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Abstract 

Previous studies have shown that riluzole (2-amino-6-trifluoromethoxy-benzothiazole), a drug which interferes with glutamate 
neurotransmission, has a neuroprotective action in rodent models of global and focal cerebral ischemia. In this pilot study, the 
protective and palliative effects of riluzole have been examined using an animal model of Parkinson's disease. Two monkeys were 
rendered hemiparkinsonian by one intracarotid injection of 1-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP), and motor 
signs were evaluated using clinical examination and electromyographic recordings. When riluzole (4 mg/kg) was administered 
before the injection of MPTP, parkinsonian motor symptoms, in particular bradykinesia and rigidity, were absent. When injected 
daily in one monkey which presented stable motor symptoms, bradykinesia and rigidity were significantly reduced. Riluzole 
pretreatment induced a persistent increase in dopamine turnover when compared to MPTP alone. Thus, a possible neuroprotec- 
tion and a facilitation of dopamine release may explain the behavioural effects reported with riluzole treatment. These 
preliminary results suggest that riluzole could possess neuroprotective and palliative effects in a primate model of Parkinson's 
disease. 
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1. Introduct ion 

The motor  symptoms of Parkinson's disease are 
associated with the degeneration of dopaminergic neu- 
rones in the substantia nigra pars compacta. These 
conditions can be reproduced in monkeys (Langston et 
al., 1984; Doudet  et al., 1990; Benazzouz et al., 1992) 
by the injection of a neurotoxin: 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP). The active metabo- 
lite of this toxin, 1-methyl-4-phenylpyridinium (MPP +), 
provokes the selective destruction of dopaminergic 
neurones in the substantia nigra pars compacta,  as well 
as the depletion of dopamine in the striatum (Burns et 
al., 1983; Langston et al., 1984; Mitchell et al., 1985). 
Recent studies in rodents (Tabatabaei  et al., 1992; 
Turski et al., 1991; Brouillet and Beal, 1993) have 
suggested that excitatory amino acid antagonists may 
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exhibit a neuroprotective effect against MPTP toxicity. 
This proposal has been challenged by  some authors 
who have been unable to confirm the protective effect 
of glutamate antagonists on MPTP-induced toxicity in 
rodents and monkeys. Using MK-801, a non-competi- 
tive antagonist of the N M D A  glutamate receptor, in 
mice, Sonsalla et al. (1992) and Kupsh et al. (1992) 
could not support the hypothesis that N-methyl-D- 
aspartate (NMDA) receptor antagonists possess neuro- 
protective effects against MPTP toxicity. In monkeys, 
the systemic injection of MK-801, prevents the devel- 
opment  of parkinsonian motor  symptoms induced by 
MPTP, and protects the dopaminergic neurones in the 
substantia nigra pars compacta (Zuddas et al., 1992). 
However, no clear evidence for an efficacy of either 
N M D A  or c~-amino-3-hydroxy-5-methyl-4-isoxazole 
propionate (AMPA) receptor antagonists was observed 
when stable parkinsonism was achieved in MPTP- 
treated monkeys (Domino, 1994; Luquin et al., 1993). 



300 A. Benazzouz et al. / European Journal of Pharmacology 284 (1995) 299-307 

Recently several authors have demonstrated that 
the hyperactivity of the subthalamic nucleus gluta- 
matergic neurones, in MPTP-treated monkeys, plays an 
important role in the genesis of parkinsonian motor 
symptoms. The destruction (Bergman et al., 1990; Aziz 
et al., 1991) or high frequency stimulation (Benazzouz 
et al., 1993) of the subthalamic nucleus, or the injection 
of NMDA receptor antagonists in the internal part of 
the globus pallidus (kynurenic acid or MK-801) 
(Graham et al., 1990; Brotchie et al., 1991) alleviate 
parkinsonian motor symptoms. 

Riluzole, 2-amino-6-trifluoromethoxy-benzothiazole, 
is a compound that interferes with glutamatergic neu- 
rotransmission. It is a powerful anticonvulsant agent 
when tested in convulsions induced by electrical stimu- 
lation, by chemical agents, or in genetically predis- 
posed animals (Mizoule et al., 1985). In particular, it 
counteracts the convulsions induced by glutamate or 
aspartate in rodents. Electrophysiological studies have 
also shown that riluzole, when administered to rats by 
either the i.v. or the i.p. route, blocks the increase in 
action potential discharge caused by applying NMDA, 
kainate or quisqualate by microiontophoresis (Girdle- 
stone et al., 1989). Biochemical studies have clearly 
established that riluzole interacts with glutamatergic 

neurotransmission (B6navid~s et al., 1985). Riluzole 
inhibits the release of glutamate and aspartate in rat 
hippocampal slices (Martin et al., 1991), as well as the 
spontaneous release of glutamate in vivo in the caudate 
nucleus of the cat (Ch6ramy et al., 1992). Recently, 
using behavioural, electrocorticographic and histologi- 
cal approaches, riluzole was shown to have anti- 
ischaemic effects in models of global ischaemia in the 
gerbil and of focal ischaemia in the rat (Malgouris et 
al., 1989; Pratt et al., 1992). Furthermore, riluzole was 
shown to possess protective activity in two models of 
impaired dopaminergic activity with pro-parkinsonian 
neurotoxins in rodents (Boireau et al., 1994a,b). 

It was interesting to study the effects of riluzole in 
the MPTP primate model with two different aims in 
mind. Firstly, to ascertain whether riluzole could mod- 
ulate the toxicity of MPTP in monkeys by blocking the 
appearance of Parkinson-type motor symptoms. Sec- 
ondly, to examine the effects of riluzole on motor 
disturbances in monkeys previously treated with MPTP, 
in which the symptoms of Parkinson's disease had 
stabilized. Finally, we have verified biochemically, the 
severity of dopamine depletion and a possible riluzole- 
induced improvement of biochemical parameters linked 
to the metabolism of dopamine, in the striatum. 

Tab le  1 

Monkey  H e m i p a r k i n s o n i s m  rat ing scale 

T r e m o r  Dyskinesia 

0 = none  3 = severe  and persis tent ,  large ampl i tude  

1 = some episodes  2 = m o d e r a t e  and consistently p resen t  

2 = f requen t  episodes  1 = mild and in te rmi t ten t ly  presen t  

3 = pers is tent  0 = absent  

Bradykinesia  Local isat ion (if p resen t )  

0 ~ normal  speed 0 = cont ra la te ra l  

1 = mild slowing of  overall  m o v e m e n t s  1 = ipsilateral 

2 = severe  slowing of  m o v e m e n t s  2 = both sides 

3 = akinesia (no m o v e m e n t )  

Pos ture  Vomi t ing  

0 ~ normal  rising posit ion 0 = absent  

1 = flexed pos ture  (0 ° < F < 45 °) 1 = p resen t  

2 = severly flexed pos ture  (90 ° < F) 

3 = dystonic pos ture  

Rigidity * Overa l l  level of  activity 

0 ~ none  + 2 = severe  hyperkinesia;  pers is tent  excessive involuntary  m o v e m e n t  

1 ~ mild + 1 = m o d e r a t e  hyperkinesia;  not iceable  increase  in involuntary  m o v e m e n t  

2 = m o d e r a t e  0 = normal  a m o u n t  of  m o v e m e n t  

3 = severe  - 1 = m o d e r a t e  hypokinesia;  sparse  m o v e m e n t  

- 2 = severe  hypokinesia  

A r m  m o v e m e n t s  ( reach ing  for food outs ide  of  task) * 

3 ~ no m o v e m e n t s  

2 = s om e t i m es  

1 = f r equen t  

0 = no d i f ferences  with no rma l  side 

• Only cont ro la te ra l  side is quant if ied.  
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2. Materials and methods 2.2. Quantification of  muscular rigidity 

Experiments were performed on two Macaca mu- 
latta monkeys (Ril I and Ril II). Both monkeys re- 
ceived a single injection of MPTP (0.4 mg/kg) in the 
right internal carotid artery, according to the experi- 
mental protocol previously described (Benazzouz et al., 
1992). The animals were anaesthetized with ketamine 
(Ketalar; Substantia, Courbevoie, France) (7 mg/kg 
i.m.) and the internal carotid artery was localized by 
arteriography. A dose of 0.4 mg/kg was prepared by 
dissolving cristalline MPTP in 1 ml ethanol, which was 
diluted in 30 ml saline and then infused into the 
carotid artery at the rate of 1.5 ml/min. 

The monkey Ril I was injected with placebo (0.9% 
NaC1) 1 h before and 6 h after the injection of MPTP. 
From day 2 to 30, this monkey also received placebo. 
From day 31 to 45, this monkey received a single daily 
injection of riluzole at the dose of 4 mg/kg i.p. 

The monkey Ril II received riluzole at the dose of 4 
mg/kg i.p. 1 h before and 6 h after the injection of 
MPTP. On days 2 and 3, this monkey also received two 
daily injections of riluzole at 6-h intervals. From day 4 
to 30, this monkey received a single daily injection of 
riluzole at the same dose. 

Both monkeys were examined clinically and muscu- 
lar rigidity was quantified by electromyography. 

2.1. Clinical examination 

Clinical examination was used to characterize the 
functional capabilities of unilateral MPTP-lesioned 
monkeys with or without riluzole treatment. The evalu- 
ation was based on the monkey Parkinsonism rating 
scale proposed by Kurlan et al. (1991) and adapted for 
hemiparkinsonian monkeys. Motor parkinsonian-like 
signs studied, as illustrated in Table 1, were tremor, 
bradykinesia, posture, rigidity, arm movements and 
eventual side effects. 

Muscular rigidity was studied using a protocol 
adapted from Meara and Cody (1989, 1992). Elec- 
tromyographic activity (EMG) of flexor and extensor 
muscles, biceps and triceps brachii, were recorded in 
response to repetitive passive movements of the fore- 
arm (amplitude: 50°; velocity: 2 Hz) applied by the 
examiner. Monkeys were partially restrained in a pri- 
mate chair. The arm under study was strapped into a 
horizontal manipulandum free to rotate around a verti- 
cal axis oriented through the monkey's elbow. The 
forearm position was identified by a linear coaxial 
potentiometer and the voltage variations were analyzed 
by a data acquisition and a transfer system connected 
to a Macintosh computer (Apple) equiped with data 
reception and analysis programs. EMG activity was 
recorded from both muscles using intramuscular elec- 
trodes made of teflon-insulated silver wire. EMG activ- 
ity was amplified, integrated (time constant of 20 ms), 
filtered and visualized by means of an oscilloscope 
display, prior to storage in the computer. The peak 
amplitude (PA) and surface area (S) of the EMG burst 
activity were studied for biceps and triceps muscles and 
Student's t-test was used to objectivate a significant 
difference between mean values. 

2.3. Neurochemical study 

The monkeys were killed 2 months after MPTP 
administration. After decapitation, the brains were 
quickly removed and stored at -80°C. After thawing, 
caudate nuclei were dissected, homogenized in 40 vol- 
umes of HCIO4, 0.1 N containing EDTA 0.1 mM and 
centrifugated at 15 000 × g for 60 min. The contents of 
dopamine and homovanillic acid were determined by 
high-performance liquid chromatography with electro- 
chemical detection (H6tier et al., 1988). Dopamine and 
homovanillic acid were separated on a nucleosil C18 
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Fig. 1. Evolution of the sum of the scores of behavioral activity in both monkeys during the month  of t reatment  with riluzole. Ril I: control animal 
treated with MPTP and NaCl 0.9%. Ril II: animal treated with riluzole 1 h before the injection of MPTP and during 30 days. 
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Fig. 2. Histogram showing the scores of five parameters studied out over 1 month after unilateral MPTP infusion in both monkeys. Ril I: contol 
animal treated with MPTP and NaCI 0.9%. Ril lI: animal treated with riluzole 1 h before the injection of MPTP and during 30 days. 

column, 150 × 4.6 mm. The mobile phase (NaH2PO4: 
100 mM; HC104:20  raM; NaCI: 1 raM; EDTA: 0.1 
raM, 1-heptanesulfonic acid: 8.2 raM, containing 
methanol 7% v/v,  pH 3.7) was delivered at the rate of 
2 ml /min  at 35°C; the detector potential was set at 0.8 
V vs. Ag/AgC1. 

3. Results 

3.1. Clinical examination 

For the longitudinal study the sum of scores of the 
five quantified behavioural parameters for each mon- 
key were determined (Fig. 1) and the resulting profiles 
obtained for both monkeys were compared. The results 
show a clear difference between the time course of the 
scores of monkey Ril II, which received riluzole in a 
preventive treatment, and Ril I, the saline-treated ani- 
mal. 

To ascertain if certain parameters were more perti- 
nent than others, the mean value of each quantified 
behaviour was calculated. The results show that there 
was a difference between monkeys Ril II versus Ril I 
for all parameters (Fig. 2). 

3.2. Quantification of muscular rigidity 

In monkey Ril I, the group of EMG recordings 
made on days 7, 15, 20 and 25 were first studied. An 
analysis of variance did not reveal any significant varia- 
tion from one day to another, thus the values of each 
parameter were pooled. The comparison was per- 
formed systematically for each parameter between the 
results obtained from the contralateral side and those 
obtained from the ipsilateral side. The results are 
summarized in Table 2. Electromyographic recordings 
associated with passive movements showed a marked 
stretch-related increase in biceps discharge in the con- 

tralateral limb compared to the ipsilateral limb. The 
comparison of biceps EMG parameters showed an 
increase of peak amplitude (3.22 _+ 0.62 vs. 1.49 + 0.28 
mV, P < 0.001) and surface area (32.63 + 9.84 vs. 16.23 
_+ 7.61 mV.ms, P<0.001) .  Concerning the triceps 
EMG activity, no clear changes were observed in the 
values of either parameter. 

To study the palliative effect of riluzole, the monkey 
Ril I received daily injections of riluzole from day 31 to 
day 45, and three sessions of EMG recordings were 
made (days 33, 35 and 37). Fig. 3 shows an example of 
EMG activity recorded from biceps and triceps before 
and after riluzole treatment. This figure shows a dra- 
matic reduction of biceps EMG activity in the arm 
contralateral to MPTP infusion. Compared to the val- 
ues obtained before the treatment with riluzole, Table 
2 shows that there was a significant diminution of peak 
amplitude (1.6 ± 0.3 vs. 3.22 +_ 0.62 mV) and surface 
area (16.48 _+ 4.23 vs. 32.63 +_ 9.84 mV.ms) of biceps 
EMG activity during riluzole treatment. The values 

Table 2 
Mean values and standard deviations of electromyographic parame- 
ters corresponding to passive repeated flexion and extension move- 
ments of the forearm recorded in monkey Ril I from the arm 
ipsilateral (A) and the arm contralateral to MPTP injection before 
(B) and during treatment with riluzole (C) 

Ril I A B C 

Ipsilateral Contralateral Contralateral 
arm arm arm + riluzole 
(n = 43) (n = 58) (n = 53) 

Biceps PA (mV) 1.49_+0.28 3.22_+0.62 a 1.60_+0.3 h 
Biceps S (mV.ms) 16.23_+7.61 32.63-+9.84 ~ 16.48+4.23 b 
Triceps PA (mV) 1.39-+0.4 1.43-+0.78 1.07_+0.39 b,c 
Triceps S (mV.ms) 12.54_+3.56 14.21 _+ 7.04 9.81 _+3.23 bx 

PA: peak amplitude; S: surface (see Materials and methods). Stu- 
dent's t-test: a indicates a significant difference between A and B; 
b indicates a significant difference between A and C; c indicates a 
significant difference between B and C. 
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ob ta ined  were  not  s ignif icant ly d i f ferent  f rom those  
ob t a ined  f rom the  biceps  of  the  no rma l  side. 

The  t r iceps  E M G  record ings  show tha t  dur ing  rilu- 
zole t r e a t m e n t  the values  of  p e a k  amp l i t ude  and sur- 
face a rea  were  s ignif icant ly lower  than  those  ob t a ined  
f rom the  same a rm before  t r ea tmen t ,  and  than  those  
o b t a i n e d  f rom the cont ro l  arm. 

In monkey  Ril  II ,  E M G  record ings  ob t a ined  from 
the arm con t ra l a t e ra l  to M P T P  infusion at  days 7, 14, 
21 and 27 were  c o m p a r e d  with those  ob t a ined  from the 
cont ro l  a rm ( ips i la te ra l  to M P T P  infusion). Fig. 4, 
which r ep re sen t s  an example  of  E M G  activity associ- 
a t ed  with repet i t ive  passive movements ,  shows that  
the re  was no d i f fe rence  be tween  the prof i les  of  b iceps  
and t r iceps  E M G  activit ies in the  con t ra l a t e ra l  and the 
ips i la te ra l  arms. As  analysis  of  var iance  did  not  reveal  
any signif icant  var ia t ion  f rom one  day to another ,  the  
values  of  each  p a r a m e t e r  were  pooled .  S tuden t ' s  t - test  
( P  < 0.05) shows that  the re  was no signif icant  differ-  
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Fig. 3. Mechanograms and EMG activities of biceps and triceps 
muscles associated with passive repeated flexion and extension 
movements of the forearm in monkey Ril II treated with MPTP and 
riluzole. (A) Recordings obtained from the arm contralateral to the 
MPTP injection. (B) Recordings obtained from the arm ipsilateral to 
the MPTP injection. 
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Fig. 4. Mechanograms and EMG activities of biceps and triceps 
muscles associated with passive repeated flexion and extension 
movements of the forearm in monkey Ril I treated with MPTP and 
NaCI 0.9%. (A) Recordings obtained from the arm ipsilateral to the 
MPTP injection. (B) Recordings obtained from the arm contralateral 
to the MPTP injection. (C) Recordings obtained from the arm 
contralateral to the MPTP injection after riluzole treatment. 

ence be tween  the values  of  E M G  peak  amp l i t ude  and 
surface a rea  ob t a ined  f rom the  con t r a l a t e r a l  a rm and 
those  ob t a ined  f rom the cont ro l  side for bo th  muscles  
(Table  3). These  resul ts  show that  in the  monkey  
t r e a t e d  with r i luzole  1 h be fore  and over  30 days af ter  
M P T P  infusion,  muscu la r  r igidi ty  was absent .  To verify 
if pa rk inson ian  symptoms  a p p e a r i n g  af te r  r i luzole  
t r e a t m e n t  was s topped ,  an E M G  record ing  was m a d e  
at day 36 u n d e r  the  same condi t ions .  Stat is t ical  analysis  
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Table 3 
Mean values and standard deviation for electromyograph parameters  
corresponding to passive repeated movements  of flexion and exten- 
sion of the forearm recorded from monkey Ril II, (A) The side 
ipsilateral to MPTP injection; (B) the side contralateral to MPTP 
injection; (C) the same side as (B) after t reatment  with riluzole was 
stopped 

Ril II A B C 

Ipsilateral Contralateral Contralateral 
arm arm arm 
(n = 49) (n = 43) after day 30 

(n = 17) 

Biceps PA (mV) 0.75 + 0.31 0.623 _+ 0.32 0.72 + 0.61 
Biceps S (mV.ms) 7.44_+2.32 6.96 _+3.3 96.85 _+2.13 
Triceps PA (mV) 1.00+0.55 0.90 _+0.39 1.24+0.32 b,c 
Tr i cepsS(mV.ms)  11.59_+2.87 12.66 _+4.3 13.02_+3.51 

Student 's  t-test: a indicates a significant difference between A and B; 
b indicates a significant difference between A and C; c indicates a 
significant difference between B and C. 

of the parameters studied did not reveal any significant 
difference between the values obtained at day 36 and 
those obtained at days 7, 14, 21 and 27, except for the 
maximal amplitude of the triceps recording (Table 3). 

3.3. Biochemical studies 

Values from the unlesioned side of monkey Ril I 
were assimilated to control data. Values from the le- 
sioned side of the same monkey were used as an 
estimation of MPTP-induced dopamine degeneration, 
though a possible modification of dopamine metabolism 
due to the treatment with riluzole (from day 31 to 45) 
in this preliminary study cannot be ruled out. Dopamine 
levels decreased from 21 nmol /g  to 0.8 nmol /g  (96% 
decrease) and homovanillic acid levels from 58.3 to 4 
nmol /g  (93% decrease) after MPTP treatment, two 
results which are in good agreement with recent data 
from the literature (Chen et al., 1991). Injections with 
riluzole before and after MPTP injection (monkey Ril 
II) did not modify the decrease in dopamine levels 
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Fig. 5. Effect of riluzole on striatal dopamine and homovallinic acid 
levels in the hemiparkinsonian monkey. 

induced by the neurotoxin (27-1.1 nmol/g) ,  but did 
antagonize the decrease in homovanillic acid levels 
observed after MPTP treatment (77.5-34.2 nmol/g) .  
The homovanillic acid/dopamine ratio is currently as- 
similated to an index of dopamine utilization or 
turnover. It varies from 2.7 (control side) to 4.9 after 
MPTP treatment, which represents an 80% increase in 
dopamine turnover in monkey I. Interestingly, the pre- 
treatment with riluzole (monkey Ril II) increased more 
markedly dopamine use (homovanillic acid/dopamine 
ratio increased from 2.8 to 30.3), which represents a 
1100% increase in this index (Fig. 5). 

4. Discuss ion  

Although this pilot study is only based on single 
monkeys for each experimental paradigm and thus not 
suitable for statistical analysis, clinical and electromyo- 
graphic results suggest that riluzole had a double effect 
on these MPTP-treated monkeys. Firstly, riluzole may 
have exerted a preventive effect when injected before 
the infusion of MPTP, since no parkinsonian motor 
impairment was observed. Secondly, riluzole may exert 
a palliative effect as the injection of riluzole in a 
monkey previously treated with MPTP-alleviated 
parkinsonian motor signs. It is noticeable that muscu- 
lar tonus of the triceps is reduced after riluzole treat- 
ment (RILI) ,  and increased again after it was stopped 
(Ril II). Rigidity is predominantly seen in flexor muscle 
in parkinsonian patients (Delwaide et al., 1986). Thus, 
one possible explanation is that riluzole could have a 
relaxant effect on tonus regulation, not noticeable in 
normal animals (data not shown), but unmasked on the 
extensor muscles of the parkinsonian animal. 

MPTP is converted by the action of the MAO-B 
(monoamine oxydase B-type) to l-methyl-4-phenyl- 
pyridinium (MPP +), which is the neurotoxic metabolite 
(Markey et al., 1984). MPP + is taken up via dopamine 
uptake (Javitch et al., 1985) and accumulates in 
dopaminergic terminals where it blocks cellular respi- 
ration (Nicklas et al., 1985). One possible protective 
effect of riluzole could be via MAO-B or dopamine 
uptake inhibition. This seems not to be the case, as 
riluzole does not inhibit MAO-B activity (Boireau et 
al., 1994), possesses a low affinity for dopamine uptake 
sites in vitro (Samuel et al., 1992), and does not inhibit 
the specific binding of [3H]-WIN 35,428, a selective 
ligand of dopamine uptake sites, in mice in vivo. 
(Boireau et al., 1994b). 

The membrane depolarization which results from 
the cascade of events that follows a decrease in ATP 
levels tends to reduce the Mg 2+ blockade of NMDA 
channels and allows extracellular glutamate to become 
neurotoxic. Thus, in addition to the 'direct' MPP + 
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neurotoxicity, an excitotoxic amplification is probable. 
Studies in rodents (Tabatabaei et al., 1992; Turski et 
al., 1991; Brouillet and Beal, 1993) have suggested that 
excitatory amino acid antagonists may exhibit a neuro- 
protective effect against MPTP toxicity, although this 
proposal has been challenged by some authors who 
have been unable to confirm these results (Sonsalla et 
al., 1992; Kupsh et al., 1992). The involvement of 
excitatory amino acids in the mechanism of MPTP 
toxicity has also been reported in monkeys: Zuddas et 
al. (1992) have shown that MK-801, a non-competitive 
antagonist of the NMDA receptor, is able to prevent 
MPTP-induced parkinsonism in primates. However, 
other authors have been unable to detect a palliative 
activity of glutamate antagonists (Domino, 1994; Luquin 
et al., 1993). These data prompted the testing of rilu- 
zole, an agent which interferes with glutamatergic neu- 
rotransmission in a less conventional fashion. Interest- 
ingly, in the MPTP primate model, Chiueh et al. (1990) 
have reported an increase in neuronal Ca 2+ influx. 
Since riluzole is able to block NMDA-induced increase 
in Ca 2+ entry in rat mesencephalic neurones in vitro 
(Hubert et al., 1994) this could explain, at least in part, 
the neuroprotective action of riluzole. Our own prelim- 
inary results favour a possible protective action of 
riluzole through a modulation of glutamate release. 

However, riluzole may exerts its protective effect by 
other mechanisms. Recent results in mice indicate that 
some, but not all, voltage-dependent Na + channel 
blockers prevent dopamine depletion in the MPTP- 
mouse model (Jones-Humble et al., 1994). 

The blockade of Na + entry may prevent the cascade 
of events that follows the neuronal depolarisation after 
ATP depletion. Furthermore, the neurotoxic effects of 
MPP + markedly increase the release of dopamine, by a 
mechanism which was proposed to be Na+-dependent 
(Chiueh and Huang, 1991), though this has not always 
been observed (Westerink et al., 1987). Thus, inactiva- 
tion of voltage-dependent Na + channels, as noted with 
riluzole (Benoit and Escande, 1991), might be involved 
in any protective effect. 

Biochemical studies showed that MPTP treatment 
induced a decrease in dopamine (96%) and homovanil- 
lic acid (93%) very close to that recently reported by 
Chen et al. (1991). Injections with riluzole (monkey Ril 
II) did not modify the decrease in dopamine levels 
induced by the neurotoxin, but attenuated the decrease 
in homovanillic acid levels observed after MPTP treat- 
ment. The homovanillic acid/dopamine ratio (assimi- 
lated to an index of dopamine utilization or turnover) 
was markedly enhanced by riluzole. Such an increase 
may be due to either (or both): an increase in dopamine 
turnover in the remaining neurones, or a larger popu- 
lation of dopaminergic neurones spared as a conse- 
quence of riluzole-induced neuroprotection. This could 
explain why no modification of the level of dopamine 

was observed: the treatment with riluzole induced a 
persistent increase in dopamine metabolism at the 
expense of endogenous dopamine. Moreover, an in- 
crease in homovanillic acid levels strongly suggests that 
the release of dopamine itself was markedly increased. 
A persistent increase in dopamine release in the rilu- 
zole-treated monkey might explain the protective ac- 
tion of our compound in the behavioural tests reported 
in this study. It has been estimated that the parkinso- 
nian syndrome appears only after lesion of around 50 
or 60% of the dopaminergic cells (Agid et al., 1987a,b). 
Interestingly, the decrease in homovanillic acid levels 
observed in the riluzole-treated monkey was of 55% 
(vs. contralateral side). In consequence, although very 
preliminary, this result suggests that such a decrease in 
dopamine release involves minor behavioural changes. 
Thus, the partial recovery of homovanillic acid levels 
(probably due to an increase in dopamine release in 
the riluzole-treated monkey) may have restored a level 
of function sufficient to efface the effect of MPTP on 
behavioural parameters. These results complement 
previous biochemical data obtained in rodents in which 
riluzole has been shown to antagonize partially the 
decrease in dopamine levels induced by MPTP in mice 
(Boireau et al., 1994b), while in rats, the MPP+-in - 
duced increase in dopamine release in the striatum in 
vivo was blocked (Boireau et al., 1994a). All these data 
suggest a biochemical efficacy for riluzole in several 
different animal models of MPTP-induced Parkinson- 
ism. 

Concerning the palliative effect of riluzole, treat- 
ment of a monkey with stabilized hemiparkinsonism 
greatly improved motor signs including bradykinesia 
and muscular rigidity. As the glutamatergic neurones 
of the subthalamic nucleus are hyperactive in the mon- 
key treated with MPTP, it would be interesting to test 
riluzole for a possible action at this level. In conclu- 
sion, riluzole confers both a protective effect on 
dopaminergic neurones, as well as a palliative effect. 
Although these data are obtained in only two monkeys, 
and the immunohistochemical confirmation of these 
results remains necessary, our study opens up encour- 
aging perspectives which merit rapid testing on a larger 
number of animals. 
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