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1. ABSTRACT

Monkeys treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) have been widely used as
animal models of Parkinson's disease (PD). Depending on
the method of administration different PD models can be
developed. Systemic (iv, sc.) MPTP administration can
induce an advanced parkinsonian syndrome. However,
systemic administration may require intensive animal care
after neurotoxin administration, as well as repeated high
doses of MPTP to avoid spontaneous recovery. Unilateral
intracarotid artery (ICA) MPTP administration induces a
stable hemiparkinsonian syndrome, with the advantage of
allowing the animal to groom and feed itself and having a
control side in the same animal. However, this unilateral
syndrome lacks the bilateral characteristics of advanced
PD. Bilateral ICA administration can induce a reliable
bilateral syndrome but inherent is the risk of severely
impairing the animals and leaving them unable to maintain
themselves. This report analyzed the PD model induced by
administration of unilateral ICA and subsequent
intravenous injections of MPTP in rhesus monkeys. The
combined method of MPTP administration induces an
advanced stable parkinsonian syndrome, in which the ICA
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injection of MPTP initiates the parkinsonian syndrome
primarily in one hemisphere and the subsequent iv. doses
(administered as needed) further deplete the dopamine
(DA) system to induce a bilateral lesion in a shorter period
of time, with fewer side effects. We studied the
relationships between the behavioral, biochemical and
histochemical changes related to the combined MPTP
treatments to further characterize this model. The monkeys
were categorized as presenting mild (stage 2) or moderate
(stage 3) parkinsonism based on a parkinsonian rating
scale. Postmortem biochemical analysis showed massive
DA reduction equally in the caudate nucleus and putamen
ipsilateral to ICA MPTP infusion, with varying degrees of
DA preservation in the contralateral striatum. Differences
between stage 2 and stage 3 were attributed to DA
concentrations in the caudate nucleus and putamen of the
contralateral hemisphere. Tyrosine hydroxylase
immunohistochemistry revealed that the midbrain DA
neurons of the group A8, A9, and A10 showed differential
vulnerability for MPTP. This finding was similar to that
observed in idiopathic PD with significant relationships
between the clinical stages and cell losses in the group A9
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(substantia nigra pars compacta). Positron emission
tomography (PET) using ['*F] 6-fluoro-L-m- tyrosine
(FMT) showed that uptake (Ki) values correlated well with
the biochemical data and are good predictors of DA levels
in the contralateral striatal regions. Consistent with the
immunohistochemical analysis, PET data also showed
significant correlations with all groups of the DA cells.
Here we describe an animal model that can play an
important role in understanding the symptoms and
therapeutic basis of PD since different severities of
parkinsonian symptoms can be mimicked.

2. INTRODUCTION

The neurotoxin  1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) produces a syndrome in human
and non-human primates quite similar to idiopathic
Parkinson's disease (PD) in which various motor deficits
such as bradykinesia, flexed posture, balance disturbance,
rigidity and tremor predominate (1, 2, 3). In fact, similar to
idiopathic PD selective loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) which results in
dopamine (DA) depletion in the striatum, is induced in
human and non-human primates by MPTP exposure (1, 3,
4, 5). However, differences between MPTP-induced PD in
non-human primates and idiopathic PD have been
described. The onset of motor symptoms in human PD
results from an approximately 70 - 80% reduction in striatal
DA (6, 7), although more extensive DA reduction has been
described in asymptomatic monkeys after MPTP treatments
(8, 9). Monkeys exhibiting parkinsonian motor symptoms
usually develop massive DA depletions equally in the
caudate nucleus and putamen. This pattern of striatal DA
loss differs from human PD in which the putamen is more
affected than the caudate nucleus (7, 10, 11, 12). Regarding
the midbrain dopaminergic neurons, in idiopathic PD the
cell group A9, which corresponds to the SNpc and gives
rise to the mesostriatal DA system innervating the caudate
nucleus and putamen, is most affected. In addition cell
group A10, the ventral tegmental area, and cell group AS,
corresponding to the retrorubral area or ventral reticular
formation, are also affected (12, 13, 14, 15). Interestingly,
it has been reported that MPTP-treated monkeys present a
differential vulnerability in the midbrain dopaminergic cells
quite similar to PD (5, 16), although conflicting findings
have also been reported and this remains an area of
controversy (17, 18, 19).

Depending on the method of MPTP
administration different PD models can be developed.
Systemic (iv, sc.) MPTP administration can induce an
advanced parkinsonian syndrome. However, systemic
administration may require intensive animal care after
neurotoxin administration, as well as repeated high doses of
MPTP to avoid spontancous recovery (eg: 8, 12).
Bankiewicz and colleagues (20) developed a non human
primate model of hemiparkinsonism by the unilateral
infusion of MPTP into one internal carotid artery (ICA). In
this unilateral model, the animals exhibit typical
parkinsonian signs in the limbs contralateral to ICA MPTP
infusion, but no motor deficits in the ipsilateral limbs
because of preservation of dopaminergic innervation of the

156

contralateral (untreated) cerebral hemisphere. However,
this unilateral syndrome lacks the bilateral characteristics
of advanced PD. Bilateral ICA administration has been
administered to induce a reliable bilateral syndrome (21)
but inherent to this model is the risk of severely impairing
the animals, incapacitating them to take care of their basic
needs. The overlesioned hemiparksinonian model is
produced by a unilateral ICA MPTP infusion followed by
the systemic administration of additional doses of MPTP
(22, 23, 24). In this combined method of MPTP
administration, the ICA injection of MPTP induces the
initial hemiparkinsonian syndrome and the subsequent iv.
doses (that can be administered as needed) lead to bilateral
damage and the further depletion of DA  This model
exhibits different levels of bilateral parkinsonism in which
more prominent signs are seen in the limbs contralateral to
ICA MPTP infusion. A positron emission tomography
(PET) study of this model using the DA metabolic tracer,

[18F] 6-fluoro-L-m-tyrosine (FMT), demonstrated a
significant correlation between decreases in the striatal DA
metabolism and the severity of parkinsonian signs (24). In
the present report we further analyzed the relationships
between the clinical PD stages, in vivo PET measures of
DA metabolism, and postmortem biochemical and
histochemical measurements.

3. MATERIALS AND METHODS

3.1. Subjects and treatments

All procedures were approved by Institutional
Animal Care and Use Committee. Under surgical sterile
conditions, twelve young adult rhesus monkeys (Macaca
mulatta, 5 males and 7 females, 5.4%1.1 kg at the beginning
of this experiment) received a single injection (rate: 4
ml/min) of 60 ml saline containing 2.5 mg of MPTP-HCI in
the right carotid artery as described elsewhere (20). Each
animal developed a hemiparkinsonian syndrome with
bradykinesia, tremor, and rigidity on the extremities
contralateral to ICA MPTP infusion. Four weeks after the
ICA MPTP infusion, monkeys received 2-14 additional iv.
doses of MPTP (0.3 mg/kg) in order to produce additional
damage in the right hemisphere and varying levels of
damage in the left hemisphere. Intravenous MPTP
injections were continued twice a week until the monkeys
developed stable bilateral parkinsonism. Once exhibiting
bilateral parkinsonian signs, animals were observed for
over 4 weeks. Monkeys showing behavioral recovery in the
period of observation received additional iv. MPTP
injections until they were clinically stable. Two additional
untreated rhesus monkeys served as controls for the
postmortem neurochemical and histochemical analysis.

3.2. Clinical Rating

A parkinsonian rating scale (PD scale) was used
to quantify the clinical status of the monkeys as described
previously (24). As shown in table 1, the scale indicates the
sum of the 10 parkinsonian features. Animals are scored on
a 43-point scale, with 0 corresponding to normal state, and
43 to extreme parkinsonism. A score of less than 10
indicates hemiparkinsonism (stage 1) which is not
accompanied by bilateral signs of PD. A score between 10
and 15 indicates mild bilateral parkinsonism (stage 2), and



Overlesioned hemiparkinsonian monkey model

Table 1. Parkinsonian Rating Scale

1. Tremor (right arm/left arm)

0 - absent

1 - occasional, or barely detectable (normal for aged),
occurring while active

2 - frequent, or easily detectable, occurring while active
or at rest

3 - continuous, or intense, occurring while active and at
rest
2. Freezing

0 - absent

1 - occasional episodes of short duration ( <5 seconds)

2 - occasional episodes of moderate duration (6 - 10
seconds)

3 - frequent episodes or episodes of long duration ( >10
seconds)
3. Locomotion

0 - uses all four limbs smoothly and symmetrically

1 - walks slowly (normal for aged), noticeable limp

2 - walks very slowly and with effort, may drag limb or
refuse to bear weight

3 - unable to ambulate
4. Fine Motor Skills (right arm/left arm)

0 - normal function - able to grasp/retrieve small
objects, aims accurately, independent use

1 - reduced ability in grasping/retrieving small objects,
independent use, may have reduced aim

2 - able to grasp small objects rarely, only with
assistance, or with great difficulty

3 - unable to grasp/retrieve small objects
5. Bradykinesia (right arm/left arm)

0 - quick, precise movements

1 - mild slowing of movements (normal for aged)

2 - slow deliberate movements with marked impairment
initiating movements

3 - no movements
6. Hypokinesia

0 - moves freely, alert, responsive

1 - reduced activity (normal for aged), moves less
frequently (without provocation)

2 -minimal activity, moves with provocation, may have
reduced facial expression

3 - akinetic (essentially no movements)
7. Balance

0 - requires no assistance for maintaining posture

1 - requires assistance for standing

2 - requires assistance for walking, or falls

3 - face down, or unable to maintain posture
8. Posture

0 - normal posture - stands erect

1 - reduced posture -(normal for aged) - stands with feet
apart, knees flexed

2 - stooped posture - hunched, legs bent

3 - unable to maintain posture, recumbent
9. Startle Response

0 - immediate, robust response to provocation

1 - slightly diminished or delayed response - open
mouth threat

2 - minimal response or longer delay - without open
mouth threat

3 - no response to provocation
10. Gross Motor Skills (right arm/ left arm)

0- normal function - able to grasp/retrieve large objects
accurately

1- reduced ability/frequency grasping/retrieving large
objects

2- great difficulty grasping/retrieving large objects-
rarely used

3- unable to grasp/retrieve large objects
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a score over 16 indicates moderate bilateral parkinsonism
(stage 3). The monkeys were rated at least once a week
during the 6 months prior to sacrifice.

3.3. PET study

Animals were studied with PET 7-17 months
following the last iv. dose of MPTP, and all showed stable
parkinsonian signs. Prior to PET, each monkeys received a
magnetic resonance (MR) imaging scan using a 1.5 T
magnet and a stereotaxic frame which permitted co-
registration between PET and MR data sets through the use
of external fiducial markers. All monkeys were studied
with PET using ['*F] 6-fluoro-L-m-tyrosine (FMT), on a
Siemens-CTI ECAT EXACT HR 47-slice scanner in 2D
acquisition mode (25) using arterial catheterization for
determination of blood input function and metabolites (26).
FMT was produced by previously described methods (26).
Each animal was injected with 10-15 mCi of FMT.

The PET and MR data-sets were co-registered
and regions of interest (ROIs) were drawn on PET data
with reference to the co-registered MR images. ROIs were
drawn in both hemispheres for the caudate nucleus and
putamen on each slice on which they appeared. After a
series of 2-D ROIs were drawn, the surfaces of the ROIs
were tiled together into a closed triangular mesh polyhedral
surface model, defining a 3-D region, or volume of interest
(VOI) (27). Regional activity density curves were
constructed for each VOI using the dynamic PET data. A
single exponential function for blood FMT metabolism,
obtained from a fit of the blood metabolism of FMT for
each animal, was applied to a decay corrected curve of total

blood 18F-activity for each animal. As previously
described (26), a three compartment three kinetic rate
constant model was constructed describing forward (k)
and reverse (k,) transport of FMT from blood into brain, as
well as FMT metabolism (k;) in compartment 3 (FMT
metabolites in brain). These rate constants were used to
calculate an uptake constant for each VOI, describing the
rate of FMT uptake (Ki) during the 0 to 90 min period after
FMT injection.

3.4. Necropsy and preparation of tissue

All the animals were euthanized 2-4 weeks
following the PET procedure for postmortem biochemical
and histochemical analysis, after they showed stable
parkinsonian signs for 8 - 19 (11 + 4.8) months after the
last iv. MPTP injection. Monkeys were deeply anesthetized
with sodium pentobarbital (25 mg/kg iv.) and then
transcardially perfused with 500 ml of saline. The brains
were rapidly removed and sliced into 2 mm coronal
sections at the level of the mid-striatum using a calibrated
brain slice apparatus. The slices were then frozen in dry ice
and kept in a -80 °C freezer for biochemical assay. For
histochemical analysis, the slabs were immersed for 48 h in
4% paraformaldehyde, then cryoprotected through graded
sucrose (10-30%), and cut into 40 micron coronal sections
by a cryostat after freezing in -80 °C isopenthane.

3.5 Biochemical Assay
Samples (punches) of specific regions in the mid-
striatum were obtained from the frozen slices. Punch
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Figure 1. Tyrosine hydroxylase (TH) immunohistochemistry
at eight different levels of the midbrain in a normal monkey.
Drawing represents schematic of the groups of dopaminergic
neurons. Cell group A9 (1), A8 (2), and A10 (3) are composed
of (1): Substantia nigra pars compata and pars lateralis, (2):
retrorubral area and dorsal raphe nuclei, (3): parabrachial
pigmented nucleus, paranigral nucleus, interfascicular nucleus
and linear nucleus, respectively. Scale bar =2 mm.

diameter was 1.5 mm. Punched regions were as follows:
dorsolateral and ventromedial caudate nucleus (DC and
VC, respectively), dorsolateral and ventromedial putamen
(DP and VP, respectively), and nucleus accumbens. Each
sample was sonicated in 200 microliters of homogenizing
solution containing 0.1 M perchloric acid, 0.005% EDTA,
and dihydroxybenzylamine as an internal standard, and
then centrifuged at 15,000 rpm for 20 min at 4 °C. The
separation and quantification of DA and its metabolite,
homovanilic acid (HVA), were conducted by ion pair
reverse-phase high performance liquid chromatography
(HPLC) with electrochemical detection. A C18 octadecyl
silica 3 micrometers minipore (3.2 X 100 mm) column
(Varian, Walnut Creek, CA) was perfused with a MD-TM
mobile phase (ESA, Chelmsford, MA) at a constant rate of
1 ml/min. A Coulochem II (ESA, Chelmsford, MA)
electrochemical detector applied a -60 mV potential to
electrode 1 and a +330 mV potential to electrode 2 of a
coulometric analytical cell (model 5011). Following HPLC
analysis, protein content in each tissue sample was
determined using the Byword (Richmond, CA) so that DA
and HVA levels could be expressed as ng/mg protein.
HVA/DA ratios were created to evaluate DA utilization.

3.6. Histochemical study

For tyrosine hydroxylase (TH)
immunohistochemistry, every 10th section at the level of
the substantia nigra was washed in 0.1% phosphate
buffered saline (PBS, pH 7.4), followed by blocking of the
endogenous peroxidase with 3% HpOp for 30 min. After
washing in distilled water and PBS, the sections were
incubated in blocking solution (10% normal horse serum
and 0.1% Triton-X 100 in PBS) for 30 min., and then
incubated in the anti-TH antibody (mouse monoclonal,
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Chemicon) at 1:1000 dilution for 24 h. The sections were
then incubated for 1 h in the biotinylated anti-mouse IgG
secondary antibody (Vector) in 1:300 dilution. The
antibody binding was visualized with streptavidin
horseradish peroxidase (1:300, Vector) and VIP chromogen
(Vector). Sections were then coversliped, and examined
under light microscope.

Three major groups of dopaminergic cells were
delimited according to numerical designations 8, 9, and 10
of the "A" series in the rat midbrain (28). Dopaminergic
cell groups homologous to the group A8, A9, and A10 of
the rat have also been described in human and non-human
primates (29, 30, 31, 32, 33, 34, 35). The A9 cell group was
composed of the substantia nigra pars compacta and pars
lateralis. TH-immunoreactive (TH-IR) cells in the
retrorubral area and the dorsal raphe nuclei were considered
to be in the A8 group. The A10 cell group was composed
of four nuclei: the parabrachial pigmented nucleus, the
paranigral nucleus, the interfascicular nucleus and the
linear nucleus. Eight sections of TH immunostaining were
selected at each level as shown in figure 1 and projected
with a  projecting  microscope (Ken-A-Vision
Microprojector) at 40x magnification onto a sheet on a
graphic tablet (ARTZ II, WACOM), and then drawings
were made of the nuclei of group A8, A9, and AlO.
Numbers of TH-immunoreactive (IR) cells were counted
using NIH Imagel.6 program. TH-IR cell counts were
summed over 8 sections for each cell group.

3.7. Data analysis

One-way ANOVA followed by Fisher's PLSD
post-hoc tests were used to compare DA concentrations and
TH-IR cell counts between the control, stage 2, and stage 3
animals. Correlation coefficient and the significance of the
linear regression were calculated using the least-squared
method. Linear regression was performed to determine the
relationships between DA concentrations, midbrain TH-IR
cell counts and PET measurements of FMT uptake (Ki).

4. RESULTS

4.1. Behavioral changes

The animals receiving MPTP exhibited
parkinsonism in their body trunks and limbs. Tremor,
bradykinesia, and disturbance of motor skills were severe
in the left (contralateral side of ICA MPTP infusion) arms,
while different degrees of the symptoms were observed on
their right arms. Eight monkeys were categorized as stage 2
and 4 monkeys as stage 3 by using the mean PD score for 6
months prior to sacrifice (13.6 £ 0.5 in stage 2 vs. 17.7 £
1.1 in stage 3, p<0.05). Each group showed stable
parkinsonian signs (figure 2). As reported previously by
others (4, 35, 35) the clinical response to iv. MPTP was not
dose-dependent, there were no significant differences in the
total iv. doses of MPTP between stage 2 and stage 3
monkeys. Asymmetry of tremor was more prominent in
stage 2 than in stage 3 (37). Stage 3 monkeys showed more
severe parkinsonism than stage 2 monkeys in startle
response (0.8 = 0.1 in stage 2 vs. 1.4 £ 0.2 in stage 3,
p<0.05), balance (1.1 + 0.1 vs. 1.6 £ 0.2, p<0.05) and
freezing (0.0 £ 0.0 vs. 0.9 £ 0.5, p<0.05).
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Figure 2. (Left) Parkinsonian rating scale score (PD

score) (mean + SEM) in stage 2 (n=7) and stage 3 (n=5)
monkeys during observation period of 6 months prior to
euthanasia. The monkeys were euthanized 8 - 19 (11 +4.8)
months after the last iv. administration of MPTP. Unpaired
t-test: * P < 0.05, stage 2 compared to stage 3. (Right)
Total iv. dose of MPTP (mean = SEM) in stage 2 and stage

3 monkeys. No significant difference in MPTP dose was
seen between stage 2 and stage 3.
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Figure 3. DA concentration (meant+ SEM) in subregions of
caudate nucleus and putamen, and nucleus accumbens ipsilateral
and contralateral to ICA MPTP infusion in stage 2 (n=7), stage 3
(n=5), and normal (n=2) monkeys (DC: dorsolateral caudate
nucleus, VC: ventromedial caudate nucleus, DP: dorsolateral
putamen, VP: ventromedial putamen, NAS: nucleus accumbens).

One way ANOVA: *p< 0.05, stage 2 compared to stage 3 in each
striatal region. Paired t-test: **P < 0.05, ipsilateral side compared
to contralateral side of ICA MPTP injection in each stage.

4.2. Neurochemical changes

Concentrations of DA and HVA (mean + SEM)
in the caudate nucleus, putamen and nucleus accumbens of
control and MPTP-treated monkeys are shown in table 2
and figure 3. In stage 2 and stage 3 monkeys, marked
depletions of DA (> 99% loss) were observed in the
subregions of the caudate nucleus and putamen on the side
ipsilateral to ICA MPTP infusion, while DA loss was more
moderate in the nucleus accumbens (82-84%). DA loss on
the contralateral side was also significant in the subregions
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of the caudate nucleus, putamen, and nucleus accumbens,
but less extensive and more variable than on the ipsilateral
side. The DA loss was more robust in the contralateral
caudate and putamen of the stage 3 animals (88-99%) than
those of the stage 2 (55-79%). HVA concentrations were
also significantly decreased in the subregions of the
ipsilateral striatum, as well as in the caudate nucleus on the
contralateral side. Increases in DA utilization, calculated as
HVA/DA ratio, were inversely related to the amount of DA
concentration found in each region. DA utilization was
elevated relative to controls in each subregion of the
caudate nucleus and putamen ipsilateral to ICA MPTP
infusion, while no significant elevation was observed in the
contralateral striatum of the stage 2 animals.

4.3. Histochemical changes

As shown in figure 4, TH-immunohistochemistry
showed the greatest loss of TH-IR cells on the side
ipsilateral to ICA MPTP infusion with relative preservation
on the contralateral side in stage 2 and 3 animals.
Quantitative analysis showed that the ipsilateral A9 cell
number decreased to 9.7% and 11.0% of the control
animals in stage 2 and 3, respectively. There were relative
preservation of the A10 (52.4 and 54.3% of the control in
stage 2 and 3, respectively) and A8 cells (68.0 and 58.3%
of the control in stage 2 and 3, respectively) (figure 5). On
the contralateral side, the loss of the A9 cells decreased
with the severity of the syndrome (63.5% of the control in
stage 2 vs. 24.5% of the control in stage 3, p<0.05), while
the cells were preserved in the A10 (74.5% in stage 2 vs.
64.4% in stage 3, p>0.05) and A8 (93.5% in stage 2 vs.
62.9% in stage 3, p>0.05) groups.

4.4. Correlations between clinical findings, striatal DA,
TH-IR cell counts and PET FMT uptake

As we have previously reported in these animals
(24), using PET and FMT we found a significant
correlation between clinical measures of parkinsonism and
DA metabolism. Further (see figure 6), Ki values for the
caudate nucleus and putamen were significantly correlated
with averages of DA concentration in the ventromedial and
dorsolateral subregions of the caudate nucleus and putamen
respectively (r = 0.63, p< 0.05 and r=0.71, p< 0.05).

Figure 7 shows the correlation between TH-IR
cell counts in cell group A9, A8 and A10 and PET Ki
values of the caudate nucleus and putamen. TH-IR cell
counts in cell group A9 showed a significant relationship
with Ki values in the caudate nucleus (r=0.83, p<0.0001),
and in the putamen (r=0.93, p<0.0001). TH-IR cell counts
in cell groups A8 were also significantly correlated with
DA concentrations in both the caudate ( r=0.69, p=0.002)
and putamen (r=0.61, p=0.002). Although significant, the
correlation with cell group A10 was not as strong (r=0.42-
0.49, p<0.05).

5. DISCUSSION

5.1. Nigrostriatal damage in the overlesioned
hemiparkinsonian model
In the present study, combined administration of

ICA and iv. doses of MPTP produced various degrees of
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Table 2. DA and HVA concentrations (mean = SEM) in the middle striatum measured by HPLC with electrochemical detection.

DA utilization ratio was calculated by HVA/D

Brain Region DA (ng/mg protein)
Ipsilateral Contralateral

HVA (ng/mg protein)
Ipsilateral Contralateral

DA utilization (HVA/DA)
Ipsilateral Contralateral

Dorsal caudate

Control 270.3 +34.1 184.4+21.0 0.69 + 0.02

Stage 2 0.20£0.05* 57.8+22.6° 5.19+0.60° 13294303  40.7+12.0  4.69+1.47
Stage 3 0.33+0.14% 227+1.71% 8.44+1.19° 43.1+12.1*  558+223% 71.7+37.3%
Ventral caudate

Control 251.6+11.7 2120+ 9.4 0.84 + 0.03

Stage 2 021 +0.05* 78.9+24.4° 9.92+1.92° 1525+21.5°  71.9+23.1* 6.01+3.84
Stage 3 0.52+0.13* 5.38+1.57* 157+4.7° 59.9+13.9* 395+164  19.9+92
Dorsal putamen

Control 259.6 +26.0 2489+ 173 0.98 £ 0.09

Stage 2 0.69+0.11* 100.8+35.5° 123+1.1° 2023+35.6  212+4.0°  3.42+0.86
Stage 3 0.97 £0.15* 12.2+9.9%P 168+ 1.4° 81.2+27.9*  192+3.0%  209+6.9%
Ventral putamen

Control 219.6+12.8 290.0 +37.1 1.35+0.24

Stage 2 1.34+0.34* 98.3+28.0° 353+4.6° 248.6+373  35.1+87%  3.04+0.38
Stage 3 1.77+£031% 26.1+162%° 33.4+3.1°% 115.5+£29.7% 214+4.1 9.26 +3.02*°
Nucleus acumbens

Control 159.0+17.3 249.5+26.9 1.66 £ 0.31

Stage 2 283+7.1° 983 +25.7° 77.5+8.0° 223.0+29.1  3.58+0.64 2434027
Stage 3 258+82% 783+253° 82.8+17.1° 182.7+30.1  3.71+0.62 2474022

¥p < 0.05 for comparison with control; ° p<0.05 for comparison with stage 2.

bilateral parkinsonism in rhesus monkeys. The monkeys
exhibited severe parkinsonian signs in the limbs
contralateral to ICA MPTP infusion, and also mild to
moderate signs in the ipsilateral limbs. The postmortem
biochemical analysis revealed that DA depletions were
extensive (more than 99%) in the subregions of the caudate
nucleus and putamen ipsilateral to ICA MPTP infusion, but
more moderate and variable in the subregions of the
contralateral  striatum. Considering  that  the
hemiparkinsonian syndrome induced by unilateral ICA
MPTP infusion shows DA preservation in the contralateral
striatum (20), the variability in DA levels observed in the
contralateral hemisphere in the current study can be
explained by the variability in clinical response to iv.
injection of MPTP (4, 36, 37). Stage 3 monkeys showed
significantly lower DA concentrations in the caudate
nucleus and putamen contralateral to ICA MPTP infusion
than stage 2 monkeys. The nucleus accumbens showed
mild to moderate DA reduction on both sides compared to
the caudate nucleus and putamen, with no significant
differences between stage 2 and stage 3 monkeys. The
immunohistochemical findings showed that the cell group
A9 appears to be most susceptible to MPTP neurotoxicity.
Significant differences between stage 2 and stage 3 animals
were seen in the number of TH-IR cells in the contralateral
A9 cells, while in the ipsilateral side the A9 cells showed
extensive loss in all animals. Thus, clear relationships were
demonstrated between the PD stages, striatal DA
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concentrations and nigral DA cell loss in the overlesioned
hemiparkinsonian monkeys.

5.2. Nigrostriatal damage in MPTP primate models
Systemic  administration of MPTP s
characterized by individual variability to the neurotoxin.
Further differences between published reports may be due
to differences in regimens of MPTP administration and
species of monkeys. Symptomatic animals with MPTP-
induced parkinsonism generally show an extensive (more
than 95%) decrease in striatal DA (1, 8, 9). However, a
similar loss in striatal DA was also observed in vervet (8)
and macaque (9, 37) monkeys which failed to show
cardinal signs of parkinsonism after MPTP administration.
Similarly, Schneider (39) showed that only deficits of
cognitive function were induced in macaque monkeys with
93.7 - 97.9% DA reduction in the caudate nucleus and
89.1% reduction in the putamen by chronic treatment of
low dose MPTP. These studies show that regional
differences in striatal DA levels are quite small between
symptomatic and asymptomatic animals. They also suggest
that the putamen, which is relatively preserved in these
mildly affected animals, and/or increases in DA utilization
expressed as HVA/DA ratios may play a compensatory role
in motor functions. However, Albanese and coworkers
(40) described in the common marmoset that chronic
regimen of low doses of MPTP during a period of 4 months
produced progressive parkinsonism with DA loss in the
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Figure 4. Representative photographs of  tyrosine

hydroxylase immunohistochemistry of the midbrain in
stage 2 and 3 monkey. Panels A, B, and C of stage 2, and
panels D, E, and F of stage 3 are corresponding to the level
C, E, and G shown in figure 1, respectively. Ipsi.: the
ipsilateral side of ICA MPTP infusion, Contra.: the
contralateral side of ICA MPTP infusion. Scale bar = 2
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Figure 5. Cell counts (% of normal, mean+ SEM) of tyrosine
hydroxylase-immunoreactive (TH-IR) neurons of the stage 2

and 3 animals. One way ANOVA: & P < 0.05, compared to
control. ® P <0.05, stage 3 compared to stage 2.

striatum of approximately 50%. They suggested that little
change in DA turnover resulting from inhibitory action of
MPTP on TH or monoamine oxidase accounted for the
presence of symptoms with relative DA preservation. In
that regard, Bezard and collaborators (41) reported in a
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progressive PD model that onset of the symptoms occurred
with approximately 80% loss of striatal DA metabolism,
associated with the failure of up-regulation of postsynaptic
receptors. In the current study, there were no significant
elevations in HVA/DA ratios in the contralateral striatum
of stage 2 monkeys, while DA was relatively preserved
(68.6 - 78.6% loss in the caudate nucleus and 55.2 - 61.2%
loss in the putamen), suggesting that compensatory
mechanisms were insufficient for the preservation of motor
function. Analysis of the impact of DA dysfunction in the
other areas beyond the nigrostriatal pathway may be
necessary for alternative explanations of the symptoms. For
example, tremor, most commonly observed in the bilateral
limbs of stage 2 monkeys, may be related to functional
changes in the globus pallidus (42, 43, 44) and the nucleus
accumbens, where DA activity is involved in motivational
significance and motor activity (45, 46).

5.3. Correlation between in vivo and postmortem
measurements

The use of PET and the DA metabolic tracer,
FMT, enables the in vivo visualization of striatal DA
deficiency in experimental studies (26, 47, 48, 49, 50). In
parkinsonian MPTP-treated monkeys, reductions in uptake

of [18F]6-ﬂuor0-L-dopa (FDOPA) are associated with
behavioral changes (48) and reductions in striatal DA
concentration (50). Other PET studies (51, 52)
demonstrated DA metabolism decreased in asymptomatic
monkeys exposed to low doses of MPTP and suggested that
a 30% reduction in DA metabolism was critical for the
induction of parkinsonian symptoms. The same group of
animals reported here was examined by PET and FMT
previously and showed significant differences in DA
metabolism between stage 2 and stage 3 (24). We further
show in the current report that the rate of FMT uptake (Ki
value) is a significant predictor of DA concentrations in the
striatum.

Relationships between the PET data in the
striatum and the midbrain histochemistry were also
confirmed in this study. The current data show a significant
correlation between TH-IR cell counts in each cell group
and DA losses in the caudate nucleus and putamen,
indicating that MPTP affected the populations of all 3 cell
groups contributing to dopaminergic innervation of the
caudate nucleus and putamen. This finding is supported by
morphological evidence that not only the A9 cell group but
also A8 and A10 give rise to the nigrostriatal system with
different degrees of dopaminergic innervation (53). Since
the clinical rating correlates with both PET imaging and
post-mortem measures in this model, the clinical rating
score can be used to predict the extent of the lesion.

5.4. Functional recovery in MPTP primate models
Variability in functional recovery after MPTP
treatment has previously been reported in monkeys.
Considerable recovery was observed during several months
after acute systemic administration of MPTP in common
marmoset (12, 54) and macaque monkeys (37). However,
Taylor et al. (55) observed persistent long-term deficits in
vervet monkeys with acute administration of MPTP, and
described that the initial severity was an important
predicting factor for functional recovery. Chronic MPTP
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administration produces slow progression of symptoms, but
behavioral recovery is also observed after ceasing MPTP (40,
56). The functional impairment and recovery are quite
complex and care needs to be taken for behavioral assessment,
based on the evidence that degrees of recovery of motor and
cognitive function are quite different depending upon the tests
used to assess function (57). Further, repeated high doses of
MPTP may be necessary to avoid spontaneous recovery.

Following ICA MPTP infusion, hemiparkinsonian
monkeys showed various degrees of recovery in spontaneous
and task-related behaviors (57, 58). Interestingly
hemiparkinsonian monkeys presenting a unilateral syndrome
with impaired fine motor skills in the first week post ICA
MPTP infusion, have been reported to display a stable
syndrome for a period of 6-8 years (59). Nevertheless, this
unilateral syndrome lacks the bilateral characteristics that may
be required in studies focusing on advanced PD. Bilateral [CA
MPTP infusions that induce a bilateral parkinsonian syndrome
showed persisting stable motor deficits during a period of 12
months (60), but inherent to this model is the risk of severely
and acutely impairing the animals, incapacitating them to take
care of their basic needs. Using the overlesioned
hemiparkinsonian model, we found that if the symptoms
persisted for a period of 4 weeks, the animals were likely to
continue to present a stable parkinsonian syndrome, suggesting
that this model is appropriate for studies of therapeutic
interventions for advanced PD.

5.5. Relevance to human PD

In idiopathic human PD, striatal DA losses have
been shown to be heterogeneous, with more marked reductions
in the putamen and dorsal caudate nucleus than in other parts
of the striatum (7, 10, 11, 12, 61). The motor deficits in PD
patients may result mostly from the disruption of dopaminergic
innervation in the post commissural putamen, while the ventral
caudate nucleus, which is proposed to be involved in cognitive
function, tends to be preserved in PD at least in the beginning
of the disease. MPTP-treated monkeys do not mimic this
regional pattern of DA deficiency. In that regard,
administration of low doses of MPTP to monkeys induces
impaired cognitive function despite preservation of gross
motor performance (45).

Studies of the substantia nigra in idiopathic PD
describe a 30 to 80% loss of pigmented neurons (12, 13, 14,
62, 63, 64, 65). Different reports have shown a correlation
between neuronal loss in the substantia nigra and DA
deficiency in the caudate nucleus and putamen (7). These
changes were also associated with clinical signs of rigidity and
hypokinesia (65, 66) and the duration and the stage of the
disease (63). As observed in the current study, PD showed
susceptibility in all of the cell groups which project to the
striatum (14, 15, 67). Thus, it is possible that cell losses of A8
and A10 also correlate with the severity of DA disruption in
the striatum, however there have not been any quantitative
studies addressing this issue.

5.6. Utility of the model for translational studies

The overlesioned hemiparkinsonian monkey
model has several advantages over other models. It is a
practical model in which animals are very seldom affected
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by MPTP to the extent that they cannot take care of
themselves. The success rate of the model is very high.
Typically 80-90% of animals that are enrolled into the
project are considered good study subjects, and the
mortality rate is very low. Scientifically, this model is
particularly useful because it enables approximations of
several stages of PD. Monkeys defined as stage 1 and 2 are
good for studies of mild stages of PD, while stage 3
animals represent a more advanced stage of the idiopathic
disease. Because in this model the clinical stage correlates
with biochemical markers (PET /dopamine punch analysis)
and midbrain DA cell counts it is possible to predict the
degree of the lesion on the side contralateral to the ICA
MPTP administration based on the clinical rating. In
addition, three different types of therapeutic approaches can
be addressed with the overlesioned model:

Neuroprotection: Agents that might protect dopaminergic
cells from further MPTP toxicity can be studied using
monkeys in stage 1 and 2. If such agents are indeed
neuroprotective, further i.v. MPTP administration will
induce stage 3 parkinsonism only in a placebo control
group. This is more clinically relevant than the
administration of the neuroprotective agent to normal
animals prior to MPTP administration, since in clinical
situations neuroprotection might be used in patients with
sub-clinical and /or mild parkinsonism.

Regeneration: Therapeutic strategies aimed at improving
the function of remaining dopaminergic innervation can be
studied in stage 3 monkeys, since dopamine is only
partially depleted on the side contralateral to the ICA
infusion. If such an approach works, treated animals will
move from stage 3 to stage 1 or 2.

Neurorestoration: This model is of particular use for studies
of neurorestoration such as neurografting with primary fetal
or stem cells and gene therapy. Due to severe DA depletion
on the side ipsilateral to MPTP ICA administration,
restored DA innervation can be examined independent of
host response.

5.7. Conclusion

Non human primate models of PD induced by
MPTP administration are useful to further understand
human PD. PD characteristically presents different stages
related to the progressive deterioration of the nigrostriatal
DA system. The overlesioned hemiparkinsonian model
induced by ICA and subsequent iv. administration of
MPTP results in stable monkey models which can mimic
several stages of PD. This model closely resembles PD and
is a useful tool to analyze PD and to assist in the
development and evaluation of potential new therapies for
this disease. Since there are clear correlations between
clinical stage and biochemical and histological markers in
this model, the extent of the lesion can be determined based
on the clinical rating.
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