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Behavioral and psychiatric problems are common in
advanced idiopathic Parkinson’s disease (PD)1,2. These
symptoms include psychotic problems consisting of illusions,
well-formed visual hallucinations, paranoid delusions and
hypomania3. In addition, a range of maladaptive, repetitive,
reward- or motivation-based behaviors are increasingly
recognised in patients with PD, following treatment with
dopamine-replacement therapy4. These symptoms include a
range of impulse control disorders including drug addiction,

ABSTRACT: Objectives: Neuropsychiatric symptoms are increasingly recognised as a significant problem in patients with Parkinson's
disease (PD). These symptoms may be due to 'sensitisation' following repeated levodopa treatment or a direct effect of dopamine on the
disease state. The levodopa-treated MPTP-lesioned marmoset was used as a model of neuropsychiatric symptoms in PD patients. Here
we compare the time course of levodopa-induced motor fluctuations and neuropsychiatric-like behaviors to determine the relationship
between duration of treatment and onset of symptoms. Methods: Marmosets were administered 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (2.0 mg/kg s.c.) for five days, resulting in stable parkinsonism. Levodopa (15 mg/kg and benserazide, 3.75 mg/kg)
p.o. b.i.d. was administered for 30 days. Animals were evaluated for parkinsonian disability, dyskinesia and on-time (motor fluctuations)
and neuropsychiatric-like behaviors on Day 0 (prior to levodopa) and on Days 1, 7, 13, 27 and 30 of treatment using post hoc DVD
analysis by a trained rater, blind to the treatment day. Results: The neuropsychiatric-like behavior rating scale demonstrated high inter-
rater reliability between three trained raters of differing professional backgrounds. As anticipated, animals exhibited a progressive
increase in levodopa-induced motor fluctuations, dyskinesia and wearing-off, that correlated with the duration of levodopa therapy. In
contrast, levodopa-induced neuropsychiatric-like behaviors were present on Day 1 of levodopa treatment and their severity did not
correlate with duration of treatment. Conclusions: The data suggest that neuropsychiatric disorders in PD are more likely an interaction
between levodopa and the disease state than a consequence of sensitisation to repeated dopaminergic therapy.

RÉSUMÉ: Comportements neuropsychiatriques dans le modèle de la maladie de Parkinson induite par le MPTP chez le ouistiti. Objectifs : Il
est de plus en plus accepté que les symptômes neuropsychiatriques constituent un problème important chez les patients atteints de la maladie de
Parkinson (MP). Ces symptômes pourraient être dus à une « sensibilisation » suite au traitement par la lévodopa ou à un effet direct de la dopamine sur
la maladie. Le ouistiti, qui a subi une lésion par la MPTP et qui a été traité par la lévodopa, a été utilisé comme modèle des symptômes
neuropsychiatriques observés chez les patients atteints de la MP. Nous avons comparé l’évolution dans le temps des fluctuations motrices induites par
la lévodopa et des comportements d’aspect neuropsychiatrique pour déterminer la relation entre la durée du traitement et le début des symptômes.
Méthodes : De la 1-méthyl-4-phényl-1,2,3,6-tétrahydropyridine (2,0 mg/kg s.c.) a été administrée à des ouistitis pendant cinq jours pour induire un
parkinsonisme stable. De la lévodopa (15 mg/kg) et du bensérazide (3,75 mg/kg) ont été administrés p.o. bid pendant 30 jours. Nous avons évalué
l’invalidité parkinsonienne chez les animaux, les dyskinésies et les fluctuations motrices et les comportements d’aspect neuropsychiatrique au jour 0
(avant l’administration de lévodopa) et aux jours 1, 7, 13, 27 et 30 du traitement au moyen de l’analyse post hoc de DVD par un évaluateur entraîné,
en aveugle quant au jour de traitement. Résultats : L’échelle d’évaluation des comportements d’aspect neuropsychiatrique a démontré une grande
fiabilité inter-évaluateur entre trois évaluateurs entraînés possédant une formation professionnelle différente. Tel que prévu, les animaux présentaient
une augmentation progressive des fluctuations motrices induites par la lévodopa, des dyskinésie et de l’épuisement de l’effet en fin de dose qui étaient
corrélés à la durée du traitement par la lévodopa. Par contre, les comportements d’aspect neuropsychiatrique étaient présents le premier jour du
traitement par la lévodopa et leur sévérité n’était pas corrélée à la durée du traitement. Conclusions : Selon nos données, les troubles
neuropsychiatriques dans la MP sont vraisemblablement dus à une interaction entre la lévodopa et la maladie et ne sont pas une conséquence de la
sensibilisation à l’administration répétée de lévodopa.
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pathological gambling, excessive eating, shopping and
hypersexuality5-8. Patients may also develop repetitive,
purposeless, stereotypical behaviors where they undertake
various motor activities ranging from excessive time spent in
tasks including sorting, tidying, tinkering, that has been termed
hobbyism or punding9,10. Many of these symptoms will co-exist9.
All these behaviors are associated with dopamine replacement
and may respond to a reduction in dopaminergic medications11,12.
Other symptoms such as hallucinations, often continue despite a
reduction in dopaminergic medication suggesting that they may
have non-dopaminergic etiology13.
However, the relative contribution of medication per se and

disease processes in all these neuropsychiatric problems remains
unknown due to multiple confounding factors in clinical studies.
Thus, it remains unknown if such behaviors occur as a result of
sensitisation to repeated dopaminergic stimulation or are an
effect of underlying disease state. In contrast, the development of
motor fluctuations in PD, which include reduced duration of
action of levodopa called wearing-off, and involuntary
movements, dyskinesia, are a well known consequence of
repeated levodopa therapy over time14,15.
Until recently, there has been no validated preclinical means

of investigating the pathophysiology of neuropsychiatric
symptoms and the role of dopaminergic drugs in this regard, in
PD. We have recently described an animal model of what we
termed ‘psychosis-like’ behaviors in PD in 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-lesioned marmosets, that
have received prior long-term treatment with levodopa16,17.
These animals experience a pattern of abnormal behaviors
consisting of increased speed and persistence of movement
above that seen in a normal animal, hyperkinesia; repetitive
grooming (which we suggested as plausible expression of
compulsive behavior); staring or tracking non-apparent stimuli
(which might represent hallucinatory-like behavior), and a range
of stereotypies (e.g. pacing, repetitive side-to side jumping and
running in circles), that are idiosyncratic and reproducible each
time an animal receives levodopa. These behaviors are similar to
“psychotic” behaviors previously reported in normal marmosets
and macaques in response to stimulants18,19. Furthermore, these
behaviors are distinct from levodopa-induced dyskinesia which
include chorea, (random, flowing limb movements) and
dystonia, (more sustained limb and trunk postures)16. We have
undertaken pharmacological validation of these behaviors in the
MPTP-lesioned marmoset model using agents known to
decrease or increase neuropsychiatric symptoms in PD patients.
Thus, the atypical antipsychotics, clozapine and quetiapine
reduced behaviors without affecting parkinsonian disability,
whereas haloperidol caused marked worsening of parkinsonian
disability; amantadine reduced dyskinesia but increased
hallucinatory-like behaviors. Thus the pattern of change in
psychotomimetic behaviors demonstrated that the MPTP-
lesioned marmoset model has predictive validity as a model of
the neuropsychiatric symptoms in PD patients16.
To address the issue of the relationship between duration of

levodopa treatment and development of neuropsychiatric
symptoms, we evaluated the time course of development of
abnormal behaviors in previously untreated MPTP-lesioned
monkeys, after initiating, de novo, a regime of 30 days treatment
with levodopa (the duration of treatment typically required to

induce stable levodopa-induced dyskinesia in the MPTP-
lesioned marmoset, as previously described20,21.

METHODS
Marmosets (Callithrix jacchus), N = 14 (all female, weight

350-444 g), (Harlan, USA) were used in this study.Animals were
housed in groups of 2-3 and used in accordance with approved
local institution protocol (UHN 02/053) and the regulations
defined by the Canadian Council on Animal Care. Animals are
identified by non-toxic, color-coded dye on the hair of the
external ear. The animals were kept in controlled housing
conditions, with constant temperature (25ºC), relative humidity
(50%) and 12 h light/dark cycle (08.00 lights on). The animals
had free access to food, fresh fruit supplements and water. The
housing environment was enriched with auditory and tactile
stimuli. Animals were acclimatized to handling and placed into
the study observation cages (0.8 m x 0.8 m x 0.7 m) with a
branch, a dish of fruit and a water bottle, for two hours every one
to two days over a two week period. The observation cages were
located in a separate room from the home cages. The marmosets
were placed singly into the observation cages; they were unable
to see each other but could hear each other.
Seven animals were administered MPTP hydrochloride (2.0

mg/kg s.c. for five consecutive days) (Sigma, USA). This
treatment results in a stable parkinsonian syndrome,
characterised by bradykinesia, hunched posture and a reduced
range of movement, as previously described22,21. Following
MPTP administration, the animals were allowed to recover for
12 weeks to allow parkinsonian symptoms to stabilise. Animals
were then treated with levodopa as Prolopa® p.o. via gavage
(equivalent to 15 mg/kg levodopa and 3.75 mg/kg benserazide
dissolved in fruit juice) (Hoffman-La Roche, Canada) twice-
daily with levodopa for 30 days. This dose has been used
previously in the MPTP-marmoset to reverse parkinsonism and
induce dyskinesia16. On Day 0 (before start of levodopa
treatment) and on Days 1, 7, 13, 27 and 30 of the levodopa
treatment course, animals’ behavior was assessed following the
morning dosing of levodopa. On each of these test days, animals
had no morning feed to ensure no interference with absorption of
oral levodopa and were fed following completion of the
behavioral testing. In all cases, animals were administered
levodopa, immediately placed singly into the observation cages
and behavior recorded for a period of four hours, using a digital
video camera connected to a DVD recorder for post-hoc
analysis. Animals were left undisturbed during this period.
The remaining seven animals were used to assess the

behavioral effects of a single dose of levodopa in non
parkinsonian, normal animals. Each animal received a single
dose of levodopa as Prolopa® p.o. (equivalent to 15 mg/kg
levodopa and 3.75 mg/kg benserazide), administered by gavage.
This is a standard dose of levodopa used in the non-human
primate to ensure full reversal of parkinsonian disability.
Commencing immediately after levodopa administration,
animals were placed into the cage and behavior recorded as
described above.
A trained observer, blind to the day of levodopa treatment,

scored behaviors in ten minute time intervals using DVD
recordings for four hours; the ‘peak dose’, 40 – 120 minutes post
levodopa, (the time of maximal reversal of parkinsonian
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disability) was also calculated. Assessments were made to
determine:
a) The effect of levodopa on reversal of parkinsonian motor

disability using a standard rating scale16,21 that is a composite
score of range of movement, bradykinesia, posture, and
attention; the higher the score, the greater the disability
(maximum score/10 mins = 36).
b) The motor complications of long-term levodopa i.e.

dyskinesia (chorea and dystonia) and wearing-off (reduced
duration of action or ‘on-time’ of levodopa dose). Levodopa-
induced dyskinesia disability was scored using a rating scale
from 0 = absent, 1 = mild to 4 = severe, (score 0 – 4). Chorea and
dystonia were rated separately and added to give a total
dyskinesia score, (maximum score/ 10 min = 8). The duration of
action of levodopa in alleviating parkinsonian disability (i.e. ‘on
time’) was defined as the time during which animals had a
bradykinesia score of zero and was expressed in minutes.
c) Neuropsychiatric-like behaviors were rated during the

same time periods, using a revised MPTP-lesioned marmoset
neuropsychiatric behavior rating scale (adapted from16 (Table 1).
Four categories of behavior (hyperkinesia; repetitive grooming;
response to non-apparent stimuli and stereotypies were rated
separately using a 5 point disability rating scale, for the same ten
minute time period in which parkinsonian disability and
dyskinesia were rated to allow comparison between these
ratings. Scores were cumulated for each time period to give a
total neuropsychiatric-like behavior score (maximum total score
/10 min = 16). Reliability of the scale was assessed using three
trained raters (SF, GR, PH); each evaluated the animals on 1 test
day, over the peak dose period, blind to treatment day.

Statistical analysis
Data for parkinsonian disability, dyskinesia and

neuropsychiatric-like behaviors for the time points representing
peak effect (40 - 120 min post levodopa) were expressed as
median peak dose score (+ range) and analysed using non-
parametric, one way analysis of variance (ANOVA), (Friedman)
and post hoc analysis using Dunn’s Multiple Comparison Test.
The behavioral effects of levodopa in normal animals, compared
to MPTP-treated animals (levodopa dosing on Day 1) were
analysed using Mann Whitney U test. For duration of on-time
analysis, data were expressed as mean (+ s.e.m.) and analysed
using a parametric repeated measures ANOVA followed by
Bonferroni’s Multiple Comparison Test. Linear regression was
performed to investigate the relationship between dyskinesia,
total neuropsychiatric-like behaviors, subtypes of
neuropsychiatric-like behaviors and duration of levodopa
treatment. Spearman’s correlation analysis was performed on
scores from the three separate raters. Significance was set at P <
0.05 in all cases. Analyses were conducted with GraphPad
Prism® (version 4.0).

RESULTS
Levodopa-induced reversal of parkinsonian disability
Levodopa treatment had a significant effect on peak dose

parkinsonian disability (Friedman test FS = 16.40(5,36), P < 0.01,n = 7). Peak dose parkinsonian disability was significantly
reversed on the first day of treatment, Day 1, compared to Day 0,
and with repeated daily levodopa, there was a sustained
improvement in peak dose parkinsonian disability following
levodopa therapy, on Days 7, 13, 27 and 30; although the change

Figure 1: A) Effect of daily levodopa therapy on peak dose parkinsonian disability in the MPTP-lesioned marmoset. Data represent individual
animals, bar is median score of accumulated parkinsonian disability scores at peak dose, *P < 0.05, **P < 0.01 compared to Day 0. B) Effect of
daily levodopa therapy on duration of ‘on-time’, in the MPTP-lesioned marmoset. Data represent mean (+ s.e.m.) mins of reversal of parkinsonian
disability scores post levodopa, *** P < 0.001, compared to Day 0; #P < 0.05, ##P < 0.01 compared to Day 1.
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was significant compared to Day 0 only on Days 27 and 30
(Dunn’s multiple comparison tests, P < 0.05, P < 0.01, n = 7
respectively) (Figure 1A). There was no significant difference
between peak dose parkinsonian disability on Days 1, 7, 13, 27
and 30.

Duration of action of levodopa
Daily levodopa treatment resulted in a progressive reduction

in duration of action of levodopa, ie wearing-off (Repeated
Measures ANOVA, followed by Bonferroni’s Multiple
Comparison test FS = 43.685,36, P < 0.001, n = 7) (Figure 1B).On Day 1, levodopa reversed parkinsonian disability for mean (+
s.e.m.) 190 (+ 11.3) minutes (min) compared to only 134.4 (+

14.21) min on Day 13 and 134.3 (+ 12.1) min on day 30 of
levodopa therapy ( P < 0.001, n = 7, compared to Day 1, for both
days) (Figure 1B).

Levodopa-induced dyskinesia
Levodopa treatment had a significant effect on peak dose

dyskinesia (Friedman test, FS = 21.315,36, P < 0.001, n = 7)(Figure 2A). Dyskinesia was present on the first day of levodopa
therapy (Day 1) in six out of seven animals, but only at a low and
non-significant level. The dyskinesia present on D ay 1 was
choreic in all animals (Figure 2B). Repeated daily treatment with
levodopa resulted in an increase in dyskinesia compared to Day
0 (Dunn’s multiple comparison tests, P < 0.05, P < 0.01, P < 0.01
respectively) (Figure 2A). Peak dose dyskinesia on Days 7, 13,

Category of behavior Level of disability

1. Hyperkinesia

Locomotor activity consisting of running, jumping or climbing, that is 

faster than normal and/or inability of animal to remain in one position 

for >5 secs without exhibiting locomotion. 

0 = Normal. Normal speed and/or able to remain in one position for  > 5 

secs.

1 = Mild. Present < 30% of time and animal is still able to eat, drink and 

perform normal activity.

2 = Moderate. Present > 30% of time and animal is still able to eat, drink 

and perform normal activity. 

3 = Marked. Present < 30% of time; animal is unable to eat, drink and 

perform normal activity. 

4 = Severe. Present > 30% of time and animal is unable to eat, drink and 

perform normal activity.

2. Response to non-apparent stimuli -

Tracking behavior: head movements following non-apparent stimuli (> 

10 seconds/min) and/or 

Staring behavior: head still, looking in one direction at non-apparent 

stimulus for extended period (> 10 seconds/min)

0 = Normal. No responses to non-apparent stimuli. 

1 = Mild. Present < 30% of time and animal is still able to eat, drink and 

perform normal activity. 

2 = Moderate. Present > 30% of time and animal is still able to eat, drink 

and perform normal activity.

3 = Marked. Present < 30% of time; animal is unable to eat, drink and 

perform normal activity.  

4 = Severe. Present > 30% of time and animal is unable to eat, drink and 

perform normal activity.

(Instructions; give one score only; if more than one type of  response to non-

apparent stimuli, record score for most disabling).

3. Repetitive grooming

Grooming or scratching repetitively (>5 times /min)

0 = Normal. Scratches/grooming < 5 times/min.

1 = Mild. Present < 30% of time and animal is still able to eat, drink and 

perform normal activity.  

2 = Moderate. Present > 30% of time and animal is still able to eat, drink 

and perform normal activity. 

3 = Marked. Present < 30% of time; animal is unable to eat, drink and 

perform normal activity.

4 = Severe. Present > 30% of time and animal is unable to eat, drink and 

perform normal activity.

4. Stereotypies

a) Side-to-side repetitive whole body jumping movements on floor of 

cage (>2 times/min)

b) Head checking movements that are repetitive, quick, side-to-side, 

exaggerated large amplitude, often with associated body movements (> 

3 times/min)

c) Circling behavior – whole body turning in circles on floor or cage (> 

2 times/min)

d) Fiddling with and/or repetitively grasping at cage bars with forearms 

(>2 times/min)

0 = Normal. No stereotypies present.

1 = Mild. Present < 30% of time and animal is still able to eat, drink and 

perform normal movement in between.

2 = Moderate. Present > 30% of time and animal is still able to eat, drink

and perform normal movement in between.

3 = Marked. Present < 30% of time; animal is unable to eat, drink and 

perform normal movements in between. 

4 = Severe. Present > 30% of time and animal is unable to eat, drink and 

perform normal movement in between.

(Instructions; give one score only; if more than one type of  stereotypy, 

record score for most disabling).

Table 1: MPTP-lesioned marmoset neuropsychiatric-like behavior rating scale
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27 and 30 consisted of a mixture of chorea and dystonia in all
animals (Figure 2B, 2C). Peak dose chorea was significantly
increased on Day 30 compared to Day 0 (Friedman test followed
by Dunn’s multiple comparison tests, F = 14.00(5,36), P < 0.05)(Figure 2B). There was no significant difference in peak dose
dystonia between treatment days (Figure 2C). Linear regression
analysis showed a significant positive association between peak
dose dyskinesia and days of levodopa treatment (r2 = 0.2545,
F = 5.461(1,16), P < 0.05).

Levodopa-induced neuropsychiatric-like behaviors
There was correlation between three independent raters on

total and subscores of the neuropsychiatric-like behavior rating

scale (Table 2). Levodopa therapy had a significant effect on
total peak dose neuropsychiatric-like behavior (Friedman test,
FS = 18.48(5,36), P < 0.01, n = 7) (Figure 3). Neuropsychiatric-likebehaviors were absent on Day 0 in all animals and present on the
first day of levodopa therapy in six out of seven animals (Dunn’s
multiple comparison tests, P < 0.01) (Figure 3). With repeated
levodopa treatment, neuropsychiatric-like behaviors were
present in all animals, on all days and there was no significant
difference between treatment Day 1 compared to Days 7, 13, 27
and 30 (Dunn’s multiple comparison test, all P > 0.05) (Figure 3).
Peak dose score on Days 1 and 30 was significantly greater than
on Day 0 (Dunn’s multiple comparison tests, P < 0.01). Linear
regression demonstrated no significant correlation between

Figure 2: Effect of daily levodopa therapy on peak dose dyskinesia in the MPTP-lesioned marmoset. Figure A shows total peak dose dyskinesia,
data represent individual animals, bar is median score of accumulated dyskinesia scores at peak dose * P < 0.05, **P < 0.01 compared to Day
0. Figure B shows chorea and Figure C dystonia on each treatment day, *P < 0.05, for chorea scores compared to Day 0.
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neuropsychiatric-like behavior and duration of levodopa
treatment (r2 = 0.006, F = 0.0911(1, 16), P > 0.05).The neuropsychiatric-like behavior on Day 1 was
predominantly due to hyperkinesia and repetitive grooming.
Levodopa treatment has a significant effect on hyperkinesia
(Friedman test, FS = 19.21(5,36), P <0.01, n = 7) (Figure 4A); thehighest scores were on Day 1; median 3 (range 0 – 4), but there
was no significant difference compared to Day 0 or any other
treatment day (Dunn’s multiple comparison test, P > 0.05, for all
days). Repetitive grooming was present in five animals on Day 1
but only two animals on Day 30 and there was no significant
difference between treatment days (Friedman test, followed by
Dunn’s Multiple Comparison Test, P > 0.05) (Figure 4B).
Levodopa therapy had a significant effect on responses to non-
apparent stimuli (Friedman test, F = 14.45(5,36), P < 0.05, n = 7).The highest score for response to non-apparent stimuli were seen

on Days 13, 27 and 30 (Dunn’s Multiple Comparison test , P <
0.05, Day 0 compared to Day 13 and Day 30) (Figure 4C).

There was a significant effect of
levodopa therapy on development of these behaviors (Friedman
test F = 12.05(5,36), P < 0.05, n = 7) (Figure 4D). Stereotypieswere present on Day 1 in six out of seven animals and following
repeated treatment with levodopa, median stereotypy scores
were stable, with no significant difference between treatment
days (Dunn’s multiple comparison test, all comparisons P <
0.05). Stereotypies, where present, remained animal specific.
Using linear regression analysis, there was no significant
association between any peak dose behavior sub-score and
duration of levodopa treatment (P > 0.05 for all subtypes of
neuropsychiatric-like behaviors)
In contrast to MPTP-lesioned animals, following a single

dose of levodopa, normal (non–parkinsonian) marmosets
animals exhibited a normal range of movement, with no effect on
bradykinesia, attention or posture; median peak dose range of
movement subscores 0 (range 0 – 3) (n = 7). There was no
levodopa-induced dyskinesia. Two out of seven animals
exhibited mild hyperkinetic running around the cage, however
no other neuropsychiatric-like behaviors were present. Median
peak dose neuropsychiatric-like behavior in normal animals was
0 (range 0 – 1) compared to 13 (range 0 – 14) in MPTP-lesioned
animals (Day 1) (P < 0.05, Wilcoxon signed rank test, n = 7).

DISCUSSION
Daily levodopa therapy in previously drug-naïve, MPTP-

lesioned primates resulted in the progressive development of
dyskinesia and wearing-off, consistent with previous reports20.
Animals also exhibited neuropsychiatric-like behaviors, present
from the first day of treatment and without any significant
association with duration of levodopa therapy. The patho-
physiology underlying development of motor fluctuations and
neuropsychiatric symptoms in PD may be different.

Methodological issues
The MPTP-lesioned marmoset model of PD clearly cannot

model the subjective nature of many neuropsychiatric symptoms
such as agitation, obsessive or delusional thoughts. However, the
abnormal levodopa-induced complex behaviors may represent a

* P < 0.05, ** P < 0.01, *** P < 0.0001

Rater 

comparison

Total score Hyperkinesia 

subscores

Repetitive grooming 

subscores

Response to non-apparent 

stimuli subscores

Stereotypies 

subscores

Rater 1 vs 

Rater 2

0.972 *** 0.885* 0.78* 0.933** 0.889*

Rater 1 vs 

Rater 3

0.937 *** 0.795* 0.97*** 0.913** 0.843*

Rater 2 vs 

Rater 3

0.964 *** 0.770* 0.78* 0.914** 0.769*

Table 2: Inter-rater reliability (Spearman correlation coefficients) of neuropsychiatric-like
behavior rating scale

Figure 3: Effect of daily levodopa therapy on peak dose
neuropsychiatric-like behavior in the MPTP-lesioned marmoset. Data
represent individual animals (numbered 1 – 7); bar is median score of
accumulated neuropsychiatric-like behavior scores at peak dose, **P <
0.01, compared to Day 0.
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motor equivalent expression of neuropsychiatric symptoms in
these animals. We thus propose that the behaviors such as
repetitive grooming and responses to non-apparent stimuli may
be an expression of compulsive or hallucinatory like symptoms,
respectively. To date, no preclinical models of neuropsychiatric
behaviors in PD exist to allow investigation of such problems
and we propose that this model may be one step towards this.
Indeed, the ability of potential new drugs to reverse parkinsonian
disability or reduce dyskinesia may be compromised by
neuropsychiatric symptoms that do not become apparent until
clinical studies; as such the preclinical MPTP-primate model is a
useful way of screening for such potential complications. Thus
an ideal drug would improve MPTP-induced parkinsonian

disability to levels of activity seen in a normal animal, not the
abnormal psychotomimetic levels seen with levodopa.
Here we demonstrate that the scale employed to assess

neuropsychiatric-like behaviors is sensitive to drug-induced
changes and after training shows high levels of inter-rater
reproducibility, even if raters have different professional
backgrounds. While this scale can be used to assess severity and
intensity of neuropsychiatric-like behaviors, we appreciate that it
assesses only a subset of all behaviors and especially in primate
models of PD, should be incorporated into a battery of non-
parametric assessments such as parkinsonism and dyskinesia. An
understanding of this broad range of behaviors may be necessary
to explain behavior assessed by additional parametric measures

Figure 4: Effect of daily levodopa therapy on subtypes of neuropsychiatric-like behavior in the MPTP-lesioned marmoset. Data represent
individual animals (numbered 1 -7), bar is median score of accumulated neuropsychiatric-like behavior subscores at peak dose *P < 0.05,
compared to Day 0.
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such as total activity counts using infrared counters, which
would affect all behaviors combined.
The dose of levodopa is high in comparison to doses used in

PD patients on a mg per kg basis, however this is to give
comparable blood levels of levodopa due to different rates of
metabolism of levodopa between primates and humans. Thus the
high doses employed are standard in primate studies to ensure
full reversal of parkinsonian disability20.

Time course of the development of levodopa-induced motor
fluctuations
Six out of the seven animals exhibited dyskinesia on the first

dose of levodopa, although at a much lower level than following
the 30 day levodopa treatment period. This early and rapid
development of levodopa-induced dyskinesia is likely due to the
severe (> 90%) loss of striatal dopamine following MPTP.
Dyskinesia was not apparent in normal animals following a
single dose of levodopa. With repeated daily treatment, animals
developed a progressive increase in severity of peak dose
levodopa-induced dyskinesia as we, and others, have previously
shown20,23. This coincided with a progressive shortening of the
duration of reversal of parkinsonism i.e. wearing-off. This
development of both dyskinesia and wearing-off is due to
repeated levodopa therapy as, once established, there is no
further progression of parkinsonian disability in the MPTP-
lesioned primate.

Time course of the development of levodopa-induced
neuropsychiatric-like behaviors
In contrast to the progressive development of levodopa-

induced dyskinesia and wearing-off with repeated treatment,
neuropsychiatric-like behaviors were present on the first day of
treatment and were not correlated with the duration of levodopa
treatment. Overall, the early emergence of neuropsychiatric-like
behaviors may result from levodopa therapy per se combined
with the underlying pathology of MPTP-induced parkinsonism.
This is also suggested by the finding that in normal, non
parkinsonian, marmosets, following a single dose of levodopa
the level of neuropsychiatric-like behavior was very low
compared to that seen in parkinsonian monkeys on first
administration, and was not characterised by any stereotypies,
repetitive grooming or response to non-apparent stimuli
behaviors.
The abnormal behaviors observed in the MPTP-lesioned

primate may encompass a range of neuropsychiatric problems
seem in PD patients, which probably have different
pathophysiology, although all are probably related to use of
dopaminergic drugs (as none are seen in untreated animals)
combined with the underlying pathology of nigrostriatal
dopamine loss. Hyperkinesia was most marked on Day 1 and
comprised fast, driven, repetitive running and jumping around
the cage. The finding that hyperkinesia is at the highest level on
Day 1 and does not increase with repeated levodopa therapy,
demonstrates that this behavior is separate from dyskinesia.
Likewise, the “compulsive” repetitive grooming was also highest
on Day 1 compared to subsequent treatment days. Excessive
grooming and scratching is unlikely to be simply a reaction to the
drug administration as levodopa was given orally. The apparent
(but non-significant) higher levels of hyperkinesias and

grooming on Day 1 compared to subsequent Days 7, 13 and 27
may also suggest that some of these behaviors are due to anxiety
(i.e. fear due to a new environment), although all animals were
acclimatised to the cages and handling.
In contrast, stereotypies and the “hallucinatory-like”,

responses to non-apparent stimuli, were present throughout the
levodopa treatment period. Stereotypies remained stable
throughout the treatment period, although without any
significant association with duration of levodopa treatment,
suggesting an effect of the underlying pathology, as none were
seen in normal animals. Stereotypies are the most common
neuropsychiatric behavior seen in MPTP-lesioned marmosets
and are clearly distinct from dyskinesia in that the behavior is a
complex, whole body activity e.g. running round in circles in
contrast to involuntary movement of the limbs and trunk in
dyskinesia. In contrast, the hallucinatory-like behaviors did
appear to increase over treatment with higher levels on Days 13
and 30, suggesting a possible effect of levodopa priming on this
subtype of behavior.

Behavioral sensitisation
In the psychiatry literature, the concept of repetitive treatment

with dopaminergic drugs or psychostimulants inducing an
increase in behaviors particularly stereotypies, but also psychotic
behavior including hallucinatory-like behavior, over time is
termed ‘behavioral sensitisation’24,25. However, this is essentially
the same concept as repeated levodopa treatment inducing motor
fluctuations in PD patients which has been termed ‘priming’ in
the neurology literature26. The mechanisms underlying both
behavioral sensitisation and priming probably involve plasticity
in basal ganglia circuits, involving the dopaminergic inputs to
the striatum, resulting in procedural or habit learning27-29. Thus,
stereotypies seen in non-parkinsonian animals and people
following repeated treatment with amphetamine or cocaine are
thought due to an effect of dopamine stimulation within the
ventral striatum/nucleus accumbens30,31. Of interest, a recent
study in PD patients with dopamine dysregulation syndrome, a
probable correlate of some of the behaviors observed here,
demonstrated enhanced levodopa-induced ventral striatal
dopamine release that related to heightened psychomotor
activation, suggesting sensitisation of ventral striatum32. In both
behavioral sensitisation and the development of motor
complications, there is increased glutamate transmission, both
NMDA and AMPA receptor-mediated within the striatum33-35, as
well as evidence of enhanced transmission in opioid (dynorphin)
neurons in both36-38.
However, despite the above mentioned similarities, the basal

ganglia circuitry involved in the processes of development of
levodopa-induced motor complications and behavioral
sensitisation are probably different, thus accounting for the
difference in development of these behaviors following chronic
levodopa therapy. The pathways involved in dyskinesia involve
the substantia nigra pars compacta projections to the motor
striatum including lateral putamen, the subthalamic nucleus and
internal globus pallidus, the ‘motor circuit’39,40. The circuits
involving ventral tegmental area projections to ventral striatum,
including nucleus accumbens, ventral pallidum and prefrontal
cortex are probably involved in behavioral sensitisation; termed
the ‘motive circuit’33,41.
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This topographical arrangement may account for the finding
that repeated levodopa therapy was significantly associated with
the development of dyskinesia but not neuropsychiatric-like
behaviour in the MPTP-lesioned primate. In parkinsonism, the
underlying loss of nigrostriatal dopamine permits or supports,
the induction of some neuropsychiatric-like behaviors following
the first exposure to levodopa, because they involve circuitry that
are already in a state similar to behavioral sensitisation in normal
animals. Thus neuropsychiatric-like behaviors may occur on
initial treatment because of the presence of changes in dopamine
receptor sensitivity or other non dopaminergic systems, as a
consequence of the nigrostriatal lesion per se42. In conclusion,
the data suggest that neuropsychiatric disorders in PD are more
likely an interaction between dopaminergic drugs and the disease
state, than a consequence of sensitisation to repetitive treatment,
in contrast to the development of motor fluctuations. Thus
identifying PD patients at risk of developing these disorders is
essential as symptoms present early in the treatment period and
are not due to chronic dopaminergic therapy.
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