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In vivo visualization of a-synuclein deposition by
carbon-11-labelled 2-[2-(2-dimethylaminothiazol-
5-yl)ethenyl]-6-[2-(fluoro)ethoxylbenzoxazole
positron emission tomography in multiple system
atrophy
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The histopathological hallmark of multiple system atrophy is the appearance of intracellular inclusion bodies, named glial
cytoplasmic inclusions, which are mainly composed of a-synuclein fibrils. In vivo visualization of a-synuclein deposition
should be used for the diagnosis and assessment of therapy and severity of pathological progression in multiple system atrophy.
Because 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy] benzoxazole could stain a-synuclein-containing glial
cytoplasmic inclusions in post-mortem brains, we compared the carbon-11-labelled 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-
6-[2-(fluoro)ethoxy] benzoxazole positron emission tomography findings of eight multiple system atrophy cases to those of
age-matched normal controls. The positron emission tomography data demonstrated high distribution volumes in the subcortical
white matter (uncorrected P<0.001), putamen and posterior cingulate cortex (uncorrected P<0.005), globus pallidus, primary
motor cortex and anterior cingulate cortex (uncorrected P<0.01), and substantia nigra (uncorrected P<0.05) in multiple system
atrophy cases compared to the normal controls. They were coincident with glial cytoplasmic inclusion-rich brain areas in
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multiple system atrophy and thus, carbon-11-labelled 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy] benzox-
azole positron emission tomography is a promising surrogate marker for monitoring intracellular a-synuclein deposition in living

brains.

Keywords: glial cytoplasmic inclusion; Lewy body; B-amyloid; Parkinson's disease; Pittsburgh compound B

Abbreviations: BF-227 = 2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxylbenzoxazole; MSA = multiple system

atrophy; PIB=Pittsburgh compound B

Introduction

Multiple system atrophy (MSA) is a sporadic, progressive neuro-
degenerative disease characterized by variable severity of parkin-
sonism, cerebellar ataxia, autonomic failure and pyramidal signs.
Although MSA was originally described as three separate diseases
[olivopontocerebellar atrophy (Dejerine and Thomas, 1900), stria-
tonigral degeneration (van der Eecken et al., 1960) and Shy-
Drager syndrome (Shy and Drager, 1960)], they are currently clas-
sified into a single disease that consists of MSA with predominant
parkinsonism and MSA with predominant cerebellar ataxia (Gilman
et al., 1999). The histopathological hallmark of MSA, glial cyto-
plasmic inclusions, comprises mainly insoluble fibrils of phosphory-
lated a-synuclein (Wakabayashi et al., 1998). Thus, it is suggested
that the MSA is in the family of a-synucleinopathies (Marti et al.,
2003) including Parkinson's disease and dementia with Lewy
bodies, which are characterized by the presence of Lewy bodies,
representing other brain inclusions composed of a-synuclein.

Previous neuropathological studies indicated that the appear-
ance of glial cytoplasmic inclusions preceded the clinical onset of
MSA (Fujishiro et al., 2008) and the amount of a-synuclein de-
position correlated with the disease progression (Wakabayashi and
Takahashi, 2006). Therefore, it is plausible that the formation of
a-synuclein deposits plays a key role in neurodegeneration, and
that compounds that inhibit this process may be therapeutically
useful for MSA and other «a-synucleinopathies. In fact some com-
pounds, including antioxidants (Ono and Yamada, 2006) and
non-steroidal anti-inflammatory drugs (Hirohata et al., 2008),
were reported to have potent anti-fibrillogenic and fibril-
destabilizing effects on aggregated «-synucleins, and received
much attention as possible new therapeutic agents (Ono and
Yamada, 2006; Hirohata et al., 2008). Detection of «-synuclein
deposition in vivo could theoretically allow early diagnosis even at
the presymptomatic stage, as well as assess disease progression
and possible therapeutic effects in the living brain of patients
with MSA.

Although Pittsburgh compound B (PIB) and other compounds
were reported to be useful in detecting senile plaques in vivo, to
our knowledge, there were no imaging probes currently available
for in vivo detection of «-synuclein deposition. Recently,
2-[2-(2-dimethylaminothiazol-5-yl)ethenyl]-6-[2-(fluoro)ethoxy]
benzoxazole (BF-227), known as a positron emission tomography
(PET) probe for in vivo detection of dense B-amyloid deposits in
humans (Kudo et al., 2007), was reported to bind with synthetic
a-synuclein aggregates as well as B-amyloid fibrils in vitro
(Fodero-Tavoletti et al., 2009). In the present study, we

demonstrated that BF-227 could stain «-synuclein-containing
glial cytoplasmic inclusions in post-mortem tissues and moreover,
that a PET study with carbon-11-labelled BF-227 ([''C]-BF-227)
could detect a-synuclein deposits in the living brains of patients
with MSA.

Materials and methods

Neuropathological staining

Brain specimens

The subjects of the first part of the study were nine autopsy cases,
including three with Parkinson's disease, three with dementia with
Lewy bodies and three with MSA. The above diagnoses were con-
firmed both clinically and histopathologically. Brain tissues taken
from the temporal cortex and substantia nigra of patients with
Parkinson's disease and dementia with Lewy bodies, and pontine
base of patients with MSA, were fixed in 20% buffered formalin for
72h at 4°C, and vibratome sections (50 um thick) were prepared.

Fluorescence and immunohistochemical analysis

BF-227 was dissolved in 50% ethanol containing 5% polysorbate
(Tween 80; Wako, Osaka, Japan). The sections were slide mounted,
incubated in 100 uM BF-227 for 30 min, dipped three times in phos-
phate buffer, and coverslipped with non-fluorescent mounting
medium (Vectashield, Vector Laboratories, Burlingame, CA, USA).
Fluorescence images were visualized using an Olympus Provis fluores-
cence microscope (Olympus, Tokyo, Japan) at wavelength 400 nm.
After photographing fluorescent structures, BF-227-labelled sections
were immunostained with primary antibodies against phosphorylated
a-synuclein (#64; Wako). For phosphorylated a-synuclein immunohis-
tochemistry, the sections were pre-treated with 99% formic acid for
5min, then incubated overnight at 4°C with each primary antibody
followed by incubation with the biotinylated secondary antibodies and
the avidin-biotin—peroxidase complex (Vectastain ABC kit, Vector
Laboratories). Diaminobenzidine was used as the chromogen.

PET study

Subjects

Eight patients with probable MSA and eight age-matched normal sub-
jects were studied to examine the distribution of [''C]-BF-227 in the
brain. All probable MSA patients were diagnosed on the second con-
sensus criteria for probable MSA (Gilman et al., 2008). Table 1 sum-
marizes the clinical features of these patients. There were no
significant differences in age, disease duration and unified MSA
rating scale score between the MSA with predominant parkinsonism
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Table 1 Subject profile

Normal MSA
controls
Total MSA-P MSA-C
n 8 8 4 4
Gender (F/M) 4/4 4/4 1/3 3/1

64.3+5.90 57.4+10.1 60.5+11.1 54.3+9.50
1.50+0.54 1.75+£0.50 1.25+0.50
36.1+£8.87 41.54+9.39 30.8+4.27

Age (years)
Duration (years)
UMSARS score

Data are mean + SD.
MSA-P =MSA with predominant parkinsonism; MSA-C = MSA with predominant
cerebellar ataxia; UMSARS = unified MSA rating scale.

subgroup and the MSA with predominant cerebellar ataxia subgroup.
The normal control group comprised volunteers without impairment of
cognitive and motor functions who had no cerebrovascular lesions on
magnetic resonance imaging. The study protocol was approved by the
Ethical Committee of Tohoku University Graduate School of Medicine,
and a written informed consent was obtained from each subject after
being given a complete description of the study.

Radiosynthesis of ['"C]-BF-227

BF-227 and its N-desmethylated derivative (a precursor of [''Cl-
BF-227) were custom-synthesized by Tanabe R&D Service Co.
(Tokyo) (Kudo et al., 2007). ["'C]-BF-227 was synthesized from the
precursor by N-methylation in dimethyl sulphoxide using ['"'C]-methyl
triflate (Jewett, 1992; Iwata et al., 2001). After quenching the reaction
with 5% acetic acid in ethanol, [''C]-BF-227 was separated from the
crude mixture by semi-preparative reversed-phase high-performance
liquid chromatography and then isolated from the collected fraction
by solid-phase extraction. The purified [''C]-BF-227 was solubilized in
isotonic saline containing 1% polysobate-80 and 5% ascorbic acid.
The saline solution was filter sterilized with a 0.22 mm Millipore®
filter for clinical use. The radiochemical yields were >50% based
on [""Cl-methyl triflate, and the specific radioactivities were
119-138 GBg/mmol at the end of synthesis. The radiochemical purities
were >95%.

PET procedure

The ["C]-BF-227 PET study was performed using a SET-2400W PET
scanner (Shimadzu Inc., Japan) under resting condition with eyes
closed in a dark room. Following a 68Ge/Ga transmission scan of
300-400s duration, an emission scan was started soon after intraven-
ous injection of 3.7-8.3 mCi of [''C]-BF-227. A dynamic series of PET
scans were acquired over 60 min with 23 frames. Emission data were
corrected for attenuation, dead time and radioactive decay.
Standardized uptake value images were obtained by normalizing
tissue concentration by the injected dose and body mass. Arterial
blood samples (1.5 ml) from the radial or brachial artery were collected
from each subject at 10 s intervals for the first 2 min, and subsequently
at intervals increasing progressively from 1 to 10 min until 60 min after
the injection of [''C]-BF-227 except for one subject, from whom
arterialized venous blood samples (1.5ml) from a hand vein heated
in a far-infrared mat were collected at the same time intervals. The
plasma obtained by centrifugation at 3000g for 3 min was weighed
and the radioactivity was measured with a well-type scintillation coun-
ter. Additional arterial blood samples were obtained at four time points
during the study (5, 15, 30 and 60min) for the determination of
radiolabelled metabolites in plasma using high-performance liquid
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chromatography. These data yielded values of the unchanged fraction
of parent radiotracer throughout the time frame of the study. A multi-
exponential equation was used to describe this curve and to estimate
the parent fraction at each measured plasma curve time point.

PET image analysis

To measure a-synuclein deposition densities in the brain, the distribu-
tion volume, the ratio of ['"C]-BF-227 concentration in tissue to that
in plasma at equilibrium, was calculated by Logan's graphical analysis
(Logan, 2000), since BF-227 reversibly binds to a-synuclein depositions
(Tashiro et al., 2009). Region of interest analysis was performed to
evaluate the regional distribution of [''C]-BF-227. Circular regions of
interest were placed on individual axial PET images in the frontal cor-
tex, primary motor cortex, parietal cortex, medial temporal cortex,
lateral temporal cortex, occipital cortex, anterior cingulate cortex, pos-
terior cingulate cortex, subcortical white matter, caudate nucleus, pu-
tamen, globus pallidus, thalamus, substantia nigra, midbrain
tegmentum, pons and cerebellar cortex, referring to the individual
magnetic resonance images.

Statistical analysis

Data were expressed as mean =+ SD. Differences in distribution volume
between normal control and MSA groups were evaluated by one-way
analysis of variance followed by Bonferroni's multiple comparison test
(GraphPad Prism Software).

Results

Neuropathological staining

In  the post-mortem brains with  Parkinson's  disease,
double-labelling immunostaining with BF-227 fluorostaining and
anti-phosphorylated  «-synuclein antibody demonstrated co-
localization of the proteins in Lewy bodies in the substantia
nigra (Fig. 1A and B). Strong BF-227 staining was observed in
the central core (Fig. 1A). BF-227 was also detected in the cortical
Lewy bodies in dementia with Lewy bodies (Fig. 1C and D). In
MSA, double-labelling experiments using BF-227 and anti-
phosphorylated «-synuclein antibody demonstrated BF-227 fluor-
escent signal in the most of glial cytoplasmic inclusions in the
pontine base (Fig. 1E and F).

PET study

Tissue time activity curves of ['"C]-BF-227 in the brain indicated
more gradual clearance from the brain in patients with MSA com-
pared with normal subjects following initial rapid uptake of radio-
activity (Fig. 2A). Relatively high concentrations of [''C]-BF-227
radioactivity were observed in the subcortical white matter and
lenticular nucleus in MSA, in which relatively intense a-synuclein
deposits were found in the post-mortem brain (Fig. 2B). ["'CI-
BF-227 exhibited linear regression curves on Logan plot analysis
in all brain regions examined. Since the slopes of the regression
lines represent the distribution volume of the tracer, these findings
indicated a higher distribution volume of ["'C]-BF-227 in MSA
than in normal controls (Fig. 2C). The regional distribution
volume values were high in the subcortical white matter (uncor-
rected P<0.001), putamen and posterior cingulate cortex
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Figure 1 Neuropathological findings of BF-227 fluorostaining and anti-phosphorylated «-synuclein antibody immunostaining. BF-227
fluorostaining (A and C) and anti-phosphorylated a-synuclein antibody immunostaining (B and D) showed colocalization of these proteins
in brainstem-type Lewy bodies in the substantia nigra of patients with Parkinson's disease (A and B) and in cortical Lewy bodies in

the temporal lobe of patients dementia with Lewy bodies (C and D). Similarly, BF-227 fluorostaining (E) and anti-phosphorylated
a-synuclein antibody immunostaining (F) were codetected in glial cytoplasmic inclusions in the pontine base of a patient with MSA.
BF-227 histofluorescence was observed in the most of glial cytoplasmic inclusions (arrows). Bars = 10 um.

(uncorrected P<0.005), globus pallidus, primary motor cortex and
anterior cingulate cortex (uncorrected P<0.01) and substantia
nigra (uncorrected P<0.05) in patients with MSA compared to
the normal controls (Table 2 and Fig. 2D). It is noteworthy that
the distribution volume of [''C]-BF-227 was significantly high
in the subcortical white matter even if Bonferroni's multiple com-
parison test was applied. On the other hand, no obvious differ-
ences were found in either the distribution or degree of binding
between the MSA with predominant parkinsonism and MSA with
predominant cerebellar ataxia subgroups.

Discussion

The BF-227 a-synuclein-containing  Lewy bodies
(Fig. 1A-D) and glial cytoplasmic inclusions (Fig. 1E and F) in
formalin-fixed tissue sections as well as B-amyloid-containing

stained

senile plaques in paraffin-embedded tissue sections (Kudo et al.,
2007). These results were consistent with the previous findings
showing BF-227 binding to synthetic a-synuclein fibrils with high
affinity (K4 9.63 nM) (Fodero-Tavoletti et al., 2009), and to Lewy
bodies in paraffin-embedded tissue sections (Fodero-Tavoletti
et al., 2009).

The anti-phosphorylated «-synuclein antibody immunostained
the halo region more intensively compared with the central core
in Lewy bodies in the substantia nigra of Parkinson's disease, while
the BF-227 staining was intensely observed in the core of Lewy
bodies (Fig. 1A and B). Because intense thioflavin S staining was
also reported in the core of nigral Lewy bodies (Duda et al.,
2000), the core is thought to be rich in B-sheet structures.
Similar to thioflavin S, the BF-227 staining is considered to recog-
nize amyloid-like B-pleated sheets, and it was suggested to be
the reason for the more intense BF-227 staining in the core of
Lewy bodies. In addition, the high density of the core structure
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Figure 2 [""C]-BF-227 PET findings in MSA. Time activity curves showed initial rapid uptake of radioactivity followed by gradual

clearance in the putamen of both normal subjects and MSA cases. Data are mean =+ SD of eight normal subjects and eight patients with
MSA (A). In a representative patient with MSA with predominant cerebellar ataxia, the regional distribution volumes were mapped to the
subcortical white matter and lentiform nucleus compared to normal control (B). Typical Logan plots for the putamen were presented in a
representative patient with MSA with predominant cerebellar ataxia and a normal control. The slopes of the linear regression curves on

Logan plot analysis represent the distribution volume of the tracer in the putamen (C). There were differences in the mean regional
distribution volume values between patients with MSA and normal control in the subcortical white matter (uncorrected P<0.001),
putamen and posterior cingulate cortex (uncorrected P<0.005), globus pallidus, primary motor cortex and anterior cingulate cortex
(uncorrected P<0.01) and substantia nigra (uncorrected P <0.05). Data of individual subjects (symbols) and mean values (horizontal lines)
(D). SUV =standardized uptake value; DV = distribution volume; ROl =region of interest.

may often prevent the penetration of antibodies into this region
(Galloway et al., 1992), since electron microscopic studies revealed
that vesicular structures were tightly packed in the core of Lewy
bodies (Takahashi and Wakabayashi, 2005). On the other hand,
not all glial cytoplasmic inclusions stained by anti-phosphorylated
a-synuclein antibody were always positive for BF-227 staining
(Fig. 1E and F). In the process of oligodendroglial pathology, it
was believed that a-synuclein deposits as amorphous state and
then forms fibrillar structures (Gai et al., 2003; Stefanova et al.,
2005). In fact, part of glial cytoplasmic inclusions were reported to
be a-synuclein-negative (Sakamoto et al., 2005) and therefore, it
seems reasonable that some of glial cytoplasmic inclusions were
not composed of B-sheet fibrils and were negative for BF-227
staining.

The regional distribution volume of [''C]-BF-227 was the high-
est in the subcortical white matter, followed by the putamen,
posterior cingulate cortex, anterior cingulate cortex, globus

pallidus, primary motor cortex and substantia nigra, in which
glial cytoplasmic inclusions were densely distributed (Papp and
Lantos, 1994; Inoue et al., 1997, Wakabayashi and Takahashi,
2006) and large increases of «-synuclein content were found
(Tong et al., 2010) in the post-mortem brains. Thus, it was sug-
gested that the distributions of ['"C]-BF-227 could properly reflect
those of the a-synuclein deposits in vivo. On the other hand, the
regional distribution volume in other affected brain regions, such
as the cerebellum and pons (Ozawa et al., 2004; Wakabayashi
and Takahashi, 2006), did not show higher values relative to the
normal control group. The glial cytoplasmic inclusions in cerebel-
lum were reported to decrease along with the disease progression
and concomitant neuronal loss (Inoue et al., 1997). Therefore, it is
plausible that the accumulation levels of glial cytoplasmic inclu-
sions are changing and do not always increase with the disease
progression (Mochizuki et al., 1992; Inoue et al., 1997).
Moreover, due to the remarkable cerebellar and pontine atrophy,
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Table 2 Distribution volume of [''C]BF-227

Normal controls MSA
Frontal cortex 2.28+0.18 2.46+0.22
Primary motor cortex 2.40+0.28 2.7940.20°
Parietal cortex 2.48+0.26 2.63+0.24
Medial temporal cortex 2.44+£021 2.82+0.31
Lateral temporal cortex 2.42+0.19 2.63+0.23
Occipital cortex 2.43+0.20 2.724+0.27
Anterior cingulate cortex 2.32+0.18 2.67+0.23"
Posterior cingulate cortex 2.52+0.22 2.94+0.22"
Subcortical white matter 2.65+0.38 3.49+0.36
Caudate nucleus 2.70+£0.21 3.05+0.34
Putamen 2.95+0.23 3.47+0.30"
Globus pallidus 3.43+0.31 3.97+0.36
Thalamus 3.50+0.28 4.03+£0.31
Substantia nigra 3.55+0.41 4.12£0.36*
Midbrain tegmentum 3.53+0.54 3.45+0.47
Pons 3.63+£0.54 3.88+0.42
Cerebellar cortex 2.32+0.22 2.16+0.29

Data are mean + SD.
*Uncorrected P<0.05.
Uncorrected P<0.01.
TUncorrected P <0.005.
fUncorrected P<0.001.

the distribution volume in these regions might be underestimated.
Correction for partial volume loss is therefore needed to improve
the accuracy of quantification in the cerebellum and brainstem of
MSA. BF-227 fluorescent signal was detected in B-amyloid plaques
as well as glial cytoplasmic inclusions and Lewy bodies (Fig. 1A-F)
in neuropathological staining (Kudo et al., 2007). However, the
differences in the distribution of ["'C]-BF-227 by PET could dis-
criminate MSA from Alzheimer's disease, which showed high dis-
tribution of ["'C]-BF-227 in the temporoparietal-occipital region
(Kudo et al., 2007). In our preliminary studies, Parkinson's disease
and dementia with Lewy bodies also showed quite different pat-
terns of distribution volumes from those of MSA (data not shown).
Therefore, MSA could be distinguished from other degenerative
diseases such as Alzheimer's disease, Parkinson's disease and de-
mentia with Lewy bodies by the [''C]-BF-227 PET.

The affinity of BF-227 to a-synuclein fibrils (K4 9.63 nM) was
reported to be almost identical to that of PIB (K4 10.07 nM)
(Fodero-Tavoletti et al., 2007, 2009). However, in the
post-mortem human brain, the PIB binding was not colocalized
with  a-synuclein-positive  Lewy bodies in two reports
(Fodero-Tavoletti et al.,, 2007; Ye et al.,, 2008) although one
report showed PIB binding to Lewy bodies in the substantia
nigra of Parkinson's disease (Maetzler et al., 2008). Therefore,
there is controversy as to whether PIB binds to
a-synuclein-containing Lewy bodies. Moreover, there have been
no reports showing that PIB could detect a-synuclein deposits in
a-synucleinopathies by PET (Fodero-Tavoletti et al.,, 2007;
Johansson et al., 2008; Maetzler et al., 2008). The hydroxy
group in PIB (Mathis et al., 2003) may prevent it from passing
through the cell membranes and thereby detecting «-synuclein
depositions in the cytoplasm, however, the BF-227 is more
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lipophilic than PIB (Mathis et al., 2003), and may easily pass
into the cytoplasm and bind to «-synuclein aggregates. As
shown in the present study, BF-227 is a promising tracer to
detect glial cytoplasmic inclusions. Further studies are warranted
to verify whether Lewy bodies in other a-synucleinopathies as well
as glial cytoplasmic inclusions can be detected by [''C]-BF-227
PET.

In conclusion, the BF-227 could bind to a-synuclein-containing
glial cytoplasmic inclusions (Fig. 1E and F) in the post-mortem
brain, and the [''C]-BF-227 PET demonstrated high signals in
the glial cytoplasmic inclusion-rich brain regions including subcor-
tical white matter, putamen, globus pallidus, primary motor cortex
and anterior and posterior cingulate cortex (Table 2 and Fig. 2D).
These results suggest that [''C]-BF-227 PET is a suitable surrogate
maker for monitoring a-synuclein deposits in living brains with
MSA and could be a potential tool to monitor the effectiveness
of neuroprotective therapy for a-synucleinopathies.
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