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1 Endogenous L-DOPA may act as a neuromodulator contributing to the production of motor
activity. We now investigate the e�ects of the centrally acting aromatic amino acid dopa
decarboxylase (AADC) inhibitor NSD-1015 (3-hydroxybenzyl hydrazine) on the motor actions of L-
DOPA and dopamine agonist drugs in MPTP treated common marmosets.

2 Pretreatment with NSD-1015 (10 ± 50 mg kg71; i.p.) worsened baseline motor de®cits in MPTP-
treated common marmosets. Similarly, it abolished L-DOPA (5 ± 18 mg kg71 s.c.) induced
locomotor activity and reversal of disability. NSD-1015 pretreatment inhibited dopamine formation
and elevated L-DOPA levels in plasma.

3 The increase in locomotor activity and improvement in disability produced by the administration
of the D-1 agonist A-86929 (0.03 ± 0.04 mg kg71 s.c.) or the D-2 agonist quinpirole (0.05 ±
0.3 mg kg71 i.p.) was abolished by NSD-1015 (25 mg kg71 i.p.) pretreatment. While the e�ects of a
low dose combination of A-86929 (0.04 mg kg71 s.c.) and quinpirole (0.05 mg kg71 i.p.) were
inhibited by NSD-1015 (25 mg kg71 i.p.), there was little e�ect on the action of a high dose
combination of these drugs (0.08 mg kg71 A-86929 and 0.1 mg kg71 quinpirole).

4 Following central AADC inhibition with NSD-1015 (25 mg kg71 i.p.), locomotor behaviour
induced by administration of high dose combinations of A-86929 (0.08 mg kg71 s.c.) and quinpirole
(0.1 mg kg71 i.p.) was una�ected by L-DOPA (5 mg kg71 s.c.) pretreatment.

5 These results do not support a role for endogenous L-DOPA in spontaneous or drug induced
locomotor activity. Rather, they strengthen the argument for the importance of endogenous
dopaminergic tone in the motor actions of dopamine agonists.
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Introduction

The primary de®ciency of caudate-putamen dopamine content
in Parkinson's disease (Bernheimer et al., 1963; 1965; Ehringer,

1960) forms the basis of the use of L-DOPA or dopamine
agonist drugs in current therapy. However, L-DOPA is more
e�ective than dopamine agonists in reversing motor symptoms
in the later stages of Parkinson's disease (Poewe et al., 1998;

Rascol, 1996; Rascol et al., 1998) and this di�erence raises
important issues concerning the mechanisms underlying drug
action.

Dopamine acts via at least ®ve receptors, which have been
classi®ed into two major families as D-1-like (D-1 and D-5)
and D-2-like (D-2, D-3, and D-4) receptors (Kebabian &

Calne, 1979). The role of D-3, D-4, and D-5 receptors in motor
function remains unclear, thus, only the e�ects of D-1 and D-
2-like receptors will be considered. If decarboxylation of L-

DOPA to dopamine and the subsequent stimulation of
postsynaptic D-1 and D-2-like dopamine receptors is

responsible for anti-parkinsonian activity, then dopamine
agonists should produce equivalent e�ects. However, most
dopamine agonists used to treat Parkinson's disease (for
example, bromocriptine, ropinirole and pramipexole) predo-

minantly stimulate the D-2-like receptor family while,
presumably, dopamine formed from L-DOPA occupies both
D-1 and D-2 sites (Eden et al., 1991; Keyser et al., 1995;

Mierau, 1995; Mierau et al., 1995; Trugman et al., 1991).
Importantly, the ability of D-1 and D-2 selective dopamine
agonists to produce increased motor activity is dependent on

endogenous dopaminergic tone to induce activation of the
other dopamine receptor population (Dziewczapolski et al.,
1997; Treseder et al., in preparation). Thus, inhibition of
tyrosine hydroxylase in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine (MPTP)-treated primates reduces the ability of D-1
and D-2 agonists to reverse motor de®cits (Gomez-Mancilla &
Bedard, 1991; Treseder et al., 1998). In contrast, the combined

administration of D-1 and D-2 agonists or the use of non-
selective D-1/D-2 agonists, such as apomorphine or pergolide,
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produce motor activation which is not abolished by tyrosine
hydroxylase inhibition (Gomez-Mancilla & Bedard, 1991;
Treseder et al., in preparation). The immediate interpretation

is that endogenous dopamine plays an important role in motor
activation produced by dopamine agonists and that drug e�ect
declines with the reduction in dopaminergic tone occurring as
a result of disease progression.

However, inhibition of tyrosine hydroxylase also inhibits
the formation of endogenous L-DOPA (Nakamura et al.,
1992), which may act as a neuromodulator to alter motor

behaviours. A transmitter role for L-DOPA is supported by its
ability to facilitate the release of dopamine and noradrenaline
via presynaptic b-adrenoceptors in vitro (Goshima et al., 1990)

and to stimulate glutamate and GABA release from rat striatal
slices (Aceves et al., 1991; Goshima et al., 1993). L-DOPA also
releases glutamate from the striatum of conscious rats (Misu et

al., 1995). Although a recognition site or receptor for L-DOPA
has not been identi®ed, L-DOPA methyl ester competitively
antagonizes the facilitatory e�ect of L-DOPA on noradrena-
line release in rat hypothalamic slices (Goshima et al., 1990).

These actions of L-DOPA may be of functional signi®cance,
since increased accumulation of endogenous L-DOPA,
produced by blockade of central AADC activity using NSD-

1015, was reported to potentiate locomotor activity produced
by the D-2 agonist quinpirole in normal rats (Yue et al., 1994).
In contrast, inhibition of L-DOPA synthesis with AMPT

inhibits dopamine agonist-induced locomotion (Dziewczapols-
ki et al., 1997; Gomez-Mancilla & Bedard, 1991; Reavill et al.,
1983; Treseder et al., 1998). Furthermore, a sub-threshold dose

of L-DOPA potentiated quinpirole-induced locomotor activity
following NSD-1015 treatment of both normal and 6-OHDA
lesioned rats (Nakamura et al., 1994).

These data suggest a role for endogenous L-DOPA both in

the initiation of motor activity and in the actions of dopamine
agonist drugs, so explaining why L-DOPA may be more
e�ective in treating Parkinson's disease than dopamine

agonists. For this reason, we now explore the involvement of
L-DOPA in the actions of the selective D-1 and D-2 dopamine
agonists A-86929 and quinpirole in reversing MPTP-induced

motor de®cits in primates utilizing blockade of central AADC
activity by NSD-1015.

Methods

Animals

Adult common marmosets (Callithrix jachus; n=18) of either
sex weighing between 300 ± 450 g were used in this study. The
animals were housed either alone or in pairs under standard

conditions at a temperature of 278C (+18C) and 50%
relative humidity using a 12 h light-dark circle (light on from
06:00 to 18:00 h). The animals were fed fresh fruit and Mazuri

marmoset jelly once daily and had free access to food pellets
and water. All procedures were carried out according to
current U.K. legislation (Animals Act, 1986).

MPTP treatment

Nigral cell degeneration was induced by subcutaneous

injection of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hy-
drochloride (MPTP) 2 mg kg71 dissolved in sterile 0.9%
saline w v71 administered once daily for 5 consecutive days.

This treatment induces persistent motor dysfunction, which
remains stable for 12 ± 18 months and induces akinesia,
bradykinesia, postural instability, a loss of vocalization, and

in some animals intermittent postural and action tremor
(Jenner et al., 1984). After MPTP treatment, the animals made
a gradual recovery from the acute e�ects of MPTP over the

following 6 ± 8 weeks. During the treatment and throughout
the following weeks the animals were hand fed with Mazuri
marmoset jelly and fresh fruit puree until they were able to
maintain themselves. At the time of study, all animals

displayed a marked reduction in basal locomotor activity,
hunched and rigid posture, and a decrease in checking
movements of the head.

Drug treatments

Animals were randomized into four groups of 4 ± 6 animals. In
group one the behavioural e�ects of a range of doses of NSD-
1015 were investigated. NSD-1015 (10 ± 50 mg kg71 i.p.) or

vehicle was administered and animals were placed in activity
cages. Motor behaviour was monitored for 6 h and locomotor
activity recorded for 8 h. In a second group (n=6), NSD-1015
(25 mg kg71 i.p.) or vehicle was administered to a group of six

animals. After 45 min, a standard dose of L-DOPA methyl
ester (15.6 mg kg71 equivalent to 12.5 mg kg71 L-DOPA s.c.)
was administered and then after 90 min, 0.5 ml of blood was

removed from the femoral vein. The plasma was analysed
using HPLC with electrochemical detection for levels of L-
DOPA, dopamine, 3-O-methyl-dopa (3-OMD), and DOPAC

(Rose et al., 1991).
In all subsequent experiments NSD-1015 (25 mg kg71

i.p.) or vehicle was administered 90 min prior to the

injection of: (1) L-DOPA methyl ester (6.25 ± 22.5 mg kg71

equivalent to 5 ± 18 mg kg71 of L-DOPA) or vehicle
(group 1, n=4). Carbidopa (12.5 mg kg71 p.o.) was
administered 45 min prior to L-DOPA methyl ester or

vehicle. In order to determine whether the peripheral
decarboxylase inhibitor carbidopa was interfering with the
actions of NSD-1015, the experiment was repeated in the

absence of carbidopa in those animals receiving NSD-1015.
In this case saline vehicle was administered 45 min
following NSD-1015 (25 mg kg71 i.p.) pretreatment; (2)

Quinpirole (0.05 ± 0.3 mg kg71 i.p.) or its vehicle. NSD-
1015 (25 mg kg71 i.p.) or vehicle (group 3, n=4); (3) A-
86929 (0.03 ± 0.04 mg kg71 s.c.) or vehicle (group 4, n=4).
Subsequently, these animals received NSD-1015

(25 mg kg71 i.p.) or vehicle pre-treatment 90 min prior to
combinations of quinpirole (0.05 or 0.1 mg kg71 i.p.) with
A-86929 (0.04 or 0.08 mg kg71 s.c.). Finally, these four

animals received NSD-1015 (25 mg kg71 i.p.) pre-treatment
60 min prior to L-DOPA methyl ester (6.25 mg kg71 s.c.
equivalent to 5 mg kg71 of L-DOPA). At 90 min A-86929

(0.08 mg kg71 s.c.) and quinpirole (0.1 mg kg71 i.p.) were
administered in combination.

All experiments were carried out using a Latin square style

protocol. A 5 to 7 day recovery period was allowed between
experiments.

Measurement of locomotor activity

Locomotor activity was measured simultaneously in four

identical aluminium cages (50660670 cm) with clear perspex
doors. These were equipped with eight horizontally oriented
sets of infrared photocells. The number of light beam

interruptions due to the animal's movements were accumu-
lated in 10 min intervals and recorded using a Viglen 4DX33
computer. The animals were allowed to acclimatize to the test
cage for a minimum of 1 h prior to drug treatment.
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Behavioural observations

In parallel to locomotor activity recording, motor behaviour

was rated qualitatively through a one-way mirror by trained
observers who were blinded with respect to treatment protocol.
The degree of motor dysfunction was assessed using a visual
disability grading system ranging from 0 to 18, where 0 is

normal and 18 is severely disabled. The grading system is
scored as follows: alertness (0=normal, 1=reduced,
2=sleepy); head checking movements (0=normal, 1-reduced,

2-absent); posture (0=normal, 1-abnormal trunk, 2=abnor-
mal limbs, 3=abnormal tail, 4=grossly abnormal); balance/
co-ordination (0=normal; 1=impaired; 2=unstable;

3=falls); reaction (0=normal, 1=reduced, 2=slow, 3=ab-
sent), vocalization (0=normal, 1=reduced, 2=absent). Four
animals were observed simultaneously and at the end of each

10 min interval a disability score was recorded for that
interval. When assessing the e�ects of NSD-1015 alone on
disability, animals were scored only for the last 10 min of each
30 min interval due to the long duration of this experiment. In

all other experiments the animals were monitored continu-
ously.

When assessing the a�ect of NSD-1015 pretreatment on the

motor behaviour induced by L-DOPA, A-86929, and
quinpirole locomotor counts were recorded for 12 h and
behavioural observations were rated for 4.5 h. Due to the

varying time courses of the treatments total locomotor activity
and total disability scores were accumulated over a 2 h period
for all treatments to enable comparisons and statistical

analysis.

Analysis of L-DOPA, dopamine, 3-OMD, and DOPAC
content in plasma

Samples of plasma were analysed using high pressure liquid
chromatography with electrochemical detection (h.p.l.c./ECD)

using the method as previously described (Rose et al., 1988).
The chromatography system consisted of a Waters model 510
pump operating at a ¯ow rate of 1 ml min71, a Spherisorb

reverse phase C18 ODS-2 column (25 cm64.6 mm, particle
size 5 mm; Waters U.K.), and an Intro electrochemical detector
(Antec, The Netherlands) set to a potential of +0.8 V vs Ag
AgCl71. The mobile phase consisted of 0.1 M sodium

phosphate bu�er (pH 2.9), 0.1 mM EDTA, 0.74 nM octyl
sulphonic acid, and 13%methanol w v71. All chromatography
was carried out at 32.58C. The detector output was connected
to a Unicam 4880 chromatography data handling system (ATI
Unicam, U.K.) and samples were quanti®ed based on peak
heights compared with standards.

Drugs

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine hydro-
chloride; Research Biochemicals Inc., U.S.A.) was dissolved in
0.9% w v71 saline. NSD-1015 (3-hydroxybenzylhydrazine;
Aldrich, U.K.) was dissolved in 0.1 M phosphate bu�ered

saline (pH 7.4). Quinpirole hydrochloride (Eli Lilly, U.S.A.)
was dissolved in 0.9% w v71 saline. (7)-trans-9,10-hydroxy-2-
propyl-4,5,5a,6,7,11b-hexahydro-3-thia-5-azacyclopent -1- ena

[c]phenanthrene hydrochloride (A-86929; Abbott Labora-
tories, U.S.A.) was dissolved in a few drops of sterile water
and then made up to volume in sterile 0.9% w v71 saline. a-
methyl-dopa hydrazine (carbidopa) (Merk, Sharp and Dohme,
U.S.A.) was suspended in 0.1% phosphate bu�ered saline (pH
7.4) for i.p. administration, and suspended in 10% sucrose
solution for oral administration. Due to the poor water

solubility of L-DOPA, L-DOPA methyl ester was employed.
In vivo this compound is rapidly and completely hydrolyzed to
L-DOPA in plasma (Brunnerguenat et al., 1995; Stocchi et al.,

1992) although in vitro L-DOPA methyl ester acts as a
competitive antagonist to the actions of L-DOPA. L-DOPA
methyl ester (Chiesi Pharmaceutici, Italy) was dissolved in
0.9% w v71 saline.

Statistical analysis

The locomotor counts and disability scores were accumulated
over the test period, after a given drug administration and were
averaged for all animals. The e�ects of NSD-1015 on motor

behaviour were analysed using the Kruskal Wallis one-way
ANOVA followed by the Mann ±Whitney U-test. All other
dose-response relationships were initially analysed by repeated

measures two-way ANOVA. If the resulting F value was
associated with a probability of less than 5%, a further
analysis of data was performed using the Kruskal Wallis one-
way ANOVA or Mann ±Whitney U-test as appropriate. A

students t-test was used to compare plasma levels of L-DOPA,
dopamine, 3-OMD and DOPAC.

Results

E�ect of NSD-1015 on motor activity

Administration of NSD-1015 (10 ± 50 mg kg71) to MPTP

treated common marmosets produced a dose dependent
decrease in locomotor activity (P50.05, KW=8.8, d.f.=3;
P50.05 at 50 mg kg71 Mann ±Whitney U, Figure 1) lasting

for at least 8 h. Motor disability was also dose dependently
increased (P50.05, KW=9.4, d.f.=3; P50.05 at 25 and
50 mg kg71 Mann ±Whitney U) and marked akinesia, rigidity

and loss of balance were observed. At 50 mg kg71 NSD-1015
induced vomiting in all animals lasting for several hours and
therefore a dose of 25 mg kg71 was chosen for use in further
experiments.

E�ect of NSD-1015 pretreatment on plasma levels of
L-DOPA, 3-OMD, dopamine and DOPAC induced
by L-DOPA administration

Pretreatment with NSD-1015 (25 mg kg71) increased plasma

L-DOPA (P50.01, t=4.4, d.f.=5) and 3-OMD (P50.01,
t=5.6, d.f.=5) concentrations. At 90 min following L-DOPA
administration levels of L-DOPA and 3-OMD had more than
doubled compared to those in vehicle pretreated animals

(Figure 2A). Dopamine was detectable in plasma 90 min after
L-DOPA administration but in animals pretreated with NSD-
1015 plasma levels of dopamine were markedly decreased and

dopamine was detected in the plasma of only one animal
(P50.05, t=3.0, d.f.=5, Figure 2B). NSD-1015 (25 mg kg71)
pretreatment reduced the plasma DOPAC content, with an

approximately 90% reduction occurring at 90 min following
L-DOPA administration compared to vehicle pretreatment
(P50.01, t=3.9, d.f.=5).

E�ect of NSD-1015 on L-DOPA induced motor
behaviour

Administration of L-DOPA (5 ± 18 mg kg71) plus carbidopa
(12.5 mg kg71) dose dependently increased locomotor activity
in MPTP-lesioned marmosets (P50.05, KW=8.5, d.f.=3,

Figure 3A,B). The reversal of motor de®cits was maximal 0.5 ±
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1 h after L-DOPA administration. In addition, motor
disability was markedly reversed (P50.05, KW=10.4,

d.f.=3, Figure 3A,B). Natural purposeful behaviour was
observed at the lowest L-DOPA dose (5 mg kg71), although
at higher doses hyperactivity/stereotyped behaviour and

¯eeting dyskinesias were observed.
Pretreatment with NSD-1015 (25 mg kg71) markedly

attenuated locomotor activity induced by L-DOPA (5 ±
18 mg kg71) plus carbidopa (12 mg kg71). NSD-1015 pre-

treatment also markedly inhibited L-DOPA plus carbidopa-
induced reversal of motor disability compared to saline treated
animals. (P50.05, Mann ±Whitney U, Figure 3A). Further-

more, administration of L-DOPA (5 ± 18 mg kg71) without
carbidopa but with NSD-1015 (25 mg kg71) pretreatment
produced no increase in locomotor activity or reversal of

motor de®cits (P50.05, Mann ±Whitney U, Figure 3B).

E�ect of NSD-1015 on A-86929 induced motor
behaviour

Administration of A-86929 (0.03 or 0.04 mg kg71) increased

locomotor activity compared to vehicle treated animals

(P50.05, KW=8.1, d.f.=3, Figure 4A). The onset of activity
occurred within 10 ± 20 min of drug administration and lasted
approximately 2 h (data not shown). Similarly, A-86929 (0.03

or 0.04 mg kg71) produced a comparable decrease in motor
disability (P50.05, KW=7.5, d.f.=3, Figure 4A). Motor
behaviour produced by A-86929 was naturalistic and lacked

stereotypies and dyskinesias and resembled that of normal
marmosets.

Pretreatment with NSD-1015 (25 mg kg71) reduced loco-
motor activity induced by A-86929 (P50.05, Mann ±Whitney

U). The A-86929-induced reversal of motor disability was also
inhibited by NSD-1015 pretreatment (P50.05, Mann ±
Whitney U, Figure 4A.

E�ect of NSD-1015 on quinpirole induced motor
behaviour

Administration of quinpirole (0.05 ± 0.3 mg kg71) to MPTP-

lesioned marmosets dose dependently increased locomotor
activity (P50.05, KW=10.2, d.f.=3, P50.05 at all doses,
Figure 4B). Activity was apparent within 2 ± 10 min after drug
administration and lasted approximately 2 ± 3 h. In addition, a

dose dependent improvement in motor disability was observed
compared to vehicle treated animals (P50.05, KW=10.4,
d.f.=3, Figure 4B). At the highest dose of quinpirole, the

animals exhibited some stereotyped movements in the form of

Figure 1 E�ects of NSD-1015 (10, 25 or 50 mg kg71 s.c.) or vehicle
(v) on mean total locomotor counts over an 8 h period, and on mean
total disability scores recorded over 6 h in MPTP-lesioned
marmosets. The results are shown as the mean+s.e.mean for four
animals. NSD-1015 50 mg kg71 signi®cantly decreased total loco-
motor counts (*P50.05) vs saline vehicle and 25 and 50 mg kg71

signi®cantly increased mean total disability scores (P50.05) vs saline
vehicle.

Figure 2 E�ect of NSD-1015 (25 mg kg71 i.p.) pretreatment on
plasma levels of (A) L-DOPA and 3-OMD, and (B) dopamine, and
DOPAC, following the administration of L-DOPA (12.5 mg kg71

s.c.). NSD-1015 was administered 45 min prior to L-DOPA. A blood
sample was taken after a further 45 min following L-DOPA
treatment. The results are shown as mean+s.e.mean for six animals.
NSD-1015 25 mg kg71 signi®cantly increased plasma L-DOPA and
3-OMD concentrations (**P50.01) vs saline vehicle and signi®cantly
decreased plasma dopamine and DOPAC (*P50.05 and **P50.01
respectively) vs saline vehicle.
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Figure 3 (A) The e�ects of NSD 1015 (25 mg kg71 i.p.) or vehicle pretreatment on locomotor activity and disability scores induced
by L-DOPA (5 ± 18 mg kg71 s.c.) and carbidopa (12.5 mg kg71 i.p.) accumulated over 2 h (n=4) in MPTP-lesioned marmosets. (B)
The e�ects of NSD-1015 (25 mg kg71 i.p.), in the absence of carbidopa on locomotor activity and disability scores induced by L-
DOPA (5 ± 18 mg kg71 s.c.) accumulated over 2 h (n=4) in MPTP-lesioned marmosets. The data are expressed as mean+s.e.mean
*P50.05 vs saline pretreatment group.

Figure 4 (A) The e�ects of NSD-1015 (25 mg kg71 i.p.) or vehicle on locomotor activity and disability scores induced by A-86929
(0.03 ± 0.04 mg kg71 s.c.) accumulated over 2 h (n=4) in MPTP-lesioned marmosets. (B) The e�ects of NSD-1015 (25 mg kg71 i.p.)
or saline pretreatment on locomotor activity and disability scores induced by quinpirole (0.05 ± 0.3 mg kg71 i.p.) accumulated over
2 h (n=4) in MPTP-lesioned marmosets. The data are expressed as mean+s.e.mean *P50.05 vs saline pretreatment group.
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continuous climbing and attention focusing and transient
dyskinesias were observed.

Pretreatment with NSD-1015 markedly inhibited quinpir-

ole- (P50.05, Mann ±Whitney U, 0.05 ± 0.3 mg kg71) induced
locomotor activity compared to vehicle treated animals.
Similarly, NSD-1015 pretreatment prevented the reversal of
motor disability produced by quinpirole administration

(P50.05, Mann ±Whitney, U, Figure 4B).

E�ect of NSD-1015 on activity induced by A-86929 and
quinpirole administered in combination

Administration of A-86929 (0.03 or 0.08 mg kg71) in
combination with quinpirole (0.05 or 0.1 mg kg71) produced
a dose dependent increase in locomotor activity compared to

vehicle treated animals (P50.05, KW=9.8, d.f.=3, Figure
5A). An equivalent reversal of disability was observed
following both low dose and high dose combinations of A-
86929 and quinpirole to MPTP-lesioned marmosets (P50.05,

KW=7.4, d.f.=3, Figure 5A). Generally, behaviour was
purposeful and stereotypes were not observed. However, at
the higher doses of A-86929 and quinpirole in combination

mild dyskinesia occurred.
NSD-1015 pretreatment abolished the reversal of motor

disability produced by the low dose agonist combination

(P50.05, Mann ±Whitney U, Figure 5A). Locomotor counts
were markedly attenuated and disability scores were increased

in animals pretreated with NSD-1015 compared to vehicle
treated controls. However, NSD-1015 had very little e�ect on
the action of A-86929 and quinpirole administration in

combination at the higher dose (0.1 and 0.08 mg kg71

respectively). Locomotor counts were non-signi®cantly re-
duced compared to vehicle treated animals. Similarly, motor
disability was largely una�ected with only a small increase over

the observation period (Figure 5A).

E�ect of L-DOPA on activity induced by A-86929 and
quinpirole administered in combination

Following NSD-1015 pretreatment, the administration of A-

86929 (0.08 mg kg71) in combination with quinpirole
(0.1 mg kg71) produced an increase in locomotor activity and
improvement in behavioural disability, which lasted approxi-

mately 2 h. Pretreatment with L-DOPA (5 mg kg71) had very
little e�ect on locomotor activity (Figure 5B).

Comparison of the e�ects of NSD-1015 on locomotor
activity induced by dopaminergic therapies

The e�ects of NSD-1015 pretreatment on doses of D-1 and/or

D-2 agonists (A-86929 0.04 mg kg71, quinpirole 0.1 mg kg71,
A-86929 0.08 mg kg71 plus quinpirole 0.1 mg kg71 and L-
DOPA 5 mg kg71), which produced an equal, increase

locomotor activity and reversal of disability were compared.
NSD-1015 had little e�ect on motor behaviour induced by

Figure 5 (A) The e�ects of NSD-1015 (25 mg kg71 i.p.) or saline pretreatment on locomotor activity and disability scores induced
by A-86929 (0.04 ± 0.08 mg kg71 s.c.) co-administered with quinpirole (0.05 ± 0.1 mg kg71 i.p.) accumulated over 2 h (n=4) in
MPTP-lesioned marmosets. (B) The e�ects of a subthreshold dose of L-DOPA (5 mg kg71 s.c.) on locomotor activity and disability
scores induced by A-86929 (0.04 mg kg71 s.c.) and quinpirole (0.1 mg kg71 i.p.) following inhibition of AADC with NSD-1015
(25 mg kg71 i.p.) MPTP-lesioned marmosets. NSD-1015 was administered 60 min prior to L-DOPA, and 30 min later A86929 and
quinpirole were administered combination. Results are accumulated over 2 h (n=4). The data are expressed as mean+s.e.mean
*P50.05 vs saline pretreatment group.
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combinations of D-1 and D-2 agonists whilst severely
inhibiting activity produced by the agonists given alone or

motor activity produced by L-DOPA (P50.05, Mann ±
Whitney U, Figure 6).

Discussion

These studies suggest that L-DOPA itself does not contribute
to the motor actions produced by administration of this amino
acid and that, contrary to previous work, endogenous L-

DOPA does not function to modulate the e�ects of
postsynaptic dopamine receptor occupation (Nakamura et al.,
1994; Nakazoto & Akiyama, 1989). Rather, the suppression of
the actions of dopamine agonists following central AADC

inhibition supports a role for endogenous dopamine in
controlling motor activation.

Blockade of central AADC activity in MPTP-lesioned

marmosets increased the severity of established motor de®cits.
This presumably re¯ects a further reduction in the dopamine
content of remaining dopaminergic neurones in the caudate-

putamen in MPTP treated animals (Gnanalingham et al., 1995;
Ueki et al., 1989). Treatment of MPTP-treated primates, or
patients with Parkinson's disease with peripheral AADC

inhibitors, such as carbidopa or benserazide, had no e�ect on
motor behaviour (Butcher et al., 1972), whereas NSD-1015
clearly worsened motor de®cits. This shows that NSD-1015
must be having a central e�ect on motor behaviour. The

worsening of motor symptoms, which occurred following
central AADC inhibition, might have been due to an
accumulation of endogenous L-DOPA. However, this would

seem unlikely as a similar increase in motor de®cits was

observed following administration of the tyrosine hydroxylase
inhibitor, AMPT (Blanchet et al., 1993; Treseder et al., 1998).
Furthermore, these data clearly show that when exogenous L-

DOPA is administered following inhibition of central AADC
there is no further increase in motor de®cit, which would be
expected to occur if L-DOPA itself caused a worsening of
motor symptoms.

The reduction in motor activity following NSD-1015
pretreatment of MPTP-treated marmosets may also re¯ect a
reduction in dopamine content of areas outside the striatum.

For example, the mesolimbic and mesocortical dopaminergic
tracts, which are less a�ected following MPTP-treatment or in
idiopathic Parkinson's disease, may also contribute to the

genesis of motor activity (Bjorklund & Lindvall, 1984). These
forebrain structures are highly interconnected and the
dopamine pathways are seen to provide modulation of

widespread limbic- and cortical-striatal circuits involved in
motivated behaviour (Jones & Robbins, 1992; Wu et al., 1993;
Wu & Brudzynski 1995). The nucleus accumbens has a
primary role in the ventral striatal system and intraacumbens

injections of quinpirole alters movement initiation in rats
(Crescimanno et al., 1998). Importantly, while mesolimbic and
mesocortical dopaminergic pathways are relatively spared by

MPTP treatment, there is an initial transient but marked
reduction in mesolimbic dopamine content, the recovery from
which parallels an improvement in motor function (Rose et al.,

1989a,b). So the e�ect of NSD-1015 may be to signi®cantly
reduce the involvement of these areas by inhibiting dopamine
formation.

The administration of L-DOPA following pretreatment
with NSD-1015 resulted in an accumulation of L-DOPA in
plasma and a concomitant fall in the levels of dopamine and
DOPAC, indicating that AADC was e�ectively inhibited.

Furthermore, studies in rats have shown that AADC activity is
comparably inhibited both centrally and peripherally following
the administration of NSD-1015 (Treseder et al., 1999).

Central AADC inhibition abolished the reversal of motor
de®cits induced by administration of L-DOPA also indicating
e�ective enzyme inhibition. The elevation of plasma 3-OMD

levels produced by NSD-1015 in this study suggests that
increased amounts of L-DOPA were being metabolised
through the catechol-O-methyl transferase pathway (Kaakkola
et al., 1992; Rose et al., 1988; 1991).

The inhibition of L-DOPA-induced motor activity in
MPTP treated marmosets following central AADC blockade
does not support the concept that L-DOPA itself contributes

to motor behaviour. Rather it con®rms the classical view that
antiparkinsonian activity of L-DOPA is due to dopamine
formation and an action on dopamine D-1 and D-2 receptors

(Hornykiewicz, 1974; Lorenz et al., 1972).
The concept that D-1 and D-2 receptors interact with each

other is supported by morphological data displaying the

presence of synaptic contacts between the D-1-modulated
direct striatal out¯ow pathway and the D-2-modulated indirect
pathway (Yung et al., 1996). Indeed, very recently it has been
demonstrated that D-2 receptors can modulate the phosphor-

ylation of dopamine- and cyclic AMP-regulated phosphopro-
tein in rat striatal slices (Lindskog et al., 1999). In the present
study, both the selective D-1 receptor agonist A-86929

(Michaelides et al., 1995; Shiosaki et al., 1995) and the
selective D-2 receptor agonist quinpirole (Gomez-Mancilla &
Bedard, 1991; Loschmann et al., 1992; Vermeulen et al., 1994)

e�ectively reversed motor de®cits in MPTP-treated marmosets
as previously reported (Blanchet et al., 1993; Elliott et al.,
1992; Loschmann et al., 1991; 1992; Michaelides et al., 1995;
Shiosaki et al., 1995). These ®ndings con®rm that both D-1

Figure 6 The e�ects of NSD-1015 (25 mg kg71 i.p.) or saline
pretreatment on locomotor activity and disability scores induced by
A-86929 (0.04 mg kg71 s.c.), quinpirole (0.1 mg kg71 i.p.), A-86929
(0.08 mg kg71 s.c.) and quinpirole (0.1 mg kg71 i.p.), and L-DOPA
(5 mg kg71 s.c.) accumulated over 2 h (n=4) in MPTP-lesioned
marmosets. Doses were chosen to give comparable levels of
locomotor activity and disability scores. The data are expressed as
mean+s.e.mean *P50.05 vs saline pretreatment group.
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and D-2 agonists administration can produce an anti-
parkinsonian response in MPTP treated primates as occurs
in patients with Parkinson's disease (Bedard et al., 1997;

Grondin et al., 1997; Hagan et al., 1997; Jenner, 1995;
Kebabian et al., 1992; Loschmann et al., 1991; 1992; Rascol,
1996; Rascol et al., 1997; Shiosaki et al., 1995; Smith et al.,
1992). However, the e�ects of A-86929 or quinpirole were

abolished by central AADC inhibition. The inhibition of
quinpirole-induced motor activity produced by NSD-1015 in
this study contrasts with work carried out in normal rats where

the activity of quinpirole was enhanced by AADC inhibition
(Yue et al., 1994). The reason for this con¯icting result is
unclear.

The inhibition of D-1 or D-2-mediated motor behaviour
resulting from central AADC blockade in MPTP-lesioned
marmosets is, most likely, due to the reduction in endogenous

dopaminergic tone which normally provides stimulation at
both D-1 and D-2 receptors. This is in agreement with our
previous ®ndings (Treseder et al., 1998) and with those of
Blanchet et al. (1993) where D-1 or D-2 induced motor

behaviour was markedly inhibited by AMPT in MPTP treated
primates. Whereas when D-1 and D-2 agonists were
coadministered, or the mixed D-1/D-2 agonist apomorphine

was administered, the reduction in the reversal of motor de®cit
produced by AMPT was only mild (Blanchet et al., 1993;
Treseder et al., in preparation). In addition, behavioural

studies in normal and 6OHDA lesioned rats have shown that
AMPT severely inhibited locomotor activity induced by
selective D-2 agonists, whilst activity of the D-1/D-2 agonist

pergolide was much more resistant to the e�ects of AMPT
(Dziewczapolski et al., 1997; Gershanik et al., 1983; Robertson
& Robertson, 1987). Similarly, our results clearly show that
when D-1 and D-2 agonists are co-administered, at doses,

which produce comparable anti-Parkinsonian activity to the
selective agonists alone, their activity is resistant to the
inhibitory e�ects of central AADC inhibition.

The importance of dual D-1 and D-2 receptor stimulation in
the genesis of motor activity in MPTP lesioned monkeys is
further supported by data from studies using selective

dopamine antagonists where simultaneous administration of
the selective D-1 antagonist SCH23390 with quinpirole
decreased the anti-Parkinsonian e�ect of the dopamine agonist

(Akai et al., 1995; Elliott et al., 1992) indicating that linkage
exists between D-1 and D-2 receptors. In this study, the
increase in locomotor activity and reversal of motor disability

occurring after the low dose combination of A-86929 and
quinpirole were abolished by central AADC inhibition, while
the reversal of motor de®cit induced by the high dose agonist
combination was una�ected. This may indicate that a critical

level of stimulation is required at both D-1 and D-2 receptors
for the reversal of motor de®cits to occur.

Other neurotransmitter systems may also be involved in the

reduction in D-1 or D-2 agonist- or L-DOPA-induced motor
activity, which occurred following NSD-1015 treatment.
Although dopamine is involved directly in the genesis of

motor activity, the noradrenergic system is believed to act
synergistically in the facilitation and modi®cation of this
behaviour. For example, studies in dopamine-depleted rodents

have shown that by directly inhibiting noradrenaline synthesis,
the activity of L-DOPA is attenuated (Dolphin et al., 1975)
indicating that the noradrenaline, which is synthesized from L-
DOPA, also plays a role in motor behaviours. Indeed, other

studies in MPTP treated primates have shown that treatment
with either the a-2 autoreceptor agonist clonidine, or with the
b-blocker propranolol result in a reduction in the anti-

Parkinsonian activity of L-DOPA (Gomez-Mancilla &
Bedard, 1993) indicating that a link exists between the
reduction in noradrenergic stimulation and a decrease in

motor activity. The fact that the motor activity produced by
direct D-1 or D-2 receptor stimulation in MPTP treated
marmosets was reduced by central AADC inhibition may

therefore be due to a depressed activity in the noradrenergic
system. However, a fall in noradrenaline synthesis would not
explain the resistance of the actions of D-1 and D-2 agonists,
when administered in combination, to the e�ects of NSD-1015.

Thus, contrary to reports, L-DOPA itself does not appear
to have a neuromodulatory role in motor function. Rather
these data strengthen the argument for the importance of

endogenous dopamine tone in the actions of D-1 and D-2
agonists.

This study was supported by grants for the Parkinson's Disease
Society and the National Parkinson Foundation, Miami.
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