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L-DOPA is the gold standard for treatment of Parkinson's disease (PD). However, the drug produces some serious
side effects, including dyskinesia, which is characterized by repetitive involuntarymovements—including chorea.
In the present preclinical study using a nonhuman primatemodel, dyskinesia caused by repeated L-DOPA admin-
istration was investigated in the context of behavioral sensitization by objectively quantifying motor activity in
the commonmarmoset of PDmodel (the Parkinsonianmarmoset). Twelvemale Parkinsonianmarmosets previ-
ously treated with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and six intact male marmosets were
used. The motor activity of each marmoset was measured using infrared sensors attached to each individual liv-
ing cage. Parkinsonian marmosets (n = 6) exhibited behavioral sensitization (enhanced motor activity) in
10 weeks upon oral administration of L-DOPA (10 mg/kg per day on 3 days/week). These animals also exhibited
dyskinesia characterized by repetitive rapid movements including chorea in 6–10 weeks. Neither behavioral
sensitization nor dyskinesia was observed in Parkinsonian marmosets given vehicle and in intact marmosets
given L-DOPA at the same dose (both n = 6 each). Behavioral sensitization was detected sensitively and objec-
tively on motor activity only in Parkinsonian marmosets given repeated L-DOPA at a similar dose used in PD pa-
tients. The behavioral feature of themarmosets was dyskinesia similar to that of PD patients but appeared earlier
than would be manifested in humans. In spite of statistically significant behavioral sensitization, some marmo-
sets did not exhibit dyskinesia in the present limited L-DOPA administration period. Although both commonali-
ties and differences may exist between behavioral sensitization and dyskinesia, behavioral sensitization is
considered to be an objective, quantitative, sensitive and predictive measure of behavioral mechanism underly-
ing dyskinesia in preclinical studies in evaluating compounds.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

Parkinson's disease (PD) is amovement disorder caused by degener-
ation of the nigrostriatal dopaminergic neurons of the brain, for reasons
that are not understood. These neurons, when healthy, play an impor-
tant role in smoothing both voluntary and involuntary movements.
Thus, degeneration of the neurons has behavioral consequences includ-
ing immobility, tremor, positional dysfunction, and muscle rigidity,
which, together, are termed Parkinsonism or PD-signs. L-DOPA, a thera-
peutic drug, has served as the “gold standard” for PD treatment for half a
century (Fehling, 1966; Fox et al., 2011). However, it was reported in
the 1960s that long-term medication of this drug caused development
of abnormal and excessive involuntary movements termed dyskinesia
(Cotzias et al., 1969; Mones et al., 1971; Treciokas et al., 1971; Huot
et al., 2013), as well as other side-effects including wearing-off and
on–off phenomena (Lesser et al., 1979; Zappia et al., 1999). Dyskinesia
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is a collection of various complex abnormal movements characterized
by chorea, dystonia, and athetosis (Ellrichmann and Russ, 2007;
Jackson et al., 2004) and is distinct from Parkinsonism although the eti-
ology of dyskinesia is not wholly understood.

As definitive knowledge of the causative mechanism of dyskinesia is
lacking, much effort has been devoted to develop efficacious PD treat-
ments by drugs that do not have side-effects including dyskinesia
(Adamiak et al., 2010; Ahlskog and Muenter, 2001; Muller, 2012,
2013; Kalinderi et al., 2011; Sprenger and Poewe, 2013). Treatments
other than pharmacotherapy have also been employed; these include
pallidotomy (Alvarez et al., 2009), deep brain stimulation (Fox et al.,
2011; Terzic and Abosch, 2012; Miocinovic et al., 2013), and nerve cell
transplantation (Dunnett and Rosser, 2011). Recently, dopamine neu-
rons derived from induced pluripotent stem (iPS) cells are expected to
transplant into the brains of PD patients. Such therapy carries great
promise, because iPS cells can develop into dopamine neurons and
these are unlikely to be rejected by the brain tissues if generated from
the stem cells of the same individual (Nishimura and Takahashi, 2013).

In cooperating with the above undertakings, sensitive and valid an-
imalmodels of PD are essential for preclinical testing of drug candidates
to explore possible therapeutic effects with minimum side effects.
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Nonhuman primates treated with peripheral 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) are generally recognized as valid
PD models because the primates develop long-lasting Parkinsonism
caused by dopaminergic neural degeneration in the brain (Langston
et al., 1984; Fox and Brotchie, 2010). Notably, the MPTP-treated com-
mon marmoset, a small primate equivalent in body size to an adult
rat, is considered to be a useful, valid, and sensitivemodel for preclinical
evaluation of drug efficacy (Jenner, 2009; Eslamboli, 2005).

The particular characteristics and advantages of the marmoset
model have been discussed in detail elsewhere (Ando et al., 2008,
2012). Among them, a normal marmoset is behaviorally active during
light-on daytime but not at night showing the similar circadian rhythm
as humans but not as rodents. After MPTP administration, daily sponta-
neous motor activity count in individual living cage measured by a mo-
tion sensor decreases markedly and continuously over several months
or more. The decreased level of motor activity as a stable behavioral
baseline is considered to be an objective and quantitative measure of
immobility, one of the main PD-signs. By administration of L-DOPA,
for example, the decreased level temporarily increases to normal
level at doses comparable to clinical ones. Thus, improving the effect
of L-DOPA on immobility could be detected objectively and quantita-
tively by motor activity measure in combination with subjectively
evaluated visual inspection based on score items. At higher doses
of L-DOPA, however, motor activity increases much over the normal
level with the manifestation of hyper-excitability. Based on these
facts, a question arises whether L-DOPA at comparable clinical
doses when given repeatedly causes hyper-excitability leading to
dyskinesia. If this excitability can be detected as behavioral sensitiza-
tion of motor activity quantitatively and objectively (Wise and Leeb,
1993), it may help for understanding, measuring and predicting
dyskinesia in the preclinical evaluation of new compounds.

The purpose of the present studywas to examine behavioral sensiti-
zation ofmotor activity by repeated administration of L-DOPA at compa-
rable clinical dose in the MPTP-treated marmoset and also to examine
the relationship between behavioral sensitization and dyskinesia.

2. Methods

2.1. Ethics statement

The protocol of the present study was reviewed by the Institutional
Animal Care and Use Committee and approved by CIEA (CIEA approval
no. 07028A). The criteria used by the committee complied with those
mandated by the Japanese Law for the Humane Treatment andManage-
ment of Animals. The present study was conducted under the principle
of the three Rs (Replacement, Refinement and Reduction) of humane
animal experimentation (Balls et al., 1995) and also conducted in strict
accordance with the recommendations of the Guide for the Care and
Use of Laboratory Animals, National Research Council, U.S.A.

2.2. Animals

Eighteen male common marmosets (Callithrix jacchus) obtained
from CLEA Japan, Inc. (Tokyo, Japan), or born and reared in CIEA, were
used in the present study. Among them, twelve animals were selected
from MPTP-treated marmosets used in other studies where behavioral
observation was performed. They had received the MPTP administra-
tion regimen (2 mg/kg s.c., once daily for 2 or 3 consecutive days)
two-to-four times at intervals of several weeks during a 1.5 year period,
resulting in cumulative MPTP doses of 12–22 mg/kg. During the MPTP
administration regimen, and over the subsequent 2-week periods, sup-
plements were given to compensate for anorexia and dehydration
caused by acute MPTP toxicity. The details have been described else-
where (Ando et al., 2012). These twelve Parkinsonian marmosets had
never received repeated administration of a drug other than MPTP.
These marmosets were used for the present study four months after
the last MPTP regimen. Other than the above twelve Parkinsonianmar-
mosets, six other marmosets were used. They were experiment naïve
and were selected as intact in the present study.

During the present experiment period, each marmoset was housed
in an individual stainless steel cage (30 × 50 × 48 cm). The walls and
floor were made of wire mesh. Each cage was placed in a box in the
same animal room. Each animal was given 50 g/day of a balanced diet
(CMS-1M; CLEA Japan, Inc.). Tap water was delivered ad libitum via a
valve. The temperature and humidity in the animal room, recorded
each morning prior to cage washing, were 24–27 °C and 53–76%,
respectively. The room was illuminated from 9 a.m. to 9 p.m.

2.3. Grouping of animals in two experiments

TwelveMPTP-treatedmarmosets showing typical and stable Parkin-
sonism (including tremor, immobility, and jerky reactions) were
randomly grouped into two groups of six each. These groups were
1) Parkinsonian marmosets given L-DOPA repeatedly and 2) Parkinso-
nianmarmosets given vehicle repeatedly. The third groupwas 3) intact
marmosets (n = 6) given L-DOPA repeatedly. L-DOPA was given at
10 mg/kg per day on 3 days/week for 10 weeks. Vehicle was given in
the same manner as L-DOPA to group 2.

The mean body weight (with standard deviation) of the 18 animals
was 342.9 ± 39.6 g on the day of grouping. No statistically significant
differences in body weight among the three groups were apparent
upon analysis of variance (ANOVA) [F (2, 15) = 0.444, p = 0.650].
The mean (with standard deviation) ages of the Parkinsonian marmo-
sets given L-DOPA and vehicle repeatedly were 5.6 ± 1.7 and 4.9 ±
1.3 years, respectively. These ages did not differ significantly. The
mean (with standard deviation) age of intact marmosets, however,
was 1.9 ± 0.1 years, thus different from the ages of the other two
groups of Parkinsonian marmosets. These adult intact marmosets
reached full growth at younger ages and were as healthy as the other
marmosets in the 2 groups.

After completion of the repeat-dose-L-DOPA experiment (experi-
ment 1), the same marmosets were used for the 2nd experiment to
determine dose–effect and time-course–effect relationships of L-DOPA
(0, 5, 10, or 20 mg/kg, tested in random order with 1 week interval be-
tween each test) using a measure of the motor activity count (as in the
first experiment).

2.4. Drug, preparation and administration

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) hydrochlo-
ride powder (Sigma-Aldrich, St. Louis, MO) was dissolved in physiolog-
ical saline at concentrations such that eachmarmoset received a dose of
2 mg/kg s.c. in a volume of 1 ml/kg.

L-DOPA (L-3,4-dihydroxyphenylalanine) solution was purchased as
Neodopaston combination tablets (Sankyo Co., Ltd., Tokyo, Japan, at
the time of purchase; presently Daiichi Sankyo, Co., Ltd., Tokyo, Japan).
Each tablet contained 100-mg L-DOPA and 10-mg carbidopa. L-DOPA so-
lutionswere prepared immediately before administration by crushing a
tablet into minute particles followed by suspension in 2.5% (w/v) Gum
Arabic solution at concentrations such that animals received oral
doses of 5, 10, or 20 mg/kg in a volume of 2 ml/kg. Oral administration
was performed using an intra-gastric tube (designed for use with
human infants), which was passed via the mouth into the stomach of
themarmoset. A pencil was placed in the mouth beforehand to prevent
biting of the tube.

2.5. Experiment 1: repeated L-DOPA administration

The aim of this experiment was to observe whether behavioral sen-
sitization developed in Parkinsonianmarmosets given repeated L-DOPA
but neither in Parkinsonian marmosets given vehicle nor in intact
marmosets given L-DOPA.
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L-DOPA (10 mg/kg/day, p.o.) was administered on 3 days per week
(usually Monday, Wednesday, and Friday), for 10 weeks, to the Parkin-
sonian marmosets of the first group, and vehicle (2.5% w/v Gum Arabic
solution), at 2 ml/kg, was administered in the same manner to the
Parkinsonian marmosets of the second group. L-DOPA (10 mg/kg/day,
p.o.) was administered in the same manner to the intact marmosets of
the third group.

On each day of drug administration, motor activity counts were
recorded for 2 h after administration. In the week prior to the start of
repeated administration of L-DOPA or vehicle, motor activity counts
were recorded, in the same manner, on 3 experimental days termed
the “pre-administration” days.

An infraredmotion sensor (O’Hara andCo., Tokyo, Japan) attached to
the ceiling of each cage recorded motor activity. The sensor detected
spatial shifts of thermal sources (body parts). CIEA ACTSCAN software
(Prime Lab, Inc., Tokyo, Japan) was used to record and analyze motor
activity data (Ando et al., 2012). In addition to the objective measure-
ment ofmotor activity, experienced observers visually inspected grossly
observable behavior and signs at 2 h after administration of L-DOPA (or
vehicle). To this end, a one-waymirrorwasfitted to thewall of each box
in which an individual cage was housed. Each visual inspection sur-
veyed items associated with Parkinsonism and certain other dysfunc-
tions listed on the CIEA dysfunction score sheet for the common
marmoset (Ando et al., 2012). The items included lying on the floor,
lack of stimulus tracking, absence of biting, lack of facial expression,
no squeaking, resting tremor, moving tremor, jerky reactions, immobil-
ity, hypoactivity, and catalepsy. Each of the 11 items listed on the
sheet was recorded as observed (1) or not (0), and the dysfunction
score (maximum 11) was the total number of behaviors observed.
In addition, dyskinesia characterized by repetitive rapid movements
(choreoathetoid movements of the legs and hands, head flicking and
swaying of the trunk) was recorded as observed (1) or not (0) over the
2-h period.
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2.6. Experiment 2: determination of the L-DOPA dose–effect relationship

In 40 days after completion of the above repeated L-DOPA adminis-
tration experiment, dose–effect and time-course–effect relationships
of single L-DOPA at 3 doses on motor activity were examined in the
same marmosets used in experiment 1.

The aim of this experiment was to observe whether sensitivity
changes were also demonstrated in terms of the above relationships
of single L-DOPA in Parkinsonian marmosets with a history of repeated
L-DOPA administration in comparison to those in the other two groups
of marmosets. The lasting behavioral sensitization was reconfirmed in
this experiment 2 after the washout period of L-DOPA given in experi-
ment 1.

Either L-DOPA at 5, 10, or 20 mg/kg or vehicle was administered
orally, in random order, once per week to marmosets in the three
groups. Motor activity was recorded for 5 h after administration in the
same manner as in experiment 1. Visual inspection for dysfunction
score or dyskinesia was not performed in this experiment.
Week of administration

0
Pre 1 2 3 4 5 6 7 8 9 10

Fig. 1. Progressive changes in motor activity counts after repeated administration of
L-DOPA or vehicle per oral dose. The weekly mean counts of 3 intermittent administration
days (120-min period on each day) per week are shown with standard deviations (SDs) in
3 groups (n = 6 in each group). L-DOPA (10 mg/kg per day) enhanced motor activity
fromweek 1 to week 10 (p b 0.005 upon simple linear regression analysis) in Parkinsonian
marmosets previously treated with MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine).
No such enhancement of motor activity was observed in Parkinsonianmarmosets given ve-
hicle or in intact marmosets given L-DOPA. The “Pre” counts are mean values (with SDs)
measured on 3 days before the start of repeated administration of L-DOPA or vehicle.
Motor activity was detected by an infrared sensor attached to each individual living cage.
2.7. Data and statistical analysis

Motor activity counts and dysfunction, and dyskinesia scores are
shown as means with standard deviations. The means are of all data
from six marmosets gathered on 3 days per week. Motor activity
counts were analyzed by ANOVA, simple linear regression testing,
or Bonferroni multiple comparison using the SPSS version 19 soft-
ware (IBM Co., Armonk, NY). Visually inspected dysfunction and dyski-
nesia scores were calculated in an effort to understand the implications
of motor activity count data; no statistical analysis was performed on
these scores.
3. Results

3.1. Experiment 1: repeated L-DOPA administration

In Parkinsonian marmosets, the motor activity count in the first
week of oral L-DOPA administration was ~6.7-fold (2721.9/408.2)
higher than the pre-administration level (Fig. 1) in accordance with
alleviated immobility observed by visual inspection. The mean motor
activity counts increased gradually upon repeated L-DOPA administra-
tion over 10 weeks. The highest mean count was ~1.4-fold (3821.0/
2721.9) that of week 1, observed in week 8. In Parkinsonianmarmosets
given vehicle, the mean activity count in the pre-administration period
was low (as in Parkinsonian marmosets given repeated L-DOPA) and
remained at such levels over the entire 10 weeks. In intact marmosets,
the mean motor activity count in the pre-administration period was
7.8–8.3-fold (3203.3/384.3 or 408.2) higher than those of the other
two groups (Parkinsonian marmosets). In intact marmosets receiving
repeated L-DOPA, the weekly mean motor activity counts neither
increased nor decreased in a consistent manner but rather fluctuated
in the range of 2410.4–3323.0 over 10 weeks.

Motor activity counts in weeks 1–10 were subjected to simple line-
ar regression analysis, and the equation yielding the least-square esti-
mator in Parkinsonian marmosets given L-DOPA was y = 97.1x +
2771.4 [F (1, 8) = 15.15, p b 0.005]. The correlation coefficient (r) be-
tween motor activity counts and weeks in these marmosets was 0.81.
The equation for Parkinsonian marmosets given vehicle was y =
−11.6x + 444.3 (not significant), with r = −0.57. The equation for
intact marmosets given L-DOPAwas y=−38.6x+ 3063.1 (not signif-
icant) with r = −0.39. Thus, an increase in motor activity counts over
10 weeks was detected only in Parkinsonian marmosets given repeat-
ed administration of L-DOPA.
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Fig. 3. The ratio of the number of marmosets exhibited dyskinesia in each group. If three
marmosets out of 6 exhibited it, the ratio was 0.5. Dyskinesia included choreoathetoid
movements of the legs and hands, head flicking and swaying of the trunk. These move-
ments were monitored visually and counted as incidence of repetitive rapid movements
over the 120-min period after administration. Each ratio is the weekly mean (with SD)
on 3 days in each week. The ratio at “Pre”, 0 for all groups, is the mean of 2 days before
the start of repeated administration of L-DOPA or vehicle.
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Concerning other statistical analyses for thepresent results onmotor
activity, two-way ANOVAwas performed on these data on weeks 1–10,
using two factors (weeks and groups). No statistically significant differ-
ence in the week effect was apparent [F (2, 9) = 1.37, p = 0.26] but a
difference in the week and group interaction effect [F (2, 9) = 3.07,
p b 0.001] was evident. Upon performance of Bonferroni multiple
comparison, a significant difference (p = 0.04) was evident between
Parkinsonian marmosets given repeated L-DOPA and vehicle in terms
of motor activity counts over the 10 weeks. This was also the case
(p = 0.015) when Parkinsonian marmosets given vehicle were com-
paredwith intactmarmosets given L-DOPA. However, no significant dif-
ference was detected between Parkinsonian and intact marmosets both
given L-DOPA.

On visual inspection, the mean dysfunction score (with standard
deviation) before the start of repeated L-DOPA administration (in the
pre-administration period) was 5.3 ± 0.2 in Parkinsonian marmosets.
This score decreased to (and was stable within) 3.3–4.1 over the
10 weeks after the start (Fig. 2). In Parkinsonian marmosets given re-
peated administration of vehicle, high scores (4.6–5.2) persisted over
10 weeks. These marmosets continued to exhibit immobility, moving
tremor, jerky reactions and other Parkinsonian signs during the entire
10 weeks. However, intact marmosets given L-DOPA exhibited any
marked behavioral signs. Scores in these intact marmosets were
1.3–2.2 over the 10 weeks, thus clearly lower than those of Parkinso-
nian marmosets administered repeatedly (or not) with L-DOPA (Fig. 2).

Dyskinesia was observed from week 6 in Parkinsonian marmo-
sets given L-DOPA (Fig. 3). Four of the six marmosets in the group ex-
hibited repetitive rapid movements during week 6 and week 10.
Although the movements were not observed in all the marmosets
in this group, clear and consistent dyskinesia was visually observed
in the 15–120-min interval after L-DOPA administration (Movie 1).
No such movement was observed in the other 2 groups at any time.

3.2. Experiment 2: determination of the L-DOPA dose–effect relationship

After the washout period from repeated L-DOPA administration in
experiment 1, the effects of single doses of L-DOPA were examined in
the marmosets of the three groups employed in the experiment. A
Week of administration
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Fig. 2. Changes in dysfunction scores after repeated administration of L-DOPA or vehicle
per oral dose. The weekly mean scores of 3 intermittent administration days per week
are shown with SDs in 3 groups as in Fig. 1. Scores were based on visual inspection at
120-min after each administration. The “Pre” scores represent means (with SDs) of data
obtained on2days before the start of repeated administration of L-DOPA or vehicle. Immo-
bility, moving tremor, and jerky reactionswere observed prior to repeated administration
in all Parkinsonian marmosets (thus, in two groups). Parkinsonian marmosets treated
with repeated vehicle administration continued to show the above signs and thus main-
tained high scores.
single dose of L-DOPA increased motor activity counts in a dose-
dependentmanner in Parkinsonianmarmosets given a history of repeat-
ed exposure to this drug. The peak of activity was noted 30–60min after
drug administration at 5 and 10 mg/kg and 90–120 min after 20 mg/kg
was given (Fig. 4). Thereafter, motor activity count levels decreased to
that of the vehicle level over 120–150 min at 5 mg/kg of the drug, and
over 180–210 and 240–270 min at 10 and 20 mg/kg, respectively. In
Parkinsonian marmosets given a history of repeated administration of
no L-DOPA but vehicle, a single dose of L-DOPA also increased motor ac-
tivity counts, but the activity peaks were lower than the above group
with a history of repeated L-DOPA in experiment 1, and no clear differ-
ence in the timing of effects was apparent when L-DOPA was tested at
10 and 20 mg/kg. However, the activity levels did not decrease to the
vehicle level even during the 270–300-min interval. In intact marmosets
given a history of repeated L-DOPA administration, no clear difference in
motor activity counts was evident in 5, 10 or 20 mg/kg of single L-DOPA,
or vehicle.

Two-way ANOVA was performed on the motor activity counts of
the three groups using data obtained at 120 min after administration
of single L-DOPA or vehicle. Statistically significant differences in the
dose [F (3, 2) = 14.89, p b 0.001] and dose–group interaction effects
[F (3, 2) = 4.85, p b 0.001] were evident. Then, Bonferroni multiple
comparison test was performed. In Parkinsonian marmosets given
a history of repeat L-DOPA administration, significant differences
were evident in 20 mg/kg single L-DOPA against the vehicle level
(p = 0.027), and in 20 mg/kg against 5 mg/kg of the drug (p =
0.005). In Parkinsonian marmosets given a history of repeated vehi-
cle administration, significant differences were evident in either
10 mg/kg (p = 0.034) or 20 mg/kg (p = 0.048) of single L-DOPA
against the vehicle level. In intact marmosets given a history of re-
peated L-DOPA administration, no significant difference was detect-
ed in any combination of vehicle, or L-DOPA at 5, 10, or 20 mg/kg.
For the rational basis of the within-group analysis conducted
above, Bonferroni multiple comparison test was performed on vehi-
cle data across groups. No significant difference in the outcomes of
single vehicle tests was detected when data from Parkinsonian mar-
mosets with histories of repeated administration of L-DOPA and that
of vehicle were compared. The data from the two Parkinsonian
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marmoset groups tested with a single vehicle were, however, signif-
icantly different (p b 0.01) from the data from intact marmosets
(given a history of repeated L-DOPA exposure) tested with a single
vehicle.
4. Discussion

4.1. Summary and its implication

Gradual enhancement of motor activity was observed upon repeat-
ed oral administration of L-DOPA at a comparable clinical dose
(10 mg/kg: 600 mg per person of 60 kg) to MPTP-treated Parkinsonian
marmosets in a shorter term than the clinical one. The enhanced motor
activity was not observed in intact marmosets given L-DOPA and in
Parkinsonian marmosets given vehicle. Therefore, L-DOPA-induced
behavioral sensitization of motor activity was observed only in MPTP-
treated Parkinsonian marmosets. In a subsequent experiment per-
formed after a 40-day washout from repeated L-DOPA administration,
higher sensitivity to single L-DOPA onmotor activity was demonstrated
in Parkinsonian marmosets in comparison to the other two groups.
The results obtained from the two experiments indicated that L-DOPA-
induced sensitization in terms of motor activity could be objectively,
quantitatively and sensitively detected only in Parkinsonianmarmosets.

Upon visual inspection, Parkinsonian marmosets who received re-
peated L-DOPA exhibited repetitive rapid movements (choreoathetoid
movements of the legs and hands, head flicking and swaying of the
trunk) from week 6 of the repeat administration period. Although not
all the marmosets of the group showed the movements in the present
10-week period, the rapid movements of these marmosets were phe-
nomenologically similar to the dyskinesia of PD patients. Considering
that all PD patients do not necessarily show dyskinesia even with
long-term L-DOPA treatments, it was quite reasonable that not all
marmosets showed dyskinesia with 10-week treatment of L-DOPA.
The present method using the marmoset may be useful in predicting
the liability of dyskinesia in newly developed compounds for PD by
measuring behavioral sensitization in preclinical studies.
4.2. Behavioral sensitization and dyskinesia

Behavioral sensitization is proposed as one of the central con-
cepts of understanding dyskinesia in the present study. The behav-
ioral sensitization of motor activity of the present Parkinsonian
marmosets was partly similar in its enhanced motor activity to the
sensitization of intact rodents repeatedly given psychoactive sub-
stances such as amphetamines (Jones et al., 2007; Nordquist et al.,
2008), cocaine (Hirabayashi et al., 1991), and morphine (Shuster
et al., 1975). These rodents exhibited progressive enhancement of
motor activity by repeated administration of these drugs when
placed into experimental chambers. Some behavioral sensitizations
induced in rodents have been studied in efforts to understand re-
lapse and flashback phenomena in drug-abusing patients (Mendez
et al., 2009; Kalivas and Duffy, 1993). A Pavlovian conditioning par-
adigm featuring an association between the effects of abused drugs
and environmental stimuli is considered to play a role in triggering
drug cravings (Robinson and Berridge, 1993; Taylor and Jentsch,
2001). The pharmacological and molecular mechanisms of behavior-
al sensitization are thought to involve changes in brain mesolimbic
dopamine-mediated transmission (Beurrier and Malenka, 2002;
Kelly et al., 2008), and an increase in delta FosB expression in neu-
rons (Konradi et al., 1994; Conversi et al., 2011).

L-DOPA, which is not a drug of abuse, induced no behavioral sensiti-
zation in the present intact marmosets. It is considered that the role of
exogenously introduced DOPA is to assist synthesizing dopamine only
in the degenerating neurons but not to exhibit any pharmacological

image of Fig.�4


67K. Ando et al. / Pharmacology, Biochemistry and Behavior 127 (2014) 62–69
actions in the intact neurons. Themarked degeneration of dopaminergic
neurons in similar Parkinsonian marmosets were already reported in
other studies (Ando et al., 2008, 2012). Denervation hypersensitivity
was hypothesized on the postsynaptic receptors in the damaged dopa-
minergic neurons. Therefore, behavioral sensitization of the present
Parkinsonian marmosets may be caused by overcompensation of
hyper-dopaminergic neural activity at the postsynaptic receptor sites
upon repeated L-DOPA administration.

Although few studies remark about behavioral sensitization in the
present framework using the marmoset, many studies on L-DOPA-
induced dyskinesia in this species have been published (Pearce
et al., 1995; Smith et al., 2003; Kuoppamaki et al., 2007; Rose et al.,
2006; Visanji et al., 2009; Jenner, 2009). Dyskinesia has also been in-
vestigated in the squirrel monkey (Petzinger et al., 2001; Tan et al.,
2002) and the macaque (Bedard et al., 1986; Potts et al., 2013). In
these studies, dyskinesia is usually scored in several ways based on
visual inspection (Pearce et al., 1999; Nash et al., 2000; Fox et al.,
2002; Smith et al., 2003; Kobylecki et al., 2010). L-DOPA-induced
dyskinesia in MPTP-treated marmosets included behavioral compo-
nents suggestive of chorea (rapid random flicking movements),
athetosis (sinuous, writhing limb movements), dystonia (abnormal
and sustained posturing), and stereotypy (repetitive purposeless
or semi-purposive movements) (Pearce et al., 1995). Although dys-
kinesia was reported to be induced by oral administration of L-DOPA
(12.5 mg/kg) twice daily (Pearce et al., 1999; Smith et al., 2003), the
dyskinesia noted in the present study manifested several weeks
after oral administration of L-DOPA at 10 mg/kg once daily on 3
non-sequential days per week. Therefore, consecutive daily admin-
istration of L-DOPA may not be a necessary condition for producing
the experimentally induced dyskinesia.

The pharmacological mechanism of L-DOPA induced dyskinesia has
been discussed in the context of dopaminergic (Calon et al., 1995;
Pearce et al., 1995; Carta et al., 2008; Visanji et al., 2009), glutamatergic
(Hurley et al., 2005; Gasparini et al., 2013), adenosine (Fuxe et al.,
2007), GABergic (Samadi et al., 2008), and serotonergic neurons
(Jackson et al., 2004), among which complicated connections exist
(Calon et al., 2000; Navailles and De Deurwaerdere, 2012; Loonen and
Ivanova, 2013). However, it has been emphasized that pulsatile stimula-
tion by L-DOPA of receptors of degenerating dopamine neurons is a key
factor triggering dyskinesia (Obeso et al., 1989; Olanow et al., 2000;
Jenner, 2008; Calabresi et al., 2010). Dyskinesia has been considered
to be a manifestation of hypersensitivity to L-DOPA by repeated expo-
sure of degenerating nigrostriatal dopamine neurons followed by dis-
ruption of the connections among glutamatergic neurons located in
the cortex and the striatum. Imbalanced network signaling from the
striatum, the globus pallidus, the subthalamic nucleus, and the thala-
mus, to the cortex,may also be involved in themanifestation of dyskine-
sia. Abnormal activities of the basal ganglia triggered by L-DOPA
determine both the nature and timing of dyskinesia. Dyskinesia and be-
havioral sensitization may share commonalities, but may also exhibit
differences, and the details remain for future studies.

4.3. L-DOPA-induced dyskinesia in marmosets and human PD patients

Although the behavioral features of dyskinesia in the marmosets
studied here resembled those in patients given long-term L-DOPA,
some differences were also apparent. Dyskinesia appeared in marmo-
sets after several weeks of L-DOPA administration whereas human dys-
kinesia appears only after several years of medication (Kostic et al.,
1991; Blanchet et al., 1996; Ahlskog and Muenter, 2001). Dyskinesia
in the marmoset began to develop about 15 min after L-DOPA adminis-
tration, whereas dyskinesia in patients is reported to develop in a few
hours after the tissue concentration peak of L-DOPA (Olanow et al.,
1991; Adamiak et al., 2010; Contin and Martinelli, 2010; Muller,
2013). The reasons for these differences in onset years or time after
L-DOPA administration remain unclear. However, the dopaminergic
neurons of the marmosets had been subjected to sudden major
MPTP insults and were thus highly damaged (Ando et al., 2008,
2012) unlike the situation in PD patients, whose neurons slowly
but progressively degenerate, for reasons that are not understood.
Dyskinesia may be triggered by dopamine synthesized from L-DOPA
via the action of aromatic L-amino acid decarboxylase or by L-DOPA
per se, acting as a transmitter (Misu andGoshima, 1993) in degenerated
dopaminergic neuronswith receptors in the state of denervation hyper-
sensitivity. Although the detailed mechanism of dyskinesia observed in
the present study is not clear at the moment, the marmoset model
exhibiting behavioral sensitization in the framework of dyskinesia
is considered to be useful in studies on the mechanism of dyskinesia
and in preclinical evaluation of new compounds at risk of causing
dyskinesia.
4.4. Objective and quantitative measurement of dyskinesia in marmosets

The repetitive rapid movements observed in the present study
corresponded to chorea, a component of dyskinesia. Other components
of dyskinesia include dystonia (twisting and repetitive movements, or
abnormal postures caused by sustained muscle contractions), and
athetosis (unbalanced, involuntary changes in muscle tone and difficul-
ty in maintenance of a symmetrical posture) (Ellrichmann and Russ,
2007, Pearce et al., 2001; Petzinger et al., 2001; Smith et al., 2003). Be-
haviors suggestive of the latter two components were also evident in
the present study, but were not easy to define clearly and consistently
uponmere visual inspection. Therefore, only the repetitive rapidmove-
ments reflecting one aspect of dyskinesiawere recorded and reported in
the present study. These repetitive rapid movements contributed to the
increases in motor activity counts noted upon repeated L-DOPA admin-
istration at a comparable clinical dose. Themotor activity counts includ-
ed both the excessive movements of dyskinesia, and other kinds of
spontaneous movements. To further improve specific measurement of
dyskinesia, it may be necessary to attach a motion sensor in front of
the anterior mesh wall, because dyskinesia was reflected mainly in
clinging to that wall. Such measurement as well as other specifically
designedmeasurements using computer basedmoving picture analysis
would discriminate dyskinesia frommerely enhanced generalmotor ac-
tivity and allow establishment of a quantitative, objective and selective
method of dyskinesia measurement in the marmoset PD model.
5. Conclusion

The present study quantitated behavioral sensitization induced
by repeated L-DOPA in Parkinsonian marmosets. The results form
bases for investigation of the mechanism of dyskinesia and indicate
that the marmoset model may be sensitive, valid, predictive and
useful in preclinical evaluation of drugs and biological products
that might cause dyskinesia as one of the serious side effects in PD
patients.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.pbb.2014.10.009.
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