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Abstract

The role of nitric oxide (NO) in the long-term serotoninergic neurotoxicity induced by (+)3,4-methylenedioxymethamphetamine
(MDMA) in rats was investigiated. Pretreatment with N“-nitro-L-arginine (L-NOARG) (10 mgkg™?1), a nitric oxide synthase (NOS)
inhibitor, partially protected against long-term serotonin (5-HT) depletion induced by MDMA (40 mgkg™?1) in frontal cortex and parietal
cortex, but not in other brain regions examined. Brain NOS activities in these two regions were significantly elevated at 6 h after MDMA
administration. Moreover, L-NOARG pretreatment caused significant inhibition of brain NOS activity but did not affect the acute 5-HT
and dopamine (DA) changes or the hyperthermia induced by MDMA. These results suggest that it is the NOS inhibitory properties of
L-NOARG, rather than its effects on the acute monoamine changes or the hyperthermia induced by MDMA, that are responsible for the
prevention of neurotoxicity. The regional differences on the protection of L-NOARG and on the activation of NOS by MDMA indicate
the unequa role that NO may play in MDMA-induced neurotoxicity in different brain regions. © 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

(+)3,4-methylenedioxymethamphetamine (MDMA) is
a popular recreational drug which has been widely abused
but is considered safe by many users. However, there is
extensive evidence that MDMA is a fairly selective neuro-
toxin for serotonin (5-HT) pathways in rats and nonhuman
primates, leaving dopamine (DA) pathways spared
[17,30,33], while in mice, it produces neurotoxic damage
to both 5-HT and DA systems [19,20,26]. The long-term
neurotoxicity induced by MDMA on brain serotoninergic
system is demonstrated by a long-lasting depletion of
5-HT and its metabolite 5-hydroxyindoleacetic acid (5-
HIAA), areduction of tryptophan hydroxylase activity and
a decrease in synaptosomal [*H] 5-HT uptake
[7,20,30,31,36]. There is also histological evidence that
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5-HT neurodegeneration occurs following the administra-
tion of MDMA [7]. However, the mechanism(s) by which
MDMA produces neurotoxicity is not clear.

In the CNS, nitric oxide (NO) has been implicated both
as a neuromodulator and a mediator of neurotoxicity
[4,14,38]; immunochemical studies have shown a
widespread distribution of nitric oxide synthase (NOS) in
the brain [2,13]. Recently, the linkage between NO produc-
tion and excitotoxicity has been studied [4,14]. For exam-
ple, glutamate-induced cytotoxicity was blocked by MK-
801, a noncompetitive NMDA receptor antagonist, and
attenuated by treatment with N<“-nitro-L-arginine methyl
ester (L-NAME), a NOS inhibitor, in vitro [14]. Using
primary cortical cultures from transgenic neuronal NOS
null mice, neurotoxicity elicited by NMDA was markedly
attenuated [9]. Accumulating evidence supports the view
that an overstimulation of NMDA receptors results in a
massive influx of Ca®" and as a consequence of the
stimulation of Ca?* /calmodulin-dependent NOS, an ex-
cessive formation of NO may occur. The reaction of NO
with superoxide can yield a variety of highly toxic
molecules which may mediate the neuronal damage (see
reviews by Moncada et al. [23] and Vincent [38])
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The involvement of NMDA activation in the long-term
serotoninergic neurotoxicity induced by MDMA is shown
by the protective effects of both competitive and noncom-
petitive NMDA antagonists on the neurotoxic effects of
MDMA on 5-HT terminalsin rat brain [5,12,19]. It is also
reported that MDMA- and methamphetamine (METH)-in-
duced neurctoxicity on dopaminergic and serotoninergic
cells in primary cultures were attenuated by inhibitors of
NOS [4]. Most recently, two independent papers reported
similar results of the protective effect of neuronal NOS
inhibitor, 7-nitroindazole, on the neurotoxicity induced by
METH in vivo [10,16]. Thus, it is of interest whether NO
is also involved in the long-term serotoninergic neurotoxic-
ity induced by MDMA in vivo.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats (6 weeks old, Animal
Breeding Station, Otago University) were housed 2 per
cage, in a temperature-controlled room (24 + 1°C) with a
12-h alternating light /dark cycle. Animals were allowed
free access to standard laboratory food and water.

2.2. Drug administration and sample collecting

For the long-term neuroprotective effect of L-NOARG,
two groups of rats (n = 8) received either a single dose of
MDMA (40 mgkg™?, i.p.) or normal saline and another
group (n=16) was injected twice with L-NOARG (10
mgkg~!) 16 h and 30 min before MDMA. Rats were
sacrificed by decapitation at 7 days. The brains were
rapidly removed and dissected into frontal cortex, parietal
cortex, occipital cortex, hippocampus, striatum and cere-
bellum, frozen on dry ice and stored at —80°C for
monoamine assays. In a separate experiment, rats were
given the same treatment and sacrificed at 1 h, 6 h and 24
h after MDMA. The tissue from one hemisphere was used
for monoamine assays and the tissue from the other hemi-
sphere was used for NOS activity assay. In the third
experiment, two groups of rats (n= 8) received either a
single dose of MDMA (40 mgkg™?, i.p.) or sterilized
normal saline and werekilled at 1, 3, 4, 6, 7 and 24 h after
MDMA. The tissue was used for NOS activity assay.

2.3. Measurement of body temperature

In the long-term neurotoxicity experiment, body tem-
perature in all the experimenta groups was measured
rectally at a depth of 1.5 cm using a thermistor probe, at
0.5, 1, 2, 4, 6 and 24 h after administration of MDMA or
sdine.

2.4. Determination of monoamine and monoamine metabo-
lite concentrations

Tissue concentrations of 5-HT, 5-HIAA, DA and 3/4-
dihydroxyphenylacetic acid (DOPAC) were determined by
HPLC with electrochemical detection (ECD) asin a previ-
ous study [39]. Briefly, samples were homogenised in 0.4
M HCIO, and centrifuged (12,000 X g, 10 min) at 4°C.
The supernatant (20 wl) was injected onto a 100 X 4.6
mm, 5 um, Cg, MOS column and eluted with a mobile
phase containing 9% (v/v) acetonitrile, 100 mM
NaH ,PO,, 0.46 mM octylsulphonic acid, 19.5 mM sodium
acetate and 0.3 mM Na,EDTA at pH 2.6. The flow rate
was set to 1.5 mimin~!. The ESA model 5100 A
Coulochem ECD system consisted of a model 5020 guard
cell (detector setting, + 1.04 V), followed in sequence by a
model 5010 analytical cell (detector 1, +0.3 V, detector 2,
+0.45 V). Components were quantified by comparison
with a curve generated from externa standards.

2.5. Measurement of brain NOS activity

NOS activity was measured according to Bredt and
Snyder [3] with dight modifications, by monitoring the
conversion of [*H] L-arginine to [*H] citrulline. Briefly,
tissues were homogenized in 5 volumes of 20 mM Tris—
HCI buffer (containing 2 mM EDTA, pH 7.4) and cen-
trifuged (12,000 X g for 10 min at 4°C). 25 wl of super-
natant were incubated for 1 min at 37°C with 0.5 uCi [°H]
L-arginine (concentration, 150 nM), NADPH (1 mM) and
CaCl, (0.75 mM) in a total volume of 100 wl. The
reaction was started by the addition of supernatant and
stopped by the addition of 1 ml of 1. 1 (v/v)
H,O/Dowex-50 W (200-400, 8% cross-linked, Na*-form)
and transferred onto ice. H,O (3 ml) was added to the
mixture and allowed to stand for 10 min. [*H] citrulline in
the supernatant was quantified by liquid scintillation spec-
troscopy.

2.6. Chemicals and drugs

MDMA was synthesised in the School of Pharmacy,
University of Otago. L-[2,3-*H J-arginine (40.0 Ci mmol 1)
was purchased from Life Technologies, USA. BCS (Bio-
degradable Counting Scintillant for agueous) was obtained
from Amersham Canada. All other chemicals were pur-
chased from Sigma.

2.7. Satistics

The results are presented as the mean + S.E.M. of the
tissue contents of the treatment groups expressed as a
percentage of corresponding saline-injected controls for
ease of comparison. The statistical significance of differ-



Y. Zheng, R. Laverty / Brain Research 795 (1998) 257-263 259

ences between groups was determined using a one-way
analysis of variance (ANOVA) followed by Student—New-
man—Keuls multiple comparison test.

3. Resaults

3.1. Effect of L-NOARG on the long-term neurotoxicity of
MDMA

In this experiment, a single high dose of MDMA (40
mgkg~!) produced significant decreases of 5-HT and
5-HIAA levelsin dl the brain regions examined when the
rats were killed at 7 days after the administration, indicat-
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Fig. 1. Effect of L-NOARG on 5-HT and 5-HIAA levelsin different brain
regions 7 days after administration of MDMA. Rats which received a
single dose of MDMA (40 mgkg™?, i.p.) were pretreated with two doses
of either saline (dark bars) or L-NOARG (10 mgkg ™1, i.p.) (striped bars)
at 16 h and 30 min before MDMA. Control group received saline (open
bars). Rats were killed 7 days after the last injection. 5-HT (A) and
5-HIAA (B) were measured in different brain regions. Data are expressed
as percentage of control levels. * p < 0.05 vs. the saline control; Tp < 0.05
vs. the MDMA treatment.
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Fig. 2. Time course of acute NOS activity changes in different brain
regions after a single dose of MDMA (40 mgkg™?, i.p.). Control group
received sterilized saline. Rats were killed at 1, 3, 4, 6, 7 and 24 h
respectively after the injection and NOS activity were measured in frontal
cortex, parietal cortex and occipital cortex (A) and in hippocampus,
striatum and cerebellum (B). Data are expressed as percentage of control
levels at each time point. * p < 0.05 vs. the saline control.

ing long-term damage to the 5-HT terminals. Pretreatment
with two doses of L-NOARG (10 mgkg™?) significantly
protected against the 5-HT depletion in frontal and parietal
cortex and the 5-HIAA depletion in frontal cortex (Fig. 1A
and B). Protection was almost complete in frontal cortex,
less complete in parietal cortex. Levels of 5-HT in other
regionsin L-NOARG,/MDMA group were higher than that
in MDMA aone, but the differences were not statistically
significant. Studies in our laboratory have shown that
5-HT, 5-HIAA levels in L-NOARG aone group were not
significantly different from that in saline control group at 7
days (data not shown).

3.2. Acute effect of MDMA on brain NOS activity

The time course of NOS activity changes was measured
in different brain regions after a single dose of MDMA (40
mgkg ™). As shown in Fig. 2, dight decreases of NOS
activity were found at 1 and 3 h after MDMA in al the
brain regions examined. After 3 h, time dependent in-
creases were observed and dsatistically significant in-
creases were obtained from frontal (120.1%) and parietal
(124.4%) cortex a 6 h (Fig. 2A) and from striatum
(121.1%) at 4 h (Fig. 2B). The levels returned to control
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values at 24 h. Similar but non-significant changes were
seen in the other brain regions studied. The validity of the
NOS assay was checked by using L-NOARG to block the
®H-citrulline production in vitro. A concentration-depen-
dent inhibition of the activity was produced by L-NOARG
in the tissue from either saline or MDMA treated animals
with a maximum of 95% inhibition obtained.

3.3. Effect of L-NOARG on acute monoamine and NOS
activity changes induced by MDMA

Rats received the single high-dose MDMA (40 mgkg 1)
regime and the tissues were collected as described before.
Since a significant protective effect of L-NOARG on the
long-term 5-HT depletion induced by MDMA was achieved
only in frontal and parietal cortex, as was the significant
increase of NOS activity induced by MDMA, the time
course of 5-HT and 5-HIAA changes in this experiment
was only measured in these two regions. 5-HT and 5-HIAA
levels were not significantly different in L-NOARG pre-
treated group compared with that in MDMA aoneat 1 h, 6
h and 24 h after MDMA in both frontal cortex (Fig. 3) and
parietal cortex (Fig. 4). There were no significant differ-
ences on striatal DA levels between MDMA group and
L-NOARG,/MDMA group at different time points though
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Fig. 3. Time course of brain 5-HT (A) and 5-HIAA (B) levels in frontal
cortex after the acute administration of MDMA. Rats which received a
single dose of MDMA (40 mgkg ™!, i.p.) were pretreated with two doses
of either saline or L-NOARG (10 mgkg~?, i.p.) a 16 h and 30 min
before MDMA.. Control group received saline. Rats were killed at 1, 6
and 24 h after MDMA. Data are expressed as percentage of control
levels. = p < 0.05 vs. the saline control.
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Fig. 4. Time course of brain 5-HT (A) and 5-HIAA (B) levelsin parietal
cortex after the acute administration of MDMA. Rats which received a
single dose of MDMA (40 mgkg ™!, i.p.) were pretreated with two doses
of either saline or L-NOARG (10 mgkg™%, i.p.) a 16 h and 30 min
before MDMA.. Control group received saline. Rats were killed at 1, 6
and 24 h after MDMA. Data are expressed as percentage of control
levels. = p < 0.05 vs. the saline control.

the DA concentration in L-NOARG/MDMA group was
significantly higher than control value at 6 h (data not
shown).

NOS activity was measured in al the brain regions
collected from the other hemisphere in this experiment and
the results showed that an extensive inhibition of brain
NOS by the two prior doses of L-NOARG was obtained at
1 h (18.8%—-27.7% of control values) after MDMA injec-
tion in al the brain regions. The inhibitory effect of
L-NOARG was maintained at 6 h (14.3%-24.8% of con-
trol values) and 24 h (25.6%-50.4% of control vaues)
after MDMA. There were no significant regional differ-
ences in NOS inhibition induced by L-NOARG (data not
shown).

3.4. Effect of L-NOARG on acute body temper ature changes
induced by MDMA

A single dose of MDMA (40 mgkg™!) significantly
increased the body temperature at 30 min after the injec-
tion. The temperature went up 3°C and remained at that
level until 4 h and then returned towards the normal level.
Pretreatment with L-NOARG (2 x 10 mgkg 1) as before,
did not alter the hyperthermia induced by MDMA.
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4. Discussion

It is well accepted that MDMA acts as a selective
serotoninergic neurotoxin in rats [29]. Pretreatment with
L-NOARG significantly protected against the 5-HT deple-
tion induced by a single dose of MDMA in frontal and
parietal cortex though the protection was not complete, as
the levels were still lower than that in saline control group.
5-HT levelsin other brain regions showed some protection
but the differences were not statistically significant (Fig.
1A). A protective effect was observed on 5-HIAA deple-
tion in frontal cortex, but not in other brain regions
examined (Fig. 1B).

The dose regimen of L-NOARG was designed to inhibit
brain NOS prior to and during MDMA treatment since it is
not clear what is the critical time for NO involvement in
such neurotoxicity. As the half life of plasmaL-NOARG in
rats is about 20 h [37], the two doses were given 16 h apart
in order to inhibit brain NOS evenly before and throughout
the whole course of MDMA's action; NOS activity at 6 h
was approximately 20% of control values and remained at
40% as long as 24 h. This amost complete inhibition of
brain NOS by L-NOARG only partially blocked the sero-
toninergic neurotoxicity induced by MDMA and only in
some of the brain regions, namely fronta and parietal
cortex.

The formation of NO has been suggested to play a key
role in excitotoxicity in the cortex. For example, NMDA-
induced cell death in cortical cultures was attenuated by
NOS inhibitors or by lesions of NOS neurones in the
culture [8]. It is generally believed that stimulation of
NMDA receptors activates the calmodulin-dependent neu-
ronal NOS by causing an influx of Ca?* in NOS contain-
ing neurones and increases the formation of intracellular
NO [8,21]. Although MDMA, unlike METH, does not
produce a delayed increase in extracellular glutamate [25],
both competitive and noncompetitive NMDA receptor an-
tagonists prevented the serotoninergic neurotoxicity in-
duced by MDMA [5,12,19]. Thus, on the one hand, the
NMDA receptor has been implicated in long-term sero-
tonin depletion induced by MDMA or METH [12,27]. On
the other hand, inhibition of NO formation attenuates
MDMA- and METH-induced neurotoxicity on dopaminer-
gic and serotoninergic cells in primary cultures [4]. Fur-
thermore, dopaminergic neurotoxicity induced by METH
was prevented by 7-nitroindazole, the neuronal NOS in-
hibitor, in vivo [10,16]. Our results in this experiment
extend the observations above by linking NO formation to
at least some of the serotoninergic neurotoxicity induced
by MDMA in vivo.

Pretreatment with L-NOARG provided similar degrees
of inhibition on brain NOS in different regions, however
the degrees of protection on MDMA-induced 5-HT deple-
tion varied between brain regions. To seek why these
regional differences occur, we studied brain NOS activity
at different times after MDMA injection. As shown in Fig.

2, NOS activities were at first dlightly reduced at 3 h after
MDMA and then increased during the period of 3-6 h.
Although a similar tendency was shown in different brain
regions, statistically significant increases were only found
in frontal and parietal cortex at 6 h and in striatum at 4 h
after MDMA. Therefore, our results demonstrated that
MDMA caused an increase of brain NOS activity in most
regions but this increase varied both in degree and times in
different brain regions. This may partly explain the re-
gional difference in the protective effect of L-NOARG.
Some regions where NOS activity was significantly acti-
vated by MDMA, such as frontal and parietal cortex, were
well protected by L-NOARG, while in other regions where
NOS activity showed nonsignificant increases after
MDMA, only limited protection was obtained, such as in
occipital cortex and hippocampus. This suggests that inhi-
bition of the activated NOS, not the baseline NOS activity,
may be essential for the protective effect of L-NOARG.
However, a significant increase of NOS activity was also
detected at 4 h after MDMA in striatum, but only dight
protection was provided by L-NOARG. Thus, there must
be other mechanisms other than NO to account for
MDMA-induced neurotoxicity in other regions.

Brain NOS shows a distinct regional distribution, with
the highest levels being present in the cerebellum, lower
levels in hypothalamus, striatum and hippocampus [13].
NOS inhibitors do not prevent glutamate neurctoxicity in
cerebellar granule cells [28] which are enriched in NOS [2]
and NOS containing neurones are uniquely resistant to
NMDA toxicity [8]. Our results are consistent by showing
that the long-term 5-HT level in cerebellum was less
affected by MDMA, and L-NOARG did not prevent the
neurotoxicity in cerebellum, possibly due to high levels of
SOD in NOS neurones.

Acute depletion of 5-HT may cause the long-term
MDMA neurotoxicity since pretreatment with a serotonin
precursor or a 5-HT uptake inhibitor both provided protec-
tion from such neurotoxicity [31,35]. However, pretreat-
ment with L-NOARG had no effect on the acute 5-HT and
5-HIAA changes induced by MDMA showing that L-
NOARG protected against long-term 5-HT depletion in-
duced by MDMA in frontal and parietal cortex without
atering MDMA-induced acute depletion of 5-HT.

Administration of MDMA is believed to increase DA
synthesis and release acutely in striatum [24,34], and de-
creasing DA function by inhibiting synthesis or release
appears to provide protection against the serotoninergic
neurotoxicity induced by MDMA [32,33]. Furthermore,
NO has been reported to increase the release of DA from
striatal dices[18,40]. Thus, L-NOARG might act by block-
ing the DA changes after MDMA. However, pretreatment
with L-NOARG did not change the time course of DA
changes induced by MDMA. Our results are also compati-
ble with the finding in mice that 7-NI consistently counter-
acted dopaminergic neurotoxicity even when it did not
prevent the initial release of DA caused by METH [10].
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Therefore, it appears that L-NOARG protected cortical
serotoninergic neurotoxicity induced by MDMA without
atering the acute DA changes after MDMA and further
suggests that formation of NO may have a more direct role
in the process of MDMA-induced neurotoxicity.

The relationship between drug-induced hyperthermia,
ambient temperature and drug-induced long-term neurotox-
icity has attracted more and more attention [1,15,22]. It has
been demonstrated that lowering ambient temperature
blocked b-MDMA- or severely attenuated p-METH-in-
duced DA depletion in the mouse [22]. Some protective
drugs, such as chlormethiazole, haloperidol and MK-801,
also blocked the hyperthermia induced by both drugs
[1,15]. However, there are opposing results. Fenfluramine,
another substituted amphetamine, caused hypothermia it-
self in rats, but produced long-term 5-HT depletion [11].
Moreover, coadministration of chlormethiazole which
abolished the hyperthermia of p-chloroamphetamine was
ineffective in protecting against the 5-HT depletion [5].
Pretreatment with L-NOARG did not alter the hyperther-
mia induced by MDMA in this experiment. The similar
results were observed by Di Monte et a. [10]. Therefore,
our results support those previous studies indicating that
hyperthermiais probably not associated with the long-term
neurotoxicity induced by MDMA or other amphetamine
analogues [5,6,10].
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