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Abstract
Objective—Nigrostriatal reserve refers to the threshold of neuronal injury to dopaminergic cell
bodies and their terminal fields required to produce parkinsonian motor deficits. Inferential studies
have estimated striatal dopamine reserve to be at least 70%. Knowledge of this threshold is critical
for planning interventions to prevent symptom onset or reverse nigrostriatal injury sufficient to
restore function in people with Parkinson disease. In this study, we determine the nigrostriatal
reserve in a non-human primate model that mimics the motor manifestations of Parkinson disease.

Methods—Fifteen macaque monkeys received unilateral randomized doses of the selective
dopaminergic neuronal toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. We compared blinded
validated ratings of parkinsonism to in vitro measures of striatal dopamine and unbiased
stereologic counts of nigral neurons after tyrosine hydroxylase immunostaining.

Results—The percent of residual cell counts in lesioned nigra correlated linearly with the
parkinsonism score at 2 months (r = −0.87, p <0.0001). The parkinsonism score at 2 months
correlated linearly with the percent residual striatal dopamine (r = −0.77, p = 0.016) followed by a
flooring effect once nigral cell loss exceeded 50%. A reduction of about 14 to 23% of nigral
neuron counts or 14 to 37% of striatal dopamine was sufficient to induce mild parkinsonism.

Conclusions—The nigral cell body and terminal field injury needed to produce parkinsonian
motor manifestations may be much less than previously thought.
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Introduction
Degeneration of nigrostriatal neurons with striatal dopamine deficiency produces many of
the motor manifestations of idiopathic Parkinson disease (PD) (Ehringer and Hornykiewicz,
1960). The functional reserve of the nigrostriatal pathway, which is the required degree of
loss of either dopaminergic nigral cell bodies or terminal fields in the striatum to produce
manifestations of parkinsonism, is critical for planning interventions to prevent progression
of pathology before producing symptoms or reverse nigrostriatal injury to restore function.

Early studies in humans suggested that motor symptoms do not manifest until striatal
dopamine deficiency reaches at least 70% loss (Bernheimer et al., 1973; Riederer and
Wuketich, 1976). An often quoted postmortem study (Bernheimer et al., 1973) reported
people with a variety of diseases developed mild parkinsonism after striatal dopamine
decreased 70–80% in caudate with a much greater loss in putamen. Another study (Riederer
and Wuketich, 1976) in 1976 measured dopamine in the caudate rather than putamen
although it is now known that PD preferentially affects putamen (Scherman et al., 1989) and
that motor function depends more upon putamen than caudate integrity (Mink, 1996). By
extrapolating dopamine content from age at death to age at symptom onset in a group of
chronically treated patients, they calculated that symptoms began when dopamine loss in the
caudate was 68% to 82%. Postmortem studies in people with incidental Lewy bodies and no
history of parkinsonism revealed concordant reduction of about 50% to 70% striatal
dopamine and about 50% of marker of vesicular monoamine transporter type 2 (VMAT2)
(Scherman et al., 1989) and tyrosine hydroxylase protein (Beach et al., 2008). Such
postmortem studies likely result in inaccurate dopamine measurements (Carlsson and
Winblad, 1976).

Other research focused on dopaminergic cell body loss in substantia nigra (SN). By
extrapolating neuronal counts at death in people with different durations of illness, estimates
of the extent of the loss of nigral neurons at symptom onset were calculated to be as high as
50% (Ross et al., 2004). However, nigral neurons were counted only on a single, transverse
caudal midbrain section for each of 10 PD patients. A similar study of 20 PD patients
(Fearnley and Lees, 1991) estimated that only a 31% of neuronal loss was sufficient to
trigger clinical manifestations whereas asymptomatic people with incidental Lewy bodies
had an average of 27% neuron loss in SN. Two postmortem studies using more rigorous
quantitative methods, such as using a tessellation method (Greffard et al., 2006) and the
dissector-based neuromorphometry (Ma et al., 1997), found that about 30% of nigral
neuronal loss appeared sufficient to cause motor symptoms in PD (Beach et al., 2008). Thus,
substantial variability in estimates of nigrostriatal reserve in humans may reflect imprecision
in retrospective identification of symptom onset and in quantification of either nigral cell
loss or striatal dopamine content.

Molecular imaging with radioligands to measure striatal dopamine or nigral neurons in vivo
could help determine the degree of nigrostriatal injury needed to produce parkinsonism or
permit measurement of pathologic progression of disease. However, these methods still need
further validation to determine how accurately they measure striatal dopamine or nigral cell
loss (Brooks et al., 2003; Ravina et al., 2005; Yee et al., 2001). Despite these limitations,
molecular imaging studies suggest PD symptom onset begins with a loss of uptake in
putamen of 20–50% measured with 6-[18 F] fluorodopa (FD), 50–70% measured with
radioligands for the dopamine transporter (DAT) or VMAT2 (Bohnen et al., 2006;
Nandhagopal et al., 2008; Lee et al., 2000). Interestingly, PET measures of the striatal
uptake of the VMAT2 radioligand [11C]dihydrotetrabenazine contralateral to the clinically
unaffected body side was reduced by 73% in 16 patients with early PD at Hoehn and Yahr
stage 1 or 1.5 (Bohnen et al., 2006). The authors concluded that the development of motor
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manifestations required a substantial degree of nigrostriatal pathology due to a high
nigrostriatal reserve. The different findings regarding nigrostriatal reserve among
radiotracers may be due to differences in sensitivity of the different methods or
compensatory upregulation of aromatic amino acid decarboxylase increasing FD uptake,
should such differential compensation occur.

One-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) produces a reasonably faithful
nonhuman primate model of PD with regard to reduction of nigrostriatal neurons (Tabbal et
al., 2006; Langston et al., 1983; Ballard et al., 1985), motor behavior (Tabbal et al., 2006)
and response to pharmacotherapy including development of drug-induced dyskinesias. This
animal model provides a good system to investigate the interplay between motor behavior,
striatal dopamine and nigral dopaminergic neuron loss. Although the mechanism of injury of
nigrostriatal neurons differs between PD in humans and MPTP-induced injury in non-human
primates, the animal model permits prospective measures of motor behavior that correspond
with measurements of striatal dopamine and nigral neuronal counts at various degrees of
nigrostriatal injury in a measurable and controlled fashion compared to observational human
studies.

The goal of this study is to determine the thresholds of nigral cell body and terminal field
injury needed to produce parkinsonian motor manifestations in MPTP-treated monkeys that
have never been treated with any dopaminergic drugs.

Subjects and Methods
Ethics Statement

We used the minimum number of animals necessary for this research and followed all
relevant national and international guidelines. In accordance with the recommendations of
the Weatherall report “The use of non-human primates in research,” we took all steps to
minimize any discomfort or suffering to the animals. The welfare of the animals conformed
to the requirements of National Institutes of Health (NIH), and we followed the guidelines
prescribed by the NIH Guide for the Care and Use of Laboratory Animal. This study was
conducted at the Nonhuman Primate Facility of Washington University in St. Louis with
approval from its Institutional Animal Care and Use Committee (IACUC). The protocol
number is 20110161 and was last approved on July 8, 2011. All animals were housed in the
same room in cages meeting or exceeding the stipulated size requirements. Animals were
maintained in facilities with 12-hour dark and light cycles, given access to food and water ad
libitum; all animals were equally engaged with a variety of psychologically enriching tasks
such as watching movies or playing with appropriate toys to avoid effects of sensory
deprivation. No animal was knowingly exposed to potential infection. Humane endpoints
were pre-defined in this protocol and applied as a measure if necessary to reduce any
discomfort.

Subjects
We studied 15 male macaque monkeys, 12 M. fascicularis and 3 M. nemestrina (monkey #4,
#5 and #13) before and after unilateral internal carotid artery infusion of various doses of
MPTP. The mean age of the animals was 5.3 ±1 years (3.5 to 6.4 years).

MPTP Infusion
Unilateral internal carotid artery infusion was done under angiographic control in
anesthetized animals, as described elsewhere (Tabbal et al., 2006). A randomized dose
between 0 to 0.31 mg/kg of MPTP (Sigma, St. Louis, MO.) in normal saline was infused in
a concentration of 0.1 mg/ml no faster than 1 ml per minute. Angiograms done before and
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after the infusion documented maintenance of proper catheter position and good distal blood
flow. Proper safety procedures were followed for handling MPTP and all contaminated
tissues and waste products (Tian et al., 2012).

Behavioral evaluations
Each animal was videotaped at the same time of day (early morning) several times before
MPTP treatment for baseline behavioral ratings, then several times per week after MPTP
until euthanasia. Animals were trained using positive conditioning only to follow a
behavioral protocol that consisted of a) walking back and forth 3 times in a straight corridor
for 15 feet, b) walking in a circle 6 times in a room (3 clockwise and 3 counterclockwise
turns) and c) reaching 10 times with each hand at full arm length for a food item held by the
trainer. Each behavioral session was video recorded and the same observer blinded to the
MPTP dose rated each video using a scale previously developed and validated for non-
human primate studies (Tabbal et al., 2006; Perlmutter et al., 1997). Briefly, ratings included
a 0 to 3 scale (0 = unaffected, 1 = mildly affected, 2 = moderately affected and 3 = severely
affected) for parkinsonian features (bradykinesia, tremor and flexed posturing). This yielded
a composite parkinsonism score ranging from 0 to 18 per side. We used for the analysis the
parkinsonism score at 2 months after MPTP just prior to euthanasia. Prior to data collection,
we conservatively defined the threshold of behavioral parkinsonism as a score of at least 2
points to avoid possible overlap with normal behavior since we had not previously blindly
rated any control animal with a score of greater than zero (Tabbal et al., 2006; Perlmutter et
al., 1997). Animals were always able to care for themselves despite not receiving any anti-
parkinsonian drugs at any time.

In Vitro Measures
Animals were euthanized 2 months after MPTP with intravenous pentobarbital (100 mg/kg;
Somnasol Euthanasia, Butler Schein Animal Health, Dublin, OH). The brain was removed
within 10 minutes and the hemispheres and midbrain were separated. The hemispheres were
sliced in the coronal plane. Standard punch biopsies were collected from caudate and
putamen bilaterally, frozen quickly on dry ice snow and stored in a −80 degrees Celsius
freezer until dopamine assay. The midbrain was fixed in 4% paraformaldehyde in 0.1 M
phosphate buffered solution (PBS). After 7 days, the midbrain was transferred to 30%
sucrose for 7 days, and then cut on a freezing microtome in serial, free-floating 50 µm-thick
transverse sections. A random series of every 6th section was processed for tyrosine
hydroxylase (TH) immunocytochemistry.

Tyrosine hydroxylase immunohistochemistry and stereology
Sections were incubated with rabbit anti-TH (1:1000; Chemicon International, Inc.,
Temecula, CA), reacted with biotin-conjugated universal secondary antibody provided in
Universal Vectastain (1:200; Vector Laboratories, Burlingame, CA), incubated in
streptavidin-biotin complex (Vectastain ABC Kit Elite, Vector Laboratories, CA) and then
incubated in 3,3'-diaminobenzidine (DAB) solution with nickel enhancement (Vector
Laboratories, Burlingame, CA) for visualization as previously described (Tian et al., 2012).
Sections were counterstained with cresyl violet. Unbiased stereological counts of nigral
neurons followed procedures defined by Gundersen et al (Gundersen et al., 1988a;
Gundersen et al., 1988b) using an Olympus BX41 Microscope with a proscan stage kit and
DP70 digital camera with newCAST™ software (Visiopharm, Denmark). The SN pars
compacta was defined as the region ventral to the medial leminiscus and lateral to the third
cranial nerve fibers. We used a Visiopharm Integrator System (version 3.2.10.0) to count
TH-stained nigral cells as described elsewhere (Tian et al., 2012). The percent residual cell
count in nigra on the MPTP injected side was calculated for each animal as the ratio of cell
count on the MPTP-treated side divided by that on the control side, respectively. These
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measures were done blinded to MPTP dose, clinical ratings or knowledge of striatal
dopamine content. We repeated the nigral cell counts in control and severely-lesioned
monkeys to determine the coefficient of error (CE) of the stereological method. CE values
were ≤ 0.045 for control and lesioned monkeys, which meet the criteria of acceptable CE
values as previously established elsewhere (Gundersen and Jensen, 1987).

Striatal dopamine measurements
A blinded investigator measured dopamine levels in striatal tissue samples using high-
performance liquid chromatography (HPLC) with electrochemical detection (Karimi et al.,
2006; Namavari et al., 1992; Taylor et al., 1991; Tian et al., 2012). All measures were done
in duplicate. Striatal dopamine levels were expressed in microgram per gram of wet tissue.
The striatal dopamine and nigral cell counts of 14 of these animals have been reported in a
previous publication that did not include the behavioral measures (Tian et al., 2012).

Statistics
Averages are listed with standard errors. Regression analyses were performed using
OriginLab software (version 7.5 SR4) to calculate the Pearson’s coefficients (r). Two-
sample paired t-tests were used to compare data sets between the MPTP-treated and control
sides.

Results
All 15 monkeys completed the study protocol successfully and were euthanized at 2 months
after MPTP infusion. Table 1 summarizes the demographic characteristics, behavioral,
biochemical and morphological profiles of all monkeys.

Behavioral responses to MPTP
The typical behavioral response to unilateral MPTP injection included contralateral transient
dystonia in the limbs followed by parkinsonism (Tabbal et al., 2006; Perlmutter et al., 1997).
As expected the severity of these manifestations varied with the dose of MPTP (Table 1).
The parkinsonism score just prior to euthanasia ranged from 0 to 8 points. None of the
animals had a motor rating of 1. Figure 1A illustrates the progression of parkinsonism over 2
months represented by the percent of maximal parkinsonian severity rating calculated for
each monkey with a least two measures per monkey per week. We defined percent of
maximal parkinsonian severity for each monkey as the average of parkinsonian score over 3
days divided by the maximal parkinsonian score of that monkey over the course of the
study. All the MPTP-treated monkeys reached over 90% of their maximal parkinsonism
score about 3 weeks after MPTP and their parkinsonism scores remained stable until
euthanasia at 2 months after MPTP. Although relatively low in magnitude, individual
components of the rating scale (bradykinesia, tremor and flexed posture) followed the same
pattern than that of the total parkinsonian scores (Fig. 1B and C). The onset of bradykinesia
tended to precede the onset of flexed posture. The wider standard deviations early in the
study reflects the variability in the time of onset of parkinsonian motor deficits as expected
due to the variability in the administered MPTP dose among animals. Only two monkeys
(monkey# 8 and #9) had a mild left hand action tremor rated as 1 starting on day 29 and day
16 after MPTP, respectively, that did not change for the duration of the study. At euthanasia,
no animals had any dystonic manifestations.

MPTP-induced nigral neuron loss
The quantification of TH-stained nigral neurons in 14 monkeys is summarized in Table 1.
Monkey #12 was excluded from the nigral neuron count analysis because the nigral tissue
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was damaged during processing. The percent of residual cell counts in lesioned nigra
correlated linearly with the parkinsonism score at 2 months (r = −0.87, p < 0.0001, n = 14)
(Fig. 2A). The threshold of nigral cell loss to produce parkinsonism was about 14 to 23%.
The lower end of this range was based on the animal with the least cell loss associated with
development of parkinsonism. The upper end of the range was estimated as slightly more
loss than that found in the animal with the greatest cell loss that did not have parkinsonism.
Since there is normal side-to-side variability in the two control animals and each animal may
start with a different number of nigral neurons, we also determined the relationship between
parkinsonism score and absolute number of residual nigral neurons (Fig. 2B). They also
correlated linearly (r = 0.74, p = 0.0024, n = 14).

MPTP-induced striatal dopamine deficit
The striatal dopamine concentrations are summarized in Table 1. There were no significant
differences between the mean (±standard error) caudate and putamen dopamine
concentrations (Table 2) on the control side (11.2 ± 1.1 µg/g vs 9.9 ±0.7 µg/g of wet tissue,
respectively; two-sample paired t-test: t = 1.12, p = 0.28) or on the MPTP-lesioned side (4.0
±1.2 µg/g vs 4.3 ± 1.3 µg/g of wet tissue; two-sample paired t-test: t = −0.57, p = 0.58).
There was also no significant difference between caudate and putamen percent residual
dopamine concentration (38 ± 10 % vs 44 ± 12%, respectively; two-sample paired t-test: t =
−1.16, p = 0.27). Since the individual caudate and putamen dopamine measures were
relatively noisy, we used the average of the caudate and putamen dopamine concentrations
for each monkey to calculate the percent residual striatal dopamine concentration (100 ×
right/left ratio) in the MPTP-lesioned striatum.

The percent residual striatal dopamine dropped linearly (r = −0.77, p = 0.016, n = 9) as
parkinsonism score worsened followed by a plateau or flooring effect once residual striatal
dopamine was less than 5% (Fig. 3A). This flooring effect occurred in monkeys that had
more than 50% nigral cell count loss, as indicated by the circle symbols in figure 3A. The
threshold of striatal dopamine loss to produce parkinsonism was about 14 to 37%. The lower
end of this range was based on the animal with the least dopamine loss associated with
development of parkinsonism. The upper end of the range was estimated as slightly more
loss than that found in the animal with the greatest dopamine loss that did not have
parkinsonism. The relationship of percent residual dopamine in putamen and parkinsonism
score was similar to the relationship between striatal dopamine and parkinsonism score,
dropping linearly initially (r = −0.79, p = 0.011, n = 9), then reaching a plateau once residual
striatal dopamine was less than 5% (Fig. 3B) in animals with more than 50% nigral cell
count loss. However, we found was no significant correlation between percent residual
caudate dopamine and parkinsonism score (r = −0.65, p = 0.060, n = 9) (Fig. 3C).

The residual nigral neuron counts correlated linearly with striatal dopamine only in monkeys
that did not have more than 50% nigral cell loss (r = 0.84, p = 0.0043, n = 9) (Fig. 4A).
Those monkeys with more than 50% nigral loss are indicated by circles in figure 4A. The
residual nigral neuron counts also correlated linearly with putamen and caudate dopamine
levels in a similar manner (r = 0.69, p = 0.039 and r = 0.90, p = 0.0008, respectively, n = 9)
(Fig. 4B and 4C, respectively).

Discussion
We found a lower threshold in this unilateral MPTP non-human primate model of PD than
previously reported for nigrostriatal injury that produces measureable parkinsonian features.
This indicates that the nigrostriatal reserve may be much less than previously thought. If this
applies to human PD, interventions to forestall onset of motor manifestations would need to
target patients earlier in the pathophysiologic process than previously estimated. Our study
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demonstrated that as little as 14 to 23% drop in nigral neuron counts or 14 to 37% reduction
of striatal dopamine was sufficient to induce mild parkinsonism (Table 1). This finding
contradicts two earlier reports that suggested that a 70 to 80% striatal dopamine loss was
necessary to induce PD symptoms (Bernheimer et al., 1973; Riederer and Wuketich, 1976).
However, several issues limit the interpretation of these earlier reports. The PD patients in
the first study (Bernheimer et al., 1973) had clinical ratings consistent with more severe
parkinsonism. In addition, postmortem delay prior to removing the brain can reduce striatal
dopamine measures (Carlsson and Winblad, 1976). The second report (Riederer and
Wuketich, 1976) was based on extrapolation of cross sectional dopamine measures with the
assumption that the time of onset of PD symptoms was established with an error of only one
year. However, this assumption may not be accurate given the unreliability of historical
medical data. Furthermore, there may be a substantial difference between when an
individual retrospectively recalls onset of symptoms and when a movement disorder expert
identifies development of subtle clinical signs such as flexed posturing of a limb. Finally,
postmortem human studies of striatal dopamine also may be confounded by chronic
dopaminergic drug therapy.

Our study revealed that only about a 14 to 23% loss of nigral dopaminergic neurons could
produce mild parkinsonism in MPTP-treated monkeys (Fig. 2A). This was close to the 30%
nigral cell loss estimated to occur at onset of motor symptoms in PD (Greffard et al., 2006;
Ma et al., 1997) but these carefully done studies also highlight that the denominator for this
calculation, the number of nigral neurons in people without PD, is highly variable. For
example, one of these studies measured 163,238 cells with a standard deviation of 42,372 of
TH-stained nigral neuron in 12 healthy controls (Ma et al., 1997). These studies as well as
ours used careful quantitative morphologic techniques that involved systematic sampling of
the nigra. Another human study (Ross et al., 2004) that counted nigral neurons on a single,
transverse caudal midbrain section estimated the extent of the nigral cell loss as 50% at
onset of PD. This overestimate highlights the importance of sampling the entire SN pars
compacta with an unbiased counting method given the non-homogeneous distribution of
affected cells in human PD (Damier et al., 1999). We found considerable variability in in
vitro measures for a given behavioral deficit in MPTP treated and control animals. However,
the low coefficient of error in nigral counts in our study suggests that the large variability in
the number of nigral neurons for a given behavioral deficit is due to a biological variability
in our primates rather than sampling bias or systematic errors in the stereological method.
This is why we elected to discuss ranges of percentage neuronal cell or striatal dopamine
loss rather than specific cutoff values at which parkinsonian features develop.

As expected, there was also variable sensitivity to MPTP across animals that likely reflects a
variety of biological variables. Since our animals did not receive the same dose of MPTP,
we cannot confirm or exclude that the initial number of nigral neurons accounts for the
susceptibility to MPTP. Of interest, in the group of 3 monkeys that received 0.13 mg/kg of
MPTP, monkey#8 has the worst parkinsonian score associated with the lowest initial
number of nigral neurons as compared to monkey #6 and #7 who had a lower parkinsonian
scores and a higher initial neuronal cell counts. This may suggest that nigrostriatal reserve
potentially depends upon the initial number of nigral neurons. However, in another group of
3 monkeys who received a slightly higher dose of MPTP (0.14 mg/kg), monkey #9 had a
slightly higher number of initial number of nigral neurons, yet it sustained a more severe
nigral cell loss of 80% associated with a severe parkinsonism score of 8 as compared to
monkey #10 who sustained a mild nigral cell loss of 19% with much lower parkinsonism
score of 4. In this group, even monkey#11, that had the lowest initial number of nigral
neurons, had a milder nigral cell loss of 50% with lower parkinsonism score of 5 compared
to monkey #9 who had a higher initial number of nigral neurons. Therefore, we doubt that
MPTP susceptibility depends upon the initial number of nigral neurons.
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The effect of age on MPTP susceptibility cannot be determined in this study because we
used different doses of MPTP in monkeys with in a relatively narrow age range. In animals
that received the same dose, one may deduce from table 1 that the older monkey #8 (aged
5.3 years) was more susceptible to MPTP than monkeys #6 and #7 (aged 3.5 and 3.7 years)
as reflected by his low residual striatal dopamine of 2% as compared to 64% and 84% in the
other 2 younger monkeys, respectively. All 3 monkeys received 0.13 mg/kg of MPTP.
However, monkey #3 (age 3.5 years) received a slightly lower dose than the older monkey
#4 (aged 5.6 years), yet the former had a more severe striatal dopamine deficit (37% residual
dopamine vs 86%, respectively). Therefore, at least in these small subgroups of animals, age
alone would not account for the variability of nigral injury in response to MPTP. Thus, we
doubt that MPTP susceptibility depends on the age of the animals or the initial number of
nigral neurons and suspect that it is more likely due to other unknown sources of biological
variability. Nevertheless, the purpose of this study is to compare behavioral responses to
nigral counts and striatal dopamine, regardless of the dose of MPTP administered. This is
why we compare motor behavior to the in vitro measures rather than to MPTP dose.

Of course, our measures of nigral neurons only include those that we identify with TH-
staining. It is likely that nigral neurons that do not stain with TH remain but others have
shown that their loss parallels the loss of TH-staining nigral neurons after MPTP (Bezard et
al., 2001). Yet, these non-TH-staining neurons could be viable dopaminergic neurons with
potential to recover, although we found no evidence of behavioral recovery during the
course of our study.

Using an escalating dose of MPTP, we achieved the clinical spectrum of parkinsonism from
mild, to moderate, to severe parkinsonian rating scores. This wide variation in severity of
clinical manifestation correlated with the full range of residual nigral cell counts (Fig. 2A).
However, there were no animals that exhibited a 5–35% residual striatal dopamine due to
the variability in each animal’s response to MPTP (Table 1). Nevertheless, this does not
negate the statistically significant linear correlation between striatal dopamine and mild
parkinsonism and the clear flooring effects of striatal dopamine in moderate to severe
parkinsonism (Fig. 3A).

MPTP-induced injury has a different rate of nigral neurons loss and a different pattern of
injury to the striatum compared to human PD (Irwin et al., 1990; Kish et al., 1988; Brooks et
al., 1990). We found, like some others (Bezard et al., 2001), that caudate and putamen were
equally affected by MPTP in contrast to the greater involvement of the putamen in PD
(Damier et al., 1999). However, unlike caudate dopamine levels, only putamen dopamine
levels correlated significantly with parkinsonism scores (Fig. 3B and 3C). This supports the
notion the caudate is less critical than the putamen for motor function (Mink, 1996) but
could also just reflect the noise in the measurements of individual components of striatum.

An impressively large study that included 67 monkeys chronically treated with MPTP
(Blesa et al., 2010) showed a significant correlation between 18F-DOPA or 11C-DTBZ PET
measures and motor behavior using Statistical Parametric Mapping analysis. However, the
authors do not show the scatter plots of their data that contributed to those correlations.
Based upon our findings, we found a linear correlation between motor behavior and nigral
counts but not a similar correlation with striatal dopamine. The relationship of motor
behavior with striatal dopamine showed a clear flooring effect such that, after 50% of nigral
cell loss, striatal dopamine reaches a nadir. Using all of our data points in Fig. 3A (i.e.,
irrespective of the extent of nigral cell loss) would still show a linear correlation between
striatal dopamine and motor behavior, but this would be misleading. It would be interesting
to know whether scatter plots of the data of Blesa et al (2010) are consistent with our
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findings. If true, this would then be further evidence that those striatal PET measures may
only be a valid biomarker in early disease.

Animal studies, such as ours, control for potential confounding factors and have a major
advantage of allowing close day-to-day observation of clinical manifestations. This permits
the precise determination of development of subtle motor signs rather than relying on
extrapolations of postmortem measures to time of symptom onset done in humans. One
study using daily intravenous MPTP injections in monkeys found that the first
manifestations of parkinsonism was associated with 43% nigral neurons loss and about 85%
striatal dopamine loss (Bezard et al., 2001). This greater loss compared to our study may
reflect the shorter time course of their study (from 6 to 25 days after up to 15 daily MPTP
injections) whereas our measures were done after clinical manifestations had stabilized for 4
to 5 weeks before euthanasia at 2 months post MPTP. The stability of the parkinsonian
manifestations prior to making in vivo measurements is critical for the interpretation of the
findings, as we found no evidence of behavioral recovery in our animals that could
otherwise alter interpretation of our findings.

Conclusions
Our study shows that striatal dopamine loss after MPTP usually exceeds the loss of nigral
neurons, as illustrated on figure 4. With relatively mild nigral cell loss, striatal dopamine and
nigral neurons losses appear similar with an 85% residual nigral neurons count
corresponding to about 85% residual striatal dopamine. However, when severity of nigral
neuron loss exceeds 50%, striatal dopamine loss is more than 95%. This supports the
observation in MPTP-treated monkeys that striatal terminal injury precedes nigral cell loss
although this study does not include measures of time-dependent changes (Herkenham et al.,
1991). Finally, the severity of parkinsonism correlated linearly throughout the range of
parkinsonism severity with the percent of and the absolute number of residual nigral cell
counts (Fig. 2A and 2B) whereas the residual striatal dopamine reached a plateau under 5%
in animals with parkinsonism score of more than 4 points (Fig. 3). These animals also had a
nigral cell loss greater than 50%. This flooring effect may suggest that residual nigral cell
counts may be a more suitable biomarker of clinical progression of advanced parkinsonism
than residual striatal dopamine. This also raises the importance of using the proper metric
for assessment of the efficacy of therapeutic interventions. A biomarker used as such a
metric must be validated to clearly reflect the target of the intervention (nigral cells, axons
or terminal fields).
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Highlights

- Parkinsonism in monkeys occurs with about 14 to 23% of nigral dopamine
neuron loss.

- Parkinsonism in monkeys occurs with about a 14 to 37% loss of striatal
dopamine

- Nigrostriatal reserve for motor parkinsonism is low in MPTP-treated
monkeys.

- Loss of nigral neurons correlates with parkinsonism through a wide range of
severity.

- Striatal dopamine only correlates with parkinsonism with <50% nigral
neuron loss.
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Figure 1.
Behavioral response over 2 months after unilateral intra-carotid MPTP administration,
including (A) total parkinsonian score, (B) bradykinesia subscore and (C) flexed posture
subscore. Each data point is an average of percent of maximal parkinsonian score severity
calculated from several monkeys within a 3-day interval. Percent of maximal parkinsonian
score severity for each monkey was defined as the average of parkinsonian score over 3 days
divided by the maximal parkinsonian score of that monkey over the course of the study. The
error bars represent standard deviations.
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Figure 2.
Parkinsonism score at 2 months versus (A) percent of residual dopaminergic cell counts and
(B) absolute number of nigral cell loss in MPTP-lesioned nigra (n=14). In figure 2A, the
linear equation y = A + B*x has A = 91.8±6.1, B = −7.8±1.3, r = −0.87, p <0.0001. In figure
2B, the linear equation y = A + B*x has A = 5.3±3.5, B = 2.8±0.7, r = 0.74, p = 0.0024.
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Figure 3.
Parkinsonism score at 2 months versus percent residual dopamine content in (A) the
striatum, (B) putamen and (C) caudate (n=15). Data from monkeys with residual nigral cell
counts of less than 50% are depicted by circles (n=6). Squares represent data from monkeys
with residual nigral cell counts of 50% or more (n=9). In figure 3A, the linear equation y =
A + B*x has A = 96.8±12.5, B = −14.0±4.4, r = −0.77, p = 0.016. In figure 3B, the linear
equation has A = 110±14, B = −17.5±5.1, r = −0.79, p = 0.011). In figure 3C, the linear
equation has A = 86.4±14.2, B = −11.2±5.0, r = −0.65, p = 0.060. * denotes 2 overlapping
data points; ** denotes 3 overlapping data points.
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Figure 4.
Percent of residual dopaminergic cell counts in injected nigra versus percent residual
dopamine in (A) the striatum, (B) putamen and (C) caudate (n=14). Data from monkeys with
residual nigral cell counts of less than 50% are depicted in circles (n=6). Squares represent
data from monkeys with residual nigral cell counts of 50% or more (n=9), In figure 4A, the
linear equation y = A + B*x has A = −116±44, B = 2.37±0.57, r = 0.84, p = 0.0043. In
figure 4B, the linear equation y = A + B*x has A = −109±72, B = 2.34±0.92, r = 0.69, p =
0.039. In figure 4C, the linear equation y = A + B*x has A = −125±34, B = 2.42±0.43, r =
0.90, p = 0.0008.
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