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Abstract
The positron emission tomography (PET) tracer 2β-carbomethoxy-3β-(4-chlorophenyl)-8-(2-
[18F]-fluoroethyl)-nortropane (18F-FECNT) is a highly specific ligand for dopamine transporter
(DAT) that yields higher peak striatum-to-cerebellum ratios and offers more favorable kinetics
than most 18F-radiolabeled DAT ligands currently available. The goal of this study is to validate
the use of 18F-FECNT as a PET radiotracer to assess the degree of striatal dopamine terminals
denervation and midbrain dopaminergic cell loss in MPTP-treated parkinsonian monkeys. Three
rhesus monkeys received weekly injections of MPTP (0.2-0.5 mg/kg) for 21 weeks, which
resulted in the progressive development of a moderate level of parkinsonism. We carried out 18F-
FECNT PET at baseline (twice; ten weeks apart) and at week 21 post-MPTP injections.
Postmortem stereological cell counts of dopaminergic neurons in the ventral midbrain, and
intensity measurements of DAT and tyrosine hydroxylase (TH) immunoreactivity in the striatum
were performed and correlated with striatal and ventral midbrain PET data. Three additional
monkeys were used as controls for midbrain dopaminergic cell counts, and striatal DAT or TH
immunoreactivity measurements. The correlation and coefficient of variance between 18F-FECNT
test-retest specific uptake ratios were 0.99 (R2) and 2.65%, respectively. The 18F-FECNT binding
potential of the ventral midbrain and striatal regions was tightly correlated with postmortem
stereological cell counts of nigral dopaminergic neurons (R2 = 0.91), and striatal DAT (R2 = 0.83)
or TH (R2 = 0.88) immunoreactivity intensity measurements. These findings demonstrate that 18F-
FECNT is a highly sensitive PET imaging ligand to quantify both striatal dopamine denervation
and midbrain dopaminergic cell loss associated with parkinsonism.
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INTRODUCTION
Dysregulation of dopaminergic transmission in the basal ganglia has been implicated in
brain disorders such as Parkinson’s disease (PD), depression, addiction, schizophrenia,
attention deficit hyperactivity disorder, and Tourette syndrome (Badgaiyan et al., 2009;
Costa et al., 2009; Wichmann and DeLong, 2003). The homeostasis of dopaminergic
transmission is controlled via the reuptake of extracellular dopamine (DA) by the plasma
membrane-bound dopamine transporter (DAT) (Amara and Sonders, 1998; Kuhar et al.,
1990). DAT is a member of a large family of Na+/Cl−-dependent transporters that also
includes transporters for serotonin (SERT), norepinephrine (NET), GABA, and others
(Amara and Sonders, 1998; Giros and Caron, 1993; Torres et al., 2003). Because DAT is
expressed exclusively in DA neurons, it can be used as a specific marker of these neuronal
cell bodies and their terminals in the CNS. The highest expression level of brain DAT is
found in the striatum, followed by the olfactory tubercle, hypothalamus, and prefrontal
cortex. Other areas, including the cerebellum are virtually devoid of DAT (Ciliax et al.,
1995; Hoffman et al., 1998).

Several radiotracers have been developed to monitor and quantify DAT distribution in PD.
Positron emission tomography (PET) is the most sensitive quantitative in vivo imaging
approach that offers the highest level of spatial resolution (<2.0mm) to determine brain
distribution of ligand-labeled endogenous neurochemical elements. Compared with other
radionuclides, 18F-radionuclide-labeled PET ligands are advantageous because their long
half life (110 min) allows sufficient time for ex vivo synthesis of the tracer molecule, and
reliable equilibration of in vivo uptake in the brain.

The PET tracer 2β-carbomethoxy-3β-(4-chlorophenyl)-8-(2-[18F]-fluoroethyl)-nortropane
(18F-FECNT) is a useful tool for in vivo estimation of striatal DAT occupancy in monkey
and human brains (Davis et al., 2003; Votaw et al., 2002) because it has a high binding
affinity, strong selectivity and favorable kinetics towards DAT compared with other 18F-
radiolabeled DAT ligands (Goodman et al., 2000; Honer et al., 2006). However, the use of
this ligand as a clinical marker for the state of the DA system is highly dependent on the
reproducibility and specificity of the scanning results for the DA system; two parameters
that have not yet been adequately characterized.

The 1-methyl-4- phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkey is the best
model to validate new PET ligands to monitor DAT changes during the development of
parkinsonism (Ashkan et al., 2007; Pate et al., 1993; Poyot et al., 2001). Monkeys treated
with MPTP display motor symptoms of parkinsonism, respond to dopaminergic treatments,
and develop dyskinesias in response to L-DOPA therapy (Jenner, 2003). 18F-FDOPA has
been the most frequently used ligand for noninvasive measurements of DA neuronal loss in
PD, but DAT markers are more reliable ligands than 18F-FDOPA to assess the level of
striatal dopamine-containing terminals, particularly in early PD state (see review in Dorsey
et al., 2008, Pavese and Brooks 2009).

The objective of this study is to assess the test–retest reproducibility and pathological
validity of 18F-FECNT as a PET radiotracer to localize and quantify DAT in the striatum
and the ventral midbrain of parkinsonian monkeys chronically treated with a low dose
MPTP regimen to mimic the slow and progressive degeneration that occurs in idiopathic
PD.
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MATERIALS AND METHODS
Experimental design

Six adult female rhesus macaque monkeys (Macaca mulatta, 4.5–8.5 kg) were used in this
study. All experiments were approved by the Animal Care and Use Committee of Emory
University. The six monkeys were divided into two groups. Group 1 consisted of 3 animals
which first underwent base line PET scans and behavioral observations (see below), and
then received weekly injections of MPTP (0.2-0.5 mg/kg i.m.; Sigma-Aldrich, St-Louis,
MO) for 21 weeks (Fig.1). During the course of the MPTP injections, the monkeys
progressively developed parkinsonian symptoms. At the end of the MPTP injection protocol
another PET scan was performed, followed by termination of the experiment. Group 2
consisted of 3 untreated monkeys which served as controls for the postmortem dopaminergic
cell counts and striatal densitometry measurement of DAT and TH immunoreactivity.

PET imaging
PET scans were performed at 3 different time points (Fig. 1). All PET data were collected
with a Siemens Focus 220 micro-PET scanner at the Yerkes Center brain imaging facility.

The first two scans were achieved 10 weeks apart prior to the MPTP treatment to collect
baseline data and to examine test-retest reproducibility of 18F-FECNT PET scans. The third
PET scan was performed at the end of MPTP injections. Data from this final scan were
correlated with parkinsonian motor scores (see below), and levels of striatal
immunoreactivity and nigral stereological cell counts obtained from TH- or DAT-
immunostained material.

The monkeys were fasted for 12 h prior to the PET studies. The animals were initially
anesthetized with an intramuscular injection of Telazol (3 mg/kg), and then maintained on a
mixture of 1% isoflurane and 5% oxygen gas throughout the imaging session. Respiratory
parameters, blood pressure, pulse rate and rectal temperature were monitored during the
procedure. A 15 min transmission scan was obtained for attenuation correction, then a slow
bolus of approximately 5.0 mCi of 18F-FECNT (specific activity 1.5 Ci/μmol) was injected
over 5-6 min at a rate of 1.0 ml/min. The scanning began at the same time as the radiotracer
injection. The initial acquisition was a 28-frame dynamic sequence, starting with 30-s scans
and ending with 20 min scans (total duration, 110 min). All images were reconstructed using
the manufacturer supplied software with measured attenuation correction, zoom factor 8,
and Shepp-Logan reconstruction filter cut-off at 1 cycle/cm. The axial slice thickness was
3.375 mm. All images were decay-corrected to the time of injection. For the generation of
time-activity curves for each monkey, the three different PET images (test, re-test and final
PET scans) were superimposed using IDL software (ITT Visual Information Solutions,
Boulder, CO), and averaged. Regions of interest (ROIs) were manually drawn on the
average image of each hemisphere, delimiting the following striatal regions: putamen/
associative (PA), putamen/motor (PM), putamen/limbic (PL), caudate nucleus/associative
(CA) nucleus accumbens/limbic (AL), as well as the substantia nigra (SN) (Fig. 2a-d). The
manually drawn ROIs on the average image were then superimposed onto the individual
images, to obtain time–activity curves.

An estimate of specific binding for each region was calculated by subtracting the DAT-free
cerebellum value from that measured in striatal and nigral ROIs after the system reached
quasi-equilibrium, then divided by the cerebellum measurement (see Votaw et al., 2002 for
more details). The value obtained through these calculations is termed specific uptake ratio
(SUR) throughout the manuscript. The absolute difference of the quantitative parameters
between the test and retest values divided by their average were taken as a reproducibility
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index of the measurements (Okauchi et al., 2001). One-way ANOVA was used to determine
significance of differences between average SUR.

Behavioral observations
Changes in the animal’s behavioral state were documented using observation in a behavioral
observation cage. One of the side walls of the cage is made of Plexiglas for easy visibility of
the monkey. The cage is equipped with eight infrared beams for automated activity
monitoring by counting beam breaks with an attached computer. Four of these beams are
arranged in a square design between the back and front of the cage, and four additional
beams, arranged in a similar manner, between the two sides of the cage. The animal’s
spontaneous behavior was assessed with this device for 15-min periods. In addition, ongoing
monkey movements were videotaped and monitored by an observer, who pressed buttons on
a keypad each time the monkey moved its extremities. Counts of the number of button
presses quantify the amount of movement.

Animal perfusion
At the end of the experiments, monkeys were anesthetized with an overdose of pentobarbital
(100 mg/kg, i.v.), and perfused transcardially with a mixture of paraformaldehyde and
glutaraldehyde. After perfusion, the brains were cut into 10 mm-thick blocks that were
further sectioned into 50-μm slices for immunostaining and cell counting procedures.

Immunostaining
Striatal and midbrain sections of untreated and MPTP-treated monkeys were immunostained
with specific monoclonal rat anti-DAT or mouse anti-TH antibodies (Millipore, Temecula,
CA, USA; Catalog number MAB 369 and 318, respectively) at a concentration of 1:1000.
We used highly specific mouse monoclonal calbindin D28K (CB) antibodies at a
concentration of 1:4000 (Sigma, Catalog number C9848) to delineate the borders between
the ventral and dorsal tiers of the substantia nigra pars compacta (SNc-v versus SNc-d). The
immunoperoxidase ABC method was used to localize the different markers according to
procedures described in previous studies (Smith and Bolam 1991). DAT and TH
immunoreactivity in the striatum was quantified using the MCID program (Imaging
Research Inc., St. Catharines, Ontario, Canada). Macroscopic images were acquired with a
Cool SNAPcf photometrics camera. The ROIs were outlined (see Fig.2a-d) on a computer
screen, and the average pixel density measured and expressed as relative optical density
(ROD). Mean values were calculated, using one out of every 12 sections. With this
measuring scheme, 5-7 sections were used per ROI in each brain hemisphere.

Stereological estimation of TH-positive neurons
The unbiased stereological estimation of the total number of TH-positive cells in SNc-v,
SNc-d, and VTA was analyzed using the optical fractionator principle (StereoInvestigator,
MicroBrightField, Inc., Williston, VT). The random systematic sampling of counting areas
was done using the Leica DMR microscope. First, we took low power micrographs (1.25X)
of TH- and CB-immunostained ventral midbrain sections, and manually delineated the
borders of SNc-v, SNc-d, and VTA, based on the presence and absence of CB-positive
neurons. Then, the borders of the different ventral midbrain regions were manually
delineated on TH-immunolabeled slides adjacent to those immunostained for CB.

Counts of TH-positive cells were generated using a 100X oil-immersion objective. To
perform unbiased stereology, counting frames (65 × 65μm) were randomly placed by the
stereology software within the chosen ROI. The software also controlled the position of the
x–y stage of the microscope, so that the entire brain region could be scanned by successively
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meandering between counting frames. On average, 12 sections were analyzed and
approximately 300 cells were counted in controls. The software calculated the estimated
total number of cells in the SNc-v, SNc-d, and VTA per hemisphere.

RESULTS
18F-FECNT Time-activity Curves in ROIs

Representative baseline 18F-FECNT time–activity curves for the different ROIs examined
(PA, PM, PL, CA, AL, SN and cerebellum) are shown in Figure 3a. After intravenous
administration of 18F-FECNT, there was a rapid accumulation of radioactivity in all ROIs,
but at varying degrees according to the densities of DAT. The radioactivity in the
cerebellum dropped sharply 10 min after the bolus injection of 18F-FECNT and remained
low at all time points thereafter. Although lower than striatal ROIs, the ventral midbrain
reached maximal uptake between 30 and 45 min after injection, at a level that was
significantly higher than the cerebellum. These findings also demonstrate that the quasi-
equilibrium of uptake was reached in brain regions with low DAT density, like the
cerebellum and SN, earlier than in DAT-enriched striatal areas in which uptake quasi-
equilibrium was reached 90-110 min post-injection (Fig. 3a). The highest level of
radioactivity was measured in the PA, followed by CA, PM, AL, PL and SN. To determine
statistical differences between the uptake values collected in each ROI, the average
measurements of the three last time points (95, 105, 115 min.) were calculated and
statistically compared using ANOVAs, and Tukey’s Post-hoc tests. The uptake
measurements in limbic areas (AL, PL) were significantly lower than those in other striatal
regions (PA, CA, PM), (p < 0.05), but significantly higher than those in the SNc (p< 0.001)
(Fig. 3d). The striatal and nigral uptake values were significantly higher than those in the
cerebellum (p < 0.0001).

Test-retest reproducibility of 18F-FECNT PET scan specific uptake ratio measurements
A high level of reproducibility of SUR measurements across experiments in the same animal
is a prerequisite to the use of this ligand in longitudinal studies. We assessed the
reproducibility of the SUR of 18F-FECNT PET measurements gathered from the different
ROIs in normal monkeys (Figures 2a-d, 3b). The SUR peak values in the different striatal
ROIs and the SNc displayed a gradual increase up to about 80-90 min post-injection and
then stabilized (Supplementary Fig.1). Thus, to compare test-retest values for SUR of 18F-
FECNT PET measurements that were collected 10 weeks apart, the peak measurements
collected at 95, 105 and 115 min post-injections were averaged and used for statistical
analysis (Fig. 3b). This analysis did not reveal any significant difference in the test-retest
SUR values across experimental sessions (10 weeks apart from each other) within the same
hemisphere in individual monkeys (Fig. 3b). The 18F-FECNT test and retest PET scan SUR
values were tightly correlated (r=0.99, Fig. 3c). These results demonstrate that 18F-FECNT
has high reproducibility and negligible variability for longitudinal PET imaging
measurements of DAT binding in the normal monkey brain.

Relationship between changes in 18F-FECNT striatal specific uptake ratio and behavioral
impairments in MPTP-treated parkinsonian monkeys

In humans, the severity of motor symptoms of PD, namely resting tremor, rigidity, and
bradykinesia is correlated with the degree of dopamine denervation in the motor territory of
the putamen (Bernheimer et al, 1973). To examine the relationship between measurements
of striatal 18F-FECNT PET binding and the severity of motor symptoms in parkinsonism,
we correlated 18F-FECNT PET imaging measurements in the PM ROI of parkinsonian
monkeys with the results of quantitative measurements of motor activity as described in the
method section. The different measures of behavior (infrared beam breaks, and activity
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counts based on direct observations) are closely correlated (Supplementary Fig. 2). After 21
MPTP injections, the monkeys showed different degrees of motor impairment severity
(70-90% reduction in total movements) that were matched with corresponding decrease in
SUR values of 18F-FECNT PET in PM (Fig. 4).

Relationship between 18F-FECNT specific uptake ratio and postmortem DAT and TH
immunoreactivity

We correlated the post-MPTP 18F-FECNT SUR values with the intensity measurements of
DAT and TH immunoreactivity in striatal tissue. Fig. 5a-l shows examples of in vivo 18F-
FECNT PET images and ex vivo DAT- and TH-ir, collected in corresponding striatal
regions of control and MPTP-treated monkeys. These results demonstrate that MPTP
treatment induced a variable degree of DA denervation of all striatal regions, in both
hemispheres (Fig. 5a-l). The post-commissural putamen (ROI: PM) was the most severely
depleted region followed by associative and limbic territories (PA, CA, PL and AL). Based
on this heterogeneous pattern of striatal dopamine denervation, we performed a correlation
analysis between the FECNT-SUR from in vivo PET images with their corresponding ex
vivo densitometry measurements for a series of striatal ROIs of which the limits could be
clearly delineated from PET images. The results of this analysis show that the degree of
changes in 18F-FECNT SUR was tightly correlated with the densitometry measurements of
DAT and TH ir in all striatal territories examined (Fig. 5m,n and supplementary Fig. 3a,b).

18F-FECNT specific uptake ratio and Midbrain Dopaminergic Cell Loss in MPTP-treated
Monkeys

The 18F-FECNT PET imaging measurements and the intensity levels of postmortem DAT
and TH immunostaining demonstrated a significant loss of uptake and immunoreactivity in
the ventral midbrain of parkinsonian monkeys, compared with baseline values from
untreated animals (Fig.6a-d). The decrease in the number of TH-immunoreactive neurons
was more pronounced in the SNC-v (68 ± 17% loss) than in the SNC-d (57 ± 21%) and
VTA (52 ± 14%). On the other hand, the 18F-FECNT SUR in the ventral midbrain was
decreased by 66 ± 14% (Fig. 6a,c). The correlation coefficient analysis showed that
SNc 18F-FECNT SUR is tightly correlated with the stereological cell count measurements of
TH-positive neurons in the SNc-v (Fig.6e). In addition, the extent of ventral midbrain
neuronal degeneration was predicted from their corresponding striatal 18F-FECNT SUR
reduction. For example, the percentage of neuronal loss in the VTA was tightly correlated
with 18F-FECNT SUR of AL territory (R2=0.85; Fig. 6f).

DISCUSSION
The findings of this study demonstrate that PET imaging of the DAT ligand 18F-FECNT is a
highly sensitive approach that provides highly reproducible assessments of the integrity of
the nigrostriatal dopaminergic system at both striatal and midbrain levels in MPTP-treated
monkeys.

Overall, the distribution of 18F-FECNT binding in the monkey brain reported in this study is
consistent with previous data in monkeys and humans (Davis et al., 2003; Votaw et al.,
2002). FECNT is highly selective for DAT, as demonstrated in previous in-vitro competitive
binding experiments in transfected murine kidney cells which compared FECNT with the
labeled serotonin and norepinephrine transporter ligands [3H]citalopram and
[3H]nisoxetine. 18F-FECNT was found to have 25 and 156 fold greater affinity for human
(h) hDAT than for hSERT and hNET, respectively (Goodman et al., 2000). The striatum/
cerebellum ratios of 18F-FECNT uptake (≈12) reported here are much higher than those of
other DAT selective compounds (18F-FCT, 18F-S-FIPCT, 18F-FPCIT, 18F-FPCT, 18F-(R)-
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FIPCT and 18F-CFT) that have been used in primates (Mach et al., 2000; Kazumata et al.,
1998; Goodman et al., 1997; Stout et al., 1999; Xing et al., 2000). The significantly
lower 18F-FECNT SUR values in limbic ROIs are consistent with the fact that these areas
receive their dopaminergic innervation from the VTA, which expresses less DAT than
dopaminergic fibers originating in the SNc-v (Shimada et al., 1992). However, this
difference was not detected in the postmortem immunoreactivity densitometry analysis
(Supplementary Fig.4 and Ciliax et al., 1995). Together, these data provide strong evidence
that 18F-FECNT is an excellent candidate for in-vivo PET imaging of DAT in primates.

In this study, SUR was used as an index of FECNT binding because it can be objectively
calculated for each ROI. In the limiting case of reaching steady state, this ratio is equivalent
to the binding potential (Votaw et al., 2002), thereby providing a measure highly correlated
with DAT density that can easily be calculated with little variability. Our data show that in
all regions, except SNC, the 18F-FECNT uptake values are very close to steady-state by the
end of the data collection (115 minutes post-injection). Although the reason for the
continued decrease in SNC uptake remains unclear, it may be related to low DAT density in
the midbrain regions compared with the striatum (Ciliax et al., 1995). Despite this limited
stability, it is noteworthy that the test-retest variability in FECNT uptake for all regions,
including the SNC, is very low. Furthermore, these findings are consistent with those of a
recent human study using 11C-PE2I radiotracer as DAT ligand (Hirvonen et al., 2008).
However, because of its longer half-life, the 18F offers significant advantages over the short
20 min half-life of carbon-11. Together these observations provide additional evidence for
the use of 18F-FECNT as a highly reliable ligand to assess changes in DAT at both striatal
and ventral midbrain levels in parkinsonism or other pathologic conditions.

The negligible differences of SUR values in the test–retest PET scans (≈ 2%) demonstrate
the high level of reproducibility of 18F-FECNT binding in the striatum and midbrain. This
test–retest reproducibility of 18F-FECNT PET scan in striatal and extrastriatal regions is far
superior to that reported for other DAT imaging radiotracers, such as 11C-PE2I (≈
10% ), 11C-L-DOPA (≈ 5%) (Nagai et al., 2007) and 18F-CFT (≈ 8%) (Goodman et al.,
1997). These findings suggest that 18F-FECNT and SUR might be a more reliable candidate
and analysis method than other ligands for use in in vivo DAT mapping in the context of
longitudinal clinical studies of drug effects or disease progression in parkinsonian and other
patients.

The (negative) correlation between the level of 18F-FECNT SUR in the sensorimotor
putamen and the severity of parkinsonian behavior is consistent with that demonstrated in
human studies (Davis et al., 2003), thereby providing evidence that 18F-FECNT is a reliable
PET radiotracer to assess the severity of the degeneration of the nigrostriatal system and the
resulting motor symptomatology in PD.

18F-DOPA PET was the first neuroimaging technique validated for the assessment of
presynaptic dopaminergic integrity. However, the validation of in vivo 18F-FDOPA PET
measurements in the striatum as an index of DA cell counts in the SNc has been
controversial (Pate et al., 1993; Snow et al., 1993; Yee et al., 2001). In addition, because the
uptake of 18F-DOPA is affected by changes in dopamine metabolism, it may underestimate
the degenerative process due to compensatory up-regulation of aromatic acid decarboxylase
(AADC) in remaining dopaminergic terminals, particularly in early stages of disease
(Ribeiro et al., 2002). In contrast, 18F-FECNT DAT uptake reflects binding to dopamine
transporters that are less affected by metabolic factors, thus providing a more reliable index
of the (anatomic) abundance of striatal dopamine terminals, especially at early stages of the
disease (Ito et al., 1999).
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In the present study, the DA neuronal loss in the VTA was predicted from the 18F-FECNT
SUR reduction of its corresponding striatal region, the nucleus accumbens (ROI=AL).
However, other authors did not find correlation between in vivo single photon emission
computed tomography (SPECT) measures of striatal DAT and nigral stereological cell
counts in mice and monkey models of PD (Alvarez-Fischer et al., (2007; Scheller et al.,
2007). Two main explanations could be suggested for these discrepancies. First, the chronic
nature of the MPTP exposure used to intoxicate monkeys in our study versus a much more
acute striatal dopamine denervation induced in these previous studies. Second, the PET
imaging method offers a much higher spatial resolution than SPECT to assess regional
changes in DAT ligand binding. Thus, although tentative correlations between levels of
striatal DAT binding and the relative degree of midbrain neuronal loss can be made, it is
imperative that such extrapolation relies on the use of highly sensitive ligands visualized
with an imaging method that offers the highest possible spatial resolution. Because striatal
dopaminergic denervation precedes nigral neuronal loss (Bernheimer et al., 1991; Lee et al.,
2000), striatal DAT radiotracer uptake is not a sensitive biomarker to predict the extent of
nigral neuronal loss at early stages of the disease (Poyot et al., 2001). The correlation
between midbrain 18F-FECNT SUR and the number of DA neurons in the SNc in MPTP-
treated monkeys shown in our study is therefore highly relevant, and offers the possibility to
directly monitor both striatal and nigral dopaminergic denervation during disease
progression, a valuable asset for neuroprotective studies in parkinsonian patients.

Therefore, based on its high specificity for DAT over other monoamine transporters, high
degree of test-retest reproducibility and excellent sensitivity, 18F-FECNT should be
considered as the best PET imaging tracers available to visualize and quantify changes in
DA cell counts, and striatal dopamine innervation in PD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Study design. After a few weeks of habituation to handling, transport and transfer in and out
of the behavioral cages, monkeys (n=3) were subjected to a first 18F-FECNT PET scan (PET
I-Test). After ten weeks of basal behavioral monitoring, the monkeys were subjected to a
second PET scan for retest to validate the reproducibility of baseline measurements of 18F-
FECNT binding (PET II-retest). A low dose regimen (0.2mg/kg. body wt., once a week) of
MPTP administration started a week after the second PET scan for a period of 17 weeks.
Between weeks 28 and 32, the dose of MPTP was increased to 0.5mg/kg body wt./week.
The MPTP injections were stopped at week 32 when monkeys displayed moderate-severe
parkinsonian symptoms. All monkeys were then subjected to a final PET scan. After 5
weeks of behavioral observation to ensure stability of the parkinsonian symptoms, the
animals were perfusion-fixed for histological analysis.
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Fig. 2.
18F-FECNT PET images of the different striatal functional territories of a control monkey.
The delineation of these functional territories is based on the topography of corticostriatal
projections in nonhuman primates (Parent and Hazrati, 1995). These functional areas were
used as regions of interests (ROIs), for measurements of staining intensity in both 18F-
FECNT PET images and postmortem DAT- and TH-immunostained striatal sections of
control and parkinsonian monkeys. Scale bar: 10 mm (valid for B-D).
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Fig.3.
(A) Representative base line 18F-FECNT time activity curves (TAC) for the different
regions of interests (ROIs) examined in this study, i.e putamen associative (PA), putamen
motor (PM), putamen limbic (PL), caudate nucleus (CA) accumbens limbic (AL) substantia
nigra (SNC), and cerebellum (transporter free reference region) in rhesus monkey for a
period of 120 minutes after administration of 5.6 mci of 18F-FECNT. TAC reached their
maximum values at 10, 45 and 90 min in the cerebellum, SNC and other ROIs, respectively.
The highest level of radioactivity was measured in the PA, followed by PM, CA, PL, AL
and SNC. (B) Representative test retest 18F-FECNT specific uptake ration (SUR) of
different ROIs in both hemispheres (LH: left hemisphere; RH: right hemisphere). A high
level of reproducibility and negligible variability was found within inter-individual test–
retest of 18F-FECNT PET images. (C) Correlation between test retest 18F-FECNT SUR of
different ROIs in the left and right hemispheres of the 3 parkinsonian monkeys. Tight
correlation coefficient was found between the 18F-FECNT test and retest PET scans SUR
values. (D) Average SUR showing that the limbic striatal areas (AL, PL) and the SNC
displayed a significantly lower level of 18F-FECNT binding than the motor (PM) and
associative (PA, CA) striatal regions.
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Fig. 4.
Correlation between the respective level of 18F-FECNT SUR in the sensorimotor putamen
(ie ROI-PM) and the severity of parkinsonian motor impairments in MPTP-treated monkeys.
Changes in both measures are displayed as percent changes from baseline values prior to the
MPTP treatment. The decreased values in 18F-FECNT radiotracer uptake in PM corresponds
with the severity of motor impairments in these animals (M1, M2, M3 – 3 different
monkeys). Asterisks indicate significant difference from values in monkey M1 (P<0.05).
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Fig. 5.
Pre-commissural (A-F) and post-commissural (G-L) coronal planes of in-vivo 18F-FECNT
PET images compared with levels of dopamine transporter (DAT) (B,E,H,K) and tyrosine
hydroxylase (TH) (C,F,I,L) immunoreactivity in control and parkinsonian monkeys. An
almost complete and uniform depletion of 18F-FECNT, DAT-ir and TH-ir was observed in
the post commissural striatal regions, but less dopamine denervation was found in the
accumbens region (AL) of MPTP-treated monkeys. (M-N) In-vivo 18F-FECNT SUR values
in PET images and postmortem densitometry measurements of striatal TH-ir and DAT-ir
parkinsonian monkeys were tightly correlated. The percentage changes of SUR in
parkinsonian monkeys were calculated from their base line PET scans. TH and DAT
immunostaining from control monkeys was used to calculate percent changes in
densitometry measurements in parkinsonian monkeys. ROI values of each region (AL, PA,
PM, CA) used in these correlations were collected from 5-7 coronal sections. Scale bars: A:
10 mm (valid for D,G and J); B: 3mm (valid for C, E,F,H,I,K and L).
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Fig. 6.
Comparisons of in-vivo 18F-FECNT PET images (A and C) with postmortem tyrosine
hydroxylase immunoreactivity (B and D) in control (A and B) and MPTP-treated
parkinsonian monkeys (C and D). (E) Correlation between in-vivo 18F-FECNT SUR of
substantia nigra (SN) and postmortem stereological SN cell count in parkinsonian monkeys.
The parkinsonian monkeys SUR percentages were calculated from their base line PET scans
in each hemisphere of three animals. Control monkeys stereological SN cell counts were
used to calculate the percentage of dopaminergic cell loss in parkinsonian monkeys. Tight
correlation was found between in-vivo 18F-FECNT SN SUR and ex-vivo stereological SN
cell count. (F) A significant correlation was found between in-vivo 18F-FECNT SUR of
Accumbens limbic (AL) and postmortem stereological VTA cell count in parkinsonian
monkeys. Scale bars: A: 10 mm (valid for C); B: 2.5 mm (valid for D).
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Table 1

Abbreviations

PET Positron emission tomography

18F-FECNT 2β-carbomethoxy-3β-(4-chlorophenyl)-8-(2-[18F]-fluoroethyl)-nortropane

DAT Dopamine transporter

TH Tyrosine hydroxylase

PD Parkinson’s disease

DA Dopamine

SERT Serotonin transporter

NET Norepinephrine transporter

MPTP 1-methyl-4- phenyl-1,2,3,6-tetrahydropyridine

ROI Regions of interest

CE Cerebellum

PA Putamen associative

PM Putamen motor

PL Putamen limbic

CA Caudate nucleus associative

AL Nucleus accumbens limbic

SNC Substantia nigra compacta

SUR Specific uptake ratio

CB Calbindin

ROD Relative optical density

SNc-v Substantia nigra pars compacta ventral

SNc-d Substantia nigra pars compacta dorsal

VTA Ventral tegmental area

TAC Time activity curve

AADC Aromatic acid decarboxylase

SPECT Single photon emission computed tomography
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