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Abstract

Objective Dopamine transporter (DAT) density is con-
sidered as a marker of pre-synaptic function. Numerous
neuroimaging studies have consistently demonstrated an
age-related decrease in DAT density in normal human
brain. However, the precise degree of the regional decline
is not yet clear. The purpose of this study was to evaluate
the effect of the normal aging process on DAT densities in
human-specific brain regions including the substantia nigra
and thalamus using positron emission tomography (PET)
with ['®F]FE-PE2I, a new PET radioligand with high
affinity and selectivity for DAT.

Methods Thirty-six healthy volunteers ranging in age
from 22 to 80 years were scanned with PET employing
['®FIFE-PE2I for measuring DAT densities. Region of
interest (ROI)-based analysis was used, and ROIs were
manually defined for the caudate, putamen, substantia
nigra, thalamus, and cerebellar cortex. DAT binding was
quantified using a simplified reference tissue model, and
the cerebellum was used as reference region. Estimations
of binding potential in the caudate, putamen, substantia
nigra, and thalamus were individually regressed according
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to age using simple regression analysis. Estimates of DAT
loss per decade were obtained using the values from the
regression slopes.

Results There were 7.6, 7.7, and 3.4 % per-decade
declines in DAT in the caudate, putamen, and substantia
nigra, respectively. By contrast, there was no age-related
decline of DAT in the thalamus.

Conclusions ['|F]FE-PE2I allowed reliable quantification
of DAT, not only in the caudate and putamen but also in
the substantia nigra. From the results, we demonstrated the
age-related decline in the caudate and putamen as reported
in previous studies, and additionally for those in the sub-
stantia nigra for the first time.

Keywords ['®F]FE-PE2I - Human - Positron emission
tomography (PET) - Dopamine transporter (DAT) - Aging

Introduction

Dopamine transporter (DAT) plays a crucial role in the
regulation of dopamine concentration in the synaptic cleft
by dopamine reuptake, and its density is considered as a
marker of pre-synaptic function. Changes in the density
and function of DAT in living human brain have been
reported in studies of various neuropsychiatric disorders
using PET, such as Parkinson’s disease (PD) [1-3], Hun-
tington’s disease [4], attention-deficit/hyperactivity disor-
der [5], autism [6], and schizophrenia [7]. Further, several
in vivo PET studies [2, 8—13] and in vitro neurobiological
studies [14-18] have consistently demonstrated a signifi-
cant age-related decrease of DAT in the striatum.

A number of radioligands for imaging DAT have been
developed: [''C]Cocaine [19], [''CICFT [20], [''C]B-CIT
211, [MCIMP [221, ['|FICFT [23], [‘®FIFPCIT [2],
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['8FJFECNT [24], and [''C]PE2I [25]. But their low
affinity for DAT, poor selectivity for other monoamine
transporters, impossibility to reach peak uptake in the
striatum due to slow kinetics, and production of radiome-
tabolites that could potentially permeate the blood—brain
barrier have been argued.

Recently, a fluoroethyl analog of PE2I, 'F-(E)-N-(3-
iodoprop-2E-enyl)-2B-carbofluoroethoxy-3f-(4-methyl-
phenyDnortropane ([lgF]FE-PEZI), was developed [206].
['®F]FE-PE2I showed high affinity and high selectivity for
DAT, fast kinetics and low production of BBB-permeable
radiometabolites. From these characteristics, [ *F]JFE-PE21
appears to be the most promising radioligand for quanti-
fying DAT in humans not only in the striatum but also in
lower binding regions such as the substantia nigra and
thalamus.

In this study, we aimed to investigate the effect of the
normal aging process on DAT in living human-specific
brain regions including the substantia nigra and thalamus
using PET with a new radioligand, ['®F]FE-PE2L

Materials and methods
Subjects

Thirty-six ~ healthy  volunteers aged 22-80 years
(mean =+ SD 48.5 £ 19.1; 8 subjects between 20 and 29, 7
between 30 and 39, 6 between 40 and 49, 0 between 50 and
59, 7 between 60 and 69, 7 between 70 and 79, 1 between
80 and 89; 15 women and 21 men) were enrolled in the
study. None had a history of present or past psychiatric,
neurological, or somatic disorders, alcohol- or drug-related
problems. All subjects were non-smokers. The study was
approved by the ethics committee and review board of
Nippon Medical School Hospital, Tokyo, Japan. After
thorough explanation of the study, written informed con-
sent was obtained from all participants.

PET procedures

['®F]FE-PE2I was synthesized from its precursor, tosyl-
ethyl-PE21, through nucleophilic fluorination reaction.
PET scans were carried out with an Eminence SET-
3000GCT-X (Shimadzu Corp., Kyoto, Japan) scanner to
measure regional brain radioactivity. This scanner pro-
vides 99 sections with an axial field of view (FOV) of
26.0 cm. The spatial resolution was 3.45 mm in-plane
and 3.72 mm full-width at half-maximum (FWHM) axi-
ally. A head fixation device was used during the scans.
A 10-min transmission scan using a *’Cs line source
was done to correct for attenuation. Dynamic PET scan
was performed for 60min (20s x 9, 1 min x 5,
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2 min x 4, 4 min x 11) after intravenous bolus injection
of ['|F]FE-PE2I. Injected radioactivity was 175.0-191.1
(mean + SD 185.7 & 3.7) MBgq, and specific radioactiv-
ity was 90.0-307.6 (174.4 & 61.4) GBg/pmol.

MRI procedures

Magnetic resonance (MR) images of the brain were
acquired with 1.5 T MR imaging, Intera 1.5 T Achieve
Nova (Philips Medical Systems, Best, Netherlands). T1-
weighted MR images were obtained at 1-mm slices. The
MR images revealed no brain abnormalities in the subjects
and were used as reference for drawing regions of interest
(ROIs) on PET images.

Data analysis

All MR images were coregistered to the PET images
using PMOD (version 3.3; PMOD Technologies Ltd.,
Zurich, Switzerland). ROIs were drawn manually on
overlaid summated PET and coregistered MR images of
each subject using PMOD. ROIs were defined for the
caudate, putamen, substantia nigra, thalamus and cere-
bellar cortex (Fig. 1). Because of the difficulty of
defining the substantia nigra on MR images, we drew
ROIs of almost the same shape and size in all subjects to
contain the most intense activity in each slice on the
summated PET images. The accuracy of the setting was
verified twice by different persons. The average values
of right and left ROIs were used for the analysis. The
data were not subjected to motion correction. DAT
binding was quantified using a simplified reference tissue
model (SRTM) [27, 28]. The cerebellum was used as
reference region because of its negligible DAT density
[29]. These models allow the estimation of binding
potential (BPnp), which was defined as fyp X Bmax/Ka,
where fyp is the free fraction of ligand in the non-dis-
placeable tissue compartment, B, is the transporter
density, and K, is the dissociation constant [30].

Statistical analysis

BPnps for ['®F]JFE-PE2I in the caudate, putamen, sub-
stantia nigra, and thalamus were individually regressed
by age using simple regression analysis. Regression
apalyses in these four regions were also performed sep-
arately in men and women. Estimates of DAT loss per
decade, as assessed by BPnps for [ISF]FE-PE2L were
obtained using the values from the regression slopes. In
all tests, a P value of <0.05 was considered statistically
significant. The statistical computations were performed
using the software package, SPSS Statistics 21 (IBM
Corp., NY, USA).
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Fig. 1 Summated images of
['"®F]FE-PE2I with regions of
interest. One subject is shown at
the level of the caudate,
putamen, thalamus (a), and the
substantia nigra (b)

Table 1 Demographics of the 36 normal individuals assessed

Region BPnp Change per P value
decade (%)
Range Mean + SD
Caudate 1.65-4.08 2.84 £054 -7.6 <0.0001
Putamen 1.79-4.31 3.07 £ 0.58 7.7 <0.0001
Substantia  0.31-0.74 0.52 £ 0.09 -34 <0.05
nigra
Thalamus 0.2-0.56 0.37 & 0.08 None None

BPyp binding potential

Results

The mean BPyp values estimated by the SRTM method
for ['®FJFE-PE2I were 2.84, 3.07, 0.52, and 0.37 in the
caudate, putamen, substantia nigra, and thalamus,
respectively, with ranges of 1.65-4.08, 1.79-4.31,
0.31-0.74, and 0.2-0.56 (Table 1). Simple correlation
analysis showed an inverse relationship between BPyp
and age in the caudate (r = —0.84, P < 0.0001), puta-
men (r = —0.85, P < 0.0001), and substantia nigra
(r=-0.39, P<0.05) (Fig.2a—c). This age-related
decline corresponded to 7.6, 7.7, and 3.4 % reduction per
decade in the caudate, putamen, and substantia nigra,
respectively (Table 1). In contrast, there was no age-
related decline in the thalamus (r = —0.11, P = 0.52)
(Fig. 2d).

Age-related decline of BPyp in the caudate and
putamen were observed in both men (r= —0.88,
P <0.0001 and r = —0.89, P < (0.0001) and women
(r=—0.8, P <0.0004 and r = —0.83, P < 0.0002). By
contrast, in the substantia nigra, age-related decline of
BPnp was observed in men (r = -0.57, P < 0.008), but it
was not seen in women (r = —0.24, P = 0.38). In the
thalamus, age-related decline of BPyp was not observed
in either men or women (r= —0.3, P=0.18 and
r=0.11, P = 0.69).
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Discussion

In the present study, DAT function was assessed in normal
individual human brain over a wide age range. The main
finding was an age-related decline of ['®F]FE-PE2I BPxp
in the caudate and putamen, as was reported in previous
studies. In addition, a decline in the substantia nigra was
demonstrated for the first time, but, interestingly, in men
only.

This is the first PET study of the effect of normal aging
process on DAT function in living human brain using
[ISF]FE-PEZI. Previous PET studies of the association of
age-related changes with DAT have been performed using
[''C]Cocaine [11], [''C]p-threo-methylphenidate [10, 12],
['®FIFPCIT [2], [''C]B-CFT [9], and [''C]CFT [8]. Most of
these radioligands are analogs of cocaine and have a rather
low affinity for DAT. Furthermore, they have measurable
affinity for serotonin transporter (SERT) and norepineph-
rine transporter (NET), reflecting the poor selectivity for
DAT [31] (Table 2). For example, cocaine showed rela-
tively low affinity for DAT (inhibition constant, K; = 350
nM) and had affinity for other monoamine transporters
such as SERT (Ki = 1,500 nM) and NET (K;
1,500 nM), indicating low selectivity.

PE2I has high affinity and good selectivity for DAT
(K; = 17 nM for DAT, 500 nM for SERT, and >1,000 nM
for NET) [32]. [''C]PE2I has been utilized for DAT
quantification in several human PET studies [33-35].
However, there were some problems quantifying DAT with
["'CIPE2I because of its slow kinetics properties in the
striatum, where BPnp values are severely underestimated
(~50 %) by the reference tissue method [33, 36]. In
addition, at least one radiometabolite of [”C]PEZI has
been found to cross the blood—brain barrier (BBB) in rats,
potentially interfering with DAT quantification [37].

['®FJFE-PE2I was then developed [26] to solve these
problems. It showed high affinity for DAT (K; = 12 nM),
almost the same as [''C]PE2I. On the other hand, because
of its fast kinetics, quantification with 60 min was possible
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Fig. 2 Results of simple
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Table 2 Affinities for monoamine transporter of ligands in evaluat-
ing age-related changes of dopamine transporter (DAT)

Ligand Affinity (X;, nM)

DAT SERT NET
Cocaine 350 1,500 1,500
p-Threo-methylphenidate 54.3 >10,000 126
FP-CIT 3.53 1.68 63
CFT 14.7 181 635
FE-PE2I 12 >1,000 None?

# NET inhibitor maprotiline showed no effect in autographic and PET
studies [26]

and the SRTM method yielded less biased BPyp than
[“C]PEZL Additionally, the effect of radiometabolites of
[ISF]FE—PE2I on quantification was likely to be small [29].
These characteristics allowed reliable quantification of
specific binding not only in the striatum but also in lower
binding regions such as the substantia nigra and thalamus.
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Thus, [lsF]FE—PE2I could be the most reliable and accurate
radioligand for the regional quantification of DAT.

In the ROI-based analysis, DAT density measured by
["®F]FE-PE2I was lost at rates of 7.6 and 7.7 % per decade
in the caudate and putamen, respectively. These results
were comparable to previous in vivo human PET studies
that showed a linear decline in DAT density ranging from
4.4 to 11.2 % per decade. Factors in demographics such as
subject numbers (7-33 subjects) and the distribution of
subjects per age range may have caused the decreasing rate
differences in previous studies [2, 8-13] (Table 3). In the
present study, the decline rate per decade of DAT density
in the caudate and putamen were measured by ['*F]FE-
PE2], the most reliable radioligand for DAT. Furthermore,
the number of subjects (36) and wide age range
(22-80 years) in our data were more than those of the
previous studies. Therefore, we think that the DAT decline
rates per decade (7.6 and 7.7 % in the caudate and puta-
men, respectively) in our study are the most reliable values.

In the substantia nigra, DAT density was lost at a rate of
3.4 % per decade, but no comparable in vivo human data

@ Springer
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Table 3 In vivo human PET data: age-related changes of dopamine transporter (DAT)

References Ligand n Age range (years) Change per decade (%) Region
Volkow et al. [11] [''C]Cocaine 26 21-63 -7.0 Striatum
Volkow et al. [12] [''C]p-threo-methylphenidate 23 20-74 —6.6 Striatum
Kazumata et al. [2] ["F]FPCIT 7 23-73 -7.7 Caudate

—6.4 Putamen
Rinne et al. [9] ["'C]B-CFT 15 23-70 —4.7 Caudate

—4.4 Putamen
Volkow et al. [13] [''C]p-threo-methylphenidate 21 24-86 —5° Striatum
Ishibashi et al. [8] [''CICFT 16 21-74 —6.1 Caudate

-5.5 Anterior putamen

-5.6 Posterior putamen
Troiano et al. [10] ["C]p-threo-methylphenidate 33 27-77 ~11.2 Caudate

—10.5 Putamen

Present data ['*F]FE-PE2I 36 22-80 -7.6 Caudate

—7.7 Putamen

—-3.4 Substantia nigra

? Estimated by the chart in original article

were reported. Because of less specific to non-displaceable
binding ratio and selectivity for DAT, previous DAT
ligands could not evaluate DAT density in the midbrain. In
the study of post-mortem human brain, it was confirmed
that dopaminergic neuronal loss occurs in the substantia
nigra [38, 39]. In 36 control cases (21-90 years), the total
neuronal count fell 4.7 % per decade in the pars compacta
[38]. And, in 62 control cases (40-90 years), the total
neuronal count fell 4.7-6.0 % in the substantia nigra. If
based on the hypothesis that neuronal cell loss reflects a
decrease in DAT, our results were comparable to previous
post-mortem human brain studies. Because our result is the
first in vivo human data at present, and there were also no
major differences in comparison with the degree of neu-
ronal cell loss in previous post-mortem studies, the age-
related decline of DAT density in the substantia nigra was
considered to be fairly accurate at 3.4 % per decade.

In human brain, dopaminergic neurons in the substantia
nigra pars compacta project particularly to the striatum. In
this regard, the loss of dopamine neurons in the substantia
nigra and the reduction of dopaminergic projection to the
striatum are considered to represent the pathology of PD.
Post-mortem studies of patients with PD demonstrated
severe reduction in dopamine neurons especially in the
putamen [40].

Previous in vivo neuroimaging studies showed gender
differences in the dopaminergic system [41]. In our study,
age-related decline of DAT density in the substantia nigra
was observed in men (r = —0.57, P < 0.008) but not in
women (r = —0.24, P = 0.38). The incidence of PD is
known to be greater in men than in women [41, 42].
Additionally, gender differences in the clinical symptoms
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of PD were reported [42]. These features concerning PD
may be related to the gender differences of the age-related
decline of DAT density reported in our study. The in vivo
assessment of the substantia nigra or subdivisions of the
striatum using ["®F]FE-PE2I, considering the gender dif-
ferences, might allow us further understanding of the
pathology of PD.

In the thalamus, there was no age-related decline of
DAT density (r = —0.11, P = 0.52). Although we could
measure DAT density in the thalamus with [ISF]FE-PEZI,
BPyp values were approximately 0.4, much less than in the
caudate and putamen. We may fail to detect the age-related
decline of DAT because of such low BPyp values. Another
possible reason is that there might be no age-related change
in DAT in the thalamus originally. Further studies both
in vitro and in vivo concerning age-related DAT change in
the thalamus will be needed to clarify this point.

There are some limitations to this study. First, because
the volume of the substantia nigra is small, a partial volume
effect should be considered. However, Hagemeier et al.
[43] reported that there was no age-related volume reduc-
tion in the substantia nigra. Furthermore, we drew ROIs of
almost the same shape and size in all subjects to contain the
most intense activity in each slice on the summated PET
images. Based on these factors, the influence of the partial
volume effect in the substantia nigra may be assumed to be
minimal. Second, because it was conducted by cross-sec-
tional studies in each subject, the same as previously
reported, it is clear that the differences between subjects
can affect the results of interpreting the effects of aging.
Furthermore, the absence of subjects in the 50-59 year age
range may handicap the accurate assessment of the age-
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related decline rate of DAT per decade. Longitudinal
studies with larger study populations will allow more
accurate quantification of the age-related decline rate of
DAT throughout the human life span.

Conclusions

In this study, we demonstrated an age-related decline of
['®F]FE-PE2I BPyp in several brain regions, and especially
in the substantia nigra. ['®F]FE-PE2I enables us to compare
regional distributions of DAT binding, and it can also be
used in the investigation of neuropsychiatric disorders
related to DAT density, function and aging effect.
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Amyloid Positron Emission Tomography Imaging for the Differential Diagnosis

of Alzheimer’s Disease

Amane Tateno, Takeshi Sakayori and Yoshiro Okubo
Department of Neuropsychiatry, Graduate School of Medicine, Nippon Medical School
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On the basis of the beta-amyloid cascade theory of Alzheimer’s disease (AD), in which beta-amyloid leads to
the neurodegeneration that triggers the course of AD, the early detection of beta-amyloid has become important
for the diagnosis of AD. In April 2012, the US. Food and Drug Administration approved [®*Flflorbetapir’, a
positron emission tomography (PET) ligand, for the differential diagnosis of other types of dementia from AD?
Unfortunately, [®Flflorbetapir has not yet been approved by Japan's Pharmaceutical and Medical Devices
Agency, although we have been performing amyloid PET studies with [*F]florbetapir since April 2010.

Here we present amyloid PET images produced with [®Flflorbetapir. Both patients were suspected of
having AD on the basis of their symptoms. Patient A was a 71-year-old woman with cognitive impairment (Mini-
Mental State Examination [MMSEP score of 23). Because magnetic resonance imaging (MRI) of the brain showed
no abnormality, and morphometrical analysis with the Voxel-based Specific Regional analysis system for
Alzheimer's Disease (VSRAD)* showed nb significant atrophic changes in the hippocampus (z-score, 0.97), she
was suspected of having early AD. Then, PET was performed to examine amyloid accumulation (Fig. 1). The
result of amyloid PET for patient A was interpreted as being positive for beta-amyloid. The diagnosis of AD
was based on the combination of symptoms and the results of amyloid PET imaging. During follow-up the
patient’s cognitive performance gradually declined.

Patient B was a 74-year-old woman with depression and cognitive impairment (MMSE of 24). Brain MRI
showed no abnormality. The Geriatric Depression Scale score was 13. The atrophic changes in the hippocampus
were evaluated with MRI and VSRAD (z-score 1.04). She was also suspected of having early AD, and amyloid
PET was performed (Fig. 2). In contrast to those in patient A, the results of amyloid PET in patient B ruled out
the possibility of AD, and depression was diagnosed. After a 1 month of treatment, her cognitive performance
had improved (MMSE of 29).

Beta-amyloid appears to accumulate gradually over 10 to 20 years before symptoms of dementia appear”.
The increased levels of accumulated beta-amyloid detected with [®*Flflorbetapir might be a marker of preclinical
ADS Although the clinical symptoms of patient B were similar to those of patient A, amyloid PET indicated that
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patient A had early AD, whereas patient B did not. Amyloid PET imaging, as a biomarker of AD, was useful for
the differential diagnosis of AD. Amyloid PET imaging might be used to predict the treatment outcome based
on the amyloid pathology.

Fig. 1 PET images from patient A. The degree of beta-amyloid accumulation was visualized with color-
coded scale. These images show the significant increase in beta-amyloid accumulation in the medial
orbital frontal, temporal, anterior, and pesterior cingulate, and parietal lobes and the precuneus.
Visual assessment by means of global rating assessment was grade 3 (moderate to high), which is
defined as “nearly all cortical areas show clearly increased activity compared with the cerebellum,
and most cortical regions have activity similar to the activity in white matter.”

Fig. 2 PET images from patient B. The degree of beta-amyloid accumulation was visualized with color-
coded scale. These images do not show the significant increase of beta-amyloid accumulation in
cortical regions. Visual assessment by means of global rating assessment was grade 0 (none), which
is defined as “no definite increased cortical gray matter retention of compound above cerebellum
levels is present, white matter activity is clearly greater than cortical activity, and a characteristic

white matter pattern is seen.”
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Reproducibility of PET measurement for presynaptic
dopaminergic functions using r-[p-''"CIDOPA

and ['®FIFE-PE2l in humans
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Kazunori Kawamura®, Ming-Rong Zhang®, Andrea Varrone®,

Christer Halldin®, Yoshiro Okubo® and Tetsuya Suhara®

Objective Recent PET studies have indicated altered
presynaptic function and relation with psychotic symptoms
in patients with schizophrenia. The -[p-'"CIDOPA uptake
rate reflects the dopamine synthesis capacity (kie),
whereas the nondisplaceable binding potential (BPyp) of
['®FIFE-PE2I reflects the dopamine transporter availability.
Although the ks values of 1-[p-''CIDOPA and the BPyp
of ["8FIFE-PE2I can be potential markers for evaluating the
severity of positive symptoms, test-retest reproducibility
has not been confirmed. The purpose of this study was
to investigate the test-retest reproducibility of k.. values
of -[B-'"'CIDOPA and that of BPyp of ['®FIFE-PE2I in the
striatum and midbrain in healthy humans.

Materials and methods Twelve healthy male volunteers
underwent two PET studies on separate days. Each PET
study comprised two PET scans, one with L-[j-''CIDOPA
and the other with ['®FIFE-PE2l. Volumes of interest were
defined for the caudate, putamen, midbrain, and thalamus.
Test-retest reproducibility was assessed in terms of
intrasubject variability (absolute variability) and reliability
[intraclass correlation coefficient (ICC)1.

Results The absolute variability values of ks and BPnp
were 4.8-25.7% on average for the caudate, putamen,
midbrain, and thalamus. The ICC values of the k¢ values

Introduction

Presynaptic dopaminergic function plays a crucial role in
the regulation of dopaminergic neurotransmission, and the
function includes synthesis and reuptake of endogenous
dopamine. Dopamine synthesis capacity can be measured
using L-[B-''C]DOPA. L-[B-''C]DOPA is ''C-labelled
L-DOPA that can be used as a PET tracer to assess the
rate of endogenous dopamine synthesis, which indicates the
relative activity of cerebral aromatic L-amino acid decarbox-
ylase [1-3]. Dopamine transporter (DAT) availability can be
assessed with ['®F]FE-PE2I. Although several radioligands
for quantifying DAT availability, such as ['**1]-B-CIT and
['ZI]FP-CIT, have been developed [4,5], ['®F]FE-PE2I is
characterized by a higher affinity for DAT (4;: 12 nmol/l) as
well as selectivity for DAT relative to serotonin transporter

0143-3636 © 2014 Wolters Kluwer Health | Lippincott Williams & Wilkins

of .-[p-1'CIDOPA were 0.78, 0.71, 0.77, and 0.77 for the
caudate, putamen, midbrain, and thalamus, respectively.
The ICC values of the BPy, of ['®FIFE-PE2I were 0.83, 0.88,
0.71, and 0.70 for the caudate, putamen, midbrain, and
thalamus, respectively.

Conclusion We found good test-retest reproducibility for
the ke values of L-[p-'"CIDOPA and that for the BPyp, of
['8FIFE-PE2I in the striatum and midbrain, indicating the
reliability of clinical investigation using PET with .-[§-''CIDOPA
and ['®FIFE-PE2l. Nuc/ Med Commun 35:231-237 © 2014
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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in the striatum (83, [6-8]) compared with conventional
radioligands; moreover, the reliable quantification of striatal
DAT binding in humans has been shown [9,10].

Recently, alteration of presynaptic dopaminergic function
was reported in patients with schizophrenia. Previous
PET studies have indicated elevated striatal dopamine
synthesis capacity (£.f) in patients with schizophrenia
[11,12]. In contrast, a PET study with [*'C]PE2L, which
has high affinity for DAT in the striatum (&;: 17 nmol/l),
reported elevated DAT availability in the thalamus of
patients with schizophrenia [13]. These studies indicated
increased dopamine turnover in patients with schizo-
phrenia. Because there is a significant positive correlation
between presynaptic dopaminergic function and positive
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symptoms such as hallucinations and delusions [12],
presynaptic dopaminergic function can reflect the severity
of positive symptoms. Accordingly, both 4. of L-
[B-"'C]DOPA and the nondisplaceable binding potential
(BPnp) of ['®F]FE-PE2I can be elevated and can have a
positive correlation in patients with schizophrenia. This
indicates that these values and these correlation coeffi-
cients can be potential markers for evaluation of the
severity of positive symptoms. However, the test-retest
reproducibility of 4. values of L-[B-'"C]DOPA and that of
BPnp of ['®F]FE-PE2I and their relationships have not
been investigated in healthy individuals, despite one
previous study reporting good test—retest reproducibility
of ks values of L-[B-'"C]DOPA [14].

The purpose of the present study was to investigate the
test—retest reproducibility of the dopamine synthesis
capacity by L-[B-'"C]DOPA and that of DAT binding by
['®F]FE-PE2I in the striatum and midbrain in healthy
humans. Test-retest reproducibility was assessed in
terms of intrasubject variability (absolute variability)
and reliability [intraclass correlation coefficient (ICC)].

Materials and methods

Participants

Twelve healthy male volunteers (age range: 20-39,
mean=SD: 24.8+4.7) were recruited and written
informed consent was obtained. T1-weighted MRI was
normal on visual inspection. None had a history of
psychiatric or neurological disorders, and they were free
of physical disease. None had substance abuse and/or
dependence according to Diagnostic and Statistical Manual
of Mental Disorders, 4th ed. (DSM-1V) criteria. This study
protocol was approved by the Institutional Review Board
of the National Institute of Radiological Sciences, Chiba,

Japan.

PET procedures

All PET studies were performed with a SET-3000 GCT/X
(Shimadzu Corp., Kyoto, Japan) [15], which provides 99
sections with an axial field of view of 26 cm. The intrinsic
spatial resolution was 3.4 mm in-plane and 5.0 mm full-
width at half-maximum axially. With a Gaussian filter
(cutoff frequency: 0.3 cycle/pixel), the reconstructed in-
plane resolution was 7.5 mm full-width at half-maximum.
Data were acquired in three-dimensional mode. Scatter
correction was performed by a hybrid scatter correction
method based on acquisition with dual-energy window
setting [16]. A 4-min transmission scan using a 137Cs line
source was performed for correction of attenuation.

All participants underwent two PET studies on separate
days (Scan 1 and Scan 2). Each PET study comprised two
PET scans with L-[B-'"C]DOPA and ['®F]FE-PE2I. The
average interval between the two studies was 13.3+17.5
days (mean=SD).

After an intravenous rapid bolus injection of L-[B-''C]DO-
PA, a dynamic PET scan was taken for 89 min. Ninety
minutes after the end of L-[B-""C]DOPA PET measure-
ment, a dynamic PET scan was taken for 90 min after an
intravenous rapid bolus injection of ['*F]FE-PE2I. The
frame sequence consisted of seven 60-s frames, five 120-s
frames, four 180-s frames, and 12 300-s frames for
L-[B-""C]DOPA, and nine 20-s frames, five 60-s frames,
four 120-s frames, 11 240-s frames, and six 300-s frames
for [®F]FE-PE2]. The injected radioactivities for
L-[B-""C]DOPA and [**F]FE-PE2I in Scan 1 were 199-398
and 167-372 MBq, respectively, and those in Scan 2 were
334-399 and 172-199MBq, respectively. The specific
radioactivities for L-[B-'"C]DOPA and ['®F]FE-PE2I in
Scan 1 were 37-281 and 90-348 GBg/umol, respectively,
and those in Scan 2 were 50-89 and 184-374 GBg/umol,
respectively. Mass doses for L-[B-''C]DOPA and ['°F]FE-
PE2I in Scan 1 were 5.68+2.80 and 1.00%0.76 nmol,
respectively, and those in Scan 2 were 12.44+20.00 and
0.72+0.20 nmol, respectively. No order effects were found
in injected radioactivity (£=0.50 and 0.37), specific
radioactivity (P = 0.12 and 0.95), and mass dose (P =0.28
and 0.27) of L-[B-'"C]DOPA and ["®F]FE-PE2I by paired
7-test.

MRI procedures

All MR images were acquired with a Siemens MAGNE-
TOM Verio 3.0T MR scanner (Siemens AG, Munich,
Germany). T1-weighted images were acquired by three-
dimensional MPRAGE sequence (TR: 2300ms; TE:
2.98 ms; flip angle: 9°; field of view: 256 mm; acquisition
matrix size: 256 x 256; slice thickness: 1.2 mm).

Graphical analysis

The uptake rate constant for L-[B-''C]DOPA, indicating
the dopamine synthesis capacity, was estimated using
graphical analysis [17-19], which allows for the calculation
of the uptake rate constant (£, using time-activity data in
a reference brain region with no irreversible binding. £.¢
values can be estimated by using simple linear least-squares

fitting as follows:
[y Cl(o)dr

Gz

—é{(z)j = ,érefx -_m)—+FXf>[*7
where C; and G} are the total radioactivity concentrations in
a brain region with and without irreversible binding,
respectively, and 7% is the equilibrium time of the
compartment for unchanged radiotracer in brain tissue.
Plotting Gi(2)/C/ (r) versus f:) C!(t)dt/C!(r), after time 7*,
yields a straight line with the slope #.¢ and intercept K
In the present study, the occipital cortical region was used
as the reference region with no irreversible binding,
because this region is known to have the lowest dopamine
concentration [20] and lowest L-amino acid decarboxylase
activity [21]. The equilibrium time 7* was set to be
29 min, and data plots of 29-89 min were used for linear
least-squares fitting [17,22].
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Simplified reference tissue model method

DAT availability was quantified using the three-para-
meter simplified reference tissue model (SRTM) meth-
od [23]. The cerebellar cortical region was used as
reference tissue because of its negligible availability of
DATs. The model allows the estimation of BPyp, which
was defined as follows:

BPxp = fnp X Bavail /Kb,

where fup is the free fraction of radioligand in the
nondisplaceable tissue compartment, B,,.; indicates the
neuroreceptor availability, and Kp indicates the dissocia-
tion constant of radioligand to transporters [24]. The
SRTM method, assuming that both target and reference
regions have the same level of nondisplaceable binding,
can be used to describe time-activity curves in the target

region as follows [23]:
RIX'éZ )
——— | XCR(¢
1+BPnp R( )

ko Xt
® CXp( 1+BPND)’

where Gr(7) is the total radioactivity concentration in a
brain region measured by PET, Ry is the ratio of K to
Ky’ (K, influx rate constant for the brain target region;
Ky, influx rate constant for the reference region), Cr(#) is
the radioactivity concentration in the reference region
(cerebellum), and ® denotes the convolution integral.
Parameters Ry, #;, and BPynp in this model were
estimated by the nonlinear curve fitting procedure.

GT(f) =R XCR(I)+ (,{'2—

Assessment of test-retest reproducibility

Test-retest reproducibility was assessed in terms of
intrasubject variability and test-retest reliability. The
absolute variability was defined as the absolute value of
the difference between the Scan 1 and Scan 2 measure-
ments expressed as the percentage of the mean value of
the two measurements.

Scan 1—Scan 2
(Scan 1+Scan 2)x0.5

A measure of the test—retest reliability was assessed by
the ICC according to the following equation:

MSBS—MSWS
MSBS+MSWS’

where MSBS is the mean sum of squares between sub-
jects, and MSWS is the mean sum of squares within
subjects. This coefficient is an estimate of the reliability
of the two sets of measurement and varies from —1 (no
reliability) to + 1 (perfect reliability — that is, identical
test and retest measurements). The ICC value is used as
a measure of test-retest reliability. ICC values lower than
0.4 are regarded as poor (low), those between 0.4 and
0.75 are regarded as adequate (middle), and those higher
than 0.75 are regarded as excellent (high) test—retest
reliability [25].

Var(%) = x100.

1CC =
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Assessment of intrasubject variations of L-[-''CIDOPA
and ["®FIFE-PE2I

The relationship between intrasubject variations of L-
[B-''C]DOPA and ['®F|FE-PE2I binding was assessed by
Ab.r and ABP. Ak was defined as the value of the
difference between Scan 1 £..¢ and Scan 2 £, expressed
as the percentage of the mean value of the two £..¢ values
measured with L-[B-'!C]DOPA. ABP was defined as the
value of the difference between Scan 1 BPnp and Scan 2
BPnp expressed as the percentage of the mean value of
the two BPnp values measured with ['®F]FE-PE2I. Note
that A#..r and ABP are not absolute values in comparison
with absolute variability (Var).

Scan 1—Scan 2 y
(Scan 1+Scan 2)x0.5

Abrer = 100.
Scan 1—Scan 2

P=
ABP = (San 1Sean 205 <

100.

Data analysis

Calculation of dopamine synthesis capacity and
dopamine transporter availability

All data analyses were performed with PMOD 3.2 software
(PMOD Technologies, Zurich, Switzerland), Prism 5.0
software (Graphpad Software Inc., San Diego, California,
USA), and SPSS (SPSS Inc., Chicago, Illinois, USA) for the
evaluation of ICC. Motion corrections were performed
frame by frame with normalized mutual information after
6mm Gaussian filtration for each frame image. Each
individual MR image was coregistered to the corresponding
summated PET image with normalized mutual information
implemented in PMOD 3.2. Volumes of interest (VOIs)
were manually drawn on each of the coregistered MR
images for the caudate, putamen, midbrain, thalamus,
occipital, and cerebellar cortical regions according to a
previous report [26] (Fig. 1). The reference region of
L-[B-'"C]DOPA was defined for the occipital cortical
region and that of ['®*F]FE-PE2I was defined for the
cerebellar cortical region. The mean size of each VOI
across 12 participants was 1.53+0.63 cm?® for the caudate,
3.28+0.73cm® for the putamen, 0.78+0.23cm> for the
midbrain, 3.79+0.89 cm® for the thalamus, 4.79+0.45 cm®
for the occipital cortical region, and 9.74+1.42 cm® for the
cerebellar cortical region (mean=SD). Subsequently, to
obtain regional time—activity curves, regional radioactivity
was calculated for each frame, corrected for decay, and
plotted versus time. Consequently, for the caudate, puta-
men, midbrain, and thalamus, 4. of L-[B-''C]DOPA,
the dopamine uptake rate constant, was calculated with
a Gjedde-Patlak plot. BPyp of ['®F]FE-PE2I, reflecting
DAT availability, was calculated using the SRTM method.

Assessment of test-retest reproducibility

All statistical data are shown as mean = SD. Subsequently,
to evaluate test—retest reproducibility of each radioligand,
absolute variability and ICC values of 4 of
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Fig. 1
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Volumes of interest (VOIs) in a representative individual. VOls were drawn manually on each of the coregistered MR images for the caudate,

putamen, midbrain, thalamus, occipital, and cerebellar cortical.

L-[B-""C]DOPA and those of BPnp of [*F]FE-PE2I
were calculated.

Results

Test-retest reproducibility of dopamine uptake rate
constant of 1-[p-''CIDOPA

Table 1 shows the test—retest reproducibility of the 4.
* value estimated by L-[B-""C]DOPA. The absolute varia-
bility of the £.¢values was 10.7+5.4, 11.9%5.8, 13.1+10.5,
and 25.7+26.6 (mean+SD) for the caudate, putamen,
midbrain, and thalamus, respectively. The ICC values of
the A,e¢ values of L-[B-''C]DOPA were 0.78, 0.71, 0.77, and
0.77 in the caudate, putamen, midbrain and thalamus,
respectively.

Test-retest reproducibility of the dopamine transporter
binding potential of ['®FIFE-PE2I

Table 1 shows the test—retest reproducibility of the BPyp
value estimated by ['®F]FE-PE2I. The absolute varia-
bility of BPyp of ['®F]FE-PE2] was 4.8+5.3, 5.6+2.7,
9.7+8.2, and 15.8%+11.9 (mean=SD) for the caudate,
putamen, midbrain, and thalamus, respectively. The ICC
values of BPyp of ['®F]FE-PE2I were 0.83, 0.88, 0.71,
and 0.70 in the caudate, putamen, midbrain, and
thalamus, respectively.

Relationship between intrasubject variations of L-
[p-""CIDOPA and [**F]FE-PE2I binding
Figure 2 shows the correlation analysis of intrasubject
variability between L-[B-'’C]DOPA and ['®F]FE-PE2I
(Ak.s and ABPyp) in the caudate and putamen. No
significant correlation was observed in the caudate and
putamen (r= -0.14, P=0.67, for the caudate and
= —0.45, P = 0.14, for the putamen).

Discussion

In the present study, we found good test—retest
reproducibility of the 4. values of L-[B-'"C]DOPA and
that of the BPnp of ['®FJFE-PE2I in the caudate,
putamen, midbrain, and thalamus.

Table 1 Regional k. values from -[-''CIDOPA for Scan 1

and Scan 2, and their test-retest reproducibility from the
Gjedde-Patlak method in individual PET space; and regional BPyp
values from ['®FIFE-PE2I for Scan 1 and Scan 2, and their test-
retest reproducibility from the simplified reference tissue model
method in individual PET space

MeantSD
Scan 1 Scan 2

Region COV (%) COV (%) Var (%) IcC

Caudate

1-[B-""CIDOPA  0.0094%0.0016 0.0098+0.0021 10.7454  0.78
16.7 21.4

['®FIFE-PE2I 3.18%0.36 3.25+0.29 48+53  0.83
11.4 9.1

Putamen

-[3-""CIDOPA  0.0112%0.0019 0.0116+0.0020 11.9%5.8 0.71
16.6 17.6

['®FIFE-PE2I 3.30+0.38 3.42+0.44 56427  0.88
11.5 12.7

Midbrain

-[B-"'CIDOPA  0.0065+0.0015  0.0061+0.0014 13.1+105 0.77
22.8 23.1

['®FIFE-PE2! 0.61£0.11 0.64+0.10 9.7482  0.71
17.9 15.2

Thalamus

-[B-""CIDOPA  0.0022+0.0010  0.002040.0011 25.7+26.6 0.77
45.4 54.0

['®FIFE-PE2I 0.33+0.08 0.35+0.12 15.8+11.9  0.70
25.1 33.6

COV, change of variation; ICC, intraclass correlation coefficient; Var, absolute

variability.

Test-retest reproducibility of the dopamine uptake rate
constant of -[-'"CIDOPA

L-[B-""C]DOPA showed good test—retest reproducibility
in the caudate, putamen, midbrain, and thalamus.
The present study replicated previous test—retest re-
producibility PET studies using L-[B-''"C]DOPA and
6-['®F]-L-DOPA [14,27]. As for the test—retest reprodu-
cibility of the #,.¢ values of L-[B-''C]DOPA, Ota ¢z 2. [14]
reported 7.3%6.5, 7.3+2.4, and 9.2+9.6% intrasubject
variability values and 0.73, 0.51, and 0.71 ICC values for
the caudate, putamen, and midbrain, respectively. As
for the test-retest reproducibility of 6-['®F]-L-DOPA,
Vingerhoets ¢ /. [27] reported 10.3 and 8.9% intrasubject
variability values and 0.82 and 0.85 ICC values for the
caudate and putamen, respectively. These results were
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similar to the present results (Table 1), indicating good
test—retest reproducibility for the 4. values of L-
[B-''CIDOPA in these regions. In the putamen, the
estimated intergroup difference of mean £ values under
0.05 of o and 0.2 of § in 12 participants was 0.0024 under
0.002 of SD, indicating that a difference of 21% from the
control £.¢ value can be examined by the paired r-test
(estimated from the mean and SD of the putaminal 4.
value of Scan 2).

The intrasubject variability of the 4. values of
L-[B-""C]DOPA was larger than that of BPxp of ['®F]FE-
PEZI. The difference in the intrasubject variability could
be derived from the difference in signal-to-noise ratios
(SNRs) of brain uptake between L-[B-'’C]DOPA and
['®F]FE-PE2L. Ito e 4l [22) reported that the ratio of
specific binding (putamen) to nonspecific binding (occipi-
tal cortex) of L-[B-''C]DOPA (29-89 min), reflecting
SNRs, was 2.46, whereas Sasaki er @/ [9] reported that
the ratio was 6.0. This three-fold difference in SNRs can
cause the large intrasubject variability in the £ values of
L-[B-"'C]DOPA.

Test-retest reproducibility of the binding potential of
['*FIFE-PE2I

['®F]FE-PE2I showed good test—retest reproducibility in
the caudate, putamen, midbrain, and thalamus. The
present study replicated a previous test-retest reprodu-
cibility PET study on [''C]PE2I [28]. As for the
test—retest reproducibility of [''C]PE2I, Hirvonen e 4/.
[28] reported 8.9+4.2, 4.8+6.2, and 6.5%5.2% intrasub-
ject variability values and 0.48, 0.48, and 0.83 ICC values
for the caudate, putamen, and midbrain, respectively.
These results were similar to the present results
(Table 1), indicating good test—retest reproducibility for
the BPnyp of ['®F]FE-PE2I in these regions. In the
putamen, the estimated intergroup difference of mean

BPnp values under 0.05 of o and 0.2 of f in 12
participants was 0.53 under 0.44 of SD, indicating that
a difference of 15% from the control BPyp value can be
examined by means of the paired #-test (estimated from
mean and SD of the putaminal BPyp value of Scan 2).

['*F]FE-PE2I showed similar test—retest reproducibility
compared with conventional radioligands such as ['*°I]p-
CITand ['"Z1]FP-CIT. Seibyl ez 4l [29] reported 6.6+ 4.3%
intrasubject variability values and 0.98 ICC values for
[***1]1B-CIT in the striatum. Similarly, Tsuchida ¢z @/ [30]
reported 5.5+4.1% intrasubject variability values and 0.89
ICC values for ['*I]FP-CIT in the striatum. Moreover,
['®F]FE-PE2] has higher selectivity for DAT relative to
serotonin transporter compared with [1231]B-CIT and
["Z*I]FP-CIT, indicating that ['*F]FE-PE2I can selectively
measure  DAT availability with low intrasubject and
intersubject variability.

Relationship between the intrasubject variations

of dopamine uptake rate constant of 1-[p-''CIDOPA
and that of the binding potential of ['*FIFE-PE2I

We found no significant correlation between the intrasub-
ject variations of the £, values of L-[B-''C]DOPA and that
of BPyp of ['®FIFE-PE2I in the caudate and putamen.
These intrasubject variations can include both random
noise and physiological change of presynaptic dopaminergic
function between the two measurements. Although the
observed intrasubject variations for each radioligand can
include both components, as for the relationship between
ke and BPyp values, it mostly includes random noise and
not the physiological correspondence between dopamine
synthesis and DAT availability. Therefore, this result
indicates that there is little physiological relationship of
intrasubject variations between £, of L~[B-HC]DOPA and
BPnp of ['®F1FE-PE2I in healthy individuals. Although the
present study indicates that, in healthy individuals, there
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was negligible relationship between intrasubject variability
in 4. values and that of BPNp at resting state, little has
been investigated as to whether such findings are
replicated at conditions in which dopaminergic neurotrans-
mission increases. To reinforce our results, further studies
would be needed, such as to determine whether these
intrasubject variabilities are related to motor tasks that
enhance dopaminergic neurotransmission.

In addition, in this study, we found no significant
correlation between A, values of L-[B-'"C]DOPA and
BPnp of ['®F]FE-PE2I in the caudate and putamen in
healthy individuals (data not shown). In contrast, in
patients with schizophrenia, both dopamine synthesis
capacity [11,12] and DAT availability [13] are reported to
be elevated. This indicates that, in schizophrenia, there
can be a dynamic relationship between dopamine synthesis
and uptake. Whereas pathologically increased dopamine
release provides a link between dopamine synthesis and
uptake, normal dopamine release might not.

Our PET paradigm can be useful for investigating
the pathophysiology of the longitudinal alteration of the
presynaptic dopaminergic function of Parkinson’s disease
(PD). In the course of progression, dopamine synthesis
capacity and DAT availability are expected to decrease
exponentially in patients with PD [31,32]. However, with
regard to dopamine synthesis capacity in PD in early
stage, several arguments have been put forward. Although
some reports suggest that dopamine synthesis capacity is
elevated in patients with PD in early stage [33], a
decrease has also been reported [34]. Such various
alteration patterns in early stage might be explained by
the complementary compensation between dopamine
synthesis and uptake. Further studies on the intrasubject
variation between dopamine synthesis capacity and DAT
availability could help elucidate such various processes.

Limitations

We should acknowledge some limitations in the present
study. Even though we carefully referred to previous
reports on the analytic procedure and control for the size
of VOI, subtle registration errors might have occurred
when VOIs were manually drawn on coregistered MR
images. Further studies would be needed for a better
registration process. As for correlation analysis between
intrasubject variations of 4. and BPNp, our post-hoc
analysis indicates that the present study had a rather
smaller sample size than expected (398 for caudate and
36 for putamen). Therefore, we could not conclude that
there is no physiological relationship between dopamine
synthesis capacity and DAT availability.

Conclusion

We found a good test-retest reproducibility of £ values
of L-[B-'"C]DOPA and that of BPyp of ['®F]FE-PE2I
in the caudate, putamen, midbrain, and thalamus.

The results of the present study confirmed the reliability
of measurements taken with L-[B-"’C]DOPA and
['*F]FE-PE21.
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Abstract

Rationale Mazindol, an appetite suppressant, inhibits the re-
uptake of dopamine in the synaptic cleft. It has been conside-
red that mazindol might enhance dopamine transmission in
the human brain. However, there has been no study that
investigated the extracellular dopamine concentration in vivo.
Objective Using positron emission tomography (PET), we
aimed to measure the effect of mazindol on the extracellular
dopamine concentration and to evaluate how mazindol affects
the dopamine system in the healthy human brain.

Methods Eleven healthy individuals (six males, five females,
age 30.9 £ 4.9 years) were enrolled in this study. Each partici-
pant was scanned with [''Clraclopride on 1 day without any
medicine as baseline condition, and on another day with
mazindol as drug condition. In the drug condition, participants
took mazindol 0.5 mg (N = 5) or 1.5 mg (N = 6) 2 h before the
PET scan. Plasma concentrations of mazindol were measured
before the injection of [''CJraclopride, and urine concentra-
tions of mazindol were measured after the scan.

Results After taking mazindol, the calculated decrease in
binding potential (ABP) in the striatum was 1.74 % for 0.5
mg and 8.14 for 1.5 mg, and the correlation with the blood
concentration of mazindol was significant (P = 0.0016,
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R? = 0.69). ABP was not significantly correlated with the
urine concentration of mazindol (P = 0.84, R* = 0.005).
Conclusions Mazindol increased the extracellular concentra-
tion of dopamine in the human brain, and its effect was dose
dependent. A single administration of mazindol, even at usual
dosage, elevated dopamine concentration similarly to other
addictive drugs, suggesting that the risk of dependence may
increase with the mazindol dose.

Keywords Mazindol - Positron emission tomography -
["'Clraclopride - Dopamine - Dependence

Background

Mazindol, an appetite suppressant, ameliorates obesity by
improving metabolic changes in human, since it enhances
heat production, glucose utilization, and energy control (e.g.,
suppression of feeding and digestion absorption) in its phar-
macological action (Minami et al. 1985; Sikdar et al. 1985).
Mazindol inhibits the reuptake of noradrenaline and dopamine
in nerve endings (Engstrom et al. 1975), and it has been
discussed that mazindol might have awakening effect, euphor-
ic effect, and might provoke dependence, since mazindol
belongs to amphetamine derivatives in terms of chemical
structure (Carruba et al. 1977). There has also been a case
report of a patient with obesity presenting with psychiatric
symptoms such as irritability, mood enhancement, hyperac-
tivity, and talkativeness after continually taking a prescription
dose of mazindol for 5 months (Ito et al. 1995). Mazindol
increased locomotor hyperactivity and stereotypic behavior in
rats (Nakajima et al. 1986), and the frequency of intake was
observed to increase in an intravenous drug self-ingestion test
in monkeys (Yanagida et al. 1982), leading to the suggestion
of its risks of dependence and abuse. On the other hand,
another study reported that there was no dependence of
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mazindol, since mazindol has the isoindole skeleton, which
has no effect of promoting noradrenaline and dopamine re-
lease, instead of the phenethylamine skeleton of cocaine and
amphetamine (Kurihara et al. 1985).

Positron emission tomography (PET) makes it possible to
assess monoamine neurotransmitters in vivo. Further, PET
and ["'Clraclopride can be used to measure changes in extra-
cellular dopamine in the human brain. [''C] raclopride is a
ligand that specifically binds to dopamine D, receptors in the
striatum(Farde et al. 1986). The administration of a
psychostimulant is associated with an increase in endogenous
dopamine at the synaptic cleft and a reduction in the binding
of [''Clraclopride. Thus, the comparison of pre- and post-
psychostimulant scans provides a measure of in vivo dopa-
mine release (Laruelle 2000; Carboni et al. 1989). The behav-
ioral effects and the reinforcing properties of amphetamine
and cocaine have been suggested to be related to an increase in
extracellular dopamine concentration in mesostriatal and
mesolimbic areas of the brain (Carboni et al. 1989).

Sufficient information on the action of mazindol in the
human brain is necessary for its safe use, but the effect of
mazindol on extracellular dopamine concentration is not clear.
In this study, we used PET and [''CJraclopride to measure the
effect of mazindol on extracellular dopamine concentration.

Methods
Subjects and study design

Eleven healthy individuals (six male, five female, age 30.9+
4.9 years) participated in this study. Inclusion criteria were as
follows: (1) nonsmoking, (2) ability to understand and give
informed consent, and (3) age of 20-65 years. Exclusion
criteria were as follows: (1) current or past history of mental
illness or severe physical condition, (2) unable to undergo
magnetic resonance imaging (MRI) exam, (3) pregnant or
potential pregnancy, (4) allergy to mazindol or caffeine, (5)
exposure to more than 15 mSv of radiation a year, and (6)
undergoing X-ray examination within 2 days before the PET
scan. They had never used mazindol and recreational drugs.
Thus, they had no experience with the drug before entering the
study. All participants were instructed not to consume
caffeine-containing beverages from 2 days before the PET
scans, as the dopamine system may be affected by caffeine.

Each participant was scanned with [* 1C]raclopride on 1 day
without any medicine as baseline condition, and on a later day
with mazindol as drug condition. They were scanned as base-
line condition first, and then as drug condition 1 or 2 weeks
later.

For the drug condition, participants took mazindol at
0.5 mg (NV=S5; initial dose per day in Japan) or 1.5 mg (N=
6; maximum dose per day in Japan) 2 h before the PET scan

@ Springer

90

(i.e., time of maximum plasma concentration of mazindof).
Plasma concentrations of mazindol were measured prior to
["'Craclopride injection, and urine concentrations of
mazindol were measured after the second PET scans.

The study was approved by the Ethics Committee of the
Institutional Review Board of Nippon Medical School, and
after complete explanation of the study, written informed
consent was obtained from all participants.

Imaging data

A PET scanner system, Eminence SET-3000GCT/X
(Shimadzu Corp., Kyoto, Japan), was used to measure region-
al brain radioactivity. Full width at half maximum (FWHM)
was 3.72 mm in body axis and 3.45 mm in cross section. Each
scan was preceded by a 4-minute transmission scan for atten-
uation correction using '*’Cs. Dynamic PET scanning was
performed for 60 min after intravenous bolus injection of
[''Clraclopride. Injected radioactivity was 212.0-236.3
(226.0+1.0; mean+SD) MBq at baseline condition and
214.1-247.2 (231.9£1.0) MBq at drug condition. Specific
radioactivity was 58.1-162.2 (93.1+32.8) GBg/umol at base-
line condition and 52.3-104.5 (75.8+16.2) GBg/pmol at drug
condition. Injected mass was 0.58-1.49 (1.1+0.3) g at base-
line condition and 0.89-1.55 (1.3%0.3) g at drug condition.
MR images of the brain were acquired with 1.5-T MR imag-
ing, Intera 1.5 T Achieve Nova (Philips Medical Systems,
Best, Netherlands). T,-weighted MR images were obtained
at 1-mm slices.

Data analysis

Regions of interest (ROIs) were defined for the striatum
(caudate and putamen) and cerebellar cortex. ROIs were
drawn manually on summated PET images with reference to
coregistered individual MR images. The average values of
right and left ROIs were used for the analysis. Dopamine D,
receptor binding was quantified using a three-parameter sim-
plified reference tissue model (Ito et al. 2001; Lammertsma
and Hume 1996). The cerebellum was used as reference
region because of its negligible dopamine D, receptor density
(Suhara et al. 1999). This model allows estimation of the
binding potential (BPnp), which was defined as fp*Bax/
K4, where fyp is the free fraction of ligand in the
nondisplaceable tissue compartment, By, is the receptor
density, and K, is the dissociation constant (Innis et al.
2007). Based on a previous study (Takahashi et al. 2008),
the release of dopamine could be evaluated by calculating the
change of BPyp (ABP) following mazindol intake. ABP was
estimated by the following equation:
ABP:(BPbaseline_BPdrug)/BPbasclineX 100, where BPyaseline
is BPyp in the baseline condition, and BPgy, is BPyp in the
drug condition. Correlation between plasma or urine mazindol



Psychopharmacology (2014) 231:2321-2325

2323

Table 1 Subject characteristics, dose, concentration, BP, and ABP

No age gender doseof plasma plasma Urine

Urine BP base

BP drug

ABP (%)

Maz Maz Ml Maz ml

(mg) (M) @M) (Nm) (nM) stristum caudate putamen striatum caudate putamen striatum caudate putamen
1 27 M 0.5 3.57 1.04 254.52 5233 3.65 292 3.91 3.52 3.01 371 3.56 -3.08 5.12
2 38 F 0.5 3.93 0.93 4920 19.67 3.14 2.80 3.27 3.13 2.78 3.27 0.32 0.71 0.00
3 38 F 0.5 302 073 2504 1420 3.37 3.19 343 337 3.02 3.49 0.00 533 -1.75
4 37 M 0.5 2.01 0.00 2434 813 3.77 3.24 1.00 3.65 3.14 3.87 3.18 3.09 3.25
5 27 M 0.5 2.11 1.04 307 1629 3.63 3.10 3.90 3.57 3.17 3.74 1.65 =223 410
6 28 M 1.5 224 157 495 2944 384 332 4.02 3.62 3.17 3.76 5.73 4.52 6.47
7 31 M 1.5 14.04 5.65 4985 25.14 3.12 291 3.22 2.70 2.40 2.85 13.46 17.53 1149
8 28 F 1.5 8.61 3.52 31.50 19.62 3.73 3.20 3.90 3.51 2.99 3.66 5.90 6.56 6.15
9 3 M 1.5 1091 409 1886 6428 394 3.26 4.16 3.70 3.08 3.89 6.09 5.52 6.49
10 29 F 1.5 14.45 5.77 10.03 27.33 4.40 3.76 4.57 4.07 3.62 4.20 7.50 3.72 8.10
11 24 F 1.5 1395 413 000 26.73 4.04 3.60 4.19 3.63 327 3.76 1015 9.17 10.26

Maz mazindol, BP binding potential

levels and ABP by mazindol was tested by Pearson's correla-
tion coefficient. A P value of <0.05 was considered statisti-
cally significant. The Bonferroni correction was used for
multiple comparisons.

Results

Results of our study are shown in Table 1. Five participants
(age range 27-38 years) took 0.5 mg and six participants (age
range 24-33 years) took 1.5 mg. After mazindol intake,
mazindol plasma concentration was 2.93+0.86 nM (mean+
SD) (range 2.01-3.93) for 0.5 mg and 10.70+4.73 nM (range
2.24-14.45) for 1.5 mg. Urine concentration was 88.275+
103.75 nM (range 3.07-254.52) for 0.5 mg and 47.49+
71.61 nM (range 0-188.6) for 1.5 mg. Further, urine concen-
tration of mazindol metabolite (M1) was 22.12+17.40 nM
(range 8.13-52.33) for 0.5 mg and 32.09+16.11 nM (range
19.62-64.28) for 1.5 mg.
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BPnp in the striatum was decreased by 1.74+1.62 %
(range 0.00-3.56) for 0.5 mg and 8.14+3.09 % (range 5.73—
13.46) for 1.5 mg (Fig. 1). BPnp in the caudate was decreased
by 0.76+0.58 % (range —3.08-5.33) for 0.5 mg and 7.84+
3.29 % (range 3.72-9.17) for 1.5 mg. BPyp in the putamen
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Fig. 2 Relationship between plasma (a) or urine (b) concentration of
mazindol and ABP in the striatum
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was decreased by 2.14£0.72 % (range —1.75-5.12) for 0.5 mg
and 8.16+2.68 % (range 6.47-11.5) for 1.5 mg.

ABP in the striatum was significantly correlated with
mazindol plasma concentration (P=0.0016, R*=0.69)
(Fig. 2a), but the relation with mazindol urine concentration
was not significant (P =0.84, R*=0.005) (Fig. 2b). ABP in the
caudate was significantly correlated with mazindol plasma
concentration (P=0.024, R*=0.46), but the relation with
mazindol urine concentration was not significant (P =0.40,
R?=0.079). ABP in the putamen was significantly correlated
with mazindol plasma concentration (P=0.0063, R*=0.58),
but the relation with mazindol urine concentration was not
significant (P=0.98, R*=0.00). Even with multiple compari-
sons using the Bonferroni correction, significant differences
were observed in the putamen and caudate (P <0.025=0.05/
2).

Discussion

This was the first study to investigate the effect of mazindol on
the extracellular dopamine concentration in the striatum in
healthy volunteers in vivo. Our study demonstrated that do-
pamine D, receptor binding in the striatum was decreased
after taking mazindol (1.74 % with 0.5 mg and 8.14 % with
1.5 mg). Changes in dopamine D, receptor binding (ABP)
with mazindol were significantly correlated with plasma con-
centration. We used ['' CJraclopride to estimate the changes in
dopamine concentration in the striatum by assessing the
changes in dopamine D, receptor bindings before and after
taking mazindol. Of course, we could not directly evaluate the
ability to synthesize dopamine and dopamine transporter func-
tion. However, it is possible that the BP decrease by mazindol
in our study might have resulted from the inhibition of dopa-
mine transporter, instead of an effect on dopamine release
promoting action (Carruba et al. 1977; Parker and Cubeddu
1988).

From PET studies, drug-induced dopamine increase has
been reported with other addictive drugs. Increased dopamine
concentration evaluated by changes in BPyp has been report-
ed as follows: (1) oral administration of amphetamine at
0.5 mg/kg among healthy individuals decreased binding by
12.3 %; (2) intravenously-injected amphetamine at 0.3 mg/kg
among healthy individuals decreased binding by 10.2 %; 3)
Using gum containing nicotine at 2 mg among smokers de-
creased binding by 7.3 % (Takahashi et al. 2008; Narendran
et al. 2010; Wand et al. 2007). We could not simply compare
amphetamine and mazindol because their mechanisms of
action are different, but 1.5 mg (0.02 mg/kg) of mazindol
was comparable to between 0.3 mg/kg of amphetamine and
2 mg of nicotine with reference to the values of the above-
mentioned literatures (Narendran et al. 2010; Wand et al.
2007). In fact, it has been reported that mazindol-induced
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hallucinations and a delusional state in an amphetamine-
abuser (Kaneko et al. 2008). It was also reported that the
administration of mazindol worsened the psychotic symptoms
of schizophrenia (Krumholz and White 1970). Our findings
suggested that the prescribed dose of mazindol might have the
possibility to change the behavior and mental effects similarly
to those of addictive amphetamine.

The other important finding in our study was that the
change in the concentration of dopamine in the synaptic cleft
was in a dose-dependent manner in vivo. This result was
consistent with a previous study in rats, which reported an
inhibitory effect on dopamine reuptake, and the increase in
dopamine concentration by mazindol was dose-dependent
(Carruba et al. 1977). Another study reported that the reward-
ing effects of drugs were associated with increases in brain
dopamine concentration (Volkow et al. 2002). Our results that
mazindol caused a dose-dependent increase in the concentra-
tion of dopamine in the striatum indicate that higher doses of
mazindol might be more likely to cause dependence. More-
over, in both the caudate and putamen, dose-dependent in-
creases in the concentration of dopamine were observed. The
relationship between drug dependence and concentration
change in dopamine with mazindol should be evaluated in
more detail, including regional differences, using PET in the
future.

It is well known that there are gender differences in the
human dopamine system (Mozley et al. 2001). The correlation
of ABP in the striatum and plasma concentration was signif-
icant at P=0.0008 in covariation with gender. However, the
interaction of gender and plasma concentration was not sig-
nificant at P=0.675. We therefore consider that gender would
not affect the relationship of ABP and plasma concentration in
this study.

In addition, it may be necessary to consider internalization.
A previous animal study reported that the internalization of
dopamine receptors was caused by psychostimulant
(Skinbjerg et al. 2010). Although the details are not clear,
the decrease of BPyp in this study might be affected by this
factor.

In conclusion, mazindol increased the concentration of
dopamine in the synaptic cleft, and its effect was dose-
dependent. A single administration of mazindol, even if at
prescription dosage, elevated dopamine concentration compa-
rable to other addictive drugs such as amphetamine and nic-
otine. It is suggested that the risk of dependence may increase
with the dosage of mazindol.
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