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Parkinson's Disease (PD) and the natural aging process share a number of biochemical mechanisms, including
reduced function of dopaminergic systems. The present study aims to determine the extent that motor and
behavioral changes in aged monkeys resemble parkinsonism induced by the neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine. The behavioral and physiological changes in PD are believed to result largely from
selective depletion of dopamine in the nigrostriatal system. In the present study, ten aged female monkeys
were compared with three groups: 9 untreated young adult female monkeys, 10 young adult male monkeys
and 13 older male monkeys that had been exposed to MPTP. Trained observers, blind as to age and drug
condition and without knowledge of the hypotheses, scored the monkeys using the Parkinson's factor score
(Parkscore), which has been validated by a high correlation with post mortem striatal dopamine (DA)
concentrations. The aged animals had higher scores on the Parkscore compared with the young adults, with
most of its component behavioral items showing significance (tremor, Eating Problems, Delayed initiation of
movement, and Poverty of Movement). L-Dopa and DA-agonists did not clearly reverse the principal measure of
parkinsonism. DA concentrations post mortem were 63% lower in 3 aged monkeys in the ventral putamen
compared with 4 young adults, with greater reductions in putamen than in caudate (45%). We conclude that
aged monkeys, unexposed to MPTP, show a similar profile of parkinsonism to that seen after the neurotoxin
exposure to MPTP in young adult monkeys. The pattern of greater DA depletion in putamen than in caudate in
agedmonkeys is the same as in human Parkinson's disease and contrasts with the greater depletion in caudate
seen after MPTP. Aged monkeys of this species reflect many facets of Parkinson's disease, but like older
humans do not improve with standard dopamine replacement pharmacotherapies.
+1 203 776 2893.
dmond).
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1. Introduction

Parkinson's Disease (PD) is characterized by a progressive degen-
eration of motor function, tightly linked to dopaminergic neuron death
in the substantia nigra. As the brain's dopaminergic functions diminish
with the progression of the disease, many symptoms emerge, such as
bradykinesia, rigidity, motor freezing, resting tremor, difficulty in
initiating movement, postural instability, incoordination, and difficulty
with speech and swallowing, which eventually render the patient
unable to carry out normal motor functions (Hoehn and Yahr, 1967).
Although the precise cause of PD is unknown in most cases, there are a
variety of risk elements associated with the disease and themain factor
is the age of the patient. More than half of people over the age of 85
display parkinsonian symptoms and signs whether or not they are
diagnosed with the disease (Bennett et al., 1996). Depletion of the
dopaminergic system and the observable and measurable decrease in
motor function seen in PD are both major features of normal aging in
humans (Adler et al., 2002; Adolfsson et al., 1979; Agid et al., 1996;
Calne and Peppard, 1987). One important difference between aging
and PD is the rate of the progressive decline that is observed. Normal
aging sees declines in the nigrostriatal DA neurons of 4.7% per decade,
or 33% between age 20 and 90 (Fearnley and Lees, 1991), whereas PD
requires nigrostriatal losses of at least 50% and dopamine depletions of
at least 80% for signs to appear (Fearnley and Lees, 1991; Marsden,
1990). Other biochemical factors are shared between the processes of
PD and aging. Introducing a point mutation in the α-synuclein gene
produces a crucial protein component of Lewy bodies, intra-neuronal
aggregates that are associated with PD etiology. In these transgenic
mice this abnormality can lead to consistent age-related declines in
dopaminergic function sufficient to induce parkinsonian signs (Plaas et
al., 2008). Similar results ensue when heterozygote knockouts for the
Nurr1 transcription factor are compared behaviorally and biochemi-
cally to aged-matched wild-type counterparts (Jiang et al., 2005).
Similarly, genetic reductions of the GDNF receptor, which aids in the
survival and proliferation of dopamine neurons in normal development
and after neurotoxic events, have been shown to contribute to age-
related declines in the dopaminergic system in partial knockout mice
(Zaman et al., 2008). Mitochondrial DNA depletions have been
implicated in the neurodegenerative loss in both aged and PD patients
(Bender et al., 2006). Recent evidence indicates that several markers of
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Fig. 1. Comparison of Parkscore and Healthy behavior factor scores in Aged, Untreated,
and MPTP exposed monkeys. Fig. 1A. The “Aged Untreated monkeys” showed
Parkscores that were not different from “Aged MPTP” and mildly parkinsonian “Adult
MPTP”-lesioned monkeys, and increased scores as compared with “Adult Untreated”
monkeys. Healthy behaviors (similar to “Activities of Daily Living”) were reduced in the
aged animals as compared with the “Adult Untreated”monkeys. Identical letters on the
bars indicate that there were no differences between them (Student Newman–Keuls
test, pb0.05). Different letters were statistically different. The inset boxes show the
results of the between group analysis of variance.) Fig. 1B. Individual Parkscores of the
Aged Untreated monkeys show the variation in scores within this group. Although two
monkeys had a higher level of severity, there was no suggestion that the group effect
was due to a few individuals.
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risk factors for DA neuron degeneration in PD also are expressed in
aging monkeys in those DA neurons that are vulnerable to degener-
ation, including changes in the distribution of alpha-synuclein (Chu
and Kordower, 2007), function of the proteasome and lysosome
systems (Kanaan et al., 2007), accumulation of oxidative damage
(Kanaan et al., 2008a), and the presence of activated microglia (Kanaan
et al., 2008b). In spite of these shared factors, PD has been described as
accelerated aging that is perhaps sparked by some acute event
(Hawkes, 2008). It is clear that what has been called “simple aging”
does not normally qualify as PD. What is important is to determine the
line at which the divide between “normal” and “abnormal” aging of the
nigrostriatal DA system (Parkinson's disease) exists and to determine
what biochemical and behavioral factors contribute to the placement of
this line. Others have suggested a combination of environmental
events and genetic variations which combine with the alterations
produced by aging (Collier et al., 2007).

One of the difficulties in studying PD in animal models has been
replicating the progressive and continuous decline in dopaminergic
function that is observed in clinical cases of the disorder. It has been
difficult to induce a sustained and progressive decline in dopaminergic
function after acute treatment with neurotoxins. Nonetheless, the
most commonmodels used for PD have been the 6-hydroxydopamine
(6-OHDA)-lesioned rat (Bjorklund and Stenevi, 1979; Kaakkola and
Teravainen, 1990; Ungerstedt, 1971) and the unilaterally (Bankiewicz
et al., 1986; Guttman et al., 1990; Kurlan et al., 1991b) or bilaterally-
lesioned primate after exposure to 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) (Deutch et al., 1986; Jacobowitz et al., 1984;
Mendez and Finn, 1975; Redmond et al., 1986; Tetrud et al., 1986).
MPTP has been shown to disrupt the nigrostriatal DA pathway in
monkeys, and observations of MPTP-treated Chlorocebus sabaeus
(African green) monkeys have shown that the nigrostriatal DA
depletions induced by the initial neurotoxic treatment can be
sustained consistently over a long period of time, although the severity
of the induced changes has been shown to vary from animal to animal
(Redmond, in press; Taylor et al., 1994; Taylor et al., 1997). Recently
data collected over a 10 year period after initial acute MPTP exposure
suggests that small increases in parkinsonism occur over time
(Redmond, in press). Behavioral changes induced by MPTP exposure
in this species are reversed in part by intrastriatal grafting with fetal
dopamine precursor cells (Elsworth et al., 1996; Elsworth et al., 1989a;
Elsworth et al., 1989b; Redmond et al., 1986; Sladek et al., 1988; Taylor
et al., 1991) or with human neural stem cells (Redmond et al., 2007)
(see reviews (Anisimov, 2009; Fitzpatrick et al., 2009)).

Several studies have used aged monkeys as a partial model for
Parkinson's disease, since aged monkeys are “on the threshold of
expression of parkinsonian features,” (Collier et al., 2007). Reduced
striatal dopamine concentrations have been noted previously in squirrel
monkeys (Irwin et al., 1994) and fewer tyrosine hydroxylase expressing
neurons in the substantia nigra were found in aged rhesus monkeys
(Emborg et al., 1998) but not in squirrel monkeys (Irwin et al., 1994;
McCormack et al., 2004). Additionally, the administration of both
dopaminergic precursors and growth factors, suchasGDNF, have shown
promise in in vivo experiments in aged monkeys(Emborg et al., 2009;
Grondin et al., 2000; Kordower et al., 2000). These studies have tracked
“improvement” in primatemotor function withmeasures of finemotor
movement, general activity, and “clinical” rating scales, which measure
some characteristics of parkinsonism and correlate with the density of
tyrosine hydroxylase positive neurons, as well as dopamine transporter
labeled neurons (Emborg et al., 1998). Other studies reported
improvements in upper limb function and motor slowing after L-Dopa
in aged rhesus monkeys (Grondin et al., 2000; Kurlan et al., 1991a;
Zhang et al., 2000). Although some of these methods are highly
quantitative and objective, they do not address the full spectrum and
characteristic changes of Parkinson's disease. Motor movement tracked
with computers or video, for example, may not be selective of the
unique combination of signs resulting from Parkinson's disease, and
there is no generally accepted single method of diagnosing or assessing
the progression of Parkinson's disease.

To obtain a different and more comprehensive assessment of the
unique cluster of behavioral and motor changes in Parkinson's disease,
(Redmond, in press; Redmond et al., 1986; Taylor et al., 1994) we
empirically developedandvalidated anassessmentmethod that utilizes
classic characteristics of human PD and includes quantitative measures
of species typical primate behaviors. Useful aspects of this Parkinson's
rating scale are its high correlations with nigrostriatal DA concentra-
tions, and the fact that theoverall score reflects theaspects of thedisease
that are unique for parkinsonism. Using this scale, we determined
whether aged St. Kitts green monkeys show typical signs of Parkinson's
disease, how they comparewith changes inMPTP-treatedmonkeys, and
whether they respond to direct or indirect DA agonists with known
antiparkinsonian effects.
2. Materials and methods

The present study compared groups of non-toxin-exposed aged
monkeys both with younger monkeys, and with monkeys rendered
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mildly parkinsonian by MPTP. All animal work complied with NRC
guidelines and was approved by the relevant animal care and use
committees.

2.1. Selection and care of monkeys for study

Themonkeyswere trapped or colony bred C. sabaeus from the island
of St. Kitts,West Indies. Throughout their time in captivity, themonkeys
were fed recommendedamounts of Harlan TekladNIB PrimateDiet (No.
8773, 20% protein, Madison, WI) supplemented with locally grown
fruits, given unrestricted access to water, and maintained in semi-
outdoor enclosures that allowed ambient natural daylight at 17′ North
latitude. Four groupswere selected for the studies. Ten femalemonkeys
(ages 21–30 years) were selected for the “Aged Untreated” group with
age based upon birth dates, or estimated from time of captivity plus 2 to
5 years based upon weight and size at the time of capture. Nine female
monkeys (ages 5–7) were used as normal “Adult Untreated” controls.
Thirteenmalemonkeys (ages 10–24) hadbeen exposed toMPTP at least
eight years before the data were collected for this study (“Aged MPTP”
group). Ten young adult male monkeys (ages 5–6) recently exposed to
MPTP composed the final group (“Adult MPTP”). The lifespan of these
monkeys in captivity is about 30 years, and the females seldom have
infants after they are 18 years old.

2.2. Behavioral observation methods

Trained, blinded observers ‘scored’ and ‘rated’ the behavior and
motormovements of eachmonkey individually without knowledge of
Table 1
Brief definitions of behaviors scored by time or rated by severity.

Individual observed behaviors score 1 or 0 per five-seconds or per five-seconds duration
Bipedal lookout Standing on legs with hands no
Cage pick Manual exploration or manipul
Chew/Bruxism Alternating mandibular-maxilla
Drinking Contact between mouth and dr
Eating Actively gathering, manipulatin
Eyes closed Motionless (as defined below)
Facedown Lying down in contact with the
Freeze/Motionless Remaining motionless for five-s
Penile erection Protrusion or raising of the pen
Scratch Rapid and repeated rubbing of
Self groom Gentle manipulation of the mon
Shift Pacing or walking about the cag
Tail flag Holding the tail erect while sta
Threaten outside Prolonged stare at observer or m
Vertical climb Locomotion on sides or top of t
Vocalization Any pharyngeal or laryngeal so

Behaviors scored at end of observation period after food presentation or vocal threat (scored
Food response Speed with which animal reach
Delayed movement Degree to which motor movem
Difficulty eating Physical difficulty in handling, b
Appearance General condition of grooming

measure of “blank” facies seen
Poverty of movement Slowness, decreased complexity
Threat response Motor, facial, and vocal respons
Head tremor Oscillating movement of head a
Limb tremor Oscillating movement of any lim
Effect of “intention” Tremor observed and scored eit

from 0 to 5) with “voluntary” m
Spontaneous freeze Interruption of an on-going mo

Behavior summaries derived from factor analyses (These behaviors are derived by summing
Parkscore The sum of the following indivi

motionless/5, difficulty eating, d
Tremor Head tremor, limb tremor
Anxiety Yawn, Chew, Scratch, Self-groo
Arousal Shift, tailflag, bipedal lookout, v
Sedation Eyes closed and freeze
Quiet OK Self-groom, cage pick, eating, d
Healthy Arousal, anxiety, quiet OK
the experimental variables. Signs of advanced age in primates are
sufficiently obvious to unblind observers, as well as those of moderate
to severe effects from MPTP. The observers, however, had no
hypotheses regarding the outcomes and carried out observations in
a setting with multiple on-going studies. From these quantitative
assessments of 29 behaviors, a parkinsonian summary score (Park-
score) was derived, based on a principal component factor analysis of
a dataset of observations of 11 normal and 66 post-MPTP monkeys
(See Taylor et al., 1994, for detailed operational definitions of the
behaviors and factor derivations and validation). Parkscore validity
has been tested by a number of methods and is highly responsive to
pharmacological changes in DA function and correlates highly with
striatal DA concentrations post-mortem (Elsworth et al., 2000;
Redmond, in press). In addition to the Parkscore, a number of other
factor scores were derived from these observations and were
analyzed. A “Healthy behavior” summary score, consisted of the sum
of several factors representing most normal behaviors that are a part
of a monkey's daily activities (Redmond, in press; Taylor et al., 1994).
This sum factor is equivalent to the “activities of daily living measure”
that is one section of the Unified Parkinson's Disease Rating Scale
(UPDRS) commonly used in clinical studies (Fahn et al., 1987;
Martinez-Martin et al., 1994). This score moves inversely with the
Parkscore (Taylor et al., 1994). It is less specific for parkinsonism than
the Parkscore, and can be depressed by other illnesses or drugs that do
not directly affect Parkinson's signs or symptoms. Severity levels
described were determined by the ranges from quintiles of Parkscore
severity from a large number of monkeys exposed to the same doses
of MPTP (Redmond, in press; Taylor et al., 1994).
t touching the floor and gazing outside of cage.
ation of any part of the cage.
ry apposition without previous introduction of food or objects into mouth.
inking spout.
g, introducing into the mouth, chewing, and swallowing of food.
with eyelids closed for five-seconds
cage floor or perch.
econds duration
is
any body part with fingers, hand, or foot
key's own hair or skin with hands or mouth
e
nding or walking
onkeys in other cages

he cage
unds

from 0 to 5)
es for, handles, and eats segment of banana or other highly prized fruits
ent appears to be delayed although eventually carried out
iting, chewing, or swallowing food or liquids
and appearance (Scored 0 for normal to 5 very abnormal). This is not a
in parkinson's patients.
, and small quantity of movement
es to postural and vocal threats from humans
t rest or during “voluntary” movement
bs at rest or during “voluntary” movement

her decreases (negative value from 0 to 5) or increases (positive value
ovements.
tor movement pattern of any type which lasts at least five-seconds

the primary behaviors scored):
dual scores, as defined below: Head tremor, limb tremor, appearance, freeze/
elayed initiation of movement, poverty of movement, response to threat, facedown

m, Penile erection
ertical climb

rinking
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The timing of behavioral observation differed based on the treat-
ment being assessed. Most observations of animals without drug
treatments occurred twice during the same time period each day two
or three times/week for several months, while the timing of obser-
vations of animals treated with dopamine agonists such as L-Dopa or
pergolide was based on pharmacokinetics and pharmacodynamics of
the drug and preliminary observations.
2.3. Data handling and analysis

Daily observations were recorded on a paper check sheet. The
resulting data were coded into a Microsoft Excel file and checked
against the paper records by the individuals who did the observation.
These files were then analyzed statistically (SAS Institute I, 1988).

The factor scores were constructed, and data were tested for var-
iance homogeneity and distribution assumptions. Multifactor para-
metric ANOVA for between group and repeated measures within
group was performed first. Significant interactions among factors
were decomposed using the simple main effects. Post hoc tests used
Student-Newman–Keuls, at pb0.05 two tailed.
2.4. MPTP and other drug exposures

MPTP was administered intramuscularly to the MPTP comparison
groups over a period of five days, totaling a dose of 2 mg/kg of body
weight. Four doses were administered with a spacing of approxi-
mately 12 h between each dosing for the first three days, with the fifth
dose being administered on the morning of the fifth day. The “Aged
Untreated” monkeys were retired breeders, were not administered
any experimental drugs, and received only standard drugs used in a
primate colony, including ketamine 10 mg/kg, xylazine 2 mg/kg, for
routine care every three months, immunizations, TB testing, and
periodic ultrasound determinations of pregnancy.
Fig. 2. Behavioral differences in specific component scores among the four groups. The
aged monkeys showed effects similar to MPTP-lesioned adult monkeys. In particular,
scores such as Poverty of Movement, Delayed initiation of movement, Eating Problems, and
Food Response were significantly different and impaired compared with the other
groups. The MPTP exposed groups all showed more tremor than the “Aged Untreated”.
The letters and statistical notations are the same in all of the figures. Behaviors, not
illustrated but indicating significant group differences, were vertical climb, threat
response, and appearance. Normal Healthy behaviors that were not different between
the groups were shift, tail flag, lookout, and vocalization. Facedown (lying flat on cage
bottom) was not elevated in any of the groups.
2.5. Drug challenges

Responses to challenges with dopamine receptor agonists and
precursors were measured. The challenges were administered to
monkeys in the “Adult Untreated” and “Aged Untreated” groups,
except for pergolide, whichwas administered to the “Aged Untreated”
group and compared with the responses of the “Adult MPTP” group.
The “Aged MPTP” group was studied behaviorally and sacrificed for
another study before the drug testing was carried out. The drugs
administered included L-3,4-dihydroxy-phenylalanine (L-Dopa)
methyl ester with injection 1 h beforehand with the peripheral
decarboxylase inhibitor, benserazide (20 mg/kg i.m.) for four days at a
time with behavioral observation 3 h after L-Dopa administration (5–
10 mg/kg i.m.), dihydrexidine (1 mg/kg i.m. for two days in the span
of a week), and apomorphine (0.2 mg/kg i.m. for two days in the span
of a week. Domperidone 3 mg/monkey was administered orally in
banana 2 h before apomorphine administration to minimize or
eliminate nausea or vomiting. Pergolide (0.05–0.1 mg/kg/day i.m.)
was administered in increasing doses over a period of 17 days. Drug
challenges were compared between the groups and against extensive
baseline observations. Since the effective anti-parkinson's doses of
dihydrexidine, apomorphine, and L-Dopa had been previously deter-
mined, we compared these compounds in normal “Adult Untreated”
monkeys to determine side effects and effects of administration. With
pergolide, we used the “Adult MPTP” group to verify anti-parkinson's
effects of the doses studied. The group names “Aged Untreated” and
“Adult Untreated” refer to whether the animals had been exposed
to MPTP. Both of these groups as well as the “Adult MPTP” group
received drug challenges.
3. Results

3.1. Behavioral differences between aged and control monkeys

The “Aged Untreated” monkeys showed a significantly higher
Parkscore than their “Adult Untreated” control group (see Fig. 1 and
Table 1 for definitions of behaviors and factor scores). Their level of
parkinsonism was comparable to the “Aged MPTP” and the “Adult
MPTP” monkeys. Healthy behavior summary score was not signifi-
cantly reduced compared with normal and MPTP-lesioned adult
controls. The “Aged Untreated”monkeys displayed significant deficits
in the “delay” and “Poverty of Movement,” and also showed Eating
Problems that are common signs of PD (see Fig. 2). Resting or intention
tremorswere not, however, statistically higher in the “AgedUntreated”
group than in the “Adult Untreated” group. Lower scores for anxiety
(yawn, chew, scratch, self-groom, penile erection) and arousal fac-
tor scores (shift, tailflag, bipedal lookout, vertical climb) in the
“Aged Untreated” group did not change the overall healthy behavior
of the monkeys significantly compared to controls (see Fig. 3). We
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Fig. 3. Other individual factors composing normal behaviors are different between the groups. The “Aged Untreated” animals showed a decreased arousal compared with the “Adult
Untreated” but were similar to the two MPTP exposed groups, and a decreased anxiety factor score as compared with MPTP-lesioned adult animals. Sedation and Quiet OK factor
scores of the aged animals were similar to both the untreated adult and MPTP-lesioned adult groups. (Identical letters on the bars indicate that there were no differences between
them (pb0.05). Different letters were statistically different. The inset boxes show the results of the ANOVAS.)

Fig. 4. Effects of Pergolide in Aged and MPTP-exposed monkeys. Low-dose pergolide treatment increased Healthy behavior in the aged animals, similar to increases in the “Adult
MPTP” group. Improvements were not, however, seen in the Parkscore of the aged animals, whereas Parkscorewas reduced in all doses in the Adult MPTP group. High-dose pergolide
treatment significantly increased shift, which is walking, motor/ambulatory movement and arousal in both groups. (Identical letters on the bars indicate that there were no
differences between them (pb0.05). Different letters were statistically different. The inset boxes show the results of the simple main effect ANOVAS.) The original multi-factor
ANOVAs showed that the “Aged Untreated” group's Parkscores were not different overall from this “Adult MPTP” group (pb0.29), but their Healthy behaviors were different over all
drug conditions (F=7.15, df=1,23, pb0.02).
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considered the possibility that some individuals might have some
process thatmade themmore parkinsonian than individuals thatwere
just “normally aged”. The monkeys chosen for study represented all
monkeys in the same age range in the colony. Seven of these aged
monkeys were mild and 2 were moderate based upon the typical
parkinsonian severity which follows MPTP treatment with total doses
of 2.0–2.4 mg/kg administered over a 5 day period. There was no way
to know how long the animals had been alive in the wild, and the
actual ages of the “Aged Untreated” group were all estimated by the
formula described. Itwas not possible, therefore, to evaluate the extent
of time prior to captivity when diet and other exposures were
uncontrolled, but verifiable time in captivity in the “Aged Untreated”
group ranged from 19 to 24 years.

3.2. Dopamine agonist treatment

Treatment with the mixed (D-1 and D-2) dopamine receptor
agonist pergolide in the “Aged Untreated” animals was shown to
Fig. 5. DA agonists and L-Dopa treatment of Aged and Untreated Adult monkeys. Parkscore
monkey group, but apomorphine significantly increased Parkscore in the “Adult Untreated
behavior in the “Aged Untreated”monkeys, and this result was mirrored in the normal adult
Movement (improved) and Eating Problems (worsened) in the “Aged Untreated” group. In
Problems significantly compared with baseline. Both apomorphine and dihydrexidine decre
significant difference from the very low baseline levels was seen in the “Adult Untreated” g
improve their Healthy behavior scores at all but the highest dose of
treatment, whereas pergolide administration to the “Adult MPTP”
monkeys was shown to be effective in increasing Healthy behaviors
with two of the three doses (see Fig. 4). In contrast, pergolide injection
did not significantly decrease Parkscore in the aged monkeys.
Pergolide treatment was, however, effective in decreasing Parkscore
in the “Adult MPTP” monkeys and increasing Healthy behavior
components such as shift and other movement measures. In addition,
pergolide had one opposite effect, increasing tremor in the “Aged
Untreated” monkeys and decreasing it in the “Adult MPTP” group.

Administration of the preferential D2-like agonist, apomorphine
and the full D1-like agonist, dihydrexidine increased the Healthy
behavior scores of the “Aged Untreated” monkeys above baseline
level, but neither they nor indirect DA agonist, L-Dopa were shown to
affect the Parkscore of the monkeys (see Fig. 5). The effects of the
agonist treatments on the component scores of the Parkscore were
sometimes contradictory, however, as in the example of apomorphine
decreasing Poverty of Movement but increasing Eating Problems in the
rating upon treatment with L-Dopa and two direct agonists was unaffected in the aged
” monkeys. Both dihydrexidine and apomorphine, but not L-Dopa, increased Healthy
s. Apomorphine had significant effects in relation to the Parkscore component Poverty of
the “Adult Untreated” group, apomorphine increased Poverty of Movement and Eating
ased tremors in the “Aged Untreated” group compared with the baseline period, but no
roup.
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Fig. 7. No loss of striatal serotonin in aged monkeys. Young adult female monkeys
(n=4) and aged female animals (n=3) showed no significant alteration of serotonin
(5HT) levels (mean±standard error) in either (A) caudate nucleus [unpaired two-
tailed t-test, t(5)=1.3] or (B) putamen [unpaired two-tailed t-test, t(5)=2.1].
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“Aged Untreated” monkeys. Both dihydrexidine and apomorphine
significantly reduced tremor in the “Aged Untreated” monkeys. The
“Adult Untreated”monkeys showed increases in Poverty of Movement,
Eating Problems, and Parkscore with apomorphine.

3.3. Biochemical evaluation

Postmortem biochemical analysis of brain punch tissues demon-
strated a significant deficit in dopamine levels in both the caudate and
putamen for 3 aged female monkeys of similar ages to the “Aged
Untreated” group, as compared to normal young adult monkey
caudate and putamen dopamine concentrations (Fig. 6). In addition to
dopamine concentrations being reduced, the extent of depletion was
greater in the putamen (63% loss) than in the caudate nucleus (45%).
This is the same as that seen in PD, in contrast to MPTP in which
caudate has more DA depletion than putamen. MPTP-treated St. Kitts
green monkeys with a comparable degree of parkinsonism (Parkscore
between 5 and 12) have a greater loss of dopamine in caudate nucleus
(90%) than putamen (68%) when measured more than a year after
treatment (Elsworth et al., 2000). Unlike the depletions seen in
dopamine concentrations, serotonin concentrations were unchanged
(Fig. 7).

4. Discussion

The major finding of this study was that an untreated, aged group
of female monkeys displayed significantly more classic parkinsonian
signs than a sex-matched group of young adult females. These be-
havioral changes were similar to those of young or older adult male
monkeys treated with MPTP, a neurotoxin widely used for studying
the disease in monkeys. This conclusion is supported by the Parkscore
of the animals, as well as component scores tremor, Eating Problems,
delayed initiation of movement, and Poverty of Movement. The arousal
factor score of the “Aged Untreated” monkeys was reduced as com-
pared with normal sex-matched adult monkeys, replicating another
change previously shown to be associated with dopaminergic cell
death (Fink and Smith, 1980). Finally, biochemical analysis of three
Fig. 6. Loss of dopamine in aged monkeys in caudate and putamen compared with
young sex matched adults. Aged females (n=3) showed significantly decreased
dopamine levels (mean±standard error) in either (A) caudate nucleus [unpaired two-
tailed t-test, t(5)=6.8, pb0.001] or (B) putamen [unpaired two-tailed t-test, t(5)=8.4,
pb0.0005] compared with young female adults (n=4), denoted by an asterisk in the
upper and lower bar graphs. A significantly greater age-dependent decrease (mean±
standard error) was observed in putamen (63±3.2%) compared with caudate nucleus
(45±2.7%) [unpaired two-tailed t-test, t(4)=4.4, pb0.05].
aged female monkeys post mortem confirmed the dopaminergic
deficit that would be predicted by the increased Parkscore.

The results are complicated by gender differences between the
various groups, with the primary “Aged Untreated” group being all
female. These were compared with a group of young adult females,
but the MPTP exposed comparison animals, both the “Adult MPTP”
and the “AgedMPTP”monkeys weremale. Since effects of estrogen on
dopaminergic systems have been reported in St. Kitts monkeys, one of
the factors in their decreased dopamine concentrations may be their
post menopausal status (Leranth et al., 2000).

The finding of the same classic Parkinsonian signs in both MPTP-
exposed monkeys and this group of aged monkeys raises a variety of
possibilities for future exploration. Since most PD patients have
presumably not acquired their condition upon exposure to neuro-
toxins but rather developed the condition due to multiple genetic and
environmental factors as they aged, one could argue that the mild
parkinsonism seen in the aged monkeys observed in this study is in
some ways a more realistic model of some aspects of the disease than
follows acute administration of MPTP. As a consequence of aging or
chronic disease processes over 10–20 years, associated neural defects
have had time to accumulate, such as alterations of post synaptic
receptor numbers and sensitivity, and decrements in DA synthetic
enzymes, storage, and releasemechanisms (Cooper et al., 2006). All of
these may be more similar to a disease that also developed over 10–
20 years in the human than would be expected from an acute
neurotoxin, which might have a similar phenotypic profile, but would
be more likely to respond to DA replacement therapies. It should be
noted that the comparison MPTP-exposed groups were only mildly
affected and did not represent the full range of severity which follows
the standard dose of 2 mg/kg (Redmond, in press; Taylor et al., 1994).

It is perhaps not surprising that the aged monkeys did not display
L-Dopa responsiveness, mirroring the increased resistance of older PD
patients to dopamine replacement and agonists (Hely et al., 2005;
Newman et al., 1985). The decreased dopamine concentrations
measured in some of the animals post mortem, confirms the fact
that DA neurons have also been compromised or lost, and with them
the capacity to convert L-Dopa to dopamine. Although in the range of
human clinical doses, the dose of L-Dopa was below the 40 mg/kg
threshold for improvement in hemiparkinsonism in rhesus monkeys
(Kurlan et al., 1991a). The other DA agonists, apomorphine
and dihydrexidine, also did not improve the overall Parkscore, but
did have beneficial effects in some areas, such as reducing tremor. The
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nonspecific DA agonist pergolide was the only drug successful in
increasing the Healthy behaviors, such as “shift” (a measure of
ambulation about the cage) in the aged monkeys. Pergolide admin-
istration did not, however, serve to decrease the overall Parkscore,
although it apparently led to improved function and activity. This
might also have reflected improvements in cognition, which were
only measured indirectly in this study (Lieberman et al., 1985). If we
had been measuring only cage activity or ambulation (Grondin et al.,
2000), this improvement could have been interpreted as an anti-
parkinson effect. However, its administration did not improve the
more selective Parkscore.

That the aged monkeys did not fully respond to DA agonist treat-
ment may be interpreted in different ways. It is possible that the
advanced age of the monkeys rendered them less able to respond to
drugs that have been successfully used to treat the symptoms of
younger adult PD patients and whose beneficial effects have been
replicated in a monkeymodel (Hely et al., 1996; Hely et al., 2005). It is
also possible, but unlikely, that the behavioral effects observed in
the aged moneys were entirely unrelated to dopaminergic decline,
especially when specific dopamine deficits were confirmed. Mild
parkinsonian symptoms in elderly humans also do not respond to
standard L-Dopa treatment (Newman et al., 1985).

Since growth factors have been reported to enhance fluoridopa
uptake and increasing TH immunoreactivity in aged monkeys
(Kordower et al., 2000), they may be restoring and rejuvenating
dopaminergic systems that are otherwise no longer able to respond
effectively to the standard drug treatments that are more effective in
younger patients (and monkeys). Aged mildly parkinsonian monkeys
may also provide a more realistic test model for the success of cellular
therapies than the young adult MPTP treated monkey. It is likely that
candidates for cellular therapies would be relatively old and perhaps
share some of the associated changes that may be reflected in these
aged monkeys.

Another consideration is the possibility that these aged monkeys,
perhaps unlike primates studied elsewhere, actually have a form of
Parkinson's induced by toxic exposure to herbicides or pesticides or to
some local plants that have been associated with the disease. An
atypical L-Dopa unresponsive syndrome has been identified on the
Caribbean island of Guadeloupe, associated with Annona muricata
(corossol, soursop) (Caparros-Lefebvre and Elbaz, 1999; Lannuzel
et al., 2006). The fruit of this plant is definitely a favorite of these
monkeys, and although some exposure to it in both the wild (pre-
capture) and captive population is likely, their exposures in captivity
would not have reached the levels which demonstrated dopamine
neurotoxicity experimentally (Lannuzel et al., 2006). Some herbicide
or pesticide exposure in the pre-capture period cannot be ruled out.
Two aged monkeys did show higher levels of parkinsonism than
the others, but all animals in the group had significant levels, and
there were no obvious factors to explain the two with the highest
scores. The duration of life prior to captivity as a factor in their level of
parkinsonismwas impossible to determine in thesewild born animals.

The decrease in dopamine concentrations in putamen between
these aged monkeys and young adult monkeys (63%) is almost
identical to the reductions previously reported (60%) in humans of
comparable ages, although the decreases in both putamen and caudate
were equivalent in the aged humans (Kish et al., 1992). The aged
monkeys showed dopamine deficits that are comparable in degree to
the losses observed in mildly parkinsonian monkeys exposed to
MPTP, but with a pattern of greater depletion in putamen compared
with caudate, which is typical of idiopathic Parkinson's disease
(Hornykiewicz, 1989), without comparable reductions in serotonin.

5. Conclusion

The aged group of monkeys that was not exposed to MPTP still
showed all of themain behavioral features of mild parkinsonism, even
exceeding the levels of some monkeys that were exposed to MPTP in
doses that are often fatal in some monkeys. This age-associated
parkinsonism is atypical in that it does not respond fully to ad-
ministration of dopamine replacement drugs. This failure of response
raises the question as to whether these signs are due to the many
other genetic, environmental, and biochemical abnormalities associ-
ated with the disease which are non-responsive to dopamine
replacement (Klein and Schlossmacher, 2007). Studies of aged
monkeys therefore might provide a means for identifying effective
non-dopamine acting therapies. Nonetheless, comparisons of aged
animals with MPTP-lesioned young adult monkeys show that the
presentation of signs and deficits is almost the same. It is still unclear
how aging contributes to PD, but this study shows that aged monkeys
share many features of the actual disease and may be useful for
modeling some aspects that may not be present after acute neu-
rotoxin exposure.
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