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Figure 1. Representative images of the distribution volume of [''CJSA4503-
PET at baseline shown with corresponding MRI images. PET, positron emis-
sion tomography; MR!, magnetic resonance imaging.

and genotype of the SIGMAR1 gene was analyzed by one-way
analysis of variance. Significance for the results was set at p < .05.

Results

Radioactivity was distributed throughout the human brain
after intravenous administration of [*!CJSA4503. Representative
parametric images of the distribution volume of [*CISA4503 at
baseline are shown with corresponding MRI images in Figure 1.
These results show that sigma-1 receptors are concentrated in
brain areas of the limbic system, including areas involved in
motor function, sensory perception, and endocrine function,
consistent with the previous reports (29,34). Representative
images of the distribution volume of [*'CISA4503 in the fluvox-
amine- and paroxetine-loading conditions are shown in Figure 2.
A single administration of fluvoxamine (200 mg), but not parox-
etine (20 mg), markedly decreased the distribution volume of
[1*CISA4503 (Figure 2). Table 1 shows the binding potentials and
occupancy rates in 9 brain regions. [''CISA4503 bound through-
out the brain, and the cerebellum showed the highest binding
potential.

We analyzed whether the effects of fluvoxamine on occu-
pancy of sigma-1 receptors were dose-dependent. Analysis using
contrast (polynomial) showed that fluvoxamine significantly and
dose-dependently bound to sigma-1 receptors in the frontal
cortex (p < .021), parietal cortex (p < .024), occipital cortex (p <
.011), head of the caudate nucleus (p < .012), thalamus (p <
.008), and cerebellum (p < .037). The dose-dependency also
seemed to be operative at the temporal cortex (p < .069),
anterior cingulate gyrus (p < .073), and putamen (p < .067), but
the correlation at these sites was not statistically significant. There
were significant correlations between the blood concentration of
fluvoxamine, and occupancy in the brain regions (temporal
cortex: r = .62, p < .05; parietal cortex: » = .70, p < .05; occipital
cortex: r = .63, p < .05; head of the caudate nucleus: r = .70, p <
.05; putamen: r = .67, p < .05; thalamus: » = .62, p < .05;
cerebellum: » = .77, p < .01). There were weak correlations
between the blood concentration of fluvoxamine and occupancy
in the other two regions (frontal cortex; r = .54, .05 < p < .1,
cingulate gyrus; r = .564, .05 < p < .1). Figure 3 shows
representative data for the parietal cortex and cerebellum. There
were statistically significant correlations between the sigma-1
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receptor occupancy and dose or blood concentration of fluvox-
amine in both these brain regions (Figurc 3).

Next, we examined whether the SIGMAR1 gene polymor-
phisms affect the binding potential of sigma-1 receptors in
human brain. However, all subjects showed TT genotype at the
T-485A site. As for the GC-241-240TT polymorphism, 8 subjects
had GC/GC genotype, and 5 subjects had GC/TT genotype, and
2 subjects had TT/TT genotype. There was no association
between GC-241-240TT polymorphisms and the baseline bind-
ing potentials of sigma-1 receptors in any of the brain regions
examined (Supplement 1).

Discussion

The major finding of this study is that, after a single oral
administration, fluvoxamine bound to sigma-1 receptors in the
living human brain in a dose-dependent manner. To our knowl-
edge, this is the first report demonstrating that fluvoxamine binds
to sigma-1 receptors in the living human brain at therapeutic
doses, which is consistent with the previous report using rat
brain (3). Suhara et al. (38) reported a high occupancy
(approximately 80%) of serotonin transporters in healthy
subjects after a single oral administration of fluvoxamine (50
mg). These results suggest that, at therapeutic doses, fluvox-
amine binds to sigma-1 receptors as well as serotonin trans-
porters in the human brain. Taken together, these results
suggest that sigma-1 receptors may be involved in the mech-
anism of the action of fluvoxamine.

A recent study demonstrated that cognitive deficits induced in
mice by the N-methyl-D-aspartate receptor antagonist phencyc-
lidine (PCP) could be ameliorated by subsequent subchronic
administration of fluvoxamine, and that the effects of fluvoxam-
ine could be antagonized by co-administration of the selective
sigma-1 receptor antagonist NE-100 (20). Furthermore, the selec-
tive sigma-1 receptor agonist SA4503 and the endogenous sig-
ma-1 receptor agonist dehydroepiandrosterone sulphate could
improve PCP-induced cognitive deficits in mice, and the efficacy
of SA4503 and dehydroepiandrosterone-sulphate on PCP-in-

Paroxetine
20my

Fluvoxamine
200mg

Figure 2, Distribution volume images of [''C1SA4503-PET before and aftera
single oral administration of an SSRL The upper pair represents distribution
volume images at baseline (left) and at paroxetine (20 mg)-loading (right) in
the same subject. The lower pair shows distribution volume images at
baseline (left) and fluvoxamine (200 mg)-loading (right) in another subject.
PET, positron emission tomography; SSRI, selective serotonin reuptake
inhibitor.
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Table 1. Binding potential of [''C]SA4503 and occupancy (%) of selective serotonin reuptake inhibitors in the human brain regions

Frontal Cortex

Temporal Cortex

Parietal Cortex

Occipital Cortex

Baseline SSRI Baseline SSRi Baseline SSRI Baseline SSRI
F50 _ .
Binding potential 15.9+5.2 10.0+30 19.5%6.1 14.0%£6.0 15.3+43 9.57+3.0 14.7+48 10.1£45
Occupancy (%) 355*11.8 27.3+20.0 36.2+13.9 30.8+19.3
F100
Binding potential 11.7%3.0 6.56+0.1 143+26 8.93+27 13.6x1.7 7.10%x1.2 129+09 6.69+0.8-
Occupancy (%) 41.7x13.0 36.1x226 47.0+128 48.0+7.3
F150
Binding potential 20.9+3.7 7.50*1.2 269+49 100+1.0 206*19 7.39+0.5 - 19.2+5.3 6.86*+0.3
Occupancy (%) 62.8+12.7 61.7+8.6 ' 63.8+59 62.3+10.7
F200 .
Binding potential 17.0£5.1 6.35+0.1 208+%7.0 9.89+29 16.7x4.4 6.27+04 15.0%£6.0 518*1.0
Occupancy (%) 599*13.6 50.2x149 59.9+145 63.0+11.5
P20
Binding potential 16.5+29 17.1x16 209*5.6 20.6*1.2 18.4+3.6 15.7+2.2 15.6*35 148*3.0
Occupancy (%) —4.40+9.1 —2.2%221 13.8%56 4.70+4.8

Value are the mean * SD of three subjects.

F50, Fluvoxamine (50 mg); F100, fluvoxamine (100 mg); F150, fluvoxamine (150 mg); F200, fluvoxamine (200 mg); P20, paroxetine (20 mg); SSRI,

fluvoxamine or paroxetine.

duced cognitive deficits was also antagonized by co-administra-
tion of NE-100 (20). These findings suggest that the agonistic
activity of fluvoxamine at sigma-1 receptors could be implicated
in the mechanisms of the action of fluvoxamine (20). Therefore,
the agonistic property of fluvoxamine at sigma-1 receptors may
suggest that this drug has potential for the treatment of cognitive
deficits in depressive and schizophrenic patients.

Mood disorders, including major depressive disorder and
bipolar disorder, possess cognitive impairment in the center of
their psychopathology. There is a hypothesis that cognitive
dysfunction remains after remission, especially in manic bipolar
disorder (39), and leads to poor social outcome. As suggested,
fluvoxamine may have a potential for treating cognitive deficits
through its action against sigma-1 receptors, it being an antide-
pressant, fluvoxamine may be a useful prescription for mood
disorders having cognitive impairment.

Dose (mg)

Figure 3. Correlations between the sigma-1 receptor occupancy and dose
or blood concentration of fluvoxamine in the parietal cortex and cerebel-
lum. The colors of the points correspond to the dose administered.

An adjunct medication is often added to antipsychotic treat-
ment regimens to improve the response of negative symptoms
and cognitive deficits in schizophrenia. Some SSRIs, such as
fluvoxamine and fluoxetine, can ameliorate primary negative
symptoms in chronic schizophrenic patients (40,41). Currently,
the precise mechanism(s) underlying the efficacy of fluvoxamine
on negative symptoms is unclear. However, it is possible that
sigma-1 receptors play a role in the mechanism of the action
of fluvoxamine, although further study will be needed to
confirm this. Taken together, these results also suggest that
augmentation with sigma-1 receptor agonists such as fluvox-
amine could be a useful addition to the treatment of schizo-
phrenic patients with persistent negative symptoms and cog-
nitive deficits.

Psychotic major depression is a difficult-to-treat illness that is
associated with high functional impairment and significantly
higher mortality than nonpsychotic major depression (42.43).
Interestingly, monotherapy of fluvoxamine has been proven
effective against both the psychotic and depressive symptoms of
this disorder (44-46). In contrast, a monotherapy of paroxetine
did not show equal efficacy as fluvoxamine (47). Based on these
findings, it has been recently proposed that this efficacy of
fluvoxamine might be due to its specific affinity to sigma-1
receptors in the brain (48,49), suggesting that sigma-1 receptors
play a role in psychotic major depression. Therefore, it may be
interesting to study whether the binding of [!CJSA4503 to
sigma-1 receptors in the brain is altered in patients with psychotic
major depression.

Miyatake et al. (30) reported functional polymorphisms (T-
485A) in the promoter region of the SIGMAR1 gene. In this study,
we found that there was no association between the SIGMAR1
genotype and the binding potentials of {**CISA4503 in any of the
regions of the brain in healthy male subjects. These findings
suggest that the SIGMAR1 gene polymorphism GC-241-240TT
may not contribute to differences in the sigma-1 receptors in the
human brain, although a further study using a larger sample will
be necessary.

In conclusion, the present study demonstrates that fluvoxam-
ine binds to sigma-1 receptors in the human brain at therapeutic
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Table 1. (continued)
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Anterior Cingulate Gyrus Head of Caudate Nucleus Putamen Thalamus Cerebellum
Baseline SSRI Baseline SSRI Baseline SSRI Baseline SSRI Baseline SSRI
18.3x6.1 11.5£26 13.8+£38 93222 14143 9.06x1.9 16.4+6.4 11.1x35 23.5+85 16.5%6.5
34.0x176 31.2x11.2 340%88 29.1+15.1 28.2£16.3
15.3+4.0 838%14 123+0.8 6.19+03 126%1.5 6.05+04 13.7x14 8.21+04 20.3+6.6 10.1£24
40.1+28.9 49.6x£1.9 51.7+40 39.6+9.1 47.1x£18.5
22.2+30 9.23£1.6 17.4+04 6.05+2.3 186%23 7.88+13 17.8x16 8.57%1 .OV 29.6+8.5 9.88+19
58.1x10.0 65.1£14.2 56.7+12.1 524=%8.1 65569
19.9+6.0 70112 143£34 50110 15.5%5.7 6.11x1.1 149+44 6.16x1.1 228+84 8.22+24
61.7+£14.0 62.1£18.7 55.8+20.5 57.1+£89 58.5+22.2
18.0x4.6 184+38 15529 15.0£5.1 16.8+£4.4 155%15 14.7£3.0 159+3.1 23.3+6.8 23.7x19
—5.20+26.8 510144 543%14.2 —11.7£353 ~7.15x28.7

doses. These findings suggest that sigma-1 receptors may play an 10.
important role in the mechanism of action of fluvoxamine. 26,33
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ABSTRACT  Adenosine A, receptor (A2AR) is thought to interact with dopamine

Dg receptor. Selective A2AR antagonists have attracted attention as the treatment of
Parkinson’s disease. In this study, we investigated the distribution of the A2ARs in
the living human brain using positron emission tomography (PET) and [7-methyl-1'C]-
(E)-8-(8,4,5-trimethoxystyryl)-1,3,7-trimethylxanthine ([!CITMSX). We recruited five
normal male subjects. A dynamic series of PET scans was performed for 60 min, and
the arterial blood was sampled during the scan to measure radioactivity of the parent
compound and labeled metabolites. Circular regions of interest of 10-mm diameter
were placed in the PET images over the cerebellum, brainstem, thalamus, head of cau-
date nucleus, anterior and posterior putamen, frontal lobe, temporal lobe, parietal
lobe, occipital lobe, and posterior cingulate gyrus for each subject. A two-tissue, three-
compartment model was used to estimate K;, ko, ks, and k4, between metabolite-cor-
rected plasma and tissue time activity of ['!C]TMSX. The binding potential (BP) was
the largest in the anterior (1.25) and posterior putamen (1.20), was next largest in the
head of caudate nucleus (1.05) and thalamus (1.03), and was small in the cerebral cor-
tex, especially frontal lobe (0.46). [(*!CITMSX PET showed the largest BP in the stria-
tum in which A2ARs were enriched as in postmortem and nonhuman studies reported,
but that the binding of ["'CITMSX was relatively larger in the thalamus to compare
with other mammals. To date, ['?CITMSX is the only promising PET ligand, which is
available to clinical use for mapping the A2ARs in the living human brain. Synapse

61:778-784, 2007. 02007 Wiley-Liss, Inc.

INTRODUCTION

Adenosine is produced by conversion of intra- and
extracellular adenine nucleotides (Latini and Pedata,
2001), and plays a role as an endogenous modulator of
synaptic functions in the central nervous system (Dun-
widdie and Masino, 2001). The effects are mediated by
at least four receptor subtypes: A;, Aga, Asp, and Aj
(Fredholm et al., 2001). The adenosine Ay, receptors
are enriched in dopamine-rich areas of the brain, such
as the basal ganglia (Fredholm and Svenningsson,
2003), while adenosine A; receptors are widely distrib-
uted throughout the entire brain (Fukumitsu et al.,
2005). The adenosine As, receptors are known to stim-

ulate adenyl cyclase and would interact with dopamine’

D, receptor negatively at the level of second messen-
gers and beyond (Fredholm and Svenningsson, 2003).
For example, high-affinity binding of a dopamine D

©2007 WILEY-LISS, INC.

agonist could be reduced by stimulation of adenosine
Aga receptors (Ferre et al., 1991).

Recently, adenosine Ajs receptor antagonists have
attracted attention as the nondopaminergic treatment
of Parkinson’s disease. Caffeine is a nonselective aden-
osine receptor antagonist and is known to reduce the
risk of developing Parkinson’s disease (Ascherio et al.,
2001; Ross et al., 2000). Theophylline, which is also a
nonselective antagonist, was expected as a promising
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ADENOSINE A,, RECEPTOR BY [!'CITMSX PET
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Fig. 1. Chemical structure of [''CITMSX.

agent of Parkinson’s disease (Kostic et al., 1999). How-
ever, clinical trials of the caffeine and theophylline
have been unimpressive (Kulisevsky et al.,, 2002;
Schwarzschild et al.,, 2002). The selective adenosine
Ag4 receptor antagonist, istradefylline (KW6002), has
been developed as a novel nondopaminergic agent for
Parkinson’s disease (Kase, 2001), and provides an anti-
parkinsonian benefit without causing and worsening
dyskinesia that is one of the most inconvenient side
effects of dopaminergic therapy (Bara-Jimenez et al.,
2003). A postmortem study suggested that adenosine
Aga receptors was increased in the patients with dyski-
nesia following long-term levodopa therapy (Calon
et al., 2004). Therefore, adenosine Ay, receptors may
be involved with the appearance of the side effects of
the antiparkinsonian agents.

Although adenosine Aj;s receptor has attracted
much attention, little information was available about
the receptor in the living human brain until quite
recently. However, we developed a PET ligand, [7-
methyl-1C]-(E)-8-(3,4,5-trimethoxystyryl)-1,3,7-trime-
thylxanthine ([*!CJTMSX, Fig. 1), for mapping the
adenosine Ay, receptors (Ishiwata et al., 2000a,b,
2002). Preliminarily, we have successfully visualized
the receptors in a living human brain in comparison
with distribution of adenosine A; receptors and dopa-
mine D; receptors, and the receptor-specific binding of
[*'CITMSX was confirmed by theophylline challenge
(Ishiwata et al., 2005). The aim of this study is to es-
tablish the measurement of the adenosine A,, recep-
tors in the living human brain using the [1'CJTMSX
PET, and to compare with the results of past postmor-
tem and nonhuman studies.

MATERIALS AND METHODS
Subjects

We recruited five-normal male subjects, without the
history of neurological disease or any abnormalities on
physical or neurological examinations (mean age *
SD, 23.0 * 3.3). They were all right-handed. They had
neither medication known to affect the brain function
nor history of alcoholism.

The study protocols were approved by the Ethics
Committee of Tokyo Metropolitan Institute of Geron-

L]

tology. A written informed consent was obtained from
all of the subjects who participated in this study.

Magnetic resonance imaging

Magnetic resonance images (MRI) were obtained
with the spoiled gradient-recalled echo in steady state
technique and a SIGNA 1.5 Tesla machine (General
Electric, Waukesha, WI). MRI images were examined
for any organic abnormalities in the subjects’ brain,
and were used as a reference for placing regions of in-
terest (ROIs) on PET images.

Positron emission tomography imaging

PET was performed in the Tokyo Metropolitan Insti-
tute of Gerontology Positron Medical Center with an
SET-2400W PET scanner (Shimadzu Co., Kyoto, Japan)
(Fujiwara et al.,, 1997). [1!CITMSX was prepared as
described before (Ishiwata et al., 2003). Specific activity
at the time of injection ranged from 12.8 to 48.9 GBg/
pmol (27.4 = 14.5 GBg/pmol). After transmission scan
with a rotating ®Ga/%®Ge line source to correct for the
photon attenuation using the attenuation map, a
dynamic series of decay-corrected PET data acquisition
was performed for 60 min starting at the time of 500
MBq of ["*'CITMSX injection. The total number of frames
was 27, and the frame arrangements were 10s x 6,30 s
x 3,1 min x 5, 2.5 min x 5, 5 min x 8. Arterial blood
was sampled at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 135, and 150 s, and at 3, 5, 7, 10, 15, 20, 30, 40,
50, and 60 min. Plasma was separated, weighed, and
measured for radioactivity with an Nal (T1) well scintil-
lation counter. Metabolite analysis was carried out by
high-performance liquid chromatography (HPLC). The
time activity curves in plasma (pTAC) were expressed
as standardized uptake value (SUV, [Bg/ml tissuel/[Bq
dose/g body weight]). All procedures were performed
under dim light to prevent photoisomerization of the
TMSX (Ishiwata et al., 1996, 2000a, 2003).

Kinetic analysis

We generated early images by adding up frames of
the dynamic scan from 0 to 10 min (Mishina et al.,
2000). The MRI was three-dimensionally registered to
the early image of each subject using the K-means
clustering algorithm (Ardekani et al., 1995). Using a
medical image processing application package “Dr.
View” version 5.2 (AJS Co., Tokyo, Japan), the early
images and the registered MRI images were used as a
reference for placing ROIs on PET image of dynamic
scans (Fig. 2). Circular ROIs of 10-mm diameter and
extending over two slices of the PET images were
drawn on the cerebellum, brainstem, thalamus, head
of caudate nucleus, anterior and posterior putamen,
frontal lobe, temporal lobe, parietal lobe, occipital lobe,
and posterior cingulate gyrus. We also placed the ROIs
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Fig. 2. Placement of regions of interest using Dr. View. Using the software, we can place the same

ROIs on the images of different modalities.

over the centrum semiovale on one slice as a reference
region for kinetic analysis. Time activity curves in tis-
sue (tTACs) were calculated as SUV with the dynamic
data and ROIs. A kinetic analysis of the tTACs was
performed using programs implemented on MATLAB
7.04 (The Mathworks, Natick, MA). The metabolite-
corrected pTAC was used as an input function. A two-
tissue, three-compartment model was used to estimate
K,, ko, ks and ks between pTAC and tTAC of
[MCITMSX using Gauss-Newton algorithm (Kawa-
mura et al.,, 2003) and a tTAC of the centrum semi-
ovale. Estimation of delay was performed in a round-
robin fashion (Kimura et al., 2004). Then, total distri-
bution volume (DVt), %‘ 1+ 'i—f , and binding potential
(BP), f;—j, were calculated using the parameters. Rate of
specific binding (SB) was calculated as SF. Parametric
images of DVt for [M'CITMSX were also generated
using a graphical analysis (Logan, 2003). Rationale of
the kinetic analysis was validated in detail by Naga-
nawa et al. (2007).

RESULTS

Figure 3 demonstrate the curve for the unmetabol-
ized [M'CITMSX and the unmetabolized ratio of
[MCITMSX in plasma, respectively. The radioactivity
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level in plasma rapidly decreased for the first 5 min
(Fig. 3A). [MCITMSX was metabolically stable in
plasma, and over 90% of the radioactivity remained as
the intact form for 60 min (Fig. 3B).

Figure 4 demonstrates the time radioactivity curve
in the putamen, frontal cortex, and centrum semi-
ovale. [M'CITMSX was taken at high level, and the
uptake reached a peak at 1.5-2.5 min after injection,
followed by a gradual decrease. The SUV was large in
the putamen and small in the frontal lobe.

Figure 5 shows representative parametric images
for the DVt of [M!CJTMSX. The images demonstrate
that the DVt was high in the putamen, head of caudate
nucleus and thalamus, and was low in the cerebral
cortex.

The BP was large in the anterior and posterior puta-
men, head of caudate nucleus and thalamus, was mod-
erate in the cerebellum and brainstem, and was small
in the cerebral cortices, especially frontal lobe (Table
I). The rate of specific binding was 62% in the putamen
and 38% in the frontal cortex (Table I).

DISCUSSION

Our study demonstrated that adenosine Ass recep-
tors in human brain were enriched in the striatum, as
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Fig. 3. Decay-corrected time-radioactivity curve for unmetabol-
ized ["CIJTMSX in plasma (A) and unmetabolized ratio of
[*'CITMSX (B). Data represent means and SD of five subjects.
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Fig. 4. Decay-corrected time-radioactivity curve for unmetabol-
ized [MC]TMSX in the putamen, frontal cortex, and centrum semi-
ovale for five normal subjects.

well as human postmortem studies (Martinez-Mir
et al,, 1991; Svenningsson et al, 1997). Among the
mouse, rat, and monkey studies using [!CITMSX
(Ishiwata et al., 2000a) and ["'C]JSCH44241 (Moresco

binding.

et al., 2005), which is also a selective adenosine Agp re-
ceptor antagonist, the uptake of the tracer was higher
in the striatum than in the other brain region. The
findings are coincident with the fact that the adeno-
sine Apa receptors are enriched in the striatum in all
species.

Our study showed that the distribution of the adeno-
sine Aga receptors were widespread other than in
striatum. Following in the putamen and head of cau-
date nucleus, the BP of ["'CITMSX was the largest in
the thalamus. The BP was smaller in the cerebral cor-
tex, especially frontal lobe, than in the cerebellum. Ta-
ble II summarizes previous works for bindings pf
radioligands to adenosine Aga receptors in experimen-
tal animals. ["'CITMSX uptake was lower in the cere-
bral cortex than in the cerebellum (Ishiwata et al.,
2000a). The animal study using [*'CISCH44241
reported, however, that the uptake was higher in the
cerebral cortex than in the cerebellum (Moresco et al.,
2005). The postmortem study revealed that the density
of adenosine Ay, receptors in the putamen and cau-
date nucleus was five times of that in the thalamus,
and was 3~5 times of those in the cortices (Sven-
ningsson et al.,, 1997). Our result showed, however,
that the BP of ["'C]TMSX in the putamen was 1.2
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TABLE II. Summary of past studies on the binding of radioligands to adenosine Ay, receptors

Deseription
Uptake ratio BP Bumax = SEM Ref
5min 15 min 30 min 60 min (mean = SD)  (fmol/me) Frence
[MCITMSX
Mouse: in vitro autoradiography
Striatum/cortex 2.32 2.82 2.85 2.53 Ishiwata et al., 2000a*
Striatum/cerebellum 2.08 2.71 264 255
Rat: in vitro autoradiography
Striatum/cortex 3.16
Striatum/cerebellum 2.67
Monkey: PET
Striatum/cortex 1.30 1.40 147 1.56
Striatum/cerebellum 1.20 1.22 1.26 1.46
[(L'CISCH44241
Monkey: PET
Striatum 0.74 * 0.02 Moresco et al., 2005
Cortex 0.16 = 0.04
Cerebellum 0.13 = 0.06
[*HISCH58261

Postmorten human: in vitro autoradiography
Rostral putamen
Caudal putamen
Frontal cortex
Occiptal cortex
Medial nucleus of thalamus

Svenningsson et al., 1997

[l

W WO,
anivivo

I+ 3141+

*(11CITMSX was denoted as ["'CJKF18446.

times of that in the thalamus, and was 3.7 times of
that in the frontal cortex. Our result demonstrated
that the BP was smaller in the frontal lobe than in the
temporal, occipital, and parietal lobes, although the
postmortem study reported that the [*HISCH58261
binging in the frontal lobe was 1.5 times of those in the
temporal and occipital lobes. Taken together these
finding, imaging by ["'CITMSX PET reflects distribu-
tion of adenosine Ay, receptors previously reported,
although regional differences in the signals of specific
binding of ["'CITMSX were relatively small compared
with those of other radioligands. The difference of
results may be involved in methodology, such as spe-
cies, tracer, autoradiography and anesthesia. To inves-
tigate the reason of the difference, further studies of
living human brain will be needed using other PET
ligand, such as ["'CIKF21213 (Wang et al., 2000) and
[11CISCH44241 (Todde et al., 2000). Unfortunately, no
data are available on the PET ligand for adenosine Aga
receptors in living human brain other than [MCITMSX
(Ishiwata et al., 2005).

Past studies proved a functional interaction between
adenosine Ay and dopamine Dy receptors (Fredholm
and Svenningsson, 2003). Adenosine Ay, receptor is
known to be concerned with not only modulation of do-
pamine, but also that of GABA and glutamate (Mori
and Shindou, 2003; Popoli et al., 2003). Our human
study showed that adenosine Aj, receptors are
enriched in dopamine-rich areas, but that the recep-
tors are also distributed in other regions as well as
past studies. The adenosine Ags receptors other than
classical receptors modulating dopamine are called as

Synapse DOI 10.1002/syn

“atypical adenosine Agps receptor” (Ishiwata et al.,
2000a; Lindstrom et al., 1996). The atypical adenosine
Ay, receptors may be involved in the cerebral cortex,
cerebellum, and thalamus.

In the study of [*C]SCH44241 in monkey (Moresco
et al., 2005), the BP was calculated using reference tis-
sue model using the cerebellum as a reference region
(Gunn et al., 1997). However, this article also showed
that the binding of [''C]SCH44241 was reduced by the
administration of KW6002 not only in the striatum but
also in the cortex and cerebellum. The result indicated
the existence of the specific binding to adenosine Aga
receptor in the cerebellum, and the cerebellum is not
an ideal reference region. Our data showed that spe-
cific binding was over 30% in the human cerebellum,
cerebral cortex, and thalamus. In the human
[11CITMSX PET, reference tissue model cannot be
applied to calculation of BP with the region of interest
(ROI) value of cerebellum, cerebral cortex and thala-
mus. The centrum semiovale is the region with lowest
[L'CITMSX binding, and was considered to be devoid of
specific binding, because few neurons exist there. In
our kinetic analysis, therefore, we used the ROIs over
the centrum semiovale as a reference region (Naga-
nawa et al., 2007).

In the animal study, percentage of unchanged
[11CITMSX in plasma was 80.8% at 30 min in mice,
and 41.7% at 30 min and 28.7% at 60 min in a monkey
(Ishiwata et al., 2000a). To compare with the monkey,
peripheral degradation of [1CITMSX was very slow in
humans. The labeled metabolites may be negligible in
the human [*'C]ITMSX PET examination.
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We are interested in human pathological condition
of adenosine Ay, receptors, especially Parkinson’s dis-
ease. As stated above, selective adenosine Ay, receptor
antagonists are promising antiparkinsonian agents
(Bara-Jimenez et al., 2003; Hauser et al., 2003). A
postmortem study suggested that the density of adeno-
sine Ajs receptors was increased in striatopallidal
pathway neurons of Parkinson’s disease with dyskine-
sias following long-term levodopa therapy (Calon
et al., 2004). To date, clinical evidence is lacking about
adenosine Agu receptors of drug naive Parkinson’s dis-
ease and its alteration after antiparkinsonian treat-
ment. We expect that application of ['!CITMSX PET
will demonstrate the unknown mechanism of side
effects of antiparkinsonian agents.

In conclusion, [!CJTMSX PET demonstrated that
adenosine A, receptors are enriched in the striatum,
as well as postmortem and animal studies reported.
However, the human distribution of the adenosine Agp
receptor is larger in the thalamus and cerebellum to
compare with other mammals. To date, [1!CITMSX is
the only promising PET ligand, which is available to
clinical use for mapping the adenosine Ay, receptors in
the living human brain.
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The objective of this study was to establish the kinetic analysis for
mapping sigma; receptors (o1Rs) in the human brain by pesitron
emission tomography (PET) with ["'C]SA4503. The olRs are
considered to be involved in various neurological and psychiatric
diseases. ["'C]JSA4503 is a recently developed radioligand with high
and selective affinity for ¢1Rs, and we have first applied it to clinical
studies. Nine healthy male subjects each underwent a dynamic 90-min
PET scan after injection of ["'C]SA4503. In addition to the baseline
measurement, three of the nine subjects underwent a second [!'C}]
SA4503-PET after partial blockade of g1Rs by oral administration of
haloperidol, a sigma receptor antagonist. Full kinetic analysis using
two times nonlinear estimations was applied for fitting a two-tissue
three-compartment model to determine the binding potential (BP) and
total distribution volume (tDV) of [""C]SA4503. Graphical analysis
with a Logan plot was also applied for estimations of tDV. The regional
distribution patterns of BP and tDV in 11 regions were compatible with
those of previously reported o1Rs in vitro. The reduced binding sites of
a1Rs by haloperidol were appropriately evaluated. The tDVs derived
from the two methods matched each other well. The Logan plot offered
images of the tDV, which reflected 1R densities, and the tDV in the
images decreased after haloperidol loading. Moreover, comparison of
BPs calculated with and without metabolite correction for plasma input
function indicated that the metabolite correction could be omitted. We
concluded that this method enables the quantitative analysis of o1Rs in
the human brain.

© 2006 Elsevier Inc. All rights reserved.

Introduction

Sigma receptors are classified into sigma; and sigma, subtypes.
The former was cloned but the latter was not. These subtypes
display a different tissue distribution and a distinct physiological
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and pharmacological profile in the central and peripheral nervous
system. The receptors are related to neurological and psychiatric
neurophysiologies (Su. 1993 Su and Hayashi. 2003; Junicn and
Leonard, 1989). In the central nervous system (CNS), the sigma,
receptors (c1Rs) might play a role as a modulator of signal
transduction in neurotransmitter systems such as N-methyl-D-
aspartate (NMDA) receptors. Peripherally, the two sigma receptor
subtypes are also expressed on tumor cells, where they could be of
prognostic relevance. The discovery of new specific sigma receptor
ligands demonstrated that sigma receptors are novel targets for the
therapeutic treatment of neuropsychiatric diseases (schizophrenia,
depression, and cognition) and brain ischemia and also for treating
cancer (Hashimoto and Ishiwata, 2006). In several studies on
postmortem brains taken from individuals with schizophrenia and
Alzheimer's disease, these brains have altered densities of c1Rs
(Weissman et al.,, 1991; Shibuya et al., 1992; Jansen et al.. 1993;
Helmeste et al.. 1996). Thus, the sigma receptors in the CNS are an
interesting target for molecular imaging with positron emission
tomography (PET) and single photon emission computed tomo-
graphy (SPECT). These imaging techniques targeting sigma
receptors have also provided the opportunity for the development
of new drugs, evaluation of the therapeutic effects of the drugs, and
better informed decisions about appropriate dosage of drugs in
relation to neurological and psychiatric disorders. So far, many
radioligands have been proposed for the in vivo imaging of sigma
receptors in the brain. Preliminary clinical application of the two
PET candidates, 1-(3,4-dimethoxyphenthyl)-4-(3-phenylpropyl)-
piperazine hydrochloride ([''C]SA4503; Fig. 1) and 1-(3-['°F]
fluoropropyl)-4-(4-cyanophenoxymethyl)piperidine (['®F]FPS),
and the clinical application of tumor imaging by SPECT were
reviewed (Hashimoto and Ishiwata, 2006). Recently, [1'C]SA4503-
PET was applied to patients with Parkinson's disease (Mishina et

2005). More recently, Mach et al. (2005) visualized c1Rs in
monkey brains by PET with N-["®F]4'-fluorobenzylpiperidin-dyl-
(2-fluorophenyl) acetamide ([**F]JFBFPA) (2005), and Stonc ct al.
(2006) succeeded the mapping 61Rs in the human brain by SPECT
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Fig. 1. Chemical structure of [''C]SA4503.

with 1-(trans-['*IJiodopropen-2-yl)-4-[(4-cyanophenoxy)methyl]
piperidine (['**I]TPCNE).

SA4503 has been originally developed by Matsuno and co-
workers and has high affinity (ICs¢, 17.4 nM) and high selectivity
(sigma,/sigma,, 103) for 61Rs but low affinity for other receptors
such as dopamine D, and histamine H; receptors (Matsuno et al.,
1996; Matsuno and Mita. 1998). Kawamura et al. (2000a, b)
demonstrated that the carbon-11 labeled SA4503 selectively bound
in vivo to o1Rs, but not to sigma, and other receptors. Further in
vivo studies on rodents (Ishiwata et al.. 2003), cats (Kawamura et
al.. 2000a) and monkeys (Ishiwata et al.. 2001: Kawamura et al,,
2003) have demonstrated that [''C]JSA4503-PET has the potential
to map o1Rs. In addition, the application of ['!C]SA4503-PET to
patients with Parkinson's disease or Alzheimer's diseases revealed
the regional alteration of o1Rs in the brains of these subjects
(Mishina ct al., 2005: Hashimoto and Ishiwata. 2006).

Thus, our aim in this study was to establish a quantitative way
of evaluating the binding of [''C]SA4503 to 1Rs in the human
brain. We performed [''C]SA4503-PET in healthy young adults.
First, a method for full compartment analysis was investigated, and
a baseline measurement was established. Then, the method was
validated for ['!'C]SA4503-PET under haloperidol challenge,
where the available binding sites of o1Rs in the brain were
artificially changed by partial blockade using haloperidol, a typical
and nonselective sigma receptor antagonist (Jshiwata et al., 2001,
2003). Furthermore, a graphical analysis using the Logan plot
(Logan ct al.. 1990) was applied to the data to visualize a spatial
distribution of the binding parameter of [!!C]SA4503 with o1Rs.
The Logan plot is a faster and more stable method for estimation of
total distribution volume (tDV) of the PET radioligand in
comparison with a compartment model analysis based on a
nonlinear estimation (NLE). The possibility of omitting metabolite
correction for the plasma input function was also studied to
conveniently apply [''C]SA4503-PET to various clinical studies.

Materials and methods
Subjects and study protocol

Nine normal male volunteers with a mean age of 28+4 years
were recruited. They had no neurological disorders and no
abnormalities in MRIs of their brains. All subjects underwent a
PET scan with [''C]SA4503 as the baseline. After a 2-6 weeks
interval, three of the nine subjects were given 3 mg of haloperidol
orally, and 18 h later a second [''C]SA4503-PET was performed.
Upon treatment with haloperidol, a nonselective sigma receptor
antagonist, the 61Rs in the brain were partially blocked (Ishiwata
et al., 2001, 2003), and a reduced density of 61Rs was apparently
produced.

(''CISA4503 was prepared as previously described (Kawa-
mura et al.. 2000a,b). The injected doses (meanz=standard
deviation (SD)) and the specific activity were 587+177 MBg/

13.2£25.7 nmol and 57+11 TBg/mmol at the baseline condition
(n=9), and 435+306 MBq/18.6+11.1 nmol and 21£26 TBq/
mmol at the haloperidol loading condition (n=3).

The Ethics Committee of Tokyo Metropolitan Institute of
Gerontology approved the study protocol, and informed consent
was given by all subjects.

PET data acquisition

The PET camera used was a SET-2400 (Shimadzu Co., Kyoto,
Japan), which had an axial field-of-view of 20 cm, acquired 63
slices at a center-to-center interval of 3.125 mm and had a spatial
resolution of 4.4 mm full width at half maximum (FWHM) and a
Z-axis resolution of 6.5 mm FWHM (Fujiwara et al., 1997). The
5 min transmission data were acquired with a rotating [%3Ge)/
[*®Ga] line source to correct for attenuation. Then, [''C]SA4503
was injected intravenously into each subject and a2 90 min dynamic
scan in 2D mode (10 sx 6 frames, 30 sx 3 frames, 60 s x5 frames,
150 sx5 frames and 300 sx 14 frames) was performed, with 27
arterial blood samplings at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
110, 120, 135 and 150 s and 3, 5, 7.5, 10, 15, 20, 30, 40, 50, 60,
70, 80 and 90 min. Each blood volume sample was 1 mL. To
analyze the labeled metabolites, 2 mL of additional blood was
obtained at 3, 5, 10, 15, 20, 30, 40 and 60 min. The plasma
obtained by centrifugation was weighed and the radioactivity was
measured with a well-type gamma-counter (BSS-1; Shimadzu Co.,
Kyoto, Japan), the sensitivity of which was calibrated with the PET
camera. Thus, the time activity curve in arterial plasma (pTAC)
was calculated as becquerels per milliliter.

Metabolites of [''CJSA4503 in the plasma sampled were
analyzed by high-performance liquid chromatography (HPLC) in
accordance with a previously described method (Kawamura et al.,
2000b). Briefly, 0.8-0.9 mL plasma was treated with one third
volume of acetonitrile containing 20% trichloroacetic acid. After
centrifugation, the homogenate was divided into an acid-soluble
supernatant and a precipitate. The latter was washed twice with
1.0 mL of acetonitrile containing 10% trichloroacetic acid. The
supernatant was diluted with 50 mM sodium acetate (pH 4.5) until
the concentration of acetonitrile was 40%. Most radioactivity
(>95%) in the plasma was recovered in the acid-soluble super-
natant. Then, the solution was analyzed by HPLC: column, Nova-
pak C18 (8 mmx100 mm; Waters, Milford, MA); eluent,
acetonitrile: 50 mM sodium acetate, pH 4.5 (4:6, v/v); flow rate,
2 mL/min; and radioactivity monitor, FLO-ONE/Beta A200
(Packard, Meriden, CT). The recovery of radioactivity in the
HPLC analysis was essentially quantitative,.

Metabolite correction was made to pTAC values in subsequent
data analyses. For this correction, the empirical function proposed
by Watabe et al. (2000), 1/(1 +(@)?)P, was fitted with the Nelder—
Meads simplex algorithm (Nelder and Mead, 1965) using a least
squares method with initial guesses of 0.1 for both o and B (Kimura
et al.,, 2004).

The dynamic image was reconstructed with a back-projection
algorithm using a Butterworth filter with a cut-off frequency of
1.25 cycles/cm. The data were collected in a 128x128x63
matrix, and the voxel size was 2x2x3.125 mm. PET images
were co-registered with MRI using the Automated Medical

‘Images Registration (AMIR) program (Ardekani et al., 1995), and

the regions of interest (ROIs) were located on the frontal,
temporal, parietal, and occipital cortices, hippocampus, caudate,
putamen, thalamus, anterior cingulated gyrus, cerebellar vermis

— 207 —



M. Sakata et al. / Neurolmage 35 (2007) 1-8 3

and cerebellar hemisphere. The sizes of the ROIs were between
1.5 mm® and 36.3 mm® (mean+SD=11.328.6 mm>®). Time
activity curves in the tissues (tTACs) were calculated as
becquerels per milliliter.

Kinetic analysis

Based on the assumption that the nonspecific binding
component is in equilibrium with a free compartment (Koeppe
et al.,, 1991), a two-tissue three-compartment model was fitted on
the tTAC. The composition and relation of the three compart-
ments are shown in Fig. 2; C, Cy and C, denote the
concentration of radioligand in arterial plasma, free compartment
and specifically bound compartment, respectively; K; and %,
denote rate constants of delivery from plasma to brain tissue
through the blood-brain barrier and a clearance from tissue to
plasma; k3 and k4 are association and dissociation rate constants,
respectively, between the free component and the specifically
bound component.

The estimation process comprised two steps for stable
estimations. In the first step, a delay between tTACs and pTAC
was estimated with the rate parameters because it was more
sensitive than other parameters. In the second step, after fixing
the delay, all rate constants were estimated. Both steps were
based on NLE and were implemented using the interior-
reflective Newton method (Coleman and Branch, 1999). Blood
volumes were fixed at 3%, and non-negative constraints for K,
ka, k3 and k4 were used. The SD derived from the tTAC of each
ROI was used to realize stable estimation (Bard, 1974), and the
evaluated values of each frame were weighted by 1/SD in the
iterative calculations. Moreover, the first two frames of a PET
scan after administration of [''CJSA4503 were discarded before
the estimation because of the small signal-to-noise ratios from
slow injection of the tracer. Initial guesses were 0.4 for Kj, 0.2
for ky, 03 for k; and 0.02 for k; .In this study, the
convergences of estimates were confirmed by additional
estimations, i.e., the initial guesses of the estimation were set
to the estimated results of the second step. Then, a distribution
volume of the free compartment and a tDV were calculated as
Ki/ky and (K,/ky)(1+ks/ks), respectively, and a binding
potential (BP) was computed as k3/k; (Mintun et al., 1984).
To investigate the possibility of omitting the metabolite
correction for pTAC, BPs with and without metabolite-corrected
pTACs were compared with each other.

Additionally, the Logan plot (Logan et al., 1990) was applied to
the tTAC of each ROI and to the dynamic images. The time

BBB
K | ks
@ Lkl & k| G

arterial plasma tissue

Fig. 2. Two-tissue three-compartment model. C, is the compartment for
arterial plasma, Cris the free compartment of tissue and C,, is the specifically
bound compartment of tissue. X, and &; are rate constants for the radioligand
transfer between arterial plasma and brain tissue through the blood—brain
barrier (BBB), and k3 and &, are rate constants between free and specific
binding components.

4
x10 100
4 PO P A.....A._;.. ._ P . .90 §‘
—_ : : 3]
b : ; o
E |l . e w0 3
g - 3
Q i : k]
< 20 70 ¢
5 - g
: , 8
1 N DO total 190 &
¢ | —— corrected
0 ; x 50
0 20 40 60 80 100

Time after injection [min]

Fig. 3. Typical time-activity curve and the amount of intact [!'C]SA4503 in
arterial plasma. Total radioactivity and metabolite corrected radioactivity are
plotted in dashed and solid lines, respectively. The mean with standard
deviation of the amount of intact [''CJSA4503 is shown in an upper curve
(n=12). At 60 min, 89% of administered [!'C]SA4503 remained in an intact
form.

intervals, especially the starting time for the Logan plot, were
examined.

Results
PTACs and tTACs

Time courses for the fraction of unchanged [!'C]JSA4503 in
plasma and pTACs with and without metabolite correction are
shown in Fig. 3. Eighty-nine percent of the administered [''C]
SA4503 remained in an intact form 60 min after injection.
Metabolism was not altered between the baseline and haloperidol
loading: their ratios of an intact form (mean+SD) were 94.7+2.2%
and 97.6+0.9%, respectively, 30 min postinjection. The plots in
Fig. 4 describe typical tTACs in the parietal cortex, frontal cortex

x 10*
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k=
o 4
2
=
L
[0 parietal |
| o frontal !
: ' ’ 4 caudate :
0é 1 H —
0 20 40 60 80 100

Time after injection [min])

Fig. 4. Typical time~activity curves of the parietal cortex, frontal cortex and
caudate in baseline conditions. The predicted curves, estimated by proposed
nonlinear estimation algorithm, are superimposed on the time-activity
curves.
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Table 1
Estimated kinetic parameters (mean+SD, n=9) at baseline conditions in the brain using a nonlinear estimation algorithm
K, [mL/g/min]  k; [1/min} k3 [1/min]) k4 [1/min] Distribution volume Total distribution Binding
of free compartment  volume (ml/g] potential
{mi/g)
Frontal cortex 0.49+0.080 0.19£0.024  0.43+0.065 0.024%0.0044  2.6+0.60 49£8.0 19x4.5
Temporal cortex 0.43+0.065 0.20+£0.029  0.47+0.084  0.021+0.0040 2.2+0.52 51111 23+6.0
Parietal cortex 0.48+£0.091 0.21£0.036  0.47x0.092  0.023+0.0047 2.4+0.61 49%7.1 2184
Occipital cortex 0.53x0.085 0.20+£0.004 041£0.056  0.023+0.0042 2.6x0.4] 50+10.0 18+4.6
Hippocampus 0.43+£0.074 0.25+0.094 0.46+0.113 0.018+0.0050 1.9+0.67 . 50+95 30+18.7
Caudate 0.524£0.103 0.20+0.014  0.42+0.076  0.028+0.0052  2.6+0.43 42x6.8 15+2.1
Putamen 0.56+0.105 0.20+£0.025 0.44£0.068  0.027+0.0036  2.8+0.42 47+6.9 16+3.3
Thalamus 0.55+0.090 0.20+£0.017 = 0.42£0.040  0.023x0.0035 2.8+0.32 53+8.6 19+3.4
Anterior cingulated gyrus ~ 0.51+£0.089 0.20+£0.008 0.44+0.054  0.021+0.0023  2.5+0.39 56+9.6 22£4.2
Cerebellar vermis 0.50+0.052 0.20+£0.009  0.49x0.063  0.020+0.0032  2.5+0.24 64+8.9 25+4.7
Cerebellar hemisphere 0.49+0.063 0.20+£0.005  0.54+0.084  0.020+£0.0024 2.4+0.29 70+11.4 28+5.7

and caudate in the baseline condition. The radioactivity gradually
accumulated in tissues.

Kinetics

The results of curve-fitting are superimposed in Fig. 4. The
time courses are described well with the compartment analysis.
The estimated kinetic parameters in 11 regions of the brain
using the NLE algorithm are summarized in Table 1. In the third
estimation for the validation of the convergence, 94% of the
estimates converged to within 10% of the results of the
proposed two-step estimation, demonstrating the stability of the
proposed estimation process. BPs and tDVs were significantly
decreased after haloperidol loading in all regions investigated
(Table 2). '

Fig. 5 represents the influence of metabolite correction for
pTAC on BP. Good agreement was observed between the two
estimates (y=0.87x+0.58, 7*=0.98). The pTAC without metabo-
lite correction caused an underestimation of 13% for the BPs, and
no regional, subject-oriented, or pharmacological loading depen-
dencies were found in the underestimation.

Table 2

The total distribution volumes and binding potentials (mean+SD, n=3) at
baseline and haloperidol loading conditions in the brain tissues of three
normal subjects using a nonlinear estimation algorithm

Total distribution Binding potential

volume [mL/g]

Baseline Loading  Baseline Loading
Frontal cortex 47+£75  15+23%  21+0.7 3.8£0.9*
Temporal cortex 49+12.1 16+£2.6** 25+22 4.8%1.0*
Parietal cortex 51+£6.8  15£3.0* 29+104 39+14
Occipital cortex 52x12.0 16£2.2* 21£39 42x1.6%*
Hippocampus 47x5.1  16£2.6* 34%127 6.9£2.5%*
Caudate 37£3.0 14£1.5* 1512 3.0£0.6*
Putamen 46+7.8 16+1.4%* 17136 3.6£0.3**
Thalamus 5382 17£1.7** 2119 49+1.2*
Anterior cingulated gyrus  59+13.4 ° 16£2.9** 25%2.6 4.3x1.3*
Cerebellar vermis 65+7.6 18£1.8* 27x28 S5.6+14*
Cerebellar hemisphere 69+7.1  20£2.7* 29%13  5.5%1.2*

The total distribution volumes and binding potentials decreased significantly
after haloperidol loading: *p<0.01 and **p<0.05.

Logan plot analysis

Typical Logan plots are shown in ¥ig. 6. Frames from 30 min to
90 min after administration were used for Logan plot analysis, and
good linear relationships were observed in the plots of baseline and
haloperidol loading conditions for most regions investigated. The
linearity tended to worsen for small regions, such as the cerebellar
vermis, and these tDVs were underestimated for the regions.
Changes in the estimated tDVs in accordance with the starting time
of the data used for the estimations are shown in Fig. 7. The
starting time affected the estimated tDVs. However, the effects
were less than 10% when the starting time was changed from
20 min to 40 min.

A comparison between the tDVs estimated by NLE and those
estimated by Logan plot analysis is shown in Fig. 8. The data
obtained from all regions of all scans except for those of the
cerebellar vermis have been plotted. There is good coincidence

50

y=0.87x+0.58

BP without metabolite correction

0 10 20 30 40 50
BP with metabolite correction

Fig. 5. Comparison of binding potentials, with and without metabolite
correction, estimated by proposed full kinetic analysis. All ROIs obtained
from each subject are plotted: circles represent data from the baseline
condition, and crosses represent data from the haloperidol loading condition.
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Fig. 6. Typical Logan plots. The plots for the parietal cortex, frontal cortex
and caudate in baseline and haloperidol loading conditions are presented.
C and C, denote the measured time course of radioactivity in tissues and
arterial plasma, respectively. Fitted lines derived from regression analysis
using the data recorded from 30 to 90 min after administration of [''C]
SA4503 are superimposed. Data used for the line estimation are shown as
solid bullets.

between both estimates (y=0.93x+2.36, ¥*=0.89). Compared with
the tDVs estimated by NLE, those in the cerebellar vermis derived
from Logan plot analysis were underestimated because of the noise
included in the tTAC. Thus, the tDVs in the cerebellar vermis were
not used in this validation of the NLE method.

Images of tDV are shown in Fig. 9. tDV values were large in the
cortices and basal ganglia and small in the white matter, and they
significantly decreased after haloperidol loading. tDV values in
Fig. 9 were smaller than those in the NLE (Table 1).

Discussion

The olR is related to some diseases of the central nervous
system, and [''C]SA4503 is used as a probe for mapping 61Rs in
the human brain. Throughout this study, a way of kinetically
analyzing of [''C]SA4503 has been considered.
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Fig. 7. Effects of starting time on the estimation of total distribution volume
(tDV). A Logan plot was applied using varying starting times for the
estimation. The starting time varied from $ to 65 min, and the end time was
fixed at 90 min.

S y=0.93x+ 236 : ;
380 T, T e R AR o0
| r°-089 B
‘@ : ‘ 1o :
2 P00 004 ®.
b O S SR - eeebocnn
< 60 : 8o ]
c H C 0
© : o O
O : o ”
= Q
g 40 """""" 7""0 v '.e": --------- ro==-
x i o/ o
S ;
“ ' : 1
E 20 fmoe g B
£ z : : :
> : :
) ; :
L4 i 1 N B

0 :

0 20 40 60 80

tDV from Logan plot [mL/g]

Fig. 8. Validation of the estimates of total distribution volumes. The total
distribution volumes estimated by compartment model analysis (ordinate)
were compared with those estimated by Logan plot analysis (abscissa). All
ROIs obtained from all subjects are plotted: circles represent data from the
baseline condition, and crosses represent data from the haloperidol loading
condition.

First, compartmental analysis of [!!C]SA4503 in the brain was
investigated. Theoretically, six parameters should be estimated in
the two-tissue three-compartment model: K, k,, ks, ks, delay, and
blood volume. However, under an exact measurement situation, it

" is not feasible to estimate all the parameters simultaneously. In

general, an estimation algorithm suffers from instability and
dependency on the initial guess because of the noise in the tTAC.
Additionally, the sensitivity of k parameters to a cost function for
parameter estimation is much lower than that of blood volume or
delay. Therefore, the practical implementation of the kinetic
analysis means that parameters are estimated based on physiolo-
gical aspects of the target neuroreceptor and the signal-to-noise
ratio in the measured tTAC. Thus, reduction of the number of
estimated parameters should be considered. It is physiologically
reasonable to assume that blood volume is common to all brain
regions, and this was fixed at 3% (Martin et al., 1987). The delay
between tTAC and pTAC was also more sensitive than k
parameters, and a sensitive parameter was converged on more
quickly than the other parameters. In this study, five parameters
(K1, ky, k3, ks, and delay) were estimated simultaneously in the first
step of the estimation, then the delay estimate was used in the fixed
parameters of the second step. Only four k& parameters were
estimated in the second step. Consequently, stable compartment
model analysis could be accomplished and 94% of estimations
could be considered reliable because they led to convergence
within a 10% neighboring region of the estimation.

Second, the compartmental analysis was validated using the
Logan plot. The Logan plot can estimate a stable tDV because it is
implemented with a linear estimation, so it does not suffer from the
problems of initial guess and misconvergency to a local minimum.
As shown in Fig. 6, linear relationships were established in Logan
plot analysis, demonstrating that the Logan plot is applicable to the
analysis of [''CJSA4503. As pointed out by Ichise et al. (2002), the
starting time for the Logan plot affects the estimates if a tTAC
showed slow kinetics. As shown in Fig. 4, the time course and
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Loading

Fig. 9. Image of total distribution volumes derived with a Logan plot. The data from 30 to 90 min were applied to the Logan plot analysis.

activity of [''C]SA4503 in the brain were slow and/or tended to
increase after the first rapid incorporation; therefore, the starting
time was sensitive to the estimated tDV. Acceptable candidates,
within 20 to 40 min, were used as starting times for the Logan plot
and were examined. No significant difference in estimated tDVs
occurred by changing the starting time from 20 min to 40 min.

As shown in Fig. &, the estimated tDVs from the kinetic
analysis with NLE and Logan plot analysis matched each other
well. The Logan plot offered stable estimates of tDV and gave
more validity to our method for the Kkinetic analysis. The
subsequent tDV images of the human brain (Fig. 9), as well as
the regional distribution of the ROI-based BP (Table 1), may
resemble the distribution patterns of the binding of radioligands
in primate brains using an in vitro binding assay and
autoradiography, where sigma receptors are widely distributed
with different densities (Weissman et al., 1988 Shibuya et al.,
1992: Mash and Zabetian. 1992). However, the radioligands used
in vitro were not selective enough for 61R when compared with
[''C]SA4503 in the present study. [''C]SA4503-PET apparently
exhibited the highest tDV in the cerebellum, but BP in the
cerebellum was not highest (Table 1). A SPECT ligand ['?]]
TPCNE also showed high binding in the cerebellum of humans
(Stone et al.. 2006); however, compared to these two radi-
oligands, the uptake (not quantitative binding parameters) of a
PET ligand ['"®F]JFBFPA in the cerebellum was relatively low in
monkeys (Mach et al., 2005). In our previous study of ['!C]
SA4503-PET using monkeys, the highest BP of ['!C]SA4503
was observed in the hippocampus as shown in the human brain
(Table 1) followed by the cingulated cortex, frontal cortex,
thalamus and cerebellar hemisphere (Kawamura et al., 2003).
Taken together these findings, there may be a slight species
difference between humans and non-human primates.

A haloperidol loading study also confirms the validity of our
proposed method. In this study, the available binding sites of 51Rs in
the brain were considerably lowered by partial blockade with an oral
administration of haloperido! (3 mg, 18 h prior the PET scan)
(Ishiwata et al., 2003); however, BP and tDV were evaluated with
similar accuracy, as observed in the baseline (Figs. 5, 6 and 8). These
results indicate that the reduced densities of 61Rs in brains from
individuals with neurological disorders can be reliably evaluated.

When we assessed the 1R occupancy with haloperidol, when the
occupancy rate was calculated to be 100 x [(BP in baseline)—(BP in
haloperidol loading)]/(BP in baseline), the 61R occupancy rates
were about 80% in all regions investigated: the highest occupancy
was 87% in the parietal and the lowest was 77% in the thalamus.
Therefore, the preliminary experiment with haloperidol loading also
demonstrates that ['' C]SA4503-PET could be useful for evaluating
the therapeutic effects of the drugs and for the development of new
drugs in term of the measurement of 61R occupancy rates. It should
be noted that haloperidol is a nonselective antagonist for sigma
receptors and also binds other receptors such as dopamine D,-like
receptors. Therefore, the present study does not demonstrate the
clR-selective binding of [''C]SA4503. However, the use of
haloperidol as a blocker is interesting because it is clinically used
(usually 3-10 mg) as a typical antipsychotic drug. We previously
reported that the 1R blockade by haloperidol in the mouse brain
continued slightly longer than the dopamine D,-like receptor
blockade (Ishiwata et al., 2003). Recently, we confirmed that the
receptor occupancy rate for 61R (approximately 80%) in the human
brain was higher than that for dopamine Dj-like receptor
{(approximately 60%) after the oral administration of haloperidol
(3 mg) in a similar experimental protocol (Ishiwata ¢t al.. 20006).
Concerning the haloperidol challenge, Stone et al. (2006) also
demonstrated that an oral administration of haloperidol (2.5 mg,
approximately 1 h before the SPECT scan) greatly decreased the
binding of ['>IJTPCNE to ¢1Rs with a different extent in the brain
regions: from 42% reduction in the cerebellum to 73% reduction in
the thalamus (n=1). The blockade for c1Rs by ['*I]TPCNE seems
slightly smaller than that by [''C]SA4503. A main reason for the
difference may be the period between haloperidol administration
and imaging, i.e., a 1-h interval may be early for an oral
administration. The other reason may be due to selectivity of the
two radioligands. The sigma,/sigma, selectivity for [''C]SA4503
was 106 (Matsuno et al.. 1996), while that for ['2*I]TPCNE was 58
(Waterhouse et al., 1997). The affinity of [''C]JSA4503 for sigma,
receptor (ICso=1784 nM) was much lower than that of [ **I]TPCNE
(Ki=38.8 nM) (Waterhouse et al., 1997).

In Logan plot analysis, the noise of tTAC causes an
underestimation of tDV (Slifstein and Laruelle. 2000). In ROJ-
based analysis, the mean of the dynamic image was used because it
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reduced the noises. However, because the noise remained high in
the tTACs for small regions of the brain, it caused an under-
estimation of tDV in the cerebellar vermis, which was the smallest
region. Additionally, the tDV of the parametric images, which were
affected by the noise of the tTACs, were estimated to be smaller
than the estimates for the ROIs. Nevertheless, Logan plot analysis
easily provides images of tDV. As shown in Table 1, the
distribution volume of the ligand in the free component was much
smaller than the tDV, which demonstrates that the specific binding
of ["'C]SA4503 reached about 95% of tDVs in all brain regions
investigated. Therefore, tDV images essentially reflect the density
of 6IRs. Thus, Fig. 9 indicates that 61Rs are widely spread with
different densities in the whole brain and that a significant
decrement of tDVs occurred by blockade with haloperidol.

Let us consider the requirement of metabolite correction for
pTAC. Metabolite correction is usually required for kinetic analysis
to compensate for the radioligand that is metabolized peripherally.
As shown in Fig. 3, the intact form of [!'C]SA4503 makes up
about 90% of the radioactivity in arterial plasma over 60 min,
suggesting that a slow peripheral metabolism of ['!C]SA4503
occurs. Moreover, from a practical point of view, precise
measurement of small amounts of labeled metabolites is difficult,
especially over time, because of the very rapid clearance of ['!C]
SA4503 from plasma. Therefore, the omission of metabolite
correction is appropriate. The BP values without metabolite
correction were 13% lower than those with metabolite correction;
however, BP values with and without metabolite correction
showed an almost identical relationship in all subjects, all ROIs
and the two conditions: baseline and haloperidol loading. There-
fore, metabolite correction can be reasonably avoided. It should be
noted that [''C]SA4503 was metabolically more stable in humans
than in rats (the intact form in plasma, approximately 95% versus
80%, respectively, of 30 min postinjection), and the haloperidol
challenge did not alter the metabolism. Stability of [''C]SA4503 in
plasma may be explained by the fact that the tracer mainly
underwent biliary excretion (Kawamura et al., 2000b; van Waarde
¢t al., 2004), which might result in scarce recirculation of labeled
metabolites into the plasma.

Conclusion

We conclude that our proposed method using a two-tissue
three-compartment model is appropriate to provide BP and tDV for
the kinetic analysis of [''C]SA4503-PET in human brain tissue.
The tDV derived matched well with that derived from the Logan
plot analysis, whose images enable visualization of the spatial
distribution of olRs. The reduced binding sites of clRs by
haloperidol challenge were appropriately evaluated. Moreover,
comparison of BPs calculated with and without metabolite
correction for the plasma input function indicated that the
metabolite comrection could be omitted. We concluded that this
method enables the quantitative analysis of ¢1Rs in the human
brain.
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Novel autoradiography (bioradiography) images in human neocortical brain slices which
were obtained at operation from seven patients with intractable epilepsy who had received
a 2-[**F]fluoro-2-deoxy-p-glucose-positron emission tomography (FDG-PET} examination
preoperatively, were acquired in Krebs-Ringer medium (control condition) and that with
high K* (high X* condition) containing FDG and compared with FDG-PET uptake. The FDG
uptake images in rat brain slices were also acquired as a reference and compared with that
in humans. In the slices incubated under high K*, FDG uptake in both human and rat gray
matter was significantly enhanced, whereas that in the white matter was not. But the
variance of uptake was larger in humans than the rats. This might indicate the different
degree of progress of epilepsy in the sampled brain tissues. The uptake rates of FDG in
human gray matter under the control condition showed an inverse correlation with those
seen in PET, which were evaluated as sampled and contralateral gyri (SG/CG) and sampled
gyri and cerebellar cortex (SG/CB) ratio. On the contrary, it showed a weak positive
correlation with PET under the high K* condition. The uptake rates of FDG in human gray
matter expressed as a high K*/control ratio, closely matched that observed by FDG-PET,
which were evaluated as the SG/CG ratic and the SG/CB ratio. Our experimental system
provides useful information for the interpretation of PET data in epileptics and the
theoretical basis to interpret the results of metabolic studies using living human brain
tissues for further use in pharmacological manipulation.

© 2007 Elsevier B.V. All rights reserved.

Introduction

sion tomography (PET) (Matsumura et al., 1995; Murata et al.,
1996; Sasaki et al,, 2002a,b). It offers the following advantages:

Bioradiography is a novel autoradiographic method to esti- (1) dynamic changes in metabolic activity can be followed in
mate metabolism and physiological function in living tissues living tissue, (2) environmental conditions of tissue slices can
using positron emitter-labeled compounds for positron emis- be easily controlled as required, and (3) radioligand delivery to
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