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Abstract

Objective—Muolecular imaging and clinical endpoints are frequently discordant in Parkinson
disease (PD) clinical trials raising questions about validity of these imaging measures to reflect
disease severity.

We compared striatal uptake for 3 PET tracers with /n vitro measures of nigral cell counts and
striatal dopamine in MPTP treated monkeys.

Methods—Sixteen macaques had MRI and baseline PETs using 6-[18F]fluorodopa (FD), [1C]
dihydrotetrabenazine (DTBZ) and [11C] 2beta-carbomethoxy-3beta-4-fluorophenyltropane (CFT).
MPTP (0 to 0.31 mg/kg) infused unilaterally via the internal carotid artery produced stable
hemiparkinsonism by three weeks. After eight weeks, PETs were repeated and animals euthanized
for striatal dopamine measurements and unbiased counts of tyrosine hydroxylase stained nigral
cells.

Results—Striatal uptake for each radiotracer (FD, DTBZ, CFT) correlated with stereologic
nigral cell counts only for nigral loss < 50% (7%= 0.84; r?= 0.86; /%= 0.87, p<0.001 respectively:
=10). In contrast, striatal uptake correlated with striatal dopamine over the full range of
dopamine depletion (/2= 0.95; /2= 0.94; r?= 0.94, p<0.001; n=16). Interestingly, indices of striatal
uptake of FD, DTBZ and CFT correlated strongly with each other (/2=0.98, p<0.001).

Interpretation—Tracer uptake correlated with nigral neurons only when nigral loss < 50%. This
along with previous work demonstrating that nigral cell counts correlate strongly with
parkinsonism ratings may explain discordant results between neuroimaging and clinical endpoints.
Furthermore, strong correlations among striatal uptake for these tracers support lack of differential
regulation of decarboxylase activity (FD), vesicular monoamine transporter type 2 (DTBZ), and
dopamine transporter (CFT) within 2 months after nigrostriatal injury.

Introduction

Parkinson disease (PD) is a common disabling progressive neurodegenerative disease
associated with pathologic loss of nigral dopaminergic neurons and their striatal terminal
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fields. Although multiple therapies provide symptomatic relief, no intervention has proven
to slow or reverse PD. To develop disease modifying therapies, it is necessary to have a
metric of disease progression. Clinical measures of disease progression remain subjective
and may be confounded by symptomatic effects of the intervention or concomitant therapies.
Hence, neuroimaging biomarkers that accurately reflect the severity of nigrostriatal neuron
loss as measures of PD progression are critical for development of disease modifying
therapy.

Three classes of radiotracers are commonly used for positron emission tomography (PET) or
single photon emission computed tomography (SPECT)-based imaging to assess pre-
synaptic dopaminergic nigrostriatal neurons: 6-[18F]fluorodopa (FD; primarily reflects
decarboxylase activity), [11C]dihydrotetrabenazine (DTBZ; reflects vesicular monoamine
transporter type 2, VMAT?2) and 2-beta-[11C]carbomethoxy-3-beta-4-fluorophenyltropane
(CFT; reflects membranous dopamine transporter, DAT)L. However, discrepancies between
neuroimaging and clinical measures raise questions about the validity of these metrics. 24

Indeed, no convincing data demonstrate whether any of these widely used neuroimaging
markers faithfully reflect reduction of nigrostriatal dopaminergic neurons that could be used
as measures of disease progression in PD. ° In this study, we compared PET measures of
striatal uptake for FD, DTBZ and CFT in a nonhuman primate model of PD and investigated
their relationship with unbiased stereologic counts of nigral neurons. Although the MPTP
model does not represent the pathophysiology of idiopathic PD, it offers a unique
opportunity to perform quantitative measurements of pre-synaptic dopaminergic markers
and neuronal counts across a wide range of nigrostriatal injury, thus addressing a major
limitation of many previous studies which had poor data distribution.

Sixteen male macaques (mean age =5.4+1.0) were studied. The welfare of the animals
conformed to the requirements of National Institutes of Health (NIH). This work was
conducted at the Nonhuman Primate Facility of Washington University in St. Louis with
approval from its Institutional Animal Care and Use Committee (IACUC). Animals were
maintained in facilities with 12-hour dark and light cycles, given access to food and water ad
libitum and provided a variety of psychologically enriching tasks to prevent inappropriate
deprivation.

Study Design

MRI scan

PET scans

Each animal had a brain MRI and baseline PETs using FD, DTBZ and CFT. A variable dose
of MPTP (0 to 0.31 mg/kg) was infused unilaterally via the internal carotid artery. 8 Animals
were always able to care for themselves and received no dopaminergic drugs at any time.
After eight weeks, PETs were repeated. Each animal was euthanized after the last scan, the
brain rapidly removed and tissue prepared, stained and counted.

Animals were scanned under anesthesia using 3T Siemens MAGNETOM Trio ™. A
magnetization prepared rapid gradient echo (MPRAGE) scan was obtained for identification
of regions of interest (ROI).

Animals were scanned under anesthesia 8 using the Siemens Microsystems (Knoxville, TN)
MicroPET Focus 220 scanner. /A transmission scan to measure attenuation was followed by
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intravenous administration of 7.7-10.4 mCi [11C]DTBZ, 7.7-10.4 mCi [*1C]CFT or 3-10
mCi [18F]FD. PET data were collected for 120 min (three 1-minute frames, four 2-minute
frames, three 3-minute frames and twenty 5-minute frames) for all tracers. We waited at
least 3 hours between radiopharmaceutical injections. FD was done as a single study or the
last PET of the day given its longer half-life (110 min for 18F). We also collected a baseline
emission scan just prior to the 2"d PET scan of the day to ensure that there was negligible
residual striatal radioactivity before doing the 2" injection of radiotracer.

PET analysis: All VOI analyses were done by investigators blinded to the clinical status of
the monkeys. PET image reconstructed resolution was <2.0 mm full width half maximum
for all 3 dimensions at the center of the field of view. Correction for movement of individual
frames was unnecessary since the anesthetized animal’s head was immobile. The first
baseline PET image for each animal acted as the target image with subsequent PETS co-
registered to it. Caudate, putamen and an occipital region (as a reference) were manually
traced on the MPRAGE for each animal. The MPRAGE was co-registered to the target PET
scan of that animal using vector gradient method and the traced VOIs were transformed into
PET space using the same transformation matrix. 8 To reduce volume averaging with the
neighboring regions, the MRI based striatal VOIs were trimmed to include only voxels with
at least 90% of the maximal counts within that VVOI. The reference region included a pair of
hemi-cylinders in occipital cortex on either side of the midline, set back from midline and
the posterior edges to avoid vascular activity and transformed to PET space as described
above. After extracting the tissue activity curves, we calculated the influx constant Kocc for
FD (data from 24-94 min) °, and the non-displaceable binding potential (BPyp) for CFT and
DTBZ 10 (data from 30-115 min and15-60 min respectively).

Ex vivo Measurements

Euthanasia & Sample Preparation

Animals were euthanized and the samples were prepared as previously described.11

In vitro measures

Striatal dopamine was measured using high performance liquid chromatography with
electrochemical detection (HPLC-EC).11: 12 The values were expressed as ng/gm of brain
tissue. Unbiased stereological counts of nigrostriatal neurons was done on tyrosine
hydroxylase (TH) immunostained midbrain slices, as previously described.}! Only TH-
positive neurons were counted as long as a nucleus could be distinguished. There were no
TH-negative nigral cells as judged by their morphology. Small amorphous clumps of TH-
positive material without an identifiable nucleus on the severely affected side were not
counted as cells.

Statistical Analysis

For all the measurements we calculated a ratio of injected to control side to account for
inter-subject variations. Results were analyzed using SPSS (version 18.0.2 IBM, Chicago.
IL). Pearson correlation was performed for determining the relationship of the PET
measures (FD, CFT, DTBZ), the nigrostriatal dopaminergic cell counts, and striatal
dopamine. Each animal contributed a single point except one animal that was not included in
the nigral count data due to midbrain tissue damage during processing. A two-tailed P value
of less than 0.05 was considered significant.
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All 16 monkeys completed the study and demonstrated a stable wide range of severity of
parkinsonism after three weeks, from none in controls to severe unilateral parkinsonism with
the highest doses of MPTP. Behavioral measures have been reported in a separate paper. 13
Baseline measures of each of the radioligands revealed consistent injected-control ratios of
striatal uptake (Table 1).

Each of the radiotracers demonstrated a consistent relationship with respect to nigral
dopaminergic cell loss. The residual striatal uptake of FD, DTBZ and CFT linearly
correlated with nigral cell counts (/2= 0.84, p<0.001; 2= 0.86, p< 0.001; /2= 0.87, p<0.001
respectively; n=10) but only when nigral neuronal loss did not exceed 50%. Once nigral
neuronal loss exceeded 50%, striatal uptake of FD, DTBZ and CFT showed a flooring effect

(Fig 1).

In contrast, striatal Kocc for FD and BPyp for DTBZ and CFT linearly correlated with
striatal dopamine measures throughout the full range of striatal dopamine loss (2= 0.95; r°=
0.94; 2= 0.94 respectively with p<0.001, n=16) (Fig 2B-D). Exclusion of the clustered data
points representing severe striatal dopamine loss did not diminish the strength of this linear
correlation; a strong significant correlation persisted between striatal dopamine and FD,
DTBZ and CFT uptake (without the clustered points: 7= 0.84; 2= 0.85; r°= 0.86
respectively with p<0.001, n=10). As expected, striatal dopamine measures had the same
relationship to nigral cell counts as did the striatal PET measures. Striatal dopamine
correlated with nigral cell counts but showed a flooring effect with nigral counts <50%
(r%=0.68; p<0.001, n=10) (Fig 2A).

The injected-control ratio of striatal uptake for each radiotracer strongly correlated with each
of the other two (/2=0.98, p<0.001 for each pairwise comparison) (Fig 3).

Absolute values for the reported measures are available in supplementary tables. MPTP had
no effect on the tracer uptake for any of the ligands in the reference region (supplementary
figure).

Discussion

The current study presents three key findings. First, striatal uptake measures of FD, DTBZ,
or CFT did not faithfully reflect nigral cell counts throughout the full range of neuronal loss.
Rather, striatal uptake correlated with nigral cell count, only with cell loss less than 50%.
Second, striatal uptake for each radiotracer strongly correlated with striatal dopamine, a
measure of terminal field function. Third, striatal uptake of all three radiotracers highly
correlated with each other, suggesting a lack of differential regulation for the relevant
specific binding sites (VMAT?2 and DAT) or decarboxylase activity, regardless of the
severity of the nigrostriatal damage. Each of these points plays a critical role in
interpretation of clinical studies using these radiotracers.

We found that striatal uptake of FD, DTBZ, and CFT correlated with nigral cell counts as
long as the nigral cell loss was less than 50%. Interestingly, striatal dopamine had a similar
flooring effect when compared to the nigral cell counts. Previous reports on the correlation
between striatal FD uptake and nigral cells have been inconsistent. An early study including
only five humans reported a correlation between striatal FD uptake performed 5 to 62
months prior to death and postmortem measures of nigral TH-immunostained cell counts. 14
This study was limited by counting TH-stained cells only on a single midbrain slice from
individuals with different diseases who were exposed to various medications. A study of
eight MPTP-lesioned monkeys compared nigral cell counts also made from only one
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midbrain slice to striatal FD uptake but the distribution of data available for the analysis
revealed two distinct clusters thereby casting doubt on the validity of the correlation
analysis. 15 Only one study used graded MPTP lesioning and unbiased stereology. 16 This
study limited analysis to those animals with no more than 35% loss of nigral neurons and
found a significant correlation between FD uptake and striatal dopamine content, but no
significant correlation to nigral cell counts. Poor distribution of data and limited severity of
nigrostriatal injury in that study may contribute to the discrepancy with our findings since
we included a wider range of injury. A recent study compared nigral dopaminergic cell
counts with the striatal specific uptake ratio (SUR) of a DAT marker ([18FJFECNT) in six
monkeys. 17 They reported strong correlations between striatal SUR and nigral
dopaminergic cell counts. However, the correlation between striatal uptake and nigral cell
counts was based on only 3 affected animals.

Our study, on the other hand, does confirm previous findings of correlation between striatal
DAT tracer or FD uptake and striatal dopamine content. SPECT studies of DAT
radioligands in rodents with nigrostriatal injury demonstrated a correlation between DAT
binding and striatal dopamine. 18 12 Another study reported a strong correlation between
striatal dopamine and striatal FD uptake in MPTP treated monkeys. 1° Finally a study in PD
patients found a correlation between striatal FD uptake and amphetamine induced raclopride
displacement, an indirect measure of displaceable striatal dopamine. 20 Thus, several studies
now confirm that the striatal uptake of either FD or a DAT radiotracer correlates with striatal
dopamine.

Importantly, we found no differential regulation of striatal uptake of FD, DTBZ or CFT.
This confirms our ex vivo findings of lack of differential regulation for VMAT and DAT as
measured with autoradiography.1l However it differs from several other studies in humans
and animals that suggest striatal DTBZ uptake changes differently from either FD or
[11C]methylphenidate (MP, another DAT radioligand) in PD patients or MPTP-treated
monkeys. 21 22 A cross-sectional study showed that striatal MP uptake decreased to a
greater extent than DTBZ uptake with increased PD severity, whereas FD uptake did not
decrease much. 23 The authors proposed that this differential effect across the three
radiotracers reflected up-regulation for FD, down-regulation for MP and little or no
regulation affecting DTBZ uptake. Similarly, a study of asymptomatic carriers of the
LRRK?2 mutation, known to cause dopa-responsive parkinsonism, found normal striatal FD
uptake whereas DTBZ and MP were both reduced, with MP showing the greater reduction.
These authors suggested that the preservation of striatal FD uptake reflected up-regulation
due to compensatory mechanisms or a disease process that targeted DAT more specifically.
The discrepancies in these human studies and our findings might be explained by including
subjects at different clinical stages, various lengths of drug exposure or differences in
radiotracer specificity. Of course, differences between PD in humans and an MPTP-induced
nonhuman primate model could contribute to these discrepancies between past studies and
our findings as well.

Important considerations for human studies

Our findings strongly indicate that none of the PET radiotracers reflect nigral neuronal loss,
once that loss exceeds 50%. We recently reported that there is a linear correlation between
the severity of the hemiparkinsonism and the full range of nigral cell loss in these

animals. 13 This contrasts with the flooring effect found for all terminal field measures,
including the PET measures we now report, when nigral cell loss exceeds 50%. This could
be the explanation for many inconsistencies between imaging and clinical measures of
progression in human PD studies. 24 25 Striatal uptake of these radiotracers may no longer
accurately reflect the integrity of nigral dopaminergic neurons especially once nigral cell
loss exceeds a critical threshold. Thus, the radiotracers may provide a linearly related
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measure of loss in mildly affected PD patients but as the disease progresses the PET
measure may no longer reflect additional nigral cell destruction. Such a flooring effect of
DTBZ uptake has been suggested by comparing the less to the more affected sides of PD
patients. 26

The discrepancy between the nigral cell count and striatal dopamine measures raises the
critical question of what pathogenic process would be optimal to quantify PD progression.
Our findings suggest that /n vivo PET measures of pre-synaptic nigrostriatal neurons reflect
nigral counts only when the degree of injury is relatively mild. These PET measures,
however, correlate with striatal dopamine throughout the full range of nigral cell loss. Yet, it
remains uncertain whether striatal dopamine adequately measures disease progression. At
least in monkeys, blinded clinical measures of parkinsonism strongly correlated with nigral
neurons counts but did not correlate with striatal dopamine suggesting that nigral counts
may be the more relevant measure.13 Other indirect measures such as changes in networks
using MRI-based connectivity studies 27 or PET covariance maps of FDG 28 may reflect
disease progression but whether these measures adequately reflect pathology in more
severely affected patients is unclear. Development of /n vivo imaging methods to measure
alpha-synuclein deposition may be a better measure of the pathogenic process, 2% and may
be less sensitive to symptomatic treatment effects but that remains to be proven.

Our study also determines whether striatal VMAT2, DAT and aromatic decarboxylase
activities are differentially regulated. We found no evidence of differential regulation for
these pre-synaptic markers. These PET measures strongly correlated with each other and
with striatal dopamine. This is consistent with our ex vivo quantitative autoradiographic
measures for DAT and VMAT?2 in MPTP treated monkeys.1! These data do not exclude the
possibility of regulation but rather show that any regulation, if present, must have occurred
at a similar rate for all the above terminal field measures. Alternatively, differential
regulation could take longer to develop than the two months during which we studied our
animals. However, our animals had stable clinical measures of parkinsonism for more than
one month prior to the final measures and previous studies demonstrate that these clinical
and PET-based measures remain constant for at least a year. 30 It is possible that differences
in the noise properties of imaging tracers, potentially confounding effects of drug treatment
or different rate and mechanism of nigral cell injury contributed to the apparent differential
regulation reported in PD patients.

It is important to note that the pathophysiology of nigrostriatal injury caused by MPTP in
monkeys likely differs from that in people with PD. The anatomic distribution of the lesion
severity differs since the MPTP-treated animals did not have preferentially more severe
lesions in posterior putamen, as is commonly found in human idiopathic PD. Furthermore,
striatal DAT transports this neurotoxin into dopaminergic neurons. The subsequent neuronal
injury could begin in terminal fields 31 causing preferential loss of terminal field function
before nigral cell bodies. However, initial axonal injury may occur in PD as well. 32 Qur
study did not investigate the time-course of the MPTP-induced injury to determine whether
terminal field function declines before more proximal nigral injury. Nevertheless, this does
not affect interpretation of the relationship between PET findings and /n vitro measures
since we included a full range of nigral cell damage in our studies. A preferential terminal
field injury would be expected to affect the relationship between terminal fields and cell
bodies at each level of severity rather than only after 50% nigral cell loss. Thus, we believe
that this mode of injury is not likely to limit our findings to this specific pathologic injury.

Although the MPTP model does not represent the pathophysiology of PD, it allowed us to
perform quantitative measurements of pre-synaptic dopaminergic markers and neuronal
counts across a wide range of nigrostriatal injury. Overall, our data validated the FD, DTBZ
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d CFT PET measures showing that they at best reflect nigral cell count only with a cell

loss less than 50% and the striatal dopamine content over the full range of dopamine
depletion.
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FIGURE 1.

There was flooring effect of striatal FD Ko ratio, DTBZ and CFT BPyp ratio with nigral
cell loss > 50%. There was a significant linear correlation between Kgcc or BPyp and
nigral cell count expressed in % of control side excluding those with > 50% nigral cell loss
(Pearson: 2= 0.84, p<0.001; /%= 0.86, p< 0.001; /°= 0.87, p<0.001 respectively; n=10).
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FIGURE 2.

(A) Striatal dopamine measures had flooring effect with > 50% nigral cell loss. (B-D): There
was a linear distribution of striatal dopamine (% control side) compared to striatal FD Kocc,
DTBZ and CFT BPyp (% control side) with or without the clustered data points (Pearson’s
correlation: /2= 0.95; 2= 0.94; r%= 0.94 respectively with p<0.001, n=16; /%= 0.84; r°= 0.85;
%= 0.86 respectively with p<0.001, n=10).
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FIGURE 3.

Right-left ratio of striatal uptake for each radiotracer expressed in % of control side strongly
correlated with each of the other two (Pearson: /2=0.98, p<0.001).
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TABLE.1

Baseline left-right ratios of FD Kgcc and BPyp or for each radioligand.

FD Koee DTBZ BPyp | CFT BPyp

Baseline ratio
mean+ SD

0.98 (+0.04) | 1.00 (+0.04) | 0.99 (20.38)
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