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Abstract

Clomethiazole is an effective neuroprotective agent against the degeneration of 5-HT neurones that follows administration of
3,4-methylenedioxymethamphetamine (MDMA or ‘ecstasy’). Since there is good evidence that free radical formation resulting
from auto-oxidation of MDMA metabolites is responsible for the degeneration we have examined whether clomethiazole is a free
radical scavenger. MDMA (15 mg/kg i.p.) increased the formation of 2,3- and 2,5-dihydroxybenzoic acids (2,3-DHBA and
2,5-DHBA) from salicylic acid perfused through a microdialysis tube implanted in the hippocampus, indicating increased free
radical formation. Clomethiazole (50 mg/kg i.p.) administered 5 min prior and 55 min post MDMA prevented both the acute
MDMA-induced hyperthermia and the rise in 2,3- and 2,5-DHBA. However, when the temperature of the MDMA+clomethia-
zole treated rats was kept elevated to that of the MDMA treated rats with a homeothermic blanket there was no inhibition of
the MDMA-induced increase in 2,3-DHBA or 2,5-DHBA. These data suggest firstly that free radical formation is inhibited when
the acute MDMA-induced hyperthermia is prevented. Secondly the data further indicate that clomethiazole has no free radical
scavenging activity since the drug produces substantial neuroprotection when MDMA+clomethiazole treated rats are kept
hyperthermic. This conclusion was strengthened by our observation that clomethiazole is a weak inhibitor (IC50\1 mM) of lipid
peroxidation in synaptosomes when it had been induced by addition of FeCl2+ascorbic acid. © 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

It is well established that administration of 3,4-meth-
ylenedioxymethamphetamine (MDMA or ‘ecstasy’) to a
variety of animal species results in long term neurotoxic
degeneration of 5-hydroxytryptamine (5-HT) nerve ter-
minals in several areas of the brain (see Steele et al.,
1994; Green et al., 1995; White et al., 1996). This
damage has been shown both histologically (O’Hearn et
al., 1988; Molliver et al., 1990) and biochemically—for
example loss of [3H]paroxetine binding to the presynap-
tic 5-HT transporter in the cerebral cortex and

hippocampus (Battaglia et al., 1987; Sharkey et al.,
1991; Hewitt and Green, 1994).

Most of the studies in rats have reported that several
high doses of MDMA (typically 4×20 mg/kg) are
required to produce neurodegeneration. However, in
the last few years we have shown that the Dark Agouti
strain of rat is particularly susceptible to the long term
effects of the neurotoxic amphetamine derivatives (Co-
lado and Green, 1995; Colado et al., 1995; Murray et
al., 1996; Colado et al., 1997b, 1998a) and a recent
investigation in this strain emphasised that a single dose
of 10 mg/kg produced substantial loss of 5-HT nerve
endings in several areas of the brain 7 days later
(O’Shea et al., 1998).

Various compounds when given concurrently with
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MDMA have been reported to prevent the neurodegen-
eration (see Green et al., 1995). However, recent studies
have indicated that a significant number of such com-
pounds, including several with clear efficacy as neuropro-
tective agents in animal models of acute ischaemic stroke,
only prevent MDMA-induced damage because they
either induce hypothermia (Farfel and Seiden, 1995a,b;
Malberg et al., 1996; Colado et al., 1998a) or prevent the
acute hyperthermia which follows MDMA administra-
tion (Colado et al., 1998a). In contrast, clomethiazole, a
compound which has excellent neuroprotective efficacy
in a wide range of experimental models of stroke (see
Green, 1998), protects against MDMA-induced damage
by a mechanism which does not involve an effect on body
temperature (Colado et al., 1998a).

There is now substantial evidence that increased free
radical formation, probably resulting from the auto-ox-
idation of metabolites of MDMA (see Colado et al.,
1995), is responsible for the neurotoxic damage. Such
evidence includes the observation that MDMA adminis-
tration increases 2,3-DHBA formation from salicylate
(Colado et al., 1997b), the fact that the free radical
scavenger a-phenyl-N-tert-butyl nitrone (PBN) is neuro-
protective (Colado and Green, 1995; Yeh, 1996; Colado
et al., 1997b) and also abolishes the MDMA-induced rise
in 2,3-DHBA (Colado et al., 1997b), the observation that
MDMA increases lipid peroxidation in the brain
(Sprague and Nichols, 1995; Colado et al., 1997a) and
the report that transgenic mice overexpressing CuZn
superoxide dismutase (SOD) are resistant to the neuro-
toxic actions of the drug (Cadet et al., 1994). It thus
seemed possible that at least part of the mechanism of
the neuroprotective action of clomethiazole involved a
free radical scavenging action. This has now been inves-
tigated by using in vivo microdialysis and measuring the
formation of 2,3- and 2,5-dihydroxybenzoic acid from
perfused salicylic acid as an index of free radical forma-
tion (see for example Chiueh et al., 1992; Colado et al.,
1997b).

A preliminary account of some of this work has been
presented at a meeting of the British Pharmacological
Society (Colado et al., 1998b)

2. Methods

2.1. Animals, drugs and reagents

Adult male Dark Agouti (DA) rats (Interfauna,
Barcelona, Spain) weighing 150–170 g were used. They
were housed in groups of five, in conditions of constant
temperature (2192oC) and a 12 h light–dark cycle
(lights on: 07:00 h) and given free access to food and
water.

(9 )-Methylenedioxymethamphetamine HCl was ob-
tained from the Ministry of Health (Spain). Clomethia-

zole edisylate was obtained from Astra Arcus, Södertälje,
Sweden. Both compounds were dissolved in 0.9% w/v
NaCl (saline) and injected i.p. Doses are quoted in terms
of the base. Control animals were injected with saline.

Butylated hydroxytoluene (BHT) and thiobarbituric
acid were purchased from Sigma and ferrous chloride
tetrahydrate and trichloroacetic acid from Aldrich.

2.2. Measurement of rectal temperature

Temperature was measured by insertion of a thermo-
couple probe (connected to a digital readout) inserted 2.5
cm into the rectum, the rat being lightly restrained by
holding in the hand. A steady readout was obtained
within 10 s of probe insertion.

2.3. Ele6ation of body temperature with a
homeothermic blanket

In one experiment rats which were injected with
MDMA+clomethiazole had their rectal temperature
kept elevated to near that seen in rats given MDMA
alone (see Fig. 3). This was achieved by placing the rats
in a cage containing a Harvard Homeothermic Blanket
system (Model 50-7087).

2.4. Implantation of microdialysis probe in the
hippocampus

Rats were anaesthetised with sodium pentobarbitone
(‘Euta-Lender’, 40 mg/kg i.p.) and secured in a Kopf
stereotaxic frame with the tooth bar at −3.3 mm below
the interaural 0. The dialysis probe (3.5 mm×200 mm:
Cuprophan) was implanted in the hippocampus +2.2
mm from the interaural line, −4.3 mm lateral and −8
mm below the surface of the brain (König and Klippel,
1963). Probes were secured to the skull as described by
Baldwin et al. (1994).

2.5. Measurement of free radical formation in 6i6o
using microdialysis

Free radical formation in the brain in vivo was
measured by the method recently described in detail by
Colado et al. (1997b). The method relies on the fact
that hydroxyl free radicals react with salicylic acid to
generate 2,3- and 2,5-dihydroxybenzoic acids (2,3-
DHBA and 2,5-DHBA) and this reaction is utilised by
measuring the formation of 2,3- and 2,5-DHBA in the
dialysate of a microdialysis probe implanted in the
hippocampus (see above) and which is being perfused
with salicylic acid (see Chiueh et al., 1992; Giovanni et
al. 1995). Twenty-four hours after implantation, probes
were perfused with artificial cerebrospinal fluid (KCl:
2.5 mM; NaCl: 125 mM; MgCl2.6H2O: 1.18 mM;
CaCl2.2H2O: 1.26 mM) containing salicylic acid (0.5
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mM) at a rate of 1 ml/min and samples collected from
the freely moving animals at 30 min intervals. The first
60 min sample was discarded and the next three 30 min
baseline samples collected.

The two compounds 2,3-DHBA and 2,5-DHBA were
measured by h.p.l.c. and electrochemical detection. The
mobile phase consisted of KH2PO4 (0.025 M), acetoni-
trile (20%) and methanol (10%) and was adjusted to pH
3.7 with phosphoric acid, filtered and degassed. The
flow rate was 1 ml/min.

The HPLC system consisted of a pump (Waters 510)
linked to manual sample injector (Loop 20 ml Rheo-
dyne), a stainless steel reversed-phase column (250×4.6
mm, 5 mm C8 Ultracarb, Phenomenex) with a pre-
column (30×4.60 mm, 5 mm C8 Ultracarb, Phenomex)
and a coulometric detector (Coulochem 5100A) with
5011 analytical cell. The working electrode potential
was set at 400 mV with 1 mA gain. The current pro-
duced was monitored by using a computer data han-
dling system (AXXIOM 747).

2.6. FeCl2+ascorbic acid induced lipid peroxidation

Rat cortical synaptosomes were prepared as de-
scribed by Lynch and Voss (1990) and resuspended in
0.9% NaCl, pH 7.4 to produce a protein concentration
of approx. 400 mg/ml. The suspension was aliquoted
and frozen at −30oC. Membranes (400 ml) were added
to 50ml of FeCl2 (30 mM) and 50 ml of ascorbic acid (1
mM) and incubated at 37°C for 30 min. Malondialde-
hyde, a product of lipid peroxidation was assayed by
the thiobarbituric acid reaction (Wilbur et al., 1949).
Briefly, 0.5 ml HCl (0.8M) containing trichloroacetic
acid (12.5%) was added to the incubation followed by
thiobarbituric acid (1.23%). Samples were boiled for 15
min, cooled and centrifuged at 1500×g at 4°C for 15
min. The pink colour developed by the reaction was
measured by recording the optical density at 523 nm.
All assays were performed in triplicate.

2.7. Statistics

Statistical analyses of the microdialysis experiments
were performed using the statistical computer package
BMDP/386 Dynamic (BMDP Statistical Solutions,
Cork, Eire). Data were analysed by analysis of variance
(ANOVA) with repeated measures (program 2V) or,
where missing values occurred, an unbalanced repeated
measure model (program 5V) was used. Both used
treatment as the between subjects factor and time as the
repeated measure. ANOVA was performed on both
pre-treatment and post-treatment data. Temperature
data were also analysed by ANOVA with repeated
measures. Differences among groups were considered
significant at PB0.05.

3. Results

3.1. The effect of clomethiazole on rectal temperature
of MDMA-treated rats kept at normal ambient
temperature

Administration of MDMA (15 mg/kg i.p.) produced
a clear and sustained hyperthermia (Fig. 1). In contrast,
clomethiazole (50 mg/kg i.p.) injected 5 min before a
saline injection produced hypothermia which was sus-
tained and enhanced following the second dose 60 min
later (Fig. 1). Administration of clomethiazole 5 min
prior to the MDMA (15 mg/kg) injection resulted not
only in the abolition of the MDMA-induced hyperther-
mic response but a clear hypothermia which was sus-
tained by the second dose (Fig. 1).

3.2. The effect of clomethiazole on 2,3-DHBA and
2,5-DHBA in the dialysate of MDMA-treated rats
kept at normal ambient temperature

MDMA (15 mg/kg i.p.) was administered to rats in
which a microdialysis probe had been implanted in the
right hippocampus and through which salicylic acid

Fig. 1. Rectal temperature in rats injected with clomethiazole (CMZ)
and MDMA. CMZ (50 mg/kg, i.p.) or saline was administered 5 min
before and 55 min after MDMA (15 mg/kg, i.p.) or saline. Results
shown as mean and vertical lines indicate SEM, n=5–9. There was
no difference in the basal temperature of the groups. MDMA pro-
duced a significant rise in body temperature (F (1,12)=40.90, PB
0.001) compared with the saline-treated group. CMZ prevented the
MDMA-induced hyperthermia (F (1,15)=144.94, PB0.001), the
rats showing marked hypothermia (F (1,11)=39.21, PB0.001) com-
pared with the saline group. CMZ administered to saline-treated rats
also produced a significant hypothermia (F (1,9)=64.56, PB0.001).
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Fig. 2. Changes on the concentration of (a) 2,3-DHBA dihydroxyben-
zoic acid (DHBA) and (b) 2,5-DHBA in the hippocampal dialysate of
rats injected with clomethiazole (CMZ) and MDMA. CMZ (50
mg/kg, i.p.) or saline was administered 5 min before and 55 min after
MDMA (15 mg/kg, i.p.) or saline. Values are expressed as a percent-
age of the mean of three measurements before drug administration.
Results shown as mean and vertical lines indicate SEM, n=6–9.
There was no difference in the basal levels of 2,3-DHBA and 2,5-
DHBA. MDMA produced a significant increase in the levels of
2,3-DHBA (F (1,15)=20.03, PB0.001) and 2,5-DHBA (F (1,15)=
18.62, PB0.001). CMZ abolished the MDMA-induced rise in the
concentration of 2,3-DHBA (F (1,15)=19.59, PB0.001) and 2,5-
DHBA (F (1,15)=19.43, PB0.001). Statistical analysis among
groups was performed over the 6.5 h following MDMA administra-
tion. The basal concentrations in saline-treated rats (n=8) were:
2,3-DHBA (9.990.9 pg ml−1) and 2,5-DHBA (9.090.9 pg ml−1).

3.3. The effect of clomethiazole on rectal temperature
of MDMA-treated rats kept at high ambient
temperature

The experiment above was repeated but with the rats
which had been injected with MDMA+clomethiazole
being kept at high ambient temperature (Section 2) in
order to prevent the decrease in rectal temperature that
occurred in this group when kept at normal ambient
temperature, an aim which was achieved (Fig. 3).

3.4. The effect of clomethiazole on 2,3-DHBA and
2,5-DHBA in the dialysate of MDMA-treated rats
kept at high ambient temperature

When the MDMA plus clomethiazole treated rats
were kept at high ambient temperature the concentra-
tion of both 2,3- and 2,5-DHBA in the dialysate from
the hippocampal microdialysis probe was similar to
that seen in the rats given MDMA alone (Fig. 4). Both
treatments resulted in significantly higher levels of 2,3-
and 2,5-DHBA when compared with those in saline
treated rats which showed a slight decrease in these two
compounds with time.

3.5. Effect of clomethiazole on FeCl2+ascorbic
acid-induced lipid peroxidation in 6itro

Incubation of synaptosomes with FeCl2/ascorbate re-
sulted in an approximate 80-fold increase in malondi-

Fig. 3. Rectal temperature in rats injected with clomethiazole (CMZ)
and MDMA and kept at high ambient temperature. CMZ (50 mg/kg,
i.p.) or saline was administered 5 min and 55 min after MDMA (15
mg/kg, i.p.) or saline. Results shown as mean and vertical lines
indicate SEM, n=7–8. There was no difference in the basal temper-
ature of the groups. MDMA produced a significant rise in body
temperature (F (1,13)=49.95, PB0.001) compared with the saline-
treated group. Using the homeothermic blanket, the rectal tempera-
ture of the CMZ+MDMA treated rats was similar to that observed
when MDMA is given alone (F (1,13)=1.70, n.s.), and higher than
that of the saline group (F (1,12)=9.10, PB0.01).

was being perfused (Section 2). This produced a sus-
tained rise of approximately 50% in the concentration
of 2,3-DHBA and 2,5-DHBA in the perfusate (Fig. 2).
Clomethiazole (50 mg/kg×2) alone did not alter the
formation of either 2,3- or 2,5-DHBA in the perfusate
(Fig. 2) but did abolish the MDMA-induced rise in
these compounds (Fig. 2).
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Fig. 4. Changes on the concentration of (a) 2,3-DHBA dihydroxyben-
zoic acid (DHBA) and (b) 2,5-DHBA in the hippocampal dialysate of
rats injected with clomethiazole (CMZ) and MDMA and kept at high
ambient temperature. CMZ (50 mg/kg, i.p.) or saline was adminis-
tered 5 min before and 55 min after MDMA (15 mg/kg, i.p.) or
saline. Values are expressed as a percentage of the mean of three
measurements before drug administration. Results shown as mean
and vertical lines indicate SEM, n=7–8. There was no difference in
the basal levels of 2,3-DHBA and 2,5-DHBA. MDMA produced a
significant increase in the levels of 2,3-DHBA (F (1,13)=16.00, PB
0.001) and 2,5-DHBA (F (1,13)=10.82, PB0.001). Using the
homeothermic blanket, the levels of 2,3-DHBA (F (1,13)=0.017,
n.s.) and 2,5-DHBA (F (1,13)=0.66, n.s.) in the dialysate of CMZ+
MDMA treated rats were similar to that seen when MDMA is given
alone. Statistical analysis among groups was performed over the 6.5
h following MDMA administration. The basal concentrations in
saline-treated rats (n=7) were: 2,3-DHBA (6.090.6 pg ml−1) and
2,5-DHBA (6.790.6 pg ml−1).

4. Discussion

The technique of examining the formation of 2,3-
DHBA and 2,5-DHBA from salicylic acid as an index
of ·OH radical formation is well established (Radzik et
al., 1983; Floyd et al., 1984), although the concentra-
tion of 2,3-DHBA is considered a more reliable index
of free radical formation because 2,5-DHBA can also
be formed enzymatically from salicylate (Halliwell et
al., 1991). However the use of a selectively implanted
microdialysis probe allows measurement of free radical
formation in the hippocampus, an area known to be
damaged by MDMA and removes the problem both of
assessing the cerebral concentration of salicylic acid and
also its possible peripheral metabolism to 2,5-DHBA.

In our earlier study (Colado et al., 1997b) we ob-
served a significant increase of approximately 50% in
the concentration of 2,3-DHBA in the dialysate follow-
ing MDMA (15 mg/kg) and this finding was confirmed
in the present investigation. The 2,5-DHBA concentra-
tion however did not increase significantly after
MDMA in the study of Colado et al. (1997b). In
contrast, the current study did detect a statistically
significant rise in the 2,5-DHBA concentration after
MDMA (15 mg/kg). We cannot explain why the results
differ in the two studies other than point out that while
some studies on free radical producing compounds have
found that both salicylate metabolites changed in a
similar fashion (e.g. Chiueh et al., 1993), others have
reported a statistically significant rise in 2,3-DHBA but
not 2,5-DHBA (e.g. Giovanni et al., 1995). Since 2,3-
DHBA is the metabolite that cannot be formed enzy-
matically (Halliwell et al., 1991), this compound is
probably a more reliable indicator of increased free
radical production.

There is now evidence that increased free radical
formation is responsible for MDMA-induced neurotox-
icity (see Section 1 for details). We therefore investi-
gated whether the neuroprotective action of clomethia-
zole involved a free radical scavenging action since it is

Fig. 5. The effect of increasing concentrations of BHT and clomethi-
azole on FeCl2 (3 mM) plus ascorbic acid (0.1 M) on lipid peroxida-
tion in rat brain synaptosomes. Data is shown as mean9SEM of
n=3–6.

aldehyde formation (Data not shown). The free radical
scavenger BHT inhibited the peroxidation -induced in-
crease in a concentration dependent way (Fig. 5) with
an IC50 of below micromolar while clomethiazole pro-
duced only modest inhibition at a millimolar concentra-
tion (Fig. 5).
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Fig. 6. The mean9SEM of the percentage protection against the MDMA-induced loss of 5-HT and 5-HIAA in cortex, hippocampus and striatum
and mean percentage loss of cortical [3H]paroxetine binding in a MDMA+clomethiazole treated group of rats kept at normal ambient
temperature (Experiment 1) and a group given MDMA+clomethiazole and kept at high ambient temperature (Experiment 2). Data taken and
figure redrawn from results presented in Colado et al. (1998a).

an effective neuroprotective agent not only against
MDMA-induced damage (Colado et al., 1993; Hewitt
and Green, 1994; Colado et al., 1998a), but also in
various models of acute ischemic stroke (see Green,
1998), a property it shares with the free radical scav-
enger PBN (Carney and Floyd, 1991; Zini et al., 1992;
Sens and Phillis, 1993; Zhao et al., 1994; Colado and
Green, 1995; Yeh, 1996; Colado et al., 1997b).

Clomethiazole provides substantial neuroprotection
against MDMA-induced damage in rats (Colado et al.,
1993) and does so even in rats kept at high ambient
temperature, thereby maintaining their hyperthermic
response to MDMA (see Fig. 6, Colado et al., 1998a).
Therefore, the fact that it failed to inhibit the MDMA-
induced rise in 2,3- or 2,5-DHBA in the dialysate of
hyperthermic animals suggests strongly that its protec-
tive effect does not involve free radical scavenging.

When clomethiazole was given to MDMA treated
rats kept at normal ambient temperature, thereby re-
sulting in the animals becoming hypothermic, no eleva-
tion of the 2,3- and 2,5-DHBA concentrations in the
dialysate was detected. This observation is consistant
with the fact that hyperthermia markedly enhances free
radical formation (Globus et al., 1995; Kil et al., 1996)
and supports the contention that free radical produc-
tion is favoured by the acute hyperthermia normally
produced by MDMA administration (Colado et al.,
1998a). It also explains why almost total neuroprotec-
tion can be achieved when clomethiazole is allowed to
induce normothermia or hypothermia since the drug is
producing protection through two mechanisms, a re-
duction in the hyperthermic response and another unre-
lated mechanism which may relate to the ability of
clomethiazole to enhance the function of GABA (Co-
lado et al., 1998a).

While the long term neurodegeneration which follows
administration of MDMA has been shown to be related
to the acute hyperthermia produced by the drug
(Broening et al., 1995) neurodegeneration does occur in
normothermic animals (Broening et al., 1995; Farfel
and Seiden, 1995a). However any increase in free radi-
cal production occurring in the normothermic animals
studied in the current investigation is below the limits
of detection of the in vivo method used here, as we
have discussed elsewhere (Colado et al., 1997b).

Finally, in support of our contention that clomethia-
zole is not a free radical scavenger, our in vitro study
also failed to detect any scavenging activity, other than
at a concentration at least 100-fold greater than a
concentration previously shown in vivo to provide neu-
roprotection (Cross et al., 1995).
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