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ABSTRACT

The administration of a neurotoxic dose of 3,4-methylenedioxymethamphetamine (MDMA; ‘ecstasy’) to the rat results
in mitochondrial oxidative damage in the central nervous system, namely lipid and protein oxidation and mitochon-
drial DNA deletions with subsequent impairment of the correspondent protein expression. Although these toxic effects
were shown to be prevented by monoamine oxidase B inhibition, the role of monoamine oxidase A (MAO-A) in
MDMA-mediated mitochondrial damage remains to be evaluated. Thus, the aim of the present study was to clarify the
potential interference of a specific inhibition of MAO-A by clorgyline, on the deleterious effects produced by a binge
administration of a neurotoxic dose of MDMA (10 mg MDMA/kg of body weight, intraperitoneally, every 2 hours in a
total of four administrations) to an adolescent rat model. The parameters evaluated were mitochondrial lipid peroxi-
dation, protein carbonylation and expression of the respiratory chain protein subunits II of reduced nicotinamide
adenine dinucleotide dehydrogenase (NDII) and I of cytochrome oxidase (COXI). Considering that hyperthermia has
been shown to contribute to the neurotoxic effects of MDMA, another objective of the present study was to evaluate the
body temperature changes mediated by MDMA with a MAO-A selective inhibition by clorgyline. The obtained results
demonstrated that the administration of a neurotoxic binge dose of MDMA to an adolescent rat model previously
treated with the specific MAO-A inhibitor, clorgyline, resulted in synergistic effects on serotonin- (5-HT) mediated
behaviour and body temperature, provoking high mortality. Inhibition of MAO-A by clorgyline administration had no
protective effect on MDMA-induced alterations on brain mitochondria (increased lipid peroxidation, protein carbony-
lation and decrease in the expression of the respiratory chain subunits NDII and COXI), although it aggravated
MDMA-induced decrease in the expression of COXI. These results reinforce the notion that the concomitant use of
MAO-A inhibitors and MDMA is counter indicated because of the resulting severe synergic toxicity.
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INTRODUCTION

The widespread consumption of 3,4-methylene-
dioxymethamphetamine (MDMA; ‘ecstasy’), especially
among adolescents and young adults, is presently a
matter of high concern because of the acute and chronic
toxic effects mediated by this drug. Among the toxic
effects mediated by MDMA, its potential to induce damage
to the serotonergic nerve terminals is considered a
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soaring risk because of its irreversible nature. It may
result in permanent neurological deficits like sleep disor-
ders, depressed mood, persistent elevation of anxiety,
impulsiveness, hostility and selective impairment of epi-
sodic memory, working memory and attention (Morgan
2000; Morton 2005).

Several factors may contribute to the MDMA-induced
neurotoxicity, namely MDMA metabolism, sustained

receptor stimulation, hyperthermia, enzymatic and
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non-enzymatic oxidation of neurotransmitters, inhibi-
tion of neurotransmitters synthesis, inflammation and
oxidative stress. In addition, we have recently given a new
insight on the neurotoxicity of MDMA by showing that,
in the rat, the administration of a neurotoxic dose results
in monoamine oxidase B (MAO-B)-dependent mitochon-
drial oxidative damage in the central nervous system
(CNS), namely lipid and protein oxidation and mitochon-
drial DNA (mtDNA) deletion, with subsequent impair-
ment in the corresponding protein expression (Alves et al.
2007). The corresponding mechanism involves MDMA-
mediated release of neurotransmitters [mainly serotonin
(5-HT), but also noradrenaline and dopamine] from
storage vesicles and their oxidative deamination by
MAO-B, with the consequent production of hydrogen
peroxide (H>0,). HO, may be converted into the highly
reactive hydroxyl radical (HO), leading to HO- mediated
oxidative stress damage (Alves et al. 2007). Because MAO
enzymes are located in the outer membrane of the mito-
chondria (Zhuang, Hogan & McCauley 1988; Zhuang,
Marks & McCauley 1992), H,0, easily diffuses through
mitochondrial membranes, leading to an oxidative
damage of mitochondrial macromolecules, namely
lipids, proteins and DNA (Alves et al. 2007). This study
corroborated previous findings, showing that MDMA-
induced chronic 5-HT loss requires the activity of MAO-B
and involves oxidative stress (Schmidt 1987; Sprague &
Nichols 1995; Sprague, Everman & Nichols 1998). Note-
worthy, the strong neuroprotective effect of MAO-B inhi-
bition was independent of body temperature (Alves et al.
2007).

In the CNS, two isoforms of MAO have been described:
MAO-A and MAO-B. MAO-A is expressed predominantly
whereas MAO-B is
expressed in serotonergic neurons, astrocytes and glia
(Shih, Grimsby & Chen 1999), which implies that the
metabolism of monoamine neurotransmitters inside

in catecholaminergic neurons,

serotonergic nerve terminals is mediated by MAO-B, and
explains the protective effect of MAO-B inhibitors against
MDMA-mediated neurotoxicity. Nevertheless, it has
also been demonstrated that the selective inhibition of
MAO-A also results in a significant increase of extraneu-
ronal 5-HT in some areas of the rat brain after adminis-
tration of MDMA (Hewton, Salem & Irvine 2007; Stanley,
Salem & Irvine 2007). Considering that the post-synaptic
effect mediated by acute MAO-A inhibition is physiologi-
cally significant under MDMA use, it may be important to
evaluate the putative protective effects of MAO-A selec-
tive inhibitors against the MDMA-induced neurotoxicity
at the mitochondrial level.

Thus, the aim of the present study was to evaluate the
interference of a specific inhibition of MAO-A, by clor-
gyline, on the deleterious effects produced by a binge
administration of a neurotoxic dose of MDMA [10 mg
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MDMA/kg of body weight, intraperitoneally (i.p.), every
2 hours in a total of 4 administrations] in brain mito-
chondria of adolescent male Wistar rats. The parameters
evaluated were lipid peroxidation, protein carbonylation
and expression of the respiratory chain protein subunits
IT of reduced nicotinamide adenine dinucleotide dehydro-
genase (NDII) and I of cytochrome ¢ oxidase (COXI). Con-
sidering that hyperthermia has been shown to contribute
to the neurotoxic effects of MDMA both in vivo (Malberg
& Seiden 1998) and in vitro (Capela et al. 2006a,b),
another objective of the present study was to evaluate the
effects of a selective inhibition of MAO-A, by clorgyline,
on the MDMA-induced hyperthermia.

MATERIALS AND METHODS
Animal model

Wistar rats born from nulliparous females purchased
from Charles River Laboratories Espafia S.A. (Barcelona,
Spain) were used. Institutional guidelines were followed
for animal care. Animals were kept under controlled envi-
ronmental conditions (temperature, 20 = 2°C; relative
humidity, 45-55%; 12 hours, light/dark cycle) and
housed with food and water supplied ad libitum.

On post-natal day 40 (PND 40), two male Wistar rats
were caged together. Two days later, a subcutaneous
probe (Implantable Programmable Temperature Tran-
sponder, IPTT™-200; Plexx, AB Elst, the Netherlands)
(Kort et al. 1998) was inserted in the lumbar region to
allow the measurement of body temperature throughout
the experiment.

Animals were divided into four experimental groups:
MDMA group, clorgyline + MDMA group, clorgyline
control group and an isovolumetric saline (0.9% NaCl)
control group. On PND 45, the animals assigned to the
MDMA group received a freshly prepared solution of
10 mg MDMA/kg of body weight, i.p. every 2 hours, in a
total of four administrations. The schedule dose was
chosen to mimic the common ‘binge’ pattern of recre-
ational MDMA use, which can be experimentally simu-
lated in animals using repeated drug administration in a
single day (Sanchez et al. 2004). The clorgyline + MDMA
groupreceived the same dose: 30 minutes was preceded by
a single administration of 1 mg/kg of clorgyline (HCl salt;
Sigma, Steinheim, Germany). Control animals received an
equal dose of saline vehicle (0.9% w/v) in the same proto-
col of administration and the clorgyline group was admin-
istrated a single dose of clorgyline (1 mg/kg). Body
temperature was measured before the first MDMA or iso-
volumetric saline injection and every 15 minutes for a
period of 9 hours. Humane end-points were clearly
defined to avoid unnecessary pain and distress of the
experimental animals. Signs that would predict imminent
death were used to decide the use of timely euthanasia
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(Toth 2000). MDMA (HClI salt) was extracted and purified
from high purity MDMA tablets that were provided by the
Portuguese Criminal Police Department. The obtained salt
was pure and fully characterized by nuclear magnetic
resonance and mass spectrometry methodologies.

Mitochondria isolation

Fourteen days after exposure (PND 59), the animals were
killed by decapitation. The encephalon was rapidly
removed and processed for brain mitochondria isolation.
Mitochondria were isolated from a whole brain by slight
modification of a previously described method (Rosenthal
et al. 1987). Briefly, the whole encephalon was washed,
minced and homogenized at 4°C in isolation medium
[250 mM sucrose, 5 mM Hepes, 1 mM ethylene glycol-
bis (2-aminoethyl)-N,N,N’ N’-tetraacetic acid (EGTA),
1 mg/ml bovine serum albumine (BSA), pH = 7.4] con-
taining 5 mg of bacterial protease (P-5380; Sigma, St.
Louis, MO). Single brain homogenates were brought to
30 ml and centrifuged at 1260x g (SORVAL RC 5B Plus;
Kendro Laboratory Products, Newtown, CT) for 5
minutes. The pellet was discarded and the supernatant
was centrifuged at 20 000x g for 10 minutes. The pellet,
including the fluffy synaptosomal layer, was re-suspended
in 10 ml of isolation medium containing 0.02% digitonin
(to release mitochondria from the synaptosomal fraction)
and centrifuged at 20 000x g for 10 minutes. The brown
mitochondrial pellet (without the synaptosomal layer)
was re-suspended in 10 ml of washing medium (250 mM
sucrose, 5 mM Hepes, pH=7.4) and centrifuged at
20 000x g for 10 minutes. The main portion of the mito-
chondrial pellet was re-suspended in 300 pl of washing
medium. Mitochondrial protein was determined by the
biuret method calibrated with BSA (Gornall, Bardawill &
David 1949).

Quantification of lipid peroxides

Lipid peroxidation was determined by measuring malon-
dialdehyde (MDA) equivalents, using the thiobarbituric
acid (TBA) assay, according to a modified procedure
described by Rohn, Hinds & Vincenzi 1993. Mitochon-
drial protein (3 mg) was incubated for 30 minutes at
25°C in 3 ml of medium [175 mM KCL, 10 mM Tris,
(pH = 7.4) and 3 uM rotenone]. Aliquots of 0.3 ml were
then incubated with 2.7 ml of thiobarbituric acid reac-
tive substances (TBARS) reagent [9% TBA, 0.6 N hydro-
chloric acid (HCl) and 0.0056% butylated hydroxyl
toluene]. The mixture was warmed to 80-90°C, for 15
minutes and cooled by immersion in ice for 10 minutes,
before centrifuged at 1500 g for 5 minutes. Lipid peroxi-
dation was estimated by spectrophotometric determina-
tion at 535 nm of the MDA equivalents produced. The
amount of MDA equivalents formed was calculated using
a molar extinction coefficient of 1.56 x 10°/mol/cm and
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expressed as nmol MDA equivalents/mg protein (Buege &
Aust 1978).

Quantification of protein carbonyls

Protein carbonyls were quantified by reaction with 2,4-
dinitrophenylhydrazine (DNPH), with an adapted spectro-
photometric method for carbonyl assay (Reznick & Packer
1994).Two 1 ml aliquots of each mitochondrial extract of
1 mg/ml were placed in glass tubes. To one tube, 4 ml of
10 mMDNPH in 2.5 M HCl solution was added, and to the
other only 4 ml of 2.5 M HCI (blank tube). The tubes were
left for 1 hour at room temperature in the dark and
vortexed every 15 minutes. At this point, 5 ml of 20%
trichloroacetic acid (TCA; w/v) solution was added to both
DNPH and HCI samples to a final concentration of 10%
(w/v) TCA. The tubes were left in ice for 10 minutes and
then centrifuged at 2300x g for 5 minutes. The resultant
supernatant was discarded. Another wash was subse-
quently performed with 4 ml of 10% TCA, and the protein
pellets were broken mechanically. The protein pellets were
washed three times with ethanol-ethyl acetate (1:1 v/v).
The final pellet was dissolved in 2 ml of 6 M guanidine
hydrochloride solution and left for 10 minutes at 37°C in
agitation in a water bath. All samples were then centri-
fuged to remove any insoluble material remaining in sus-
pension. The concentration of DNPH was determined at
360 nm and a molar absorption coefficient of 22 x 103/
M/cm was used to quantify the levels of protein carbonyls.
Protein concentration was calculated by determining the
absorbance at 280 nm. Protein carbonyl content was
expressed as nmol carbonyl formed/mg of mitochondrial
protein (Reznick & Packer 1994).

Western blot analysis of isolated whole brain
mitochondria

Isolated whole brain mitochondria were re-suspended in
extraction buffer [20 mM Tris—HCI, pH 7.6, 250 mM
sucrose, 40 mM KCI, 2 mM ethylenedioxybis (ethylene-
amino) tetraacetic acid (EGTA)]. The homogenate was
centrifuged at 600x g for 10 minutes at 4°C and the
supernatant was taken for mitochondrial western blot
analysis; 15 ug of protein were loaded per lane and sepa-
rated on 10% sodium dodecyl sulfate-polyacrylamide
gels. The gels were transferred to a polyvinylidene fluoride
membrane for protein blotting (0.2 um; Bio-Rad Labora-
tories, Hercules, CA) membranes by electroblotting for 1
hour at 150 mA. The filters were blocked in 5% non-fat
dry milk and 0.1% Tween 20 overnight at 4°C. Blots were
then incubated with mouse monoclonal antibody against
complex IV subunit I (Invitrogen, Eugene, OR; 2 pg/ml)
or complex I subunit IT (Invitrogen; 0.5 pg/ml) diluted in
Tris-Buffered Saline Tween 20 (TBST) (0.1% TBST;
20 mM Tris, 137 mM NacCl, pH 7.6) for 1 hour at room
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Figure 1 34-methylenedioxymethamphetamine (MDMA) induced hyperthermia in adolescent male Wistar rats. The image represents body

temperature evolution (measured by scanning an inserted subcutaneously probe every |5 minutes for 9 hours) throughout the period of
exposure to MDMA (4 x 10 mg/kg), clorgyline (I mg/kg) + MDMA (4 x |0 mg/kg), control saline (isovolumetric saline) and clorgyline (1 mg/kg).
Clorgyline was administered 30 minutes before exposure to MDMA. Results are reported as mean = standard error of the mean for n=6
in all groups except clorgyline + MDMA, where n=3. Evolution curves for MDMA and MDMA + clorgyline exposed rats started to display

significantly higher values than the curves of control and selegiline exposed rats 30 minutes after the first dose (P <0.001 for most time points,

two-way analysis of variance followed by a post hoc Tukey Honestly Significant Difference for unequal n). Arrows indicate injection timings

temperature. Membranes were washed three times for
10 minutes in the same buffer and incubated for 1 hour
with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (Immun-Star™; Bio-Rad; 1:20 000).
Immuno-reactive proteins were revealed using enhanced
chemiluminescence methodology (Immun-Star™ HRP
Chemiluminescent Kit). Blots were analyzed with Quan-
tity One® Software, version 4.5. (Bio-Rad).

Statistical analysis

Data concerning evolution of body temperature were
analysed using a two-way analysis of variance (ANOVA;
treatment versus time). Significant differences were
further tested using the post hoc Tukey Honestly Signifi-
cant Difference for unequal n.

Data concerning MDA equivalents, protein carbonyls
and western blots quantifications were analysed using an
appropriated non-parametric alternative to the one-way
independent-samples ANOVA, the Kruskal-Wallis test.
The statistical level of significance was considered at
P < 0.05. All analyses were performed using SPSS 12.0.0
(SPSS, Inc., Chicago, IL).

RESULTS

Effects of MDMA + clorgyline administration on body
temperature and survival

On the day of exposure (PND 45), rats treated with
MDMA (4 x 10 mg/kg, n=6) and MDMA + clorgyline
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(1 mg/kg, 30 minutes before MDMA treatment, n= 3)
showed significantly higher body temperatures when
compared with saline controls-(isovolumetric 0.9% NaCl
solution, n = 6) and clorgyline- (1 mg/kg, n = 6) adminis-
tered animals (Fig. 1). The clorgyline control group did
not show significant differences in body temperature
when compared with the saline control group (Fig. 1).
After the third injection, body temperature started to
decline for the MDMA group and attained the control
values about 7.5 hours after the first administra-
tion, while for clorgyline + MDMA-treated animals, the
hyperthermic effect was maintained fairly high (Fig. 1).
Importantly, about 57% of the animals injected with
clorgyline + MDMA (four out of seven rats) died or were
euthanized before the last administration of MDMA as the
pre-defined humane end points were met. The death of
these animals was preceded by ‘serotonin syndrome’ (SS)
characteristic behaviour features, namely head weaving,
forepaw treading, tremor, flat body posture and backward
movement. Noradrenergic dysfunction was also observed
by increased secretion of fluids through nose and mouth
(increased salivation). Noteworthy, the body temperature
of these animals—just before deceasing—was around
41°C, well above those that survived.

Effects of MDMA + clorgyline administration on
lipid peroxidation
Lipid peroxidation was estimated on whole brain mito-

chondrial homogenates, 14 days after exposure. The
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Figure 2 3 4-methylenedioxymethamphetamine (MDMA) induced lipid peroxidation in whole brain mitochondria. Lipid peroxidation was

determined by measuring malondialdehyde (MDA) equivalents using the thiobarbituric acid (TBA) assay. Animals were killed 14 days after
exposure to MDMA (4% 10mg/kg), clorgyline (I mg/kg) +MDMA (4 x 10 mg/kg), saline (isovolumetric saline) or clorgyline (I mg/kg).
Clorgyline was administered 30 minutes before exposure to MDMA. Individual values are shown for each experimental group, expressed in
nmol MDA equivalents/mg protein, (n=>5 for control saline, n=6 for MDMA, n=2 for MDMA + clorgyline and n=7 for clorgyline). Average

values for each group are represented by horizontal bars. Significant differences between groups are signed as *P<0.05 and **P<0.01 as

evaluated by the non parametric test Kruskal—Wallis

levels of MDA equivalents were measured on the four
groups under study: MDMA (40 mg/kg, n = 6), MDMA +
clorgyline (40 mg/kg+ 1 mg/kg, n=2), clorgyline
(1 mg/kg, n=7) and isovolumetric saline (0.9% NaCl,
n=5). MDMA-exposed rats displayed significantly higher
levels of MDA equivalents than those administered with
isovolumetric saline (P < 0.01). Rats administered with
clorgyline before exposure to MDMA also presented sig-
nificant higher levels of MDA equivalents than rats that
were solely administered with clorgyline (P < 0.05). No
significant differences were detected between MDMA and
MDMA + clorgyline, or between the control saline and
clorgyline groups (Fig. 2).

Effects of MDMA + clorgyline administration on the
formation of protein carbonyls

Protein carbonyls were measured on whole brain mito-
chondrial homogenates of the four groups under study:
MDMA (40 mg/kg, n=7), MDMA + clorgyline (40 mg/
kg + 1 mg/kg, n=2), clorgyline (1 mg/kg, n=6) and
isovolumetric saline (0.9% NaCl, n=6), 14 days after
exposure. Protein carbonylation was significantly higher
in MDMA (P < 0.05) and MDMA + clorgyline (P < 0.01)
groups than in both control groups. The MDMA +
clorgyline group also presented higher protein carbony-
lation than the clorgyline group (P < 0.05). Significantly
different values were not detected between control saline
and clorgyline groups (Fig. 3).

Western blot analysis for the expression of
mitochondrial subunit NDII

The expression of the NDII (complex I of the mitochon-
drial respiratory chain) was measured on whole brain
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mitochondrial homogenates, 14 days after exposure;
NDII suffered a significant decrease (P < 0.05) on its
expression after exposure to a neurotoxic dose of MDMA
(40 mg/kg, n = 6). A pre-administration of clorgyline did
not produce any significant alteration on the pattern of
expression of this mitochondrial subunit when compared
with MDMA-treated animals. The results for both con-
trols isovolumetric saline (0.9% NaCl, n=6) and clor-
gyline (1 mg/kg, n=6) were not different at the tested
level (Fig. 4).

Western blot analysis for the expression of
mitochondrial subunit COXI

The expression of the COXI (complex IV of mitochondrial
respiratory chain) was measured on whole brain mito-
chondrial homogenates, 14 days after exposure.

The expression of COXI was significantly reduced
(P <0.01) on the MDMA group, (40 mg/kg, n = 6) com-
paratively to the control group (0.9% NaCl, n = 6). The
administration of clorgyline before MDMA (1 mg/kg,
n = 2) produced a significant decrease (P < 0.05) on the
expression of this mitochondrial subunit compared with
MDMA-treated animals and clorgyline-administered
animals (P < 0.05). No differences were observed be-
tween isovolumetric saline and clorgyline groups (Fig. 5).

DISCUSSION

Theresults obtained in the present study demonstrate that
the selective inhibition of MAO-A by clorgyline has no
beneficial influence on the MDMA-mediated oxidative
damage in whole brain mitochondria of rats in vivo. In
fact, although the administration of a neurotoxic binge
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Figure 3 34-methylenedioxymethamphetamine (MDMA) induced carbonyl formation in whole brain. Protein carbonyls were quantified by
reaction with 2,4-dinitrophenylhydrazine using a spectrophotometric assay for carbonyls. Animals were killed 14 days after exposure to MDMA
(4% 10 mg/kg), clorgyline (I mg/kg) + MDMA (4 x 10 mg/kg), saline (isovolumetric saline) or clorgyline (| mg/kg). Clorgyline was administered
30 minutes before exposure to MDMA. Individual values are shown for each experimental group expressed in nmol carbonyls/mg protein,
(n=6 for control saline,n=7 for MDMA, n=2 for MDMA + clorgyline and n = 6 for clorgyline). Average values for each group are represented
by horizontal bars. Significant differences between groups are signed as *P<0.05 and **P<0.01 as evaluated by the non-parametric test
Kruskal—Wallis
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Figure 4 34-methylenedioxymethamphetamine (MDMA) induced decreased expression of the subunit Il of reduced nicotinamide adenine
dinucleotide dehydrogenase (NDII) in whole brain mitochondria. NDII expression was determined by western blot analysis performed with
isolated whole brain mitochondria of male Wistar rats, using a mouse monoclonal antibody anti-NDII subunit. Animals were killed 14 days after
exposure to MDMA (4 x |0 mg/kg), clorgyline (I mg/kg)+MDMA (4x 10 mg/kg), saline (isovolumetric saline) or clorgyline (I mg/kg).
Clorgyline was administered 30 minutes before exposure to MDMA. Individual values are shown for each experimental group expressed in
optical density/area (mm?), n=6 for all groups except for MDMA +clorgyline (n=2). Average values for each group are represented by
horizontal bars. Densitometric analysis of o-tubulin served as loading control. Significant differences in the expression of NDII between groups
are signed as *P<0.05 and #*P<0.01 as evaluated by the non-parametric test Kruskal-VWallis

contrary, it was observed that MAO-A inhibition resulted
in about 57% mortality during the course of MDMA

dose of MDMA (10 mg MDMA/kg of body weight, i.p.,
every 2 hoursin a total of four administrations) resulted in

significant lipid peroxidation, protein carbonylation and
decreased expression of the respiratory chain proteins
NDII and COXI; the inhibition of MAO-A by clorgyline
(1 mg/kg), 30 minutes before MDMA administration, had
no protective effect on the modified parameters. On the
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administration. Importantly, the death of these animals
was preceded by an increased SS characteristic behav-
ioural features and signs of adrenergic dysfunction.

Also of note, the hyperthermic effect on the
clorgyline + MDMA-treated animals was maintained
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Figure 5 34-methylenedioxymethamphetamine (MDMA) induced decreased expression of the subunit | of cytochrome oxidase (COX]) in

whole brain mitochondria. COXI expression was determined by western blot analysis performed with isolated whole brain mitochondria of

male Wistar rats, using a mouse monoclonal antibody anti-COXI subunit. Animals were killed 14 days after exposure to MDMA (4 x 10 mg/kg),
clorgyline (2 mg/kg) + MDMA (4 x 10 mg/kg), saline (isovolumetric saline) or clorgyline (2 mg/kg). Clorgyline was administered 30 minutes

before exposure to MDMA. Individual values are shown for each experimental group expressed in optical density/area (mm?), n=6 for all
groups except for MDMA + clorgyline (n=2). Average values for each group are represented by horizontal bars. Densitometric analysis of
o-tubulin served as loading control. Significant differences in the expression of subunits Il of reduced nicotinamide adenine dinucleotide

dehydrogenase between groups are signed as *P <0.05 and **P<0.0! as evaluated by the non-parametric test Kruskal-Wallis

fairly stable during the whole time of MDMA administra-
tion, although in the MDMA group it started to decline
after the third administration. Furthermore, the body
temperature of these animals, just before decreasing, was
around 41°C, well above those that survived in both
MDMA-exposed groups. One of the first physiological
phenomena observed after MDMA exposure is the
increase in body temperature (Carvalho etal. 2002;
Alves et al. 2007). Our results, showing that the sus-
tained hyperthermic effect observed in animals adminis-
tered with clorgyline and MDMA that was associated
with high lethality, confirm previous studies where
MAO-A inhibition together with MDMA exposure
resulted in higher temperatures and increased toxicity of
the drug associated with a higher rate of mortality
(Huether, Zhou & Ruther 1997).

Our group has recently demonstrated that the expo-
sure of an adolescent rat model to a neurotoxic ‘binge’
administration of MDMA, induces not only an oxidative
stress status in mitochondria, but also a deletion of
mtDNA with the consequent impairment of the genes
required for particular protein synthesis, which were
shown to be essential complexes of the mitochondrial
respiratory system required for energy production (Alves
et al. 2007). Although deletion of mtDNA was not mea-
sured in the present study because of the high mortality
observed for the MDMA + clorgyline group, the decrease
in the expression of the respiratory chain proteins NDII
and COXI in the MDMA and MDMA + clorgyline groups,
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much probably results from the deletion of a portion of
the mitochondrial genome that includes codons for these
proteins (Suliman et al. 2002; Suliman, Carraway &
Piantadosi 2003). The pre-treatment with clorgyline
potentiated the MDMA-induced decreased expression of
COXI, compared with MDMA-treated animals. Thus,
although MAO-A inhibition had no effect on MDMA-
induced oxidative stress in mitochondria, it potentiated
MDMA-induced mitochondrial damage.
Notwithstanding the protection afforded by MAO-B
inhibition reported in previous studies against MDMA-
induced neurotoxicity, it has long been known that the
use of MAO inhibitors may result in a steady increase of
synaptic serotonin levels mediated by MDMA (Parrott
2002; Silins, Copeland & Dillon 2007), This aggravates
the SS often observed in ecstasy users, which ultimately
may be fatal (Silins et al. 2007). In rodents, the signs of SS
include head weaving, forepaw treading, hind limb
abduction, dorsiflexion of the tail (straub tail), tremor, flat
body posture and backward movement (Izumi et al.
2007), which was corroborated in the present study. In
previous studies, including our own, the observed mod-
erate MDMA-induced SS effect was not affected by MAO-B
inhibition. Thus, it is possible that the beneficial effects of
specific MAO-B inhibitors overwhelm the deleterious
effects of the SS. It is also possible that the inhibition
of the MAO-A isoform is the one mainly responsible
for the high risk reported for the concomitant use of
ecstasy with MAO inhibitors such as phenelezine and
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tranylcypromine, nialamide, isoniazid, moclobemide and
clorgyline (Vuori et al. 2003; Silins et al. 2007). Avoiding
contact with MDMA or other amphetamines is thus a
strong reminder to anyone undergoing antidepressant
therapy with MAO-A inhibitory drugs, including the
abovementioned (for review see Youdim et al., 2006) or to
those under treatment with drugs that compete for
MAO-A metabolism like Tripans (Armstrong & Cozza
2002). MAO inhibitors are also present in tobacco leafs
(Khalil et al. 2000) and recent positron emission tomog-
raphy imaging studies have demonstrated a significant
decrease in both MAO-A and MAO-B activities in the
brains of smokers (Fowler et al. 1996a,b). The influence
of this effect on MDMA neurotoxicity is yet to be studied.
Furthermore, several plant extracts have been showing to
inhibit MAO-A, (Kong et al. 2004; Tomic¢ et al. 2005; Chi-
menti et al. 2006; Han et al. 2007), which may represent
another hazard to those consuming MDMA. Corroborat-
ing this rationale in the present study other than the high
mortality and potentiation of MDMA-induced mitochon-
drial damage, it was also observed that MAO-A inhibition
led to the aggravation of MDMA-induced behavioural
effects, serotonergic (head
weaving, forepaw treading, tremor, flat body posture, and
backward movement) and over-stimulated adrenergic
signs such as of piloerection and increased salivation
(Spanos & Yamamoto 1989).

It has first been suggested, by Sprague and Nichols,
that the neurotoxicity induced by MDMA may be
explained with the following sequence of events: deple-

characteristic of both

tion of 5-HT from serotonergic neurons; increase in
dopamine synthesis and release, in part attributable to
the stimulation of 5-HT,4 receptors; increase in extracel-
lular dopamine; transport of dopamine into 5-HT nerve
terminals by the 5-HT transporter; and deamination of
dopamine inside 5-HT nerve terminals by MAO-B, with
the consequent formation of H,0, and related oxidative
stress, leading to the selective 5-HT neuronal degenera-
tion (Sprague & Nichols 1995). Taking into account that
MAO-A is expressed predominantly in catecholaminergic
neurons (Shih et al. 1999), it may be considered that its
inhibition will increase the availability of dopamine for
an uptake by serotonergic neurons and subsequent
MAO-B metabolism. This hypothesis may explain the lack
of protective effects mediated by MAO-A inhibition
against MDMA-induced neurotoxicity.

In conclusion, the obtained results demonstrated that
the administration of a neurotoxic binge dose of MDMA
to an adolescent rat model previously treated with the
specific MAO-A inhibitor, clorgyline, resulted in synergis-
tic effects on 5-HT-mediated behaviour, body temperature
and provokes high mortality. Also, inhibition of MAO-A
had no protective effect on the MDMA-mediated oxidative
damage in whole brain mitochondria of these rats,

© 2008 The Authors. Journal compilation © 2008 Society for the Study of Addiction

although it aggravated MDMA-induced decrease in the
expression of COXI. These results reinforce the notion
that the concomitant use of MAO-A inhibitors and
MDMA is counter-indicated because of the resulting
severe synergic toxicity.
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