen after 15 d of
GHB administration. Although the dose used in the
present study is very low (10 mg/kg), compared to
doses used in humans, these findings are important
because abuse of GHB has increased considerably over
recent years, especially among young persons, who
might develop neuropsychological disorders after
prolonged consumption of this recreational drug.
However, our results require substantiating by future
research examining the mechanisms underlying the
neurotoxic effects of GHB, leading to a better under-
standing of the negative effects associated with the
consumption of this recreational drug.

Note

Supplementary material accompanies this paper on
the Journal’s website (http:/ /journals.cambridge.org/

pnp).
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