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1 Administration of 3,4-methylenedioxymethamphetamine (MDMA, ‘ecstasy’) to mice produces
acute hyperthermia and long-term degeneration of striatal dopamine nerve terminals. Attenuation of
the hyperthermia decreases the neurodegeneration. We have investigated the mechanisms involved in
producing the neurotoxic loss of striatal dopamine.

2 MDMA produced a dose-dependent loss in striatal dopamine concentration 7 days later with 3
doses of 25 mg kg=' (3 h apart) producing a 70% loss.

3 Pretreatment 30 min before each MDMA dose with either of the N-methyl-D-aspartate antagonists
AR-R15896AR (20, 5, 5 mg kg~") or MK-801 (0.5 mg kg~' x 3) failed to provide neuroprotection.

4 Pretreatment with clomethiazole (50 mg kg~' x 3) was similarly ineffective in protecting against
MDMA-induced dopamine loss.

5 The free radical trapping compound PBN (150 mg kg~' x 3) was neuroprotective, but it proved
impossible to separate neuroprotection from a hypothermic effect on body temperature.

6 Pretreatment with the nitric oxide synthase (NOS) inhibitor 7-NI (50 mg kg~'x 3) produced
neuroprotection, but also significant hypothermia. Two other NOS inhibitors, S-methyl-L-
thiocitrulline (10 mg kg='x3) and AR-R17477AR (5 mg kg~'x 3), provided significant neuropro-
tection and had little effect on MDMA-induced hyperthermia.

7 MDMA (20 mg kg~") increased 2,3-dihydroxybenzoic acid formation from salicylic acid perfused
through a microdialysis tube implanted in the striatum, indicating increased free radical formation.
This increase was prevented by AR-R17477AR administration. Since AR-R17477AR was also found
to have no radical trapping activity this result suggests that MDMA-induced neurotoxicity results
from MDMA or dopamine metabolites producing radicals that combine with NO to form tissue-
damaging peroxynitrites.
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Introduction

Administration  of  3,4-methylenedioxymethamphetamine
(MDMA, ecstasy) to rats produces a rapid and marked
release of both 5-hydroxytryptamine (5-HT) (Schmidt et al.,
1987; Gough et al., 1991; Gudelsky & Nash, 1996) and
dopamine (Koch & Galloway, 1997; Sabol & Seiden, 1998;
Colado et al., 1999) in the brain.

*Author for correspondence;
E-mail: richard.green@astrazeneca.com

There is general agreement that MDMA also produces a
substantial and sustained long term neurotoxic loss of 5-HT
nerve terminals in several brain regions of rats, guinea-pigs
and several species of non-human primates (Stone et al.,
1986; Schmidt, 1987; Schmidt & Kehne, 1990; Steele et al.,
1994; Green et al., 1995; White et al., 1996; Colado et al.,
1997; 1999; Huether et al., 1997). There is also a general
consensus that MDMA, given at a dose that produces a
major neurotoxic loss of 5-HT, produces no long term
neurotoxic loss of cerebral dopamine content in these species
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Figure 1 Effect of different doses of MDMA on striatal dopamine and dopamine metabolite concentrations 7 days later. Mice
were administered MDMA (25 mg kg™' i.p.) or saline three times at 3 h intervals. Results shown as mean +s.e. mean (n=5-6). (a)
Striatal dopamine concentrations. MDMA treatment resulted in a significant reduction in dopamine levels in both MDMA (x 3)
and MDMA (x2) groups, compared to saline-treated control mice (***P<0.001) and compared to the MDMA (x 1) group
(AAAP<0.001), while there was no significant difference between MDMA ( x 3) and MDMA ( x 2) treatment groups. (b) Dopamine
loss measured 1 week following administration of 1, 2 or 3 doses of MDMA, calculated as a % of control values. (c) Striatal
DOPAC concentrations. MDMA treatment resulted in a significant reduction in DOPAC levels in both MDMA (x 3) and MDMA
(x2) groups, compared to saline-treated control mice (¥**P<0.01) and compared to the MDMA (x1) group (AP<0.05,
(AAP<0.01). There was no significant difference between MDMA (x 3) and MDMA (x2) treatment groups. (d) Striatal HVA
concentrations. MDMA treatment resulted in a significant reduction in HVA levels in the MDMA ( x 2) treatment group, compared
to saline-treated control mice (*P<0.05), while there was no significant difference between MDMA (x3) and MDMA (x2)

treatment groups.

(Stone et al., 1986; Battaglia et al., 1987; Schmidt & Kehne,
1990; Lew et al., 1996; Sabol et al., 1996; Colado et al., 1997;
1999). In contrast, MDMA is generally accepted to behave as
a relatively selective dopaminergic neurotoxin in mice, having
little effect on 5-HT containing neurones, but producing a
sustained loss in the concentration of dopamine and its
metabolites in the striatum (Stone er al., 1987; Logan et al.,
1988; O’Callaghan & Miller, 1994; O’Shea et al., 2001). The
MDMA-induced loss in the striatal catechol content in mice
presumably reflects a neurotoxic degeneration of dopamine
nerve terminals similar to that seen following methampheta-
mine administration to both rats and mice (Koda & Gibb,
1973; Sonsalla et al., 1989; Green et al., 1992; Baldwin et al.,
1993; Bowyer et al., 1994; Itzhak & Ali, 1996).

We recently reported on a study that examined the effect of
monoamine uptake inhibitors on their ability to prevent
MDMA-induced neurodegeneration in mouse striatum
(O’Shea et al., 2001). We have now extended these
observations to try to obtain a greater understanding of the

mechanisms involved in the neurodegenerative effect of
MDMA on dopamine neurones in mouse brain by examining
the effect of a range of putative neuroprotective agents. We
have examined the effect of N-methyl-D-aspartate (NMDA)
antagonists, the free radical trapping nitrone PBN and
several nitric oxide synthase (NOS) inhibitors. The effect of
clomethiazole, a GABAmimetic agent which has been shown
to protect against MDMA-induced neurotoxicity to 5-HT
neurones in rat brain (Colado er al., 1993; 1998), has also
been investigated. In addition, the effect of MDMA on free
radical formation in the striatum was examined by use of in
vivo microdialysis and measurement of the conversion of
salicylic acid to 2,3-dihydroxy benzoic acid (2,3-DHBA) as
previously described (Colado et al., 1997). In all experiments
rectal temperature of the mice was monitored as there is
substantial evidence in both rats (Malberg et al., 1996; Farfel
& Seiden, 1995a, b; Colado et al., 1998) and mice (Miller &
O’Callaghan, 1994; Albers & Sonsalla, 1995) that preventing
the normal MDMA-induced hyperthermia, or production of
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frank hypothermia, is an effective way of producing a
neuroprotective effect.

Methods

Animals

Adult male NIH/Swiss mice (Harlan UK Ltd., Bicester,
Oxon, U.K. and Harlan Iberica, Barcelona, Spain), weighing
25-30 g, were used in almost all studies. They were housed
in groups of 5—7, at an ambient temperature of 20+2°C and
a 12 h light/dark cycle (lights on: 0730 h). Food and water
were freely provided.

In the study on the effect of 7-NI, adult male Swiss-
Webster mice (CFWI1, Harlan Iberica, Barcelona, Spain)
weighing 30—35 g were used. They were housed in groups of
10, in conditions of constant temperature (21+2°C) and a
12 h light/dark cycle (lights on: 0700 h) and given free access
to food and water.

Drugs and drug administration

Pretreatment compounds were administered 30 min prior to
each dose of MDMA (25 mg kg~' i.p.) or saline, which was
repeated for a total of 3 times, at 3 h intervals. This dose
regime for MDMA was used because it produces a significant
loss of dopaminergic nerve terminals in mice (O’Shea et al.,
2001). In the studies on 7-NI and S-MTC and the
microdialysis experiments a dose of MDMA of 20 mg kg '
was used because the higher dose was causing some
mortality. When this dose was used a hyperthermic response
and striatal dopamine loss were produced similar to those
seen at the higher dose of MDMA, suggesting that the main
effects of the drug were similar to that seen in other parts of
the study. Both control (saline injected) and MDMA-treated
groups were always studied in each experiment to control for
any variation in response.

Drugs were administered intraperitoneally (i.p.) unless
otherwise specified. All drugs were administered in normal
saline (0.9% NaCl~") at a volume of 10 ml kg wv~', unless
otherwise stated and doses are quoted as the base weight.

Drugs were obtained from the following sources: (+)3,4-
methylenedioxymethamphetamine HCI (MDMA) (Sigma-
Aldrich Company Ltd., Poole, Dorset, U.K.; Dr P. Guiry,
University College, Dublin and NIDA, Research Triangle
Park, NC, U.S.A.), S-(+)-a-phenyl-2-pyridine ethanamide
dihydrochloride (AR-R15896AR) and N-(4-(2-((3-chlorophe-
nylmethyl) amino)-ethyl)phenyl) 2-thiophene carboxamidine
(AR-R17477AR) (AstraZeneca R&D Wilmington, Wilming-
ton, DE, U.S.A)), (+)-MK 801 maleate (Tocris Cookson
Ltd., Avonmouth, Bristol, U.K.), a-phenyl-N-tert-butyl
nitrone (PBN) and 7-nitroindazole (7-NI) (Sigma), S-
methyl-L-thiocitrulline (S-MTC) (Calbiochem), clomethia-
zole edisilate (AstraZeneca R&D Sodertdlje, Sodertilje,
Sweden).

Measurement of rectal temperature
Temperature measurement was performed using an MC 8700

thermometer, with digital readout (EXACON A/S, Roskilde,
Denmark) and a lubricated H-SF1 rectal temperature probe

(Cranbrook FElectronics, Ascot, Berkshire, U.K.). Each
mouse was lightly restrained by hand, for approximately
10 s, whilst the probe was inserted approximately 2 cm into
its rectum and a steady reading was obtained.

Effect of different doses of MDMA on striatal dopamine
concentration

In order to assess the effect of different total doses of
MDMA on striatal dopamine concentration, the protocol
employed for all other experiments was modified. In this
experiment, groups of mice (=6 in each case) were
administered either MDMA (25 mg kg~") or saline 3 times
at 3 h intervals (0, 3, 6 h). The first group were administered
MDMA at each time point, the second group were
administered MDMA at 0 and 3 h and saline at 6 h, the
third group were administered MDMA at 0 h and saline at 3
and 6 h and the fourth group were administered saline at
each of the three time-points.

Measurement of monoamines and their metabolites in
cerebral tissue

One week following MDMA, mice were killed by cervical
dislocation and decapitation, the brains rapidly removed and
the striatum dissected out on ice. Tissue was homogenized
and dopamine, homovanillic acid (HVA) and 3,4-dihydrox-
yphenylacetic acid (DOPAC) were measured by high
performance liquid chromatography (h.p.l.c.). Briefly, the
mobile phase consisted of KH,PO,4 (0.05 M), octanesulphonic
acid (0.16 mm), EDTA (0.1 mM) and methanol (16%), and
was adjusted to pH 3 with phosphoric acid, filtered and
degassed. The flow rate was 1 ml min~' and the working
electrode potential was set at +800 mV.

The h.p.l.c. system consisted of a pump (Waters 510)
linked to an automatic sample injector (Loop 200 ul, Waters
712 WISP), a stainless steel reversed-phase column (Spher-
isorb ODS2, 5 um, 150 x 4.6 mm) with a precolumn and an
amperometric detector (Waters M460). The current produced
was monitored via an integrator (Waters M745).

Implantation of microdialysis probe in the striatum

Mice were anaesthetized with sodium pentobarbitone (Euta-
Lender, 40 mg kg~', i.p.) and secured in a Kopf stereotaxic
frame (model 900) coupled to a Kopf mouse adaptor (model
921). The dialysis probe (2.5 mm x 240 um; Cuprophan) was
implanted in the right striatum +0.7 mm anteroposterior,
—2.0 mm mediolateral from bregma and —6 mm dorsoven-
tral from the surface of the brain (Franklin & Paxinos, 1997).
Probes were secured to the skull as described by Baldwin et
al. (1994).

Measurement of free radical formation using in vivo
microdialysis

Free radical formation in the brain was measured in vivo by
the method described in detail by Colado et al. (1997) with
some modifications. 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).
This reaction is utilized by measuring the formation of 2,3-
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and 2,5-DHBA in the dialysate of a microdialysis probe
implanted in the striatum (see above), which is being perfused
with salicylic acid (see Chiueh et al., 1992; Giovanni et al.,
1995). As 2,5-DHBA is also formed peripherally through
salicylate hydroxylation by cytochrome P450, it has been
considered that 2,3-DHBA concentration in the dialysate is
the only reliable marker of hydroxyl radical formation in the
striatum.

Twenty-four hours after implantation, probes were
perfused with artificial cerebrospinal fluid (mMm): KCl 2.5;
NaCl 125; MgCl,.6H,O 1.18; CaCl,.2H,O 1.26; NaH,.
PO4H,O 0.5; Na,HPO4,2H,O 5; pH=6.55 -containing
salicylic acid (2.5 mM) at a rate of 1 ul min~' and samples
collected from the freely moving animals at 30 min
intervals. The first 60 min sample was discarded and the
next two 30 min baseline samples collected. The mobile
phase consisted of KH,PO, (0.025 M) acetonitrile (20%)
and methanol (10%) and was adjusted to pH 3.25 with
phosphoric acid, filtered and degassed. The flow rate was
1 ml min—".

The h.p.l.c. system consisted of a pump (Waters 510)
linked to manual sample injector (Loop 20 ul Rheodyne), a
stainless steel reversed-phase column (250 x 4.6 mm, 5 um C8
Ultracarb, Phenomenex) with a precolumn (30x4.6 mm,
5 um C8 Ultracarb, Phenomenex) and a coulometric detector
(Coulochem 5100A) with a 5011 analytical cell. The working
electrode potential was set at +400 mV with 1 pA gain. The
current produced was monitored via a computer data
handling system (AXXIOM 747).

FeCl,+ ascorbic acid-induced lipid peroxidation

Rat cortical synaptosomes (P, fraction) were prepared as
described by Lynch & Voss (1990) and resuspended in Tris
buffer (50 mM; pH 7.4) containing NaCl (120 mM) and
KCl (5mM) to produce a protein concentration of
approximately 400 ug ml~'. Membranes (400 ul) were
added to 50 ul FeCl, (30 um), 50 ul ascorbic acid (1 mM)
and 50 ul AR-R17477AR (1-100 uM final concentration)
and incubated at 37°C for 30 min. The free radical
scavenger butylated hydroxytoluene (BHT; 0.1-100 um
final concentration) was added to the incubation as a
positive control. Lipid peroxidation was measured by a
modification of the method described by Das & Ratty
(1987), whereby the thiobarbituric acid-reacting substances
(TBARS), predominantly malondialdehyde, produced as a
secondary product were quantified by use of the 2-

Table 1 The effect of number of doses of MDMA
(25 mgkg™" i.p.) on the concentration of 5-HT and 5-HIAA
in mouse striatum 7 days later

Indole concentration (ng g~ ")

Injected No of doses 5-HT 5-HIAA

Saline 3 220+ 10 (6) 208 +21 (6)
MDMA 1 230423 (6) 219434 (5)
MDMA 2 193425 (6) 199 +41 (6)
MDMA 3 210+ 14 (5) 241413 (5)

The concentration of 5-HT and 5-HIAA in mouse striatum
following MDMA (25 mg kg ') injected at 3 h intervals (1-3
doses). Results shown as mean+s.e.mean (n). There were no
statistically significant differences between the groups.

thiobarbituric acid colour reaction. Briefly, 150 ul HCI
(0.5 N) and 300 ul trichloroacetic acid (40% v v~') were
added to the incubation mixture followed by 300 ul 2-
thiobarbituric acid (2% w v~'). Samples were heated for
15 min at 90°C, then centrifuged at 1500 x g at 4°C for
15 min. The pink colour resulting from the reaction was
measured by recording the optical density at 532 nm and
the malondialdehyde concentration was thus calculated by
the use of a standard curve prepared with malondialde-
hyde tetrabutylammonium salt. The experiments were
performed at least three times for each compound and
assays were performed in triplicate.

Statistics

Comparison of MDMA-treated and saline-treated groups
with respect to striatal monoamine concentrations was
performed using an unpaired z-test. All other monoamine
data were analysed using one-way analysis of variance
(ANOVA) followed by the Tukey multiple comparison test
when a significant F value was obtained. Statistical
analyses of the temperature measurements and microdia-
lysis studies were performed using the statistical computer
package BMDP/386 Dynamic (BMDP Statistical Solutions,
Cork, Eire). Data were analysed by ANOVA with
repeated measures (program 2V) or, where missing values
occurred, an unbalanced repeated measures model (pro-
gram 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.

Results
Effect of repeated doses of MDM A on rectal temperature

The first dose of MDMA (25 mg kg~' i.p.) produced a rapid
rise in rectal temperature lasting over 2 h. The rectal
temperature also increased rapidly following both the second
and third doses of MDMA (25 mg kg~"), which were injected
at 3 and 6 h after the first administration (see for example
Figure 2b).

Effect of repeated doses of MDMA on the concentration
of dopamine and 5-HT in the striatum 7 days later

A single dose of MDMA (25 mg kg~', at £=0 h) produced a
3% non-significant decrease in striatal dopamine concentra-
tion, compared to saline-treated control animals (Figure 1a) 7
days later. Mice administered 2 doses of MDMA
(25 mg kg=', at r=0 and 3 h) had a 57% decrease in striatal
dopamine concentration, while mice administered 3 doses of
MDMA (25 mg kg™, at t=0, 3 and 6 h) had a 71% decline
in striatal dopamine levels (Figure 1a). Thus MDMA-induced
dopamine loss was dose-dependent (Figure 1b). The con-
centration of the two dopamine metabolites HVA and
DOPAC decreased in a similar way (Figure 1c,d).

In contrast, administration of a single dose or repeated
doses of MDMA (25 mg kg~') was without effect on the
striatal concentration of 5-HT or its major metabolite 5-
HIAA (Table 1).

British Journal of Pharmacology vol 134 (8)
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Figure 2 Effect of AR-R15896AR and MK-801 on MDMA-induced striatal dopamine loss (a,c) and acute hyperthermia (b,d).
AR-R15896AR (20, 5, 5 mg kg~ ', i.p.), MK-801 (0.5 mg kg~ ', i.p.) or saline (broken arrows) were administered 30 min before
MDMA (25 mg kg™, i.p.) or saline (full arrows), three times at 3 h intervals. Mice were sacrificed 7 days later. Results shown as
mean+s.e. mean (n=4-5 mice). (a) MDMA treatment resulted in a significant reduction in dopamine levels (***P<0.001)
compared to saline-treated mice, while AR-RI15896AR did not protect against this reduction (AR-R15896AR + MDMA different
from saline, ***P<0.001). (b) MDMA produced a significant rise in rectal temperature (F(1,8) =196.83, P<0.001) compared with
the saline injected group. AR-R15896AR attenuated the MDMA-induced hyperthermia after the second dose (F(1,10)=18.16,
P<0.01), but did not alter temperature in saline-treated mice. (¢c) MDMA treatment resulted in a reduction in dopamine levels
compared to saline-treated control animals, although this effect was non-significant, and MK-801 did not protect against this
reduction (MK-801 + MDMA different from saline, *P<0.05). (d) MDMA produced a significant rise in rectal temperature
(F(1,8)=8.76, P<0.05) compared with the saline-injected group. MK-801 did not modify the hyperthermic response induced by
MDMA and did not alter the rectal temperature of saline treated mice.

Effect of NMD A antagonists on MDM A-induced changes

Pretreatment with the non-competitive NMDA antagonist
AR-R15896AR (20 mg kg~' before the Ist dose and
5 mg kg~' before the 2nd and 3rd doses) 30 min prior to
each dose of MDMA (25 mg kg~') did not protect against
the MDMA-induced damage to the striatum as indicated by
the loss in dopamine concentration (Figure 2a). This dose
schedule for AR-R15896AR had no effect on the acute
hyperthermic response following the first two injections of
MDMA but abolished the rise seen following the third dose
(Figure 2b).

Similar results were obtained when mice were pretreated
with the high affinity non-competitive antagonist MK-801

(0.5 mg kg="). The drug produced no neuroprotection
against MDMA-induced striatal damage (Figure 2c) and
had no marked effect on the temperature rise other than on
the increase seen following the third MDMA administration
(Figure 2d).

Effect of clomethiazole on M DM A-induced changes

Pretreatment with the GABAmimetic clomethiazole
(50 mg kg~") failed to protect against MDMA-induced
striatal dopamine loss (Figure 3a). Clomethiazole pretreat-
ment resulted in hypothermic responses prior to each
MDMA injection. However, apart from after the third
dose of clomethiazole where hypothermia was sustained,

British Journal of Pharmacology vol 134 (8)
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Figure 3 Effect of clomethiazole (CMZ) on MDMA-induced striatal dopamine loss (a) and acute hyperthermia (b). CMZ

(50 mg kg~ ', i.p.) or saline (broken arrows) were administered 30 min before MDMA (25 mg kg~

!, i.p.) or saline (full arrows),

three times at 3 h intervals. Mice were sacrificed 7 days later. Results shown as mean+s.e. mean (n=3-6). (a) MDMA treatment
resulted in a significant reduction in dopamine levels (***P <0.001) compared to saline-treated control animals, while CMZ did not
protect against this reduction (CMZ+ MDMA different from saline, ***P <0.001). (b) MDMA produced a significant rise in rectal
temperature (F(1,9)=20.93, P<0.01) compared with the saline injected group. CMZ attenuated the MDMA-induced hyperthermia
(F(1,9)=17.46, P<0.05) and lowered the rectal temperature of saline-treated mice (F(1,10)=12.71, P<0.01).

the peak hyperthermic response seen in clomethiazole-
pretreated mice was equal to that of mice administered
MDMA alone (Figure 3b). Clomethiazole also induced a
hypothermic response, following each dose, in control
mice.

Effects of PBN on M DM A-induced changes

The nitrone free radical trapping agent PBN at a dose of
120 mg kg~! did not protect against MDMA-induced striatal
dopamine loss (Figure 4a). A hypothermic response was
observed in MDMA-treated mice following the first dose of
PBN (Figure 4b) but, thereafter, there was no difference
between the hyperthermic response of PBN-pretreated mice
and animals administered MDMA alone. PBN induced a
hypothermic response in control animals, temperature values
remaining below those of saline-injected mice throughout the
experiment. In contrast, following the higher dose of PBN
(150 mg kg=") the dopamine Ilevels were the same in
PBN + MDMA-treated mice and saline-treated mice (Figure
4c). However, PBN pretreatment resulted in a hypothermic
response in both the MDMA-treated and control mice
(Figure 4d).

Effect of nNOS inhibitors on M DM A-induced changes

Administration of 7-NI (50 mg kg~') before each dose of
MDMA produced substantial neuroprotection (Figure 5a)
but also induced a marked hypothermic response in both the
control and MDMA-treated animals (Figure 5b).

In contrast, S-MTC (10 mg kg~') administration provided
significant neuroprotection (Figure 5c) and did not modify
MDMA-induced hyperthermia (Figure 5d).

The novel NOS inhibitor AR-R17477AR (5 mg kg~! s.c.)
provided complete protection against MDMA-induced long-
term dopamine loss in the striatum (Figure 5e) and had little

effect on MDMA-induced hyperthermia except following the
final dose (Figure 5f).

Free radical production in mouse striatum following
MDMA and effect of AR-R17477AR

Administration of MDMA (20 mg kg~") resulted in an
increase in the conversion of salicylate to 2,3-DHBA in the
striatal dialysate. The increase was modest in the first 2 h but
was magnified and sustained following the 2nd and 3rd
injections of MDMA (Figure 6).

Since AR-R17477AR (5 mg kg~ s.c.) had been found to be
strongly neuroprotective when injected before MDMA, this
compound was used for further investigation of the possible
role of NOS in the MDMA-induced production of free
radicals. When AR-R17477 (5 mg kg~"') was injected before
each dose of MDMA, the MDMA-induced increase in 2,3
DHBA formation was abolished (Figure 6). In confirmation of
the previous study with AR-R17477AR, there was only a very
modest attenuation of the MDMA-induced hyperthermia
produced by this NOS inhibitor (data not shown).

The effect of AR-R17477AR on lipid peroxidation

We examined whether the inhibition of MDMA-induced free
radical formation by AR-R17477AR was due to this
compound having intrinsic radical trapping activity by
investigating its effect on lipid peroxidation in vitro.

The incubation of synaptosomes with FeCl,+ ascorbate
resulted in an approximate 400% increase in malondialde-
hyde formation (data not shown). The free radical inhibitor
BHT inhibited the peroxidation-induced increase in a
concentration-dependent manner (Figure 7) with an ICs,
value of less than 1 uM. In contrast, AR-R17477AR
produced negligible inhibition of this reaction, even at a
concentration of 1 mM (Figure 7).
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Figure 4 Effect of a-phenyl-N-tert-butyl nitrone (PBN) on MDMA-induced striatal dopamine loss (a,c) and acute hyperthermia
(b,d). PBN (120 or 150 mg kg~ ', i.p.) or saline (broken arrows) were administered 30 min before MDMA (25 mg kg~ ', i.p.) or
saline (full arrows), three times at 3 h intervals. Mice were sacrificed 7 days later. Results shown as mean +s.e. mean (n=3-6 mice).
(a) MDMA treatment resulted in a significant reduction in dopamine levels (***P <0.001) compared to saline-treated animals, while
PBN did not protect against this reduction (PBN + MDMA different from saline, ***P <0.001). (b) MDMA produced a significant
rise in rectal temperature (F(1,8)=208.37, P<0.001) compared with the saline-injected group. PBN (120 mg kg~') induced a
hypothermic response in MDMA-treated mice, following the first dose (F(1,9)=15.28, P<0.01), and reduced body temperature in
saline-treated mice F(1,7=77.39, P<0.001). (c) MDMA treatment resulted in a reduction in dopamine levels compared to saline-
treated control animals, although this effect was non-significant, and there was no difference between PBN + MDMA-treated mice
and saline-treated mice. (d) MDMA produced a significant rise in rectal temperature (F(1,8)=8.76, P<0.05) compared with the
saline-injected group. PBN (150 mg kg™"') abolished the hyperthermic response induced by MDMA (F(1,9)=234.22, P<0.001) and
produced hypothermia in saline treated mice (F(1,6)=14.69, P<0.01).

protective action resulted from MK-801

lowering body

The current study has emphasized both the similarities and
differences in the long-term neurotoxic effect of MDMA in
rats and mice. As reviewed in the introduction the key
difference is that, in mice, this amphetamine derivative
damages dopaminergic rather than serotonergic nerve
endings. In addition we have now shown that the profile
of activity of putative neuroprotective compounds also
differs.

Early studies demonstrated the efficacy of MK-801 in
protecting against the neurodegenerative action of metham-
phetamine in both mice (Sonsalla et al., 1989; Green et al.,
1992) and rats (Green et al., 1992) and also against MDMA-
induced damage to 5-HT nerve endings in rats (Colado et al.,
1993). However, it was subsequently shown that this

temperature in both species thereby producing neuroprotec-
tion (Albers & Sonsalla, 1995; Malberg et al., 1996; Farfel &
Seiden, 1995a; 1995b; Colado et al., 1998). Evidence suggests
that merely preventing amphetamine-induced hyperthermia,
rather than producing frank hypothermia, is enough to
produce significant neuroprotection (Colado et al., 1998;
1999).

In the current study we investigated whether NMDA
antagonists protected against MDMA-induced damage to
striatal dopamine in mice. Neither MK-801 nor AR-
R15896AR produced any neuroprotection, even though
both were given at doses previously demonstrated to be
neuroprotective in animal models of stroke (Cregan et al.,
1997; Gill et al., 1987). The doses chosen had little effect
on MDMA-induced hyperthermia until the third dose of
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Figure 5 Effect of 7-nitroindazole (7-NI), S-methyl-L-thiocitrulline (S-MTC) and AR-R17477AR MDMA-induced striatal
dopamine loss (a,c.e) and acute hyperthermia (b,d,f). 7-NI (50 mg kg~', i.p.), S-MTC (10 mg kg~', i.p.), AR-R17477AR
(5mg kg™, s.c.), or saline (broken arrows) were administered 30 min before MDMA (20 mg kg™, i.p.) or saline (full arrows),
three times at 3 h intervals. Mice were sacrificed 7 days later. Results shown as mean+s.e.mean (n=6 10 mice). (a) MDMA
treatment resulted in a significant reduction in dopamine levels (***P <0.001) compared to saline-treated mice. 7-NI pretreatment
significantly, although not completely, protected against this reduction (7-NI+MDMA different from MDMA, AAAP <0.001; 7-
NI+MDMA different from saline, *P<0.05). (b) MDMA produced a significant rise in body temperature (#(1,22)=7.55, P<0.01)
compared with the saline-injected group. 7-NI abolished the MDMA-induced hyperthermia (F(1,25)=24.33, P<0.001) and induced
a frank hypothermia in saline-treated mice (F(1,16)=169.02, P<0.001). (c) MDMA treatment resulted in a significant reduction in
dopamine levels (***P<0.001) compared to saline-treated mice. S-MTC pretreatment significantly, although not completely,
protected against this reduction (S-MTC+ MDMA different from MDMA, AAP<0.01; S-SMTC+ MDMA different from saline,
**P<0.01). (d) MDMA produced a significant rise in body temperature (F(1,16)=17.23, P<0.001) compared with the saline
injected group. S-MTC did not modify the hyperthermic response induced by MDMA and did not alter the body temperature of
saline-treated mice. (¢) MDMA treatment resulted in a significant reduction in dopamine levels (***P <0.001) compared to saline-
treated control mice. AR-R17477AR provided complete protection against this loss (AR-R17477AR + MDMA different from
MDMA, AAP<0.01). (f) MDMA produced a significant rise in body temperature (F(1,8)=18.03, P<0.01) compared with the saline
injected group. AR-R17477AR attenuated the MDMA-induced hyperthermic response following the second dose (F(1,7)=68.60,
P<0.001), but did not modify the rectal temperature of saline-treated mice.
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Figure 6 Changes in the level of 2,3-dihydroxybenzoic acid
(DHBA) in the striatal dialysate of mice treated with AR-
R17477AR and MDMA. AR-R17477AR (5 mg kg™, s.c.) or saline
(broken arrows) were administered 30 min before MDMA
(20 mg kg~ ', i.p.) or saline (full arrows), three times at 3 h intervals.
Results shown as mean +s.e.mean (n=5-8 mice). MDMA increased
the extracellular levels of 2,3-DHBA (F(1,11)=17.59, P<0.001). This
effect was abolished by AR-R17477AR (F(1,14)=25.33, P<0.001).
AR-R17477AR, when given to saline-treated mice, did not modify
the extracellular levels of 2,3-DHBA.
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Figure 7 The effect of increasing concentrations of BHT or AR-
R17477AR on FeCl, (3 um) plus ascorbic acid (0.1 mm) on lipid
peroxidation in mice brain synaptosomes. Results shown as mean +
s.e.mean of 3—4 mice.

MDMA. However, even the hypothermia seen following
the last dose failed to provide any evidence of
neuroprotection.

Clomethiazole is an effective neuroprotective agent in
various animal models of stroke (Green, 1998; Green et al.,
2000) and protects against MDMA-induced damage to 5-HT
nerve endings in rats (Colado et al., 1998). In mice, however,
a dose of clomethiazole shown to be protective in rats against
MDMA-induced damage to 5-HT neurones in several brain
regions (Colado et al., 1998) was totally without neuropro-
tective action against damage to striatal dopaminergic
neurones in mice.

Administration of PBN has previously been demonstrated
to protect the rat brain from the neurotoxic consequences of

presented to support the contention that this free radical
trapping compound is neuroprotective because it prevents the
MDMA-induced increase in free radical formation in the
brain (Colado et al., 1998). While we were able to
demonstrate that the higher dose of PBN used in the current
study (150 mg kg~') was neuroprotective we were unable to
show that this effect was separable from the hypothermic
action of this compound. However, the study using in vivo
microdialysis of salicylic acid and measurement of 2,3-DHBA
did suggest strongly that MDMA does increase free radical
formation in the mouse striatum.

It is interesting to note that the first injection of MDMA
produced only a modest increase in 2,3-DHBA formation and
that it was the second and third injections that resulted in the
marked and sustained increase in free radical formation. This
contrasts with our studies in the DA rat where a single injection
of MDMA produces a rapid and sustained (over 6 h) increase
in 2,3-DHBA production (Colado et al., 1997; 1999). It is
noteworthy that a single injection of MDMA is sufficient to
produce neurodegeneration of 5-HT pathways in the DA rat
whereas several doses are necessary for this compound to
produce neurotoxic damage to striatal dopamine in the mouse.
This may be further exemplified by the results in the current
study, where one, two or three doses of MDMA were
administered and the loss of striatal dopamine measured 1
week later. A significant reduction in dopamine levels was
observed in mice administered both two and three doses of
MDMA, whereas a single dose had no effect on striatal
dopamine concentration, values remaining the same as saline-
treated control mice. The requirement of more than one dose of
MDMA to produce a major increase in free radical production
may, therefore, underlie the difference between rats and mice.

This evidence for a role of free radicals in the production
of MDMA-induced neurotoxic damage in mice supports the
study of Jayanthi er al. (1999) which found that oxidative
stress produced by MDMA administration was attenuated in
transgenic mice overexpressing human copper/zinc superoxide
dismutase.

Nitric oxide has been implicated in cerebral neurotoxicity
following drug abuse (Cerratic et al., 1995; Gunasekar et al.,
1995) and inhibition of NOS with N®-nitro-L-arginine (L-
NOARG) has been reported to protect against MDMA-
induced neurotoxicity in rats (Zheng & Laverty, 1998).
However, L-NOARG has poor selectivity for neuronal NOS
(nNOS) versus endothelial NOS (eNOS) and studies in
experimental stroke provided evidence that, while nNOS
activity was directly involved in ischaemia-induced neurode-
generation, eNOS inhibition produced neuroprotection by an
action on cerebral blood flow (Huang et al., 1994).

The role of NOS inhibitors as neuroprotective agents against
methamphetamine-induced damage in mice remains contro-
versial. Both Di Monte et al. (1996) and Itzhak & Ali (1996)
reported that 7-NI did not alter methamphetamine-induced
hyperthermia and was neuroprotective. In contrast, Callaghan
& Ricaurte (1998) suggested that this compound was protective
primarily because of its action on body temperature. Our
current studies on the effect of 7-NI on MDMA-induced
damage confirmed that this agent has a marked effect on body
temperature. Therefore, like Callaghan & Ricaurte (1998) we
were unable to demonstrate any neuroprotective action that
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was separable from a hypothermic action. Taraska & Finnegan
(1997) were similarly unable to separate the neuroprotective
action of the NOS inhibitor L-NAME from its hypothermic
action, concluding that nitric oxide played little role in
MDMA-induced neurodegeneration.

However, in our studies, administration of S-MTC, given at
a dose previously shown to protect against MPTP-induced
damage to dopamine neurones (Matthews et al., 1997), had no
effect on the MDMA-induced hyperthermia and provided a
significant neuroprotective effect. Similarly, AR-R17477AR,
when given at a dose that has no overt behavioural effects or
actions on blood pressure (Johansson et al., 1999), had little
effect on the hyperthermia following the first two doses of
MDMA but was strongly neuroprotective. It is acknowledged
that it did produce hypothermia following the third MDMA
dose, but our study with the NMDA antagonists indicated that
this action alone is not enough to produce neuroprotection.

The data, therefore, do suggest a role for NOS inhibitors in
producing neuroprotection against MDMA-induced damage
to dopamine nerve endings in mouse striatum and demon-
strate that this effect is not primarily involved with any action
on body temperature. The question that follows, however,
concerns the selectivity of the inhibitors used. L-NOARG and
7-NI show little selectivity for nNOS versus eNOS (Dawson,
1995; O’Neill et al., 2000). In contrast, both S-MTC and AR-
R17477AR have been reported to display good selectivity
towards nNOS using in vitro studies (Furfine et al., 1994;
O’Neill et al., 2000). While the selective action of AR-
R17477AR is supported by evidence that this compound had
no effect on blood pressure or heart rate when given to rats
at twice the dose used in the present investigation (Johansson
et al., 1999) it has to be pointed out that selectivity against
rodent NOS isoforms was not examined by O’Neill ez al.
(2000) so caution should be exercised in proposing that it is
nNOS that is involved in the mechanisms whereby NOS
inhibition protects against MDMA-induced neurotoxicity.

It, therefore, seems reasonable to propose that NOS is
involved in the neurodegeneration of dopamine nerve endings
that follows administration of MDMA to mice. The question
that remains, however, concerns the specific mechanisms
involved. It is generally accepted in ischaemic stroke research
that ischaemia-induced glutamate release produces excessive
stimulation of NMDA receptors leading to an increase in
intracellular calcium, activation of NOS and excess produc-
tion of NO* (Garthwaite et al., 1989; Moncada et al., 1991).
In turn NO° interacts with the superoxide anion, O, and
forms the highly toxic peroxynitrite ion (ONOO ™) (Beckman
et al., 1990). While this cascade of events has previously been
proposed to explain methamphetamine-induced neurotoxicity
in mice (for example, Itzhak ez al., 1998), such a mechanism
cannot explain the current observations. In the case of
MDMA-induced neurotoxic degeneration our data provide
clear evidence that an increase in excitatory amino acid
neurotransmission does not underlie the neurotoxic effect of
MDMA in mice since neither of the two NMDA antagonists
examined (MK-801 and AR-R15896AR) provided any
protection against MDMA-induced damage to dopamine
neurones in the striatum. Nevertheless, administration of
NOS inhibitors did result in substantial neuroprotection and
mechanisms not involving raised extracellular glutamate must
be evoked to explain the involvement of NOS in the
neurodegenerative cascade.

It was recently shown that MDMA administration
decreased cytochrome oxidase complex IV of the electron
transport chain in dopamine rich areas (Burrows et al., 2000).
It may be that the MDMA-induced release of dopamine
compromised mitochondrial function because of auto-oxida-
tion of dopamine metabolites to form quinones and hydroxyl
and reactive oxygen species (Graham et al., 1978). Quinones
and reactive oxygen species have been shown to inhibit
mitochondrial enzymes (Zhang et al., 1990; Ben-Schachar et
al., 1995). Since there is also evidence that MDMA is
metabolized to catechol and quinone compounds, another
possibility is that further metabolism of these compounds also
leads to free radical formation (Colado et al., 1995; 1997,
1999; Sprague & Nichols, 1995; Yeh, 1999) and disruption of
mitochondrial function. This would lead to an increase in
intracellular calcium levels (Khodorov et al., 1999) and
activation of both nNOS and eNOS (Stuehr & Griffith, 1992).

Of particular interest is the observation that administration
of the NOS inhibitor AR-R17477AR prevented the MDMA-
induced rise in free radical formation. Since we were able to
demonstrate that AR-R17477AR is not a radical trapping
agent, by its lack of effect on FeCly/ascorbate-induced lipid
peroxidation, these data indicate that nitric oxide is probably
interacting in some way with MDMA and/or dopamine
metabolite auto-oxidation products to produce a radical that
can be detected by the salicylate/2,3-DHBA reaction path-
way. The most likely candidate is the peroxynitrite ion, a
radical which has already been implicated in the neurotoxic
damage to dopamine neurones that follows methampheta-
mine administration (Imam & Ali, 2000; Imam et al., 1999;
2001) and is detected by the salicylate/2,3-DHBA assay
(Narayan et al., 1997; Halliwell & Kaur, 1997).

In turn, this proposal goes some way to explaining why
dopamine neurones are damaged following MDMA admin-
istration to mice, whereas 5-HT neurones are damaged
following MDMA administration to rats. In our previous
studies we have been unable to demonstrate that administra-
tion of NOS inhibitors prevented MDMA-induced neurode-
generation in rats (Colado et al., unpublished observations).
Based on the results of the current study, therefore, it appears
that the free radical entity produced in rats is not
peroxynitrite. Thus, the neurotoxic damage produced in
different monoaminergic systems in rats and mice may relate
to the particular free radical ion being produced in these two
species. This may, in turn, be related to a different pattern of
metabolites being formed following administration of
MDMA to rats and mice.

In conclusion, our data do demonstrate that free radicals
are involved in MDMA-induced damage in mice, as they are
in rats (Colado et al., 1997; 1999; Yeh, 1999). It seems
probable that in mice MDMA metabolites produce specific
radicals which in turn react with nitrite ions. By inhibiting
NOS, this interaction is decreased sufficiently to abolish or
attenuate the formation of the highly toxic peroxynitrite ions.
This proposal is supported by our study using in vivo
microdialysis.
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