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Abstract

Antagonism of adenosine A,4 receptor function has been proposed as an effective therapy in the treatment of Parkinson’s disease. Thus, the
study of new adenosine receptor antagonists is of great importance for the potential use of these drugs in clinical practice. The present study
evaluated effects of the new preferential adenosine A,, receptor antagonist 2-butyl-9-methyl-8-(2H-1,2,3-triazol-2-yl)-9 H-purin-6-ylamine
(ST1535) in unilaterally 6-hydroxydopamine lesioned rats. Acute ST1535 dose-dependently potentiated contralateral turning behaviour induced
by a threshold dose of L-3,4-dihydroxyphenylalanine (L-DOPA) (3 mg/kg i.p.), a classical test for antiparkinson drug screening. Subchronic
(18 days, twice a day) ST1535 (20 mg/kg i.p.)+L-DOPA (3 mg/kg i.p.) did not induce sensitization to turning behaviour or abnormal involuntary
movements during the course of treatment, indicating a low dyskinetic potential of the drug. Moreover, while subchronic administration of a fully
effective dose of L-DOPA (6 mg/kg i.p.) significantly increased GABA synthesizing enzyme glutamic acid decardoxylase (GAD67), dynorphin and
enkephalin mRNA levels in the lesioned striatum, subchronic ST1535 (20 mg/kg i.p.)+L-DOPA (3 mg/kg i.p.) did not modify any of these markers,
although it induced a similar number of contralateral rotations at the beginning of treatment. Finally, acute administration of ST1535 (20 mg/kg i.p.)
proved capable of reducing jaw tremors in tacrine model of Parkinson’s disease tremor. Results showed that ST1535, in association with a low
dose of L-DOPA, displayed antiparkinsonian activity similar to that produced by a full dose of L-DOPA without exacerbating abnormal motor side
effects. Moreover, in agreement to other well characterized adenosine A, receptor antagonists, ST1535 features antitremorigenic effects.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction incidence of motor side effects associated to long-term

treatment with L-DOPA. Adenosine A, receptor antagonists

The ‘gold standard’ pharmacological treatment for Parkin-
son’s disease is represented by the administration of L-3,4-
dihydroxyphenylalanine (L-DOPA). However, the search for
new drugs that either alone or in association with L-DOPA are
capable of counteracting the motor deficits that characterize the
disease is becoming increasingly important due to the high

* Corresponding author. Department of Toxicology, Centre of Excellence for
Neurobiology of Dependence and CNR Institute of Neuroscience, University of
Cagliari, Via Ospedale 72, 09124, Cagliari, Italy. Tel.: +39 070 6758663; fax:
+39 070 6758612.

E-mail address: morelli@unica.it (M. Morelli).

0014-2999/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejphar.2007.03.021

have been proposed as an effective therapy in Parkinson’s
disease since preclinical and initial clinical studies have shown
that these drugs increase the therapeutic efficacy of L-DOPA
without exacerbating L-DOPA-associated side effects (Bara-
Jimenez et al., 2003; Grondin et al., 1999; Hauser et al., 2003;
Kanda et al., 2000; Morelli, 2003; Schwarzschild et al., 2006).

In 6-hydroxydopamine-lesioned rats, subchronic intermittent
treatment with L-DOPA is associated with sensitization to
contralateral turning behaviour and abnormal involuntary
movements as well as to changes on neuronal activity similar
to those associated to L-DOPA-induced dyskinesia in humans
(Carta et al., 2002; Henry et al., 1998, 2003; Lundblad et al.,
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2002; Nielsen and Soghomonian, 2004; Pinna et al., 2006;
Soghomonian et al., 1996). In contrast, treatments characterized
by a lower dyskinetic potential, such as dopamine D, receptor
agonists or adenosine A, 4 receptor antagonists in association with
a low dose of L-DOPA, while producing a similar behavioural
response at the onset of subchronic treatment, induce no or low
sensitization in contralateral turning, whereas abnormal involun-
tary movements are not sensitized (Carta et al., 2006; Delfino
etal., 2004; Henry et al., 1998; Pinna et al., 2001). Thus, analysis
of these two parameters might represent a valid model to evaluate
drug-induced dyskinesia in hemiparkinsonian rats.

Subchronic L-DOPA-induced sensitized motor responses in
unilaterally 6-hydroxydopamine lesioned rats are associated to
an overexpression of markers such as GABA synthesizing
enzyme glutamic acid decardoxylase (GAD67), dynorphin and
enkephalin mRNAs in efferent neurons of the 6-hydroxydopa-
mine lesioned striatum. On the contrary, no or low intensity
changes on striatal mRNA expression are associated to motor
effects of drugs with weak dyskinetic effects (Carta et al., 2002;
Henry et al., 1999; Ravenscroft et al., 2004). Thus, correlation
between striatal gene expression changes and motor beha-
vioural response sensitization seems indicative of the dyskinetic
potential of drugs showing antiparkinsonian properties.

Interestingly, recent results have indicated that adenosine
A, A receptor antagonists may be active in the rat model of drug-
induced parkinsonian tremor as well as in tremor of Parkinson’s
disease patients (Chase et al., 2003; Correa et al., 2004; Simola
et al., 2004).

At this stage of research on adenosine A, receptor
antagonists it is fundamental that the number of efficacious
adenosine A, receptor antagonists available for selection for
clinical trials in Parkinson’s disease patients be increased.

The aim of the present study was to evaluate the antiparkinso-
nian efficacy of the adenosine A, 5 receptor antagonist, 2-butyl-9-
methyl-8-(2H-1,2,3-triazol-2-yl)-9H-purin-6-ylamine (ST1535),
anewly synthesized compound having high affinity for adenosine
A, receptors (Minetti et al., 2005; Stasi et al., 2006). Acute
effects of ST1535 and its dyskinetic potential after subchronic
administration were evaluated by studying potentiation of turning
behaviour induced by L-DOPA and sensitization of turning
behaviour and abnormal involuntary movements. After subchro-
nic administration, modifications on striatal mRNA expression
for GAD67, dynorphin and enkephalin following ST1535+
L-DOPA were compared to changes induced by L-DOPA alone.
Moreover, the effects of acute administration of ST1535 on
intensity of jaw tremors induced in normal rats by acute tacrine
were evaluated as index of antitremorigenic activity.

2. Materials and methods
2.1. Subjects

Male Sprague Dawley rats (Charles River, Calco, Milan, Italy)
were used in all experiments. Rats were maintained on a 12-h light—
dark cycle (light on 08.00—20.00 h) with food and water available
ad libitum. All experiments were carried out in accordance with the
European Communities Council Directive (86/609/EEC).

2.2. 6-hydroxydopamine lesion

In order to lesion the dopaminergic nigrostriatal pathway,
rats (275-300 g) were anesthetized with chloral hydrate
(400 mg/kg i.p.), placed on a David Kopf Instrument (Tujunga,
CA, USA) stereotaxic apparatus and injected unilaterally into the
left medial forebrain bundle at coordinates A=—2.2, L=+1.5
from bregma, V'=-7.8 from dura, according to the atlas of
Pellegrino et al. (1979) with 6-hydroxydopamine—HCI (8 pg/4 pl
of saline containing 0.05% ascorbic acid). Rats were pretreated
with desipramine (10 mg/kg i.p.) to prevent damage to
noradrenergic neurons.

2.3. Evaluation of turning behaviour and abnormal involun-
tary movements

Turning behaviour was measured by placing rats in plexiglas
hemispherical bowls (50 cm diameter) with sawdust on the
bottom and connecting them to an automated rotameter system
capable of detecting the number of full (360°) rotations in any
direction (Carnegie Medicine, Sweden). Rats were placed in each
apparatus 30 min before drug administration in order to
acclimatize and to extinguish any spontaneous turning behaviour.

Abnormal involuntary movements were measured visually
during turning behavioural tests. According to their topographic
distribution abnormal involuntary movements were classified into
three subtypes: (1) axial abnormal involuntary movements:
torsion of head, neck and trunk towards the side contralateral to
the lesion in a still position; (2) limb abnormal involuntary
movements: movements of the forelimb and the paw contralateral
to the lesion (flexions and extensions of the forelimb and opening
and closing of the digits); (3) orolingual abnormal involuntary
movements: tongue protrusion and jaw movements, that were not
observed during the course of the treatment. Each abnormal
involuntary movement was quantified in 1 min testing-period and
expressed as time spent by the rat in each movement.

2.4. Drug treatments

2.4.1. Acute L-DOPA and ST1535 +L-DOPA treatment

Two weeks after the unilateral 6-hydroxydopamine lesion, rats
were screened on the basis of their contralateral rotation in
response to L-DOPA (50 mg/kg i.p.)+benserazide (30 mg/kg i.p.).
Rats not showing at least 200 contralateral rotations during 3 h
testing period were eliminated from the study. Three days later, rats
were administered with L-DOPA (3 mg/kg i.p.)+benserazide
(6 mg/kg i.p.) in combination with vehicle (10% dimethylsulfoxide
(DMSO0)+45% polyethylene glycol (PEG 400)+45% distilled
water, i.p.) or with ST1535 (10, 20 or 40 mg/kg i.p.). L-DOPA was
administered 5 min after vehicle or ST1535 injection, whereas
benserazide was administered 30 min before L-DOPA injection.
Contralateral rotations were measured every 10 min for 2 h.

2.4.2. Subchronic .-DOPA and ST1535 +L-DOPA treatment
According to Pinna et al. (2001), three weeks after the
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kg i.p.)+benserazide (30 mg/kg i.p.). Rats not showing at least
200 contralateral rotations during 3 h testing period were elim-
inated from the study. Seven days later, rats were divided into 4
groups and administered, twice a day (12-h interval), for 18 days,
according to the following schedule: (I) vehicle (i.p.), (II) ST1535
(20 mg/kg i.p.), (III) vehicle (i.p.)+L-DOPA (6 mg/kg i.p.), (IV)
ST1535 (20 mg/kg i.p.)+L-DOPA (3 mg/kg i.p.). L-DOPA was
administered 5 min after vehicle or ST1535 injection. Groups (III)
and (IV) received benserazide (6 mg/kg i.p.) 30 min before
L-DOPA injection. Contralateral rotations were measured for
10 min every 10 min for 2 h, while abnormal involuntary move-
ments were measured for 1 min every 20 min for 2 h.

2.5. Evaluation of antitremorigenic effects of ST1535

To allow the observation of jaw tremors induced by tacrine,
rats were individually placed in an elevated (40 cm from the
bench) plexiglas cage with a metal grid over the floor; after
habituation to the cage, they received an acute administration of
ST1535 (10, 20 or 40 mg/kg i.p.) or its vehicle followed (5 min)
by acute tacrine (2.5 mg/kg i.p.). Tacrine-induced jaw tremors
were then recorded for 1 h subdivided into 6 tests of 10 min. The
dose of tacrine used in this study was chosen to produce jaw
tremors without inducing cholinergic peripheral stimulation,
thus indicating that the tremor observed was originated by
central, rather than peripheral, mechanisms (Salamone et al.,
1998; Simola et al., 2004).

2.6. In situ hybridization

In situ hybridization studies were carried out three days after
the end of subchronic treatment. Rats were killed with CO, and
their brains were rapidly removed, frozen in dry ice-cooled
isopentane, and stored at —20 °C. Cryostat coronal sections
(12 pm) were mounted on glass slides coated with gelatine, and
processed according to Carta et al. (2002). Sections were
hybridized with [**S]-labelled ribonucleotide probes comple-
mentary to mRNA encoding for GABA synthesizing enzyme
glutamic acid decardoxylase (GAD67), dynorphin and enkeph-
alin. Plasmids were linearized with Sall (Promega, Madison,
WI, USA) (GAD67) and EcoRI (Promega) (dynorphin and
enkephalin) restriction enzymes. Antisense ribonucleotide
probes were generated using T3 RNA polymerase (Promega)
(GAD67) and SP6 RNA polymerase (Promega) (dynorphin and
enkephalin) in the presence of [>°SJUTP (Perkin Elmer, Milan,
Italy). Each slide was hybridized with 100 pl of buffer
containing 2x10° cpm of radioactively labelled probe.
Hybridization was carried out at 55 °C overnight. The next
morning slides were washed (1x SSC, room temperature;
RNase A, 20 mg/ml, for 15 min; 4*%20 min in 0.5x SSC at
60 °C, brief rinse in water), air-dried, and apposed to X-ray film.

2.7. Drugs
6-hydroxydopamine—HCI, desipramine, benserazide, L-

DOPA and tacrine were purchased from Sigma-Aldrich (St.
Louis, MO, USA). ST1535 (2-butyl-9-methyl-8-(2H-1,2,3-

triazol-2-yl)-9H-purin-6-ylamine) was provided by Sigma—
Tau (Rome, Italy). 6-hydroxydopamine—HCI, desipramine,
benserazide, L-DOPA and tacrine were dissolved in saline,
while ST1535 was dissolved in a solution formed by adding
dimethylsulfoxide (DMSO, 10%), polyethylene glycol (PEG
400, 45%) and distilled water (45%). Drugs and vehicle were
injected in a volume of 0.3 ml i.p. per 100 g body weight.

2.8. Data analysis and statistics

2.8.1. Statistic of behavioural studies

Mean and S.E.M. of the number of contralateral turns
performed and mean and S.E.M. of seconds spent by rats in
axial and limb abnormal involuntary movements in each 1 min
testing-period were calculated throughout a 2 h period.
Moreover, mean and S.E.M. of the number of jaw tremors
were calculated for 10 min every 10 min for 1 h. Significance
between groups was evaluated by two-way ANOVA followed
by Newman—Keuls or Tukey’s HSD post-hoc test. Results were
considered significant at P<0.05.

2.8.2. Analysis and statistic of autoradiograms

One section from middle striatal levels for each rat
(10.20 mm anterior to the interaural line; Paxinos and Watson,
1998) was examined for mRNA evaluation. Quantitative
labelling analysis was performed using the image analysis
program Scion Image. The average grey values from white
matter were subtracted from each section to correct for
background labelling. GADG67, dynorphin and enkephalin
mRNA levels were measured in dorsolateral and ventromedial
portions of the lesioned and unlesioned striatum, respectively.
Effect of lesion and drug treatments on mRNA levels were
determined by two-way ANOVA, followed by Tukey’s HSD
post-hoc test. Results were considered significant at P<0.05.

3. Results
3.1. Effect of acute ST1535 on L-DOPA-induced turning behaviour

6-hydroxydopamine lesioned rats were acutely administered
with ST1535 at doses of 10, 20 or 40 mg/kg (i.p.) or vehicle
(i.p.) plus a threshold dose of L-DOPA (3 mg/kg i.p.). ST1535
(20 and 40 mg/kg i.p.) significantly increased the number of
contralateral turns induced by L-DOPA (3 mg/kg i.p.), as shown
in Table 1. ST1535 (10 mg/kg i.p.) also increased the number of

Table 1
Effect of different doses of ST1535 on contralateral turning induced by L-DOPA

Total contralateral turns in 2 h

ST1535 (10 mg)+L-DOPA (3 mg) 419+117.4
ST1535 (20 mg)+L-DOPA (3 mg) 747.4+196°
ST1535 (40 mg)+L-DOPA (3 mg) 638.6+107.9°
Vehicle+L1-DOPA (3 mg) 129+37.1

Effect of acute administration of ST1535 (10, 20 and 40 mg) on contralateral
turning induced by L-DOPA (3 mg/kg). ST1535 (20 and 40 mg/kg) significantly
increased the number of contralateral turns induced by L-DOPA (3 mg/kg).
2P<0.05; Newman—Keuls post-hoc test N=4-14.
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contralateral turns but the difference with L-DOPA alone did not
reach statistical difference.

Rats administered with the higher dose of ST1535 showed,
in the first 20 min, flattened posture on the bottom of the
hemispherical bowl; moreover, ST1535 induced weak homo-
lateral turning behaviour during the 2 h observation period.

3.2. Effect of subchronic L-DOPA and ST1535+1-DOPA on
turning behaviour and abnormal involuntary movements

On the basis of acute studies the dose of 20 mg/kg of ST1535
was chosen for further investigation in subchronic treatment.

6-hydroxydopamine lesioned rats were subchronically trea-
ted for 18 days with vehicle (i.p.), ST1535 (20 mg/kg i.p.),
ST1535 (20 mg/kg i.p.) +L-DOPA (3 mg/kg i.p.) or with vehicle
(i.p.)+L-DOPA (6 mg/kg i.p.). ST1535 (20 mg/kg i.p.)+L-DOPA
(3 mg/kg i.p.) induced turning behaviour of similar intensity to
L-DOPA (6 mg/kg i.p.) in the first administration.

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed a significant difference in the turning behaviour
elicited by subchronic treatment with L-DOPA (6 mg/kg i.p.)
ondays 17 and 18 as compared to day 1. By contrast, subchronic
treatment with ST1535+L-DOPA produced a turning behav-
iour which did not significantly differ during the course of the
treatment (Fig. 1A).

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed a significant difference in the time spent by L-DOPA
(6 mg/kg i.p.) subchronic treated rats in axial abnormal
involuntary movements on days 12, 15, 17 and 18 with respect
to day 1. By contrast, subchronic treatment with ST1535+1L-
DOPA produced low intensity axial abnormal involuntary
movements with no significant differences being displayed
during the course of the treatment (Fig. 1B).

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed a significant difference in the time spent by L-DOPA
(6 mg/kg i.p.) subchronic treated rats in limb abnormal invol-
untary movements on days 12, 15, 17 and 18 with respect to day
1. By contrast, subchronic treatment with ST1535+L-DOPA
produced low intensity limb abnormal involuntary movements
not significantly different during the course of the treatment
(Fig. 1C).

Rats subchronically treated with ST1535 (20 mg/kg i.p.)
showed no episodes of contralateral turning or axial and limb
abnormal involuntary movements during the course of treatment
(data not shown).

Moreover, as shown by previous studies, rats subchronically
treated with L-DOPA (3 mg/kg i.p.) showed a turning behaviour
of weak intensity that was not significantly different during the
course of the treatment (Morelli and Pinna, 2001) (data not
shown).

3.3. Effect of ST1535 on tacrine-induced jaw tremors

Acute administration of ST1535 (20 mg/kg i.p.)+tacrine
(2.5 mg/kg i.p.) induced a significant reduction of the number
of jaw tremors as compared to vehicle+tacrine (2.5 mg/kg i.p.)
(Fig. 2). Two-way ANOVA followed by Newman—Keuls post-
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Fig. 1. Effect of subchronic L-DOPA (6 mg/kg) and ST1535 (20 mg/kg)+L-DOPA
(3 mg/kg) on turning behaviour and abnormal involuntary movements. (A) Time—
course analysis revealed a significant difference in the turning behavioural response
to subchronic L-DOPA (6 mg/kg) from day 1 to days 17 and 18. ¥*P<0.05; Tukey
HSD post-hoc test. N=6-8. (B) Time—course analysis revealed a significant
difference in the time spent by L-DOPA (6 mg/kg) subchronic treated rats in axial
abnormal involuntary movements from day 1 to days 12, 15, 17 and 18. *P<0.05;
Tukey HSD post-hoc test. N=7-8. (C) Time—course analysis revealed a significant
difference in the time spent by L-DOPA (6 mg/kg) subchronic treated rats in limb
abnormal involuntary movements from day 1 to days 12, 15, 17 and 18. *P<0.05;
Tukey HSD post-hoc test. N=7-8.

hoc test revealed a significant reduction of jaw tremors in ST1535
(20 mg/kg, i.p.) treated rats at 20, 30 and 40 min after tacrine
administration. Acute administration of ST1535 (10 mg/kg i.p.)+
tacrine (2.5 mg/kg i.p.) did not significantly modify number of
jaw tremors as compared to vehicle+tacrine (2.5 mg/kg i.p.).
Number of jaw tremors: 1464+460 for ST1535 (10 mg/kg i.p.)+
tacrine (2.5 mg/kg i.p.) and 1742+155 for vehicle+tacrine
(2.5 mg/kg i.p.).

Acute administration of ST1535 (40 mg/kg i.p.)+tacrine
(2.5 mg/kg i.p.) produced no further reduction in number of jaw
tremors as compared to STI1535 (20 mg/kg i.p.)+tacrine
(2.5 mg/kg i.p.) (data not shown).
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Fig. 2. Effect of acute ST1535 (20 mg/kg) on tacrine-induced jaw tremors. ST1535 (20 mg/kg) effectively counteracted jaw tremors stimulated by acute tacrine
(2.5 mg/kg). Time point analysis revealed a significant effect at 20, 30 and 40 min after tacrine administration for ST1535 (20 mg/kg). *P<0.05 vs vehicle+tacrine;

Newman—Keuls post-hoc test. N=6-14.
3.4. mRNA GADG7 levels after subchronic treatments

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed that 6-hydroxydopamine lesion significantly increased
GAD67 mRNA levels in dorsolateral and ventromedial lesioned
striatum as compared to unlesioned side (Fig. 3A-B).
Subchronic treatment with L-DOPA (6 mg/kg i.p.) further
increased GAD67 mRNA levels in the lesioned side as

GAD67 mRNA
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B
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1207 f $
100 f oo+
- B H
£ o0 8
| % H
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2§

compared to lesioned side of vehicle subchronic treated rats,
both in the dorsolateral and ventromedial striatum (Fig. 3A—B).
In the lesioned side, GAD67 mRNA levels following
subchronic treatment with L-DOPA (6 mg/kg i.p.) were
significantly increased also compared to ST1535 (20 mg/kg
i.p.) and ST1535 (20 mg/kg i.p.)+L-DOPA (3 mg/kg i.p.) in the
dorsolateral striatum, and to ST1535 (20 mg/kg i.p.)+L-DOPA
(3 mg/kg i.p.) in the ventromedial striatum (Fig. 3A—B). The

L
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Fig. 3. (A) Autoradiograms showing in situ hybridization for GAD67 mRNA levels in the striatum of 6-hydroxydopamine lesioned rats subchronically treated with
vehicle, ST1535 (20 mg/kg), L-DOPA (6 mg/kg) or ST1535 (20 mg/kg)+L-DOPA (3 mg/kg). (B) Mean density of GAD67 mRNA levels in unlesioned and lesioned
dorsolateral and ventromedial striatum of rats subchronically treated as previously described. “P<0.05 vs respective unlesioned side; *P<0.05 vs lesioned side of rats
subchronically treated with vehicle; SP<0.05 vs lesioned side of rats subchronically treated with L-DOPA (6 mg/kg). N=3-9.
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Fig. 4. (A) Autoradiograms showing in situ hybridization for dynorphin mRNA levels in the striatum of 6-hydroxydopamine lesioned rats subchronically treated with
vehicle, ST1535 (20 mg/kg), L-DOPA (6 mg/kg) or ST1535 (20 mg/kg)+L-DOPA (3 mg/kg). (B) Mean density of dynorphin mRNA levels in unlesioned and lesioned
dorsolateral and ventromedial striatum of rats subchronically treated as previously described. “P<0.05 vs respective unlesioned side; *P<0.05 vs lesioned side of rats
subchronically treated with vehicle; $P<0.05 vs lesioned side of rats subchronically treated with L-DOPA (6 mg/kg). N=3-9.

levels of GAD67 mRNA in the unlesioned side of striatum did
not differ significantly among the experimental groups. As
shown by previous studies, subchronic treatment with L-DOPA
(3 mg/kg i.p.) did not modify GAD67 mRNA striatal expression
(Carta et al., 2002) (data not shown).

3.5. mRNA dynorphin levels after subchronic treatments

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed that 6-hydroxydopamine lesion significantly decreased
dynorphin mRNA levels in the lesioned ventromedial striatum
as compared to unlesioned side (Fig. 4A—B). Subchronic
treatment with L-DOPA (6 mg/kg i.p.) increased dynorphin
mRNA levels in the lesioned dorsolateral striatum as compared
to lesioned and unlesioned side of vehicle subchronic treated
rats and to the respective unlesioned side (Fig. 4A—B).
Subchronic L-DOPA (6 mg/kg i.p.) increased dynorphin
mRNA levels in the ventromedial striatum as compared to
lesioned but not to unlesioned side of vehicle treated rats
(Fig. 4A-B). In the lesioned dorsolateral striatum, after
subchronic L-DOPA (6 mg/kg i.p.), dynorphin mRNA levels
were significantly increased compared to ST1535 (20 mg/kg i.p.)

and ST1535 (20 mg/kg i.p.)+L-DOPA (3 mg/kgi.p.) (Fig. 4A-B).
The levels of dynorphin mRNA in the unlesioned side of striatum
did not differ significantly among the experimental groups. As
shown by previous studies, subchronic treatment with L-DOPA
(3 mg/kg i.p.) did not modify dynorphin mRNA striatal expres-
sion (Carta et al., 2002) (data not shown).

3.6. mRNA enkephalin levels after subchronic treatment

Two-way ANOVA followed by Tukey’s HSD post-hoc test
showed that 6-hydroxydopamine lesion significantly increased
enkephalin mRNA levels in the lesioned dorsolateral and ven-
tromedial striatum as compared to unlesioned side (Fig. SA—B).
Subchronic treatment with L-DOPA (6 mg/kg i.p.) further
increased enkephalin mRNA levels in the lesioned dorsolateral
striatum as compared to lesioned side of vehicle subchronic
treated rats (Fig. 5A—B). All treatments showed higher
enkephalin mRNA levels in the unlesioned dorsolateral and
ventromedial striatum as compared to unlesioned side of vehi-
cle treated rats, with the exception of ST1535 (20 mg/kg i.p.)
in which a similar effect could be observed only in the dorso-
lateral striatum (Fig. SA—B). As shown by previous studies,
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Fig. 5. (A) Autoradiograms showing in situ hybridization for enkephalin mRNA levels in the striatum of 6-hydroxydopamine lesioned rats subchronically treated with
vehicle, ST1535 (20 mg/kg), L-DOPA (6 mg/kg) or ST1535 (20 mg/kg)+L-DOPA (3 mg/kg). (B) Mean density of enkephalin mRNA levels in unlesioned and lesioned
dorsolateral and ventromedial striatum of rats subchronically treated as previously described. “P<0.05 vs respective unlesioned side; *P<0.05 vs lesioned side of rats
subchronically treated with vehicle; “P<0.05 vs unlesioned side of rats subchronically treated with vehicle. N=3-9.

subchronic treatment with L-DOPA (3 mg/kg i.p.) did not mod-
ify enkephalin mRNA striatal expression (Carta et al., 2002)
(data not shown).

4. Discussion

In view of the promising antiparkinsonian properties of
adenosine A, receptor antagonists reported by several authors
(Grondin et al., 1999; Kanda et al., 2000; Pinna et al., 2001; Xu
et al., 2005) and with the aim of obtaining novel efficient drugs,
considerable attention is currently being paid to the synthesis of
new adenosine A,4 receptor antagonists and their pre-clinical
evaluation. The present study evaluated motor and biochemical
effects of the new adenosine A, receptor antagonist ST1535 in
the 6-hydroxydopamine rat model of Parkinson’s disease, in
order to verify whether the property of ST1535 to antagonize
“in vitro” adenosine A,, receptors resulted in functional
antagonistic actions.

The results obtained showed that, similar to other adenosine
A, A receptor antagonists, ST1535 produces positive effects in
acute model of parkinsonian akinesia and tremor as well as in
subchronic models of dyskinesia evaluating long-term mod-
ifications of drug effects.

Adenosine A,4 receptor antagonistic properties of ST1535
have been shown by previous studies demonstrating the higher
affinity of the drug for A, than A; adenosine receptor subtype,
its ability to inhibit cAMP synthesis induced by the adenosine
A, receptor agonist NECA and its capacity to block catalepsy
induced by the adenosine A, receptor agonist CGS21680
(Minetti et al., 2005; Stasi et al., 2006).

In the 6-hydroxydopamine rat model of Parkinson’s disease,
adenosine A;4 receptor antagonists increased turning behaviour
induced by L-DOPA or by direct dopamine receptor agonists,
showing antiparkinsonian effects (Fenu et al., 1997; Jenner, 2003;
Jiangetal., 1993; Koga et al., 2000). In line with these results, and
as shown by the present and previous studies, ST1535 increased,
at doses similar to other adenosine A,, receptor antagonists,
the contralateral turning induced by L-DOPA in rats, whereas in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated
primates the compound improved locomotor activity and de-
creased motor disability when given in association to a low
dose of L-DOPA (Rose et al., 2006, 2007).

When administered subchronically with a threshold dose of L-
DOPA, ST1535 induced a similar intensity of contralateral
turning to that produced by a full dose of L-DOPA; however,
during the course of the treatment this drug combination did not
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induce sensitization to contralateral turning behaviour and abnor-
mal involuntary movements. Although compared to L-DOPA
alone ST1535+1L-DOPA treatment exerted a significantly greater
prevention on abnormal involuntary movements than on con-
tralateral turning behaviour, the results obtained clearly demon-
strate the low dyskinetic potential of ST1535+L-DOPA.
Therefore, administration of ST1535, by potentiating the effect
of L-DOPA, induces motor effects similar to those induced by a
higher dose of L-DOPA without exacerbating the dyskinetic
effects.

The results obtained in this study are in agreement with
previous studies showing that repeated blockade of adenosine
A receptors+L-DOPA displays low dyskinetic-like side effects
(Bibbiani et al., 2003; Grondin et al., 1999; Pinna et al., 2001).

Consistent studies performed in 6-hydroxydopamine le-
sioned rats indicate that sensitization to turning behaviour and
abnormal involuntary movements induced by intermittent L-
DOPA treatment is associated to alteration of neuronal activity
in the lesioned striatum. Increase of GAD67 and dynorphin
mRNA expression showed a correlation between their adapta-
tive modifications in output striatal neurons and L-DOPA-
induced dyskinesia (Carta et al., 2002; Cenci et al., 1998; Henry
et al., 2003; Nielsen and Soghomonian, 2004; Soghomonian
et al., 1996; Zeng et al., 1995).

A previous study performed by our group reported long-term
changes in GAD67, dynorphin and enkephalin mRNA levels
after subchronic L-DOPA but not after adenosine A, receptor
antagonists +L-DOPA treatment (Carta et al., 2002). In
agreement with the previous study, the results of the present
work show a marked increase of mRNA levels for GAD67 and
dynorphin, and a slight, although significant increase of mRNA
for enkephalin in dorsolateral 6-hydroxydopamine lesioned
striatum following subchronic L-DOPA treatment. On the
contrary, rats subchronically treated with ST1535+L-DOPA
and ST1535 alone showed no or low modifications in levels of
mRNA for these markers. Moreover, these rats displayed
significantly lower GAD67 and dynorphin mRNA levels than
those of L-DOPA subchronic treated rats.

The lack of modifications on mRNA expression produced in
striatal neuronal markers might suggest that repeated coadmin-
istration of ST1535+L-DOPA did not induce adaptative
changes on striatal neuronal activity, which in turn may explain
the stable turning behavioural response and the low intensity of
abnormal involuntary movements observed during ST1535+1L-
DOPA treatment.

Therefore, association between ST1535+L-DOPA, in con-
trast to observations made with repeated intermittent adminis-
tration of a fully effective dose of L-DOPA, might be capable of
producing antiakinetic effects without excessive activation of
striatal efferent neurons. This finding would seem to suggest the
ability of ST1535 to increase the therapeutic efficacy of L-
DOPA while maintaining the side effects elicited by L-DOPA to
levels associated to low doses of L-DOPA. Selective localization
of adenosine A, receptors in striatal region and their direct
interaction at receptor and transcriptional level with dopamine
D, receptors, together with indirect interaction with dopamine
D, receptors at basal ganglia level, might underlie the effects

observed in this study (Pinna et al., 1996; Ferré¢ et al., 1997; Le
Moine et al., 1997). Therefore, ST1535, by blocking adenosine
A, receptor, potentiates dopamine transmission, allowing
administration of a low dose of L-DOPA and reducing neuronal
long-term modifications correlated to L-DOPA motor side effects.

In addition to the efficacy demonstrated in restoring motor
behaviour in models of Parkinson’s disease without inducing
dyskinetic-like effects, adenosine A,, receptor antagonists
produce positive effects on parkinsonian tremor (Correa et al.,
2004; Simola et al., 2004).

Using the rat model of tacrine-induced jaw tremors, as index
of parkinsonian tremor (Salamone et al., 1998), we observed that
acute ST1535 was able to significantly reduce these jaw tremors.
The antitremorigenic effect is most probably exerted through an
action of the compound on adenosine A, A receptors localized on
striatal cholinergic nerve terminals controlling the acetylcholine
levels in striatum (Brown et al., 1990; Kurokawa et al., 1996).
Thus, similar to observations made with different adenosine A,z
receptor antagonists (Chase et al., 2003; Correa et al., 2004;
Simola et al., 2004), blockade of adenosine A,, receptors by
ST1535 may be capable of attenuating the increased cholinergic
tone mediated by tacrine and of explicating an antitremorigenic
activity.

ST1535 is a recently developed adenosine A, receptor
antagonist displaying marked antiparkinsonian activity in 6-
hydroxydopamine lesioned rats and antitremorigenic effects in
tacrine-treated rats. The positive effects reported following
subchronic administration are not associated to long-term
modifications in behavioural responses and in neuronal activity
in the 6-hydroxydopamine lesioned striatum, thus emphasising
the potential use of ST1535 as a novel therapeutic approach in
Parkinson’s disease.
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