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Abstract In this study, we developed a systemic PD model

in middle-aged cynomolgus monkeys using individualized

low-dose MPTP, to explore effective indicators for the

early prediction of clinical outcomes. MPTP was not

stopped until the animals showed typical PD motor

symptoms on days 10 to 13 after MPTP administration

when the Kurlan score reached 10; this abrogated the dif-

ferences in individual susceptibility to MPTP. The clinical

symptoms persisted, peaking on days 3 to 12 after MPTP

withdrawal (rapid progress stage), and then the Kurlan

score plateaued. A Kurlan score at the end of the rapid

progress stage [15 reflected stable or slowly-progressive

PD, while a score\15 indicated spontaneous recovery. The

entire clinical evolution and outcome of the systemic PD

model was characterized in this study, thus providing

options for therapeutic and translational research.

Keywords Parkinson’s disease � Cynomolgus monkeys �
MPTP � Motor behavior � Spontaneous recovery � Clinical
evolution

Introduction

Studies of the pathogenesis and treatment of Parkinson’s

disease (PD) require a clinical or experimental model with

typical manifestations of consistent, stable, and chronic

disease. The non-human primate model of PD induced by

1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) is

considered to be the most effective tool for such studies

[1–6]. After administration of MPTP to specifically dam-

age the nigral dopaminergic neurons, the primate manifests

typical behavior together with biochemical and histological

changes similar to those of primary PD. The behavioral

symptoms, resting and kinetic tremor, bradykinesia,

reduced locomotion, rigidity, and postural instability, are

similar to the manifestation of PD and can be treated

effectively with levodopa [7–14].

However, the MPTP-induced model of PD in non-hu-

man primates has the following limitations, which restrict

its application [14–24]: (1) the large individual differences

in response to a similar dosage of MPTP prevent easy

comparison across different studies; (2) animals with mild

to moderate injury show spontaneous recovery, which is

inconsistent with the progressive features of severe PD;

there is no scope for effective prediction of spontaneous

recovery in the model; and previous studies focused on

simulation of different PD stages, with a lack of compre-

hensive assessment of the clinical evolution and outcome

of the entire process; and (3) the supply of old monkeys is

limited, so most models have used younger monkeys

although PD mainly occurs in middle-aged individuals.

Previous studies have shown that the possibility of spon-

taneous recovery is minimal after creation of the model in

older monkeys compared with in the young [24].

So, in this study, middle-aged cynomolgus monkeys

were selected to establish a systemic PD model using
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MPTP in order to clearly and accurately enable the diag-

nosis of individuals in the pre-motor period of PD before

the manifestation of typical symptoms and the assessment

of outcomes of MPTP with levodopa intervention.

Materials and Methods

Experimental Animals

Five healthy middle-aged cynomolgus monkeys (Macaca fas-

cicularis) were used in this study. Four females (CF24, CF04,

CF36, and CF16) and one male (CM05) aged 9.1–15.3 years

(mean 10.81 ± 2.54) were supplied by Guangxi Grandforest

Scientific Primate Company after routine quarantine and

physical examination. All animals exhibited intact normal

behavior without physical impairment. The experiments were

performed in a primate facility (Wincon TheraCells Biotech-

nologies Co., Ltd.) accredited by the Association for Assess-

ment and Accreditation of Laboratory Animal Care with the

feeding room temperature at 22–28 �C and a relative humidity

of 30%–75% under an alternating 12-h light/dark cycle. Water

was supplied ad libitum. Animals were fed twice daily and

supplemented with fresh fruit and vegetables once daily at

noon. The experimental protocol was approved by the Institu-

tional Animal Care and Use Committee.

MPTP Administration

Atropine (0.04 mg/kg, intramuscular) was injected 30 min

before anesthesia with ketamine (4–5 mg/kg, intramuscular).

Fifteen minutes later, 0.2 mg/kgMPTP-HCl (Sigma, St. Louis,

MO) was slowly injected via a lower extremity vein at 1 mL/

minonceperdayuntil the apperanceof typicalPDmanifestation

[14, 27, 28]. The animals failed to eat on their ownon the second

day after MPTP injection, and therefore were fed with liquid

food via gastric tube twice a day until the end of the experiment.

Levodopa Therapy

The animals were orally treated with levodopa at 5 months

post MPTP injection. Madopar (levodopa:benserazide, 4:1;

250 mg/tablet, Roche, Vaud, Switzerland) was initially

given at 62.5 mg/kg per day. A week later, the dose was

increased to 125 mg/kg per day (1/2 tablet, fed via gastric

tube twice a day) for three weeks.

Behavioral Assessment

Video Recording and Clinical Rating

Animals were transferred to a behavior cage and recorded

using a video camera for 1 h at fixed intervals of baseline,

during MPTP injections, and in the post-MPTP period. The

clinical rating was performed by two skilled and well-

trained technicians according to the Kurlan rating scale

[29]. In order to avoid subjective bias, the technicians were

blinded to the study protocol. The rated symptoms/signs

were facial expression (0–3), resting tremor (0–3), action

or intention tremor (0–3), posture (0–2), gait (0–3),

bradykinesia (generalized) (0–4), balance/coordination

(0–3), gross motor skills for upper limb (0–3), gross motor

skills for lower limb (0–3), and defense reaction (0–2). The

minimum total score was 0, indicating normal behavior,

and the maximum total score was 29, indicating severe

disability.

Measurement of Overall Home-Cage Activity Level

The total home cage activity was assessed using a webcam

monitoring system [30]. The animal was continuously

monitored in the home cage for 8 h of the day from the

beginning of MPTP injection. During levodopa treatment,

the data were collected twice daily for 4 h each time after

Madopar tube-feeding, for a total of 8 h of home cage

activity.

Statistical Analysis

Differences between groups were evaluated by one-way

analysis of variance (ANOVA) followed by a Bonferroni-

corrected post hoc multiple comparison. Statistical signif-

icance was determined at the level of 0.05 for the P value.

Data are expressed as mean ± SD. The statistical analysis

was performed using SPSS 16.0 (SPSS Inc. Chicago, IL).

Results

Clinical Threshold Following Individualized MPTP

Dosing Regimen

On days 10 to 13 (mean 11.60 ± 1.52) of MPTP admin-

istration, the 5 animals manifested typical PD symptoms of

tremor, rigidity, and bradykinesia. The Kurlan scores were

10 to 11 (mean 10.40 ± 0.55), which represented the

threshold of change from the asymptomatic to the symp-

tomatic stage. The MPTP was stopped when the Kurlan

score reached the threshold (Fig. 1).

Rapid Progress Stage (Post-MPTP Inertia)

After withdrawal of MPTP, the clinical symptoms of all 5

animals were exacerbated, with increases in the Kurlan

scores. On days 3 to 12 (mean 6.40 ± 3.65) after MPTP

withdrawal, the symptoms increased, representing the rapid
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progress stage (inertia effect), followed by a plateau. At the

end of the rapid progress stage, the Kurlan scores reached

the first peak at 24 (CF24), 16 (CF04), 14 (CF36), 26

(CF16), and 18 (CM05) days in the 5 animals (mean

19.60 ± 5.18) (Fig. 1).

Altered Clinical Evolution and Outcome

and the Effect of Levodopa Treatment

The Kurlan scores and the total home-cage activity of the 5

monkeys during the 5 months following MPTP injection

are shown in Figs. 2, 3, 4, 5, 6. After the rapid progress

stage, the Kurlan scores of monkeys CF16, CF24, and

CM05 remained stably high with slight fluctuations. The

score of CF04 was also high and progressively increased,

while that of CF36 increased in the two months after

modeling and tended to decrease thereafter.

The monkeys were treated with levodopa at the end of

the fifth month post-MPTP and showed different degrees of

clinical improvement, reflected as reduced Kurlan scores

and increased total amount of home cage activity (Figs. 2,

3, 4, 5, 6).

CF24

The Kurlan score increased to 24 during the rapid progress

stage, and then declined to *18 on day 30. The score then

slowly decreased to *15 by the end of month 4. After

administration of levodopa, the score gradually decreased.

Statistical analysis showed that the score in month 1 was

higher than during the injection of MPTP (P\ 0.001). It

remained stable and decreased in month 5 without any

significant difference from that in month 4. However, the

Fig. 1 Kurlan scores in 5 cynomolgus monkeys with MPTP administration during the pre-symptomatic and rapid progression stages.
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score in month 5 was lower than in month 3 (P\ 0.05).

After the administration of levodopa, the score was lower

than in month 5 (P\ 0.001; Fig. 2).

The total activity quickly decreased after creation of

the model and remained at a low level from month 1 to

month 5, and gradually increased after administration of

levodopa. Statistical analysis showed the activity in

month 1 was lower than at baseline (P\ 0.001). There

was no difference between groups during months 1–5

(P[ 0.05). The activity increased after the administration

of levodopa when compared with that in month 5

(P\ 0.05; Fig. 2).

Fig. 2 Kurlan scores (upper panels) and total home-cage activity (lower panels) of CF24 during 5 months and after the administration of

levodopa. BSL, baseline activity; MPTP, period of MPTP administration; L-Dopa, period of levodopa administration.

Fig. 3 Kurlan scores and total amount of home-cage activity of CF04 during 5 months and after levodopa administration. BSL, baseline activity;

MPTP, period of MPTP administration; L-Dopa, period of levodopa administration.
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CF04

The Kurlan score rapidly increased to 16 after injection of

MPTP and persisted at this level until around day 45. The

score tended to increase to *24 by day 150. Statistical

analysis showed that the score increased in month 1 com-

pared with the MPTP injection stage (P\ 0.001). The

score slowly increased from month 2 to month 5 without

any significant difference from the previous month. The

score in month 3 was higher than in month 1 (P\ 0.001),

and higher in month 4 than in month 2 (P\ 0.001). After

levodopa administration, the score decreased and then

gradually increased. The level was lower than in month 5

(P\ 0.001; Fig. 3).

The total activity quickly decreased after the model was

established, remained low during the 5-month period, and

Fig. 4 Kurlan scores and total home-cage activity of CF36 during 5 months and after levodopa treatment. BSL, baseline activity; MPTP, period

of MPTP administration; L-Dopa, period of levodopa administration.

Fig. 5 Kurlan scores and total home-cage activity of CF16 during 5 months and after levodopa treatment. BSL, baseline activity; MPTP, period

of MPTP administration; L-Dopa, period of levodopa administration.

F. Yue et al.: MPTP Induces Systemic Parkinsonism in Middle-Aged Cynomolgus Monkeys 21

123



gradually increased after levodopa administration without

any significant change (P[ 0.5). Statistical analysis

showed that the activity in month 1 was less than at

baseline (P\ 0.001). There was no difference between

groups during the five months (P[ 0.05; Fig. 3).

CF36

The Kurlan score rapidly increased to *14 after injection

of MPTP. It then tended to increase and reached * 18 on

day 70. It decreased to 10 on day 120 and 3 on day 150.

After levodopa administration, the score declined to 0.

Statistical analysis showed that the score increased in

month 1 over the MPTP injection stage (P\ 0.001). The

score in month 2 was higher than in month 1 (P\ 0.05).

The score decreased from month 3, without any significant

difference (P = 0.059) from month 2. The score in month

4 was lower than in month 3 (P\ 0.001). The score in

month 5 was lower than in month 4 without a significant

difference. After levodopa administration, the score con-

tinued to decrease without any significant difference when

compared with month 5 (P[ 0.05; Fig. 4).

The total activity quickly decreased after the model was

established and remained at a low level for 60 days, then

gradually increased until day 150. Statistical analysis

showed less activity in month 1 than at baseline

(P\ 0.001). There was no difference between the scores in

months 1 and 2 (P[ 0.05). The level in month 3 was

higher than in month 2 (P\ 0.001), higher in month 4 than

in month 3 (P\ 0.001), and higher in month 5 than in

month 4, but without a statistical difference (P[ 0.05).

The activity continuously increased after the administration

of levodopa relative to month 5 without any significant

difference (P[ 0.05; Fig. 4).

CF16

The Kurlan score rapidly increased to *27 after injection

of MPTP and remained at this level until the end of month

5. After levodopa treatment, the score decreased. Statistical

analysis showed that the score increased in month 1

(P\ 0.001). There was no significant difference between

values from month 1 to month 5. After levodopa therapy,

the score decreased compared with that in month 5

(P\ 0.001; Fig. 5).

The total activity quickly decreased after creating the

model and remained low until month 5. It gradually

increased after levodopa administration. The activity in

month 1 was less than at baseline (P\ 0.001), with no

significant difference between the scores in months 1 and 5

(P[ 0.05). The activity increased after levodopa admin-

istration compared with that in month 5 (P\ 0.001;

Fig. 5).

CM05

The score rapidly increased to * 18 after injection of

MPTP and persisted at this level until around day 70. The

score then increased to 22 and remained at this level until

Fig. 6 Kurlan scores and total home-cage activity of CM05 during 5 months and after levodopa treatment. BSL, baseline activity; MPTP, period

of MPTP administration; L-Dopa, period of levodopa administration.
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the end of month 5. After levodopa administration, the

score decreased. Statistical analysis showed that the score

increased in month 1 (P\ 0.001), and gradually increased

from month 1 to month 3, with no statistical difference

from the previous month (P[ 0.05). The score in month 3

was higher than in month 1 (P\ 0.001). There was no

difference between groups during months 3 to 5

(P[ 0.05). After levodopa treatment, the score decreased

compared with that in month 5 (P\ 0.001; Fig. 6).

The total activity quickly decreased after the model was

established and remained low until month 5. The activity

gradually increased after levodopa administration. The

activity in month 1 was less than at baseline (P\ 0.001).

The activity remained low from month 1 to month 5 with

no significant difference between groups (P[ 0.05). The

activity increased after levodopa administration compared

with that in month 5 (P\ 0.001; Fig. 6).

Changes of Kurlan Score at the End of the Rapid

Progress Stage and the End of Months 3 and 5

The Kurlan scores at the end of the rapid progress stage

were 24 (CF24), 16 (CF04), 14 (CF36), 26 (CF16), and 18

(CM05). At the end of month 5, the score of C36 was\5,

while the others all scored[ 10 (Fig. 7).

Discussion

In this study, a systemic PD model using MPTP was

induced at the individual level. A clinical rating scale

(Kurlan score), which is significantly correlated with the

severity of dopaminergic denervation [25, 54], was mainly

used to evaluate the clinical evolution and outcomes. MPTP

was stopped when each animal manifested symptoms typ-

ical of clinical PD at different times (mean

11.6 ± 1.52 days), as the Kurlan score increased to *10

(mean 10.4 ± 0.55). Therefore, we believe that a Kurlan

score of 10 is the threshold between the preclinical

asymptomatic and the clinical symptomatic stage, similar to

the progression of primary PD. The death of substantia

nigra neurons and subsequent clinical symptoms is attrib-

uted to age-related degeneration and lesions in the sub-

stantia nigra pars compacta [31]. Clinical symptoms appear

when 50%–60% of dopaminergic neurons and[70%–80%

of striatal nerve terminals have degenerated or died. The

concept of a clinical symptom threshold is based on data

derived from decreased dopamine levels in post-mortem

tissue from humans and altered dopaminergic function

observed in radioisotopic brain imaging [26, 32, 33].

Before the appearance of symptoms, the numbers of

TH-positive cells in the substantia nigra are reduced.

However, most cells are still intact, so the symptoms are

attributed to the lesions of functional integrity in the

dopaminergic terminals of the substantia nigra [14, 53].

Our study showed that the symptoms in 5 animals were

exacerbated and peaked 3–12 days (mean 6.40 ± 3.65)

after discontinuing MPTP, when the Kurlan score reached

a first peak at 14–26 points (mean 19.60 ± 5.18). This

period was termed the post-MPTP rapid progress or inertia

stage.

In primary PD, the degeneration of dopaminergic neu-

rons accelerates from the onset of symptoms to a

stable stage, at which it is suggested that the cells have

been destroyed. The mechanism underlying this acceler-

ated degeneration is triggered upon reaching the threshold

of symptom onset [14]. The changes from the onset of PD

symptoms to the rapid progress stage in this study simu-

lated the early phase of primary PD. The Kurlan scores of

monkeys rapidly peaked at different times (3–12 days)

after MPTP discontinuation, suggesting individual differ-

ences in the degeneration of dopaminergic neurons in the

substantia nigra when the MPTP lesions reach the thresh-

old. This result is partly attributable to individual differ-

ences in sensitivity to MPTP. However, it provides a

therapeutic window for early intervention in PD.

During the transition from the rapid progress stage to

month 5, the clinical evolution and outcomes of the 5

animals were dynamically evaluated. Only one animal

showed spontaneous recovery, while the remaining four

manifested sustained clinical PD, three in a stable condi-

tion and one remaining in a progressive state. After levo-

dopa treatment, the four animals showed different degrees

of behavioral improvement. The clinical status in the ani-

mal with spontaneous recovery was almost normal before

levodopa administration.

Many previous studies have reported spontaneous

recovery in the non-human primate model of PD, sug-

gesting partial or complete behavioral recovery over time

in some animals. The possible factors in spontaneous

recovery might be related to the species, the age of the

animal, and the method of MPTP application

[15, 19–21, 29, 34–38]. Studies have indicated that the

level of initial dopamine depletion induced by MPTP may

be the most critical factor in spontaneous recovery, indi-

cating that the initial severity of the deficit is an important

predictor of outcome [20, 39]. The clinical severity corre-

sponding to the Kurlan score at the end of the rapid pro-

gress stage in this study may represent the initial level of

damage to the dopaminergic system induced by MPTP.

The score of the monkey manifesting spontaneous recovery

was 14 at the end of rapid progress stage, much lower than

that of the other animals (16–26). Studies have suggested

that stable Parkinsonism occurs in severe cases despite

varying degrees of response to MPTP treatment [20]. The

occurrence of spontaneous recovery and stable PD in
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monkeys also suggests that milder initial lesions of

dopaminergic neurons are associated with a greater

capacity for regeneration or sprouting of dopamine termi-

nals [36].

A score [15 at the end of the rapid progress stage

suggested a decreased chance of spontaneous recovery and

reflected a stable clinical model of PD. This may be

regarded as a good predictor of clinical outcome, especially

for a spontaneous recovery PD model.

The age of the non-human primate is one of the most

important factors for a successful MPTP PD model. Based

on the PD model of Bezard [14, 25, 27, 40], we selected

middle-aged cynomolgus monkeys for this study. Primary

PD mainly occurs in the elderly, and old age is an

important factor underlying the incidence of PD. In human

and non-human primates, the dopaminergic neurons in the

substantia nigra degenerate with advanced age [41–48],

especially when exposed to pathogenic factors [19, 24].

The plasticity of the substantia nigra in the aged animal is

relatively low, and this decreases the probability of spon-

taneous recovery in the PD model. Studies of primary PD

suggest that, compared with elderly patients, younger

patients develop more slowly and endure long-term dam-

age to the dopaminergic system before manifesting the first

motor symptoms [49]. These reports suggest that younger

PD patients have more efficient compensatory mecha-

nisms. Studies have demonstrated that aging in rhesus

monkeys is three times faster than in humans [50]. The

average life-span of a cynomolgus monkey is *25 years,

and the maximum recorded was 37 years [51]. In contrast,

the maximum life-span in humans is 120 years [52].

Therefore, in the cynomolgus monkey, 1 year is equivalent

to 4 years of human life, so the animals in this study were

middle-aged or elderly.

The individualized intravenous injections with small-

dose MPTP in middle-aged cynomolgus monkeys led to the

appearance of typical clinical symptoms on days 10 to 13,

(mean 11.60 ± 1.52) earlier than in the 3-year-old monkey

Fig. 7 Kurlan scores at the end of the rapid progress stage and the end of months 3 and 5.
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(15 ± 1 days) under similar conditions [14, 53]. This

suggests that the sensitivity to MPTP increases with age

[19]. It also suggests greater individual differences in

sensitivity to MPTP in middle-aged monkeys than in their

younger counterparts. Therefore, the induction of PD

models by individualized MPTP abrogates the individual

differences in susceptibility to MPTP and reduces the

occurrence of spontaneous recovery.

One point needs to be explained; since ketamine was

used in this study, and it is known to be an N-methyl-D-

aspartate antagonist, it may have had a protective effect on

the MPTP-induced neurotoxic lesion [55, 56] and hence

might have slightly ameliorated the evolution of parkin-

sonian symptoms. But a systemic influence was avoided by

using the same protocol in each monkey and so did not

influence the overall profile of the results.

In conclusion, the systemic PD model we established in

middle-aged cynomolgus monkeys with MPTP reduced the

differences in individual susceptibility. MPTP was stopped

upon reaching the clinical threshold of PD. The clinical

score at the end of the rapid progress stage was a good

prognostic indicator of clinical evolution and outcome, as

well as the possibility of spontaneous recovery. During the

5-month follow-up, the Kurlan score of the animal with

spontaneous recovery decreased during months 2 and 3, to

\15 at the end of month 3, and was almost 0 by the end of

month 5. The Kurlan scores of the four animals in

stable and progressive status were [15 at the end of the

rapid progress stage and *20 and above at the end of

month 3. Those animals were still in the clinical state of PD

at the end of month 5. Therefore, a Kurlan score[15 at the

end of the rapid progress stage and the end of month 3

indicates a diminished possibility of spontaneous recovery.

Continuous PD symptoms for at least 3 months represent a

stable and effective PD model. The process of clinical

evolution and the outcome of systemic PD in a cynomolgus

monkey model were well characterized in this study

(Fig. 8) to serve as a basis for additional investigations.
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